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RESUMO

A remodelacdo 6ssea € um processo altamente regulado e dindmico que envolve absorcao de
0sso antigo pelos osteoclastos e formagdo de nova matriz 6ssea pelos osteoblastos. Com o
envelhecimento, hd uma multitude de mudancas que ocorrem no organismo alterando a sua funcao e
metabolismo, e a remodelagdo Gssea ndo é excecdo. A osteoporose € uma doenca que aparece COmo
consequéncia de um aumento na absorcdo 0ssea que ndo pode ser superado pela formacdo de novo
0ss0. Este desequilibrio resulta numa diminuicdo da densidade 6ssea e um risco aumentado de fraturas
no 0sso que sdo causa de grande incapacidade por parte da populacio afetada. Uma vez que o
estrogénio é reconhecido como um regulador importante da remodelacdo 6ssea, mulheres apés
menopausa sao um grupo particularmente suscetivel ao aparecimento de osteoporose, uma vez que
h& uma diminuigdo nos niveis desta hormona. como consequéncia de uma diminuigdo na fungédo dos
ovarios. As mitocondrias, enquanto “powerhouse” da célula, sdo responsaveis por multiplos papéis
no organismo, sendo muito importantes para a diferenciacdo celular, uma vez que alteram o seu
metabolismo como resposta as necessidades energéticas da célula. O objetivo principal deste estudo
foi avaliar a performance mitocondrial dos macr6fagos RAW 264.7 durante a diferenciacdo em
osteoclastos mediada por RANKL na presenca e auséncia de E2. Para tal, diferenciamos macréfagos
RAW 264.7 em osteoclastos apds exposi¢cdo a 50 ng/mL de RANKL, e avaliamos como é que 0
RANKUL interfere com a sua performance mitocondrial e produgdo de ROS, tanto na presenga como
na auséncia de estradiol. Os nossos resultados demonstraram que, apos 6 dias de exposi¢do a RANKL,
as células obtidas expressavam cathepsin K e TRAP, marcadores especificos de osteoclastos maduros
e ativos. Adicionalmente, ao terceiro dia de exposi¢cdo a RANKL, j& existia um aumento dos niveis
de proteina cathepsin K, mostrando que o processo de diferenciacdo pode comecar mais cedo do que
foi sugerido inicialmente pela literatura existente. No entanto, a exposi¢do a RANKL a longo-termo
(desde 1 a 6 dias) diminuiu, nas células RAW 264.7, a taxa de consumo de oxigénio (OCR) e a taxa

de acidificacdo extracelular (ECAR), dois parametros usados para avaliar 0 metabolismo celular,
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mostrando um perfil metabolico mais quiescente. Contudo, como esperado, foi observado um
aumento na producéo de Espécies Reativas de Oxigénio (ROS) celulares e mitocondriais, nas células
RAW 264.7, ap6s 6 dias de exposicdo a RANKL. O efeito agudo do RANKL no OCR e ECAR
também foi avaliado. Aqui, os resultados obtidos demonstraram um aumento no OCR imediatamente
apos a adicdo de RANKL, mas nenhuma outra alteragcdo, nem relativamente ao OCR nem ao ECAR,
foram observadas apds o tratamento agudo. Relativamente ao efeito do 17-p Estradiol, até ao
momento, os resultados obtidos ndo nos permitem tirar uma conclusédo firme e é necesséria a
realizacdo de mais experiencias neste contexto. Contudo, 0s nossos resultados permitem-nos concluir
que a exposicao a RANKL a longo termo leva a uma diminui¢do no OCR e ECAR das células RAW
264.7, 0 que sugere uma diminuigdo do metabolismo celular durante a diferenciacdo em osteoclastos
mediada por RANKL. Adicionalmente, a mitocéndria parece ter um papel relevante no processo e
pode apresentar potencial enquanto alvo para o desenvolvimento de novas estratégias terapéuticas

para a osteoporose.

Palavras-chave: Osteoporose; Osteoclastos; RANKL; Mitocondria; Estradiol

Xii



ABSTRACT

Bone remodeling is a highly regulated and dynamic involving old bone resorption by
osteoclasts and new bone matrix formation by osteoblasts. With aging, there are a multitude of
changes that occur in the organism altering its functioning and metabolism, and bone turnover is not
an exception. Osteoporosis is a disease that appears as a consequence of an increased bone resorption
that cannot be overcome by bone formation. This unbalance results in a decreased bone density and
increased risk of fractures that cause great disability in the affected population. Since estrogen is
known to be an important regulator of bone turnover, postmenopausal women are particularly
susceptible to osteoporosis appearance due to the decreased levels of this hormone, as a consequence
of a declined ovarian function. Mitochondria, the cellular powerhouses, are responsible for a
multitude of roles, being very important in cellular differentiation, shifting their metabolism to answer
the cell energy requirements. The main goal of this study was to evaluate the mitochondrial
performance RAW 264.7 macrophages during RANKL-mediated osteoclast differentiation in the
presence and absence of E2. To achieve this goal, we differentiated RAW 264.7 macrophages into
osteoclasts after exposure to 50 ng/mL of RANKL, and then evaluated how RANKL, both in the
presence and absence of estradiol, interfered with mitochondrial performance and ROS production.
Our results demonstrated that after 6 days of RANKL exposure, the obtained cells expressed
cathepsin K and TRAP, hallmarks of active and mature osteoclasts. In addition, at day 3 of RANKL
exposure, cathepsin K levels were already increased, showing that the differentiation process may
begin earlier than it was first suggested by the literature. However, long term exposure to RANKL
(for 1 to 6 days) decreased, in RAW 264.7 cells, the oxygen consumption rate (OCR) and the
extracellular acidification rate (ECAR), two parameters used to assess the cellular energy metabolism,
showing a more quiescent metabolic profile. However, as expected, an increase in cellular and
mitochondrial Reactive Oxygen Species (ROS) was observed in RAW 264.7 cells after 6 days of

exposure to RANKL. The acute effect of RANKL on OCR and ECAR of RAW 264.7 cells was also
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assessed. Obtained results demonstrated an increase in OCR immediately after addition of RANKL,
but no other alteration in OCR and ECAR were observed after the acute treatment. Regarding the
effect of 17-B Estradiol, at the moment, the obtained results do not allow to draw a solid conclusion
and more experiments are needed in this context. However, our results allow us to conclude that long
term exposure to RANKL leads to a decrease in OCR and ECAR in RAW 264.7 cells, which suggest
a decrease in cellular energy metabolism during RAKL-induced osteoclast differentiation.
Mitochondria appear to have a relevant role in the process, and may be potential targets for the

development of new therapeutic strategies for osteoporosis.

Keywords: Osteoporosis; Osteoclasts; RANKL; Mitochondria; Estradiol
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1. INTRODUCTION

1.1. The Bone Tissue

The adult human skeleton is composed of a total of 206 bones which are articulated by
ligaments, cartilage, and tendons that promote the connection between muscle and bone allowing the
skeleton movement. Bones can be classified into long bones, short bones, irregular bones or flat bones
accordingly to their form and size. Long bones are divided in epiphysis, diaphysis, and metaphysis
which correspond to the bone end, shaft and the shaft end, respectively. These different parts, on their
turn, possess different bone densities. The epiphysis is constituted by cortical bone which is a compact
type of bone found on the external bone surface. Diaphysis and metaphysis are constituted by

cancellous bone, or trabecular bone, which is more spongy and porous?.

The skeleton plays a vital role in many body functions such as structural support of soft tissues,
locomotion, and movement, protection of the internal organs, sustenance of mineral homeostasis and
it also provides conditions for occurrence of the hematopoietic process in the bone narrow?. The
connective tissue that constitutes the bone is in constant remodeling process and it contains four main
types of functionally and morphologically different cells: osteoblasts, bone lining cells, osteoclasts,
and osteocytes. Each cell type plays a different role in bone remodeling which is a tightly regulated

process that consists of old bone reabsorption and new bone formation®*.

1.1.1. The Bone Remodeling Process

The osteoblasts are cuboidal cells that comprise 4 to 6 % of total bone cells. In the human
body, they have origin in mesenchymal stem cells (MSC) through a process called osteoblastogenesis,
where autocrine and paracrine factors such as Wnt pathway, bone morphogenetic proteins (BMPs),

circulating hormones and sex steroids regulate their differentiation and activity>®. Osteoblasts are



called bone forming-cells as they are responsible for synthesizing new organic matrix, specifically
they secrete mainly collagen type | proteins, osteocalcin, osteopontin, osteonectin, fibronectin, bone

sialoprotein 11 and growth factors®.

Along the bone formation process, some osteoblast differentiate to become fully functional
osteocytes becoming surrounded by bone matrix. Osteocytes, on their turn, comprise about 90 to 95%
of the total amount of bone cells and are responsible for regulating both osteoblasts and osteoclasts
activity being an important factor in a balanced bone remodeling’. This happens because osteocytes
are the main cell type to produce the cytokine receptor activator of nuclear factor kappa B ligand
(RANKL)E. This ligand is crucial for osteoclastogenesis meaning that its production is determinant
to regulate bone remodeling, especially the reabsorption process, which is provided by osteoclasts®.
Additionally, RANKL is also produced by osteoblasts, bone lining cells, and other cell types in
response to different stimulation®°, Bone lining cells, on the other hand, are osteoblasts that suffer
an alternative differentiation and become quiescent. These cells function in a way to achieve the
required osteoblast density to bone formation and also have a very important role in promoting

osteoclastogenesis since they also express RANKL42,

Osteoclasts are multinucleated cells that differentiate from hematopoietic lineage!® (Fig. 1A).
Osteoclastogenesis involves the fusion of the mononuclear precursor cells, in a process regulated by
two major cytokines: the macrophage colony-stimulating factor (M-CSF) and the previously

mentioned RANKL (Fig. 1B).
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Figure 1. A) Osteoclasts and osteoblasts origin and differentiation. Osteoblasts are originated from
mesenchymal stem cells and are responsible for bone formation, while osteoclasts are originated from
hematopoietic stem cells and are responsible for old bone resorption. Osteoblasts and osteocytes produce
RANKL which binds to receptor activator of nuclear factor kappa B (RANK) in osteoclasts precursors surface
promoting osteoclastogenesis. B) M-CSF binding to colony-stimulating factor 1 receptor (c-fms) on
macrophages surface promote cellular fusion contributing for RANKL-mediated osteoclast differentiation.
Osteoprotegerin (OPG) negatively control osteoclastogenesis by binding RANKL and, therefore, preventing its
bonding to RANK.



Here M- CSF links to its receptor c-fms on the osteoclast precursors surface and increases cell survival
while RANKL is the actual responsible for differentiation into mature osteoclasts'*. RANKL binding
to its receptors (RANK) expressed on both osteoclast precursor and osteoclasts will trigger osteoclast
differentiation by recruiting tumor necrosis factor receptor-associated factor (TRAF) 6. TRAF 6 on
its turn will trigger a variety of signaling cascades that will lead to the activation of pathways such as
nuclear factor-kappa B (NF-kB), mitogen-activated protein kinase (MAPK), c-fos and nuclear factor
of activated T cells (NFATc1), resulting in the activation of osteoclastic genes and consequently

mature osteoclasts generation (Fig. 2)*1°.

Figure 2. Signaling cascade promoted by RANKL binding to RANK. RANKL binding to its
receptor on osteoclast precursor’s surface leads to TRAF 6 recruitment which promotes the activation of NF-
kB and MAPK pathways. MAPK activation, on its turn, leads to c-fos activation, which together with NF-kB,
promotes NFATc1 activation. Ultimately, NFATc1l promotes the activation of osteoclastic genes such as
Tartrate Resistant Acid Phosphatase (TRAP), Osteoclast-associated immunoglobulin-like receptor (OSCAR),

Cathepsin K and Calcitonin Receptor.
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Another important regulator of osteoclast differentiation is osteoprotegerin (OPG). This
hormone is produced by osteoblasts and its main function is to prevent osteoclast differentiation.
Osteoprotegerin binds RANKL and prevents its interaction with RANK playing an important role in
maintaining the balance between osteoblasts and osteoclasts cell number and between bone formation

and bone resorption (Fig. 1B)*’.

1.2. Osteoporosis

When bone homeostasis is affected as a result of unbalanced bone remodeling there are a
series of consequences that can result from it. One of the consequences is the appearance of
osteoporosis as a result of increased bone resorption that cannot be overcome by bone formation.
Osteoporosis is a disease characterized by a decrease in bone density and quality resulting in a more
porous and fragile bone with increased risk of fracture!®. There are several risk factors that are taken
into account when it comes to developing osteoporosis. There are risks that are lifestyle dependent,
such as poor nutrition, alcohol, smoking, insufficient exercise, while others do not depend on
individual habits such as age, gender, family history of osteoporosis, ethnicity, menopause,
rheumatoid arthritis, endocrine disorders and exposure to certain therapies and medication %22,
Warfarin, for example, is a drug prescribed to patients in order to treat blood clots and decrease the
risk of thrombosis or stroke occurrence. The anticoagulant action of Warfarin results from its
antagonist effect on vitamin K. Several lines of evidence had shown that warfarin continued therapy
leads to a decrease in bone mineral density and increased risk of bone fracture due to vitamin K
deficiency. Therefore, its continued use is highly associated with osteoporosis development?, Drugs
prescribed for breast cancer treatment are also highly associated with bone loss. Generally,
chemotherapy is associated with great and severe side effects, but breast cancer therapy can be

associated with the use of aromatase inhibitors, preventing estrogen production and diminishing its



regulatory effect on bone remodeling. The resultant altered bone turnover is associated with a higher

risk of developing osteoporosis?*.

1.2.1. Mitochondria and Osteoporosis

1.2.1.1. Respiratory Metabolism

The cellular aerobic respiration can be divided into three main processes: oxidation of
macromolecules, mitochondrial tricarboxylic acid (TCA) cycle, and mitochondrial electron transport.
These processes are essential for energy production and to provide important intermediates for other

cellular metabolic pathways?.

Glycolysis occurs in the cell cytosol and consists of the oxidation of glucose into pyruvate.
This is an oxygen-independent pathway with a net output of 2 molecules of Adenosine Triphosphate
(ATP), 2 molecules of Reduced Nicotinamide Adenine Dinucleotide (NADH) and 2 molecules of
pyruvate?®. After glycolysis, in aerobic conditions, the pyruvate molecules are transported to the
mitochondrial matrix where they can be converted to acetyl-coA by pyruvate dehydrogenase, and
enter the TCA cycle?’. Furthermore, acetyl-coA can also be provided by the catabolism of fatty acids

and amino acids?.

The TCA cycle is the cell central route responsible for fulfilling its energy and
macromolecules needs, and redox balance requirements®. In this metabolic cyclic pathway, the
oxidation of each molecule of acetyl-coA results in the generation of 3 molecules of NADH, 1
Reduced Flavin Adenine Dinucleotide (FADH.), 1 molecule of Guanosine Triphosphate (GTP) and
release of 2 molecules of CO,. The NADH molecules produced both in glycolysis and in the TCA
cycle, together with succinate, an intermediate of the TCA cycle, are substrates for the electron

transport chain®.



The electron transport chain is localized in the mitochondrial inner membrane (IMM) and it
is constituted by NADH Dehydrogenase-ubiquinone Oxidoreductase or Complex I, Succinate
Dehydrogenase-ubiquinone  Oxidoreductase or Complex IlI,  Ubiquinone-cytochrome-c
Oxidoreductase or Complex 11l and Cytochrome-c Oxidase or Complex V3. Complex | and
Complex Il are responsible for accepting electrons from NADH and succinate, respectively. Complex
I transfers two electrons from NADH to ubiquinone, also known as coenzyme Qio, Which is a
molecule capable of diffusing within and across the IMM. This electron transfer is coupled with
proton translocation from the mitochondrial matrix to the intermembrane space. Complex Il, on its
turn, transfers two electrons from succinate to ubiquinone. Ubiquinone, receiving the electrons from
either complex becomes reduced (ubiquinol) and diffuses to complex Il where it is oxidized again.
Complex 111 is also responsible for cytochrome ¢ reduction. Cytochrome c is a cardiolipin-bound
protein localized in the outer leaflet of IMM responsible for the electron transfer from Complex 11
to mitochondrial Complex IV. In complex 1V, O is reduced to H.0, requiring the transfer of four
electrons from cytochrome ¢ along with the passage of four protons from the mitochondrial matrix to
the intermembrane space. The extrusion of proton along the electron transport chain creates a proton

motive force that can be used by ATP synthase to produce ATP31-%,

In anaerobic conditions the pyruvate produced by the catabolism of amino acids or glucose
has a different fate than in the previously described scenario. In the absence of O, pyruvate is reduced
to lactate by lactate dehydrogenase regenerating Oxidized Nicotinamide Adenine Dinucleotide
(NAD"V from NADH. The lactate production and its accumulation lead to an acidic pH3*%®. In
addition, there are cells that show an increased glycolytic profile independent of the presence of
oxygen, leading to lactate production. For example, in tumors, the cells shift to a glycolytic profile to
rapidly obtain energy from glucose catabolism downregulating mitochondrial oxidative

phosphorylation, a process called Warburg Effect®®.



1.2.1.2. Mitochondrial Reactive Oxygen Species

Reactive oxygen species (ROS) are reactive forms of molecular oxygen that occur naturally
in the cell and play an important role as signaling molecules, regulating metabolic and regulatory
pathways®’. There are several types of ROS including superoxide (O2*), hydrogen peroxide (H.0>),
hydroxyl radical (OH") and singlet oxygen (*O,) and their production can result from different cellular
reactions. Peroxisomes, endoplasmic reticulum and mitochondria are examples of the main

endogenous sources of ROS 3839,

Focusing on mitochondria, ROS production can occur within the electron transport chain
particularly in Complex | and Complex Ill. In these complexes, the occasional leak of electrons to
oxygen leads to O, formation which constitutes the main ROS type existent in mitochondria*’. Once
produced, O, can be converted to H,O; either spontaneously or in a reaction catalyzed by superoxide
dismutase (SOD)*. All other mitochondrial existing ROS are derived from these two species which
have shown to have a great impact on cellular signaling pathways, metabolism, and biosynthetic

processes*#2,

However, at high concentrations, ROS can become toxic to the cell causing several types of
damage including lipid peroxidation, carbonylation of proteins or mitochondrial DNA (mtDNA)
oxidative damage. These actions constitute a condition referred to as oxidative stress. In this sense,
mitochondria developed tightly controlled antioxidant defense systems that work synergistically to
intercept ROS and minimize the oxidative damage. The balance between antioxidant defenses and
ROS production within mitochondria, and in the cell in general, is crucial to maintain cellular

homeostasis and function*3*4,



1.2.1.3. Aging Associated Metabolism and Osteoporosis

Along the aging process, there are a large number of alterations that occur in the human body
metabolism which can lead to altered bone turnover, an incisive cause of osteoporosis. In women, the
decrease in estrogen levels is a consequence of a decline in ovarian function and it is a determinant
cause for the development of postmenopausal osteoporosis. There is evidence that estrogen is
responsible for inhibiting RANKL-induced osteoclast differentiation, being one of the major
regulators of bone metabolism*“®. In uninjured bone, estrogen inhibits osteoblasts apoptosis but
stimulates apoptosis in osteoclasts, contributing to an equilibrium in bone remodeling (Fig. 3)*'.
Furthermore, several studies have shown that estrogen has antioxidant properties playing a decisive
role in attenuating oxidative damage in the body*®*°. This damage aggravates with aging, when
increased production of reactive oxygen species is observed, and worsen in menopausal women since
adrop in estrogen levels will lead to a more significant ROS effect on the organism. These alterations

will be responsible for a high loss of bone mass and consequently age-related osteoporosis**,

Besides being the powerhouse of the cell mitochondria are in charge of a multitude of roles
such as cellular differentiation and apoptosis, regulation of ionic balance, intermediate metabolism
and ROS production®. In this context, several studies indicate that RANKL is a stimulator of ROS
production and that ROS are determinant for RANKL-induced osteoclasts differentiation specially
H.0 which is also required for their survival (Fig. 3)°**3 In agreement with this, there are evidence
suggesting that Forkhead Box O (FoxO) proteins, a family of transcription factors, play a role in
restraining osteoclast formation by preventing H.O, accumulation in osteoclasts and respective
progenitors. This happens through an increase in catalase expression that promotes the cellular cycle
arrest and thereby osteoclasts apoptosis. In fact, the increase in ROS production mediated by RANKL
is due, in part, to inhibition of FoxO-mediated transcription of catalase®. In addition, previous to this
study the same research group had already found out that FoxOs promote survival of mature

osteoblast and attenuates their apoptosis. This suggests that FoxOs are important in the quality-control



of bone remodeling. Thus, the regulation of mitochondrial oxidative stress may be a novel therapeutic

strategy for osteoporosis®.
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Figure 3. Effect of ROS and estrogen in bone remodeling process. ROS are determinant to promote
RANKL-mediated osteoclast differentiation and therefore bone resorption, having a negative impact in bone
formation. Opposing their effect is estrogen, which seems to play an antioxidant role. Estrogen improves bone
resorption by promoting osteoblast differentiation and inhibits osteoclastogenesis, therefore preventing an

increased bone resorption.

Also relating mitochondrial activity with osteoclast differentiation there is the mitochondrial
family of Sirtuins. Sirtuins are responsible for a wide range of cellular processes, being the regulation
of ROS production one of them®. In fact, sirtuinl (Sirtl) has been found to suppress
osteoclastogenesis by FoxOs deacetylation and thereby promote FoxO-mediated transcription and

prevent ROS accumulation in osteoclasts®. Other recent studies have shown that sirtuin3 (Sirt3)

10



maintains bone homeostasis and that decreased Sirt3 levels may lead to a phenotype resembling the
one that results from the aging process since it is responsible for regulating mitochondrial ROS®.
These findings may be an important stepping point in the discovery of novel therapeutic strategies
for osteoporosis based on the molecular mechanisms that control Sirtuins activity. It is also possible
that Sirtuins can serve as a mediating bridge between estrogen, ROS production, and osteoclast

differentiation, reinforcing the importance of mitochondria to bone remodeling®.

1.2.2. Osteoporosis Incidence, Etiology, Risk Factors, and Diagnosis

Based on the World Health Organization (WHO) the diagnosis of osteoporosis is based on
Bone Mass Density (BMD) T-scores that describe the patients in terms of standard deviations (SDs).
These show how a certain group differs from the mean peak value of healthy young adults of the
same sex. Thereby it is positive diagnosed osteoporosis when the BMD is equal or more than 2.5 SDs

below the group mean of reference .

Based on WHO diagnostic criteria there are approximately 22 million women and 5.5 million
men aged between 50-84 years old that are estimated to have osteoporosis only in the European
Union®L, This represents a huge osteoporotic incidence in the population than has obvious effects on
the economic fraction. In 2010, in the European Union the financial burden inherent to osteoporosis
was estimated to be about 37 billion euros from which costs of treatment for incident fractures
represented 66% of the value, pharmacological prevention 5% and the general long-term fracture care

represented 29%52.

The common appearance of fractures is another major consequence of osteoporosis incidence.
Worldwide, about 1 in 3 women over the age of 50 will experience osteoporaotic fractures, as will 1
in 5 men aged over 50283, Furthermore, osteoporotic fractures lead to a great disability in the affected

population. In Europe, the disability due to osteoporosis is bigger than the one caused by cancer, with
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the only exception of lung cancer, and in addition, it is comparable to the disability caused by some
chronic diseases, such as rheumatoid arthritis, asthma and high blood pressure related with heart

disease®.

1.2.3. Osteoporosis Associated Therapies

There have been a lot of developed therapies and drugs that aim osteoporosis treatment or
improvement of its symptoms. For example, hormone-replacement therapy (HRT) was for a long
time the major therapeutic option to manage post-menopausal osteoporosis. HRT consists in the
administration of estrogens alone or in combination with progestin aiming a slower bone turnover
and an increase in BMD decreasing risk of fracture occurence®®. However, HRT causes severe side
effects such as breast cancer, heart disease and stroke occurrence which leads to an understandable
reluctance to its use®®. Another osteoporosis therapeutic method consists in the administration of
bisphosphonates (BPs) which are inhibitors of osteoclast activity and therefore of bone resorption®’.
Still, it was found that the continued administration of BPs leads to a microdamage accumulation that

might compromise bone strength and delay fracture healing®.

Furthermore, there are a lot of other options for osteoporosis management such as: antibody
administration (Denosumab)®®, Selective Estrogen Receptor Modulators (SERM) such as
Raloxifene™ or Bazedoxifene™, Calcitonin injection’?, Strontium Ranelate administration’,
Teriparatide’ and surgical procedures such as Vertebroplasty and Kyphoplasty”. However, all of
these strategies present significant side effects highlighting the need for new osteoporotic therapeutic

strategies.

In conclusion, the great incidence of osteoporosis worldwide, its influence on the economic
sector and the lack of therapies without significant side effects, are three substantial factors that

highlight the importance and relevance of the present project.
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1.3. Estrogen Receptors in Bone

Estrogens are a family of steroid hormones with an important physiological role regulating
organism homeostasis’®. There are three main types of estrogen, which include estradiol, estrone and
estriol, being 17B-estradiol (E2) the most abundant type of estrogen in circulation’. In the organism,
the cellular signaling of any estrogen is mediated by estrogen receptors. Estrogen receptors are a
family of proteins, divided into two main groups according to their localization: Nuclear Estrogen

Receptors (NER) and Membrane Estrogen Receptors (mER)"87.

1.3.1. Nuclear Estrogen Receptors

Estrogen Receptor Alpha (ERa) and Estrogen Receptor Beta (ERf) are the two main groups
of Nuclear Estrogen Receptors and both play a crucial role regulating bone homeostasis among their
additional functions in the rest of the organism®. ERa and ERp are expressed by bone cells, such
osteoclasts, osteoblasts and osteocytes and their mechanism of action rely on their ability to bind
DNA and modulate the expression of specific genes functioning as transcription factors®-#2. Despite
having similar structures and mechanism of action ERa and ER antagonize each other’s actions in
many tissues, including bone®:.

Previous studies performed in mice demonstrated that the deletion of ERa in osteoblast
progenitors led to a reduction in cortical and trabecular bone thickness while the deletion of ERf
resulted in increased trabecular bone thickness and unchanged cortical bone®*®. Regarding the
osteoclasts, the knockout of ERa in osteoclast precursors in mice resulted in an increased number of
mature osteoclasts suggesting that ERa suppresses osteoclastogenesis and therefore bone resorption.
In addition, the deletion of ERo in mature osteoclasts led to a decreased trabecular bone volume
highlighting once again the importance of this receptor regulating bone resorption®. These

conclusions are also supported by the opposite outcome that seems to be observed in osteoblasts,
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where the estrogen binding to ERa enhances osteoblastogenesis promoting bone matrix formation®’.
In more detail, besides inhibiting osteoclastogenesis, ERa is also involved in regulating the life span
of mature osteoclasts by expression of Fas ligand, an apoptotic factor responsive to estrogen®é.

In conclusion, all previous findings suggest that Nuclear Estrogen Receptors, namely ERa,
play a major role controlling bone turnover and selective agonists for this receptor in specific may be

an option as a novel therapeutic approach for osteoporosis®®,

1.3.2. Membrane Estrogen Receptors

Membrane Estrogen Receptors and Nuclear Estrogen Receptors have a similar weight and
affinity for estrogen, however, their mechanism of action seems to be different®. Receptors located
on the cellular membrane are on its majority G-protein-coupled receptors that induce a fast response
rapidly altering cell signaling and modulating intracellular cascades®?. Different Membrane Estrogen
Receptors, involved in the regulation of bone turnover, have been identified, including the G-protein-
coupled receptor 30 (GPR30), Membrane Estrogen Receptor Alpha (mERa) and Membrane Estrogen

Receptor Beta (mERP)%9%4,

Focusing on bone, besides ERa, ERB, mERa, and mERPB, GPR30 can be expressed by
osteoclasts, osteoblasts and osteocytes and it seems to play an important role maintaining homeostasis
in bone turnover®. Previous studies have confirmed that GPR30 contributes to bone mass regulation
showing that GPR30-deficient mice developed decreased bone mass and mineralization®. This
outcome can be explained by the fact that Runt-related transcription factor 2 (Runx2), already
described as an important factor for osteoblast differentiation, increases cellular proliferation in
osteoblast progenitors by upregulating Gpr30 gene expression. More specifically, estrogen regulates
Runx2 expression and activity, and therefore Gpr30 expression, which, on its turn, will activate the
transcription of osteoblast-specific proteins °%. Moreover, GPR30 also seems to be involved in the
downregulation of osteoclast differentiation®.
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Membrane ERa and ERp are the resultant forms of the attachment of ERa and ERpto the
cellular membrane, respectively. This occurs when estrogen receptors suffer palmitoylation and bind
caveolins, a family of integrative membrane proteins that act as scaffolding proteins®,
Palmitoylation consists of the covalent attachment of fatty acids that will allow a protein-protein
interaction of the receptors with caveolin-1. Once at the membrane, ERo and ERp are able to interact
with G protein alpha and beta subunits developing a fast cellular response upon estrogen binding*°:.
In bone, MERa was demonstrated to be crucial promoting estrogen signaling specially in trabecular
bone'®. Specifically, in osteoblasts it was shown that the estrogen response for approximately one-
third of total estrogen regulated genes is dependent on mERa signaling. No studies were performed
regarding mER importance in bone turnover specifically, although it is thought to play a regulatory

role in estrogen response alongside mER 202103,

1.3.3. Estrogen Receptor Antagonists

1,3-bis  (4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)  phenol]-  1Hpyrazole
dihydrochloride (MPP) and 4-[2-phenyl-5,7-bis (trifluoromethyl) pyrazole [1,5-a]-pyrimidin-3-yl]
phenol (PHTPP) are two synthetic highly selective antagonists for ERa and ERp respectively. These
antagonists are molecules that are able to bind estrogen receptors due to their similarity to the estrogen
molecule. This leads to the receptor blockage and therefore impairment of estrogen binding and
action!®, In agreement with this, several studies where these synthetic antagonists were used have
proven their inhibitory action regarding estrogen. For example, the culture of rat hippocampal neurons
in the presence of both MPP and PHTPP resulted in increased neuronal death, when compared to
controls, upon glucose deprivation. This outcome was a consequence of a diminished estrogen action,
which is already known to have a neuroprotective effect'®®. Furthermore, another example is that the

administration of these antagonists in mice promotes a blockage in actin polymerization. MPP and
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PHTPP combined mediate E2 role regulating actin cytoskeleton reorganization since ERa and ER[3

play an important role in this process.

Although no studies were performed in bone using MPP and PHTPP, there are several lines
of evidence that prove them to be effective blockers of estrogen action through the mean of mERa
and mERP bonding. Taking this into account, we assumed that a similar result would occur in bone
cells when exposed to these antagonists. Therefore both MPP and PHTPP were used in the present

study as antagonists of E2 action, regulating its effect in the bone remodeling process.
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2. HYPOTHESIS AND OBJECTIVE

Osteoporosis and osteoporosis-associated fractures have become an issue with increased
importance for public health as a result of an expanding aging population?’. Postmenopausal women
are particularly susceptible to develop osteoporosis since in menopause there is an estrogen deficiency
that results in impaired normal bone turnover'®. The present study focuses on the cells involved in
bone turnover, in specific, the osteoclasts, responsible for old bone resorption. Taking into account
that mitochondria are crucial for many cellular processes, being one of them the cellular
differentiation, we assumed that this organelle would be relevant in bone turnover and an important
factor to take into account regarding osteoporosis development. Furthermore, mitochondria are
responsible for ROS production. Since ROS seem to play an important role in RANKL-mediated
osteoclast differentiation, our hypothesis is that RANKL-mediated osteoclast differentiation underlies
important alterations in mitochondrial activity which vary in the presence or absence of

estrogen/estrogen receptors.
The main goal of this study can be divided into two different principal objectives:
1. Differentiate RAW 264.7 macrophages into mature osteoclasts upon exposure to RANKL;

2. Evaluate alterations in mitochondrial performance during RANKL-mediated osteoclast

differentiation in the presence and absence of E2.

Altogether the importance of the present work relies on the possibility to discover new targets

that may allow the development of new therapeutic strategies for osteoporosis.
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3. MATERIALS AND METHODS

3.1. Reagents

Table 1. List of reagents used in the present study with respective reference and brand from which they

were obtained.

40% Acrylamide/Bis Solution

Absolute Ethanol (200 proof)
Molecular Biology Grade
Acetate Buffer

Agilent Seahorse XF Calibrant,
pH=7.4
Ammonium Persulfate Solution
(APS)

Antibiotic/Antimycotic
Antimycin A
Blotting-Grade Blocker

Bovine Serum Albumin (BSA)

Bradford Reagent

Charcoal, Dextran Coated
Chloroform

Clarity Western ECL Substrate

CM-H.DCFDA
D-Glucose
Dimethyl Sulfoxide (DMSO)

Distilled Water DNase/ RNase
Free
Dithiothreitol (DTT)
Dulbecco’s Modified Eagle’s
Medium (DMEM)
Estradiol

Ethanol

Fast Garnet GBC Salt
FCCP

18

Bio-Rad

Fisher
Scientific
Sigma
Agilent
Technologies

Gerbu

Gibco
Sigma
Bio-Rad
Fisher
Scientific
Bio-Rad

Sigma
Sigma
Bio-Rad
Fisher
Scientific
Sigma
Fisher
Scientific
Gibco
Sigma
Sigma

Sigma
PanReac
AppliChem
Sigma
Santa Cruz

161-0148

BP2818100
3863
100840-000

1708.0020

15240-062
AB674
170-6404

23209

500-0006

C6241
650498

170-5061

C6827
G7021
D/4121/PB17

10977-035
D9163
D5030
E1024

121086.1212

F8761
sc203578

Hercules, California,
USA
Waltham, Massachusetts,
USA

St. Louis, MO, USA

Santa Clara, California,
USA

Heidelberg, Germany

Waltham, Massachusetts,
USA (Fisher Scientific)

St. Louis, MO, USA
Hercules, California,
USA
Waltham, Massachusetts,
USA
Hercules, California,
USA

St. Louis, MO, USA
St. Louis, MO, USA
Hercules, California,
USA
Waltham, Massachusetts,
USA

St. Louis, MO, USA
Waltham, Massachusetts,
USA
Waltham, Massachusetts,
USA (Fisher Scientific)

St. Louis, MO, USA

St. Louis, MO, USA

St. Louis, MO, USA
Barcelona, Spain

St. Louis, MO, USA
Dallas, Texas, USA



Fetal Bovine Serum (FBS)

Glacial Acetic Acid
Glycerol
Glycine

Guanidine Hydrochloride
HEPES
Hoechst 33342

Hydrogen Peroxide Solution
Isopropanol
L-Glutamine

Methanol

MitoSOX™ Red

MPP Dihydrochloride Hydrate
Naphthol_AS_BI phosphoric
acid in dimethyl formamide

Oligomycin
Paraformaldehyde
PHTPP
Ponceau S
Potassium Dihydrogen
Orthophosphate (KH2PO,)
Precision Plus Protein™
WesternC™ Standards
Precision Protein™ StrepTactin-
HRP Conjugate
PureZOL™ RNA Isolation
Reagent
Receptor activator of nuclear
factor kappa-B ligand (RANKL)
Rotenone
Sodium Bicarbonate

Sodium Chloride (NaCl)
Sodium Dodecyl Sulphate (SDS)

Sodium Phosphate Dibasic
(Na;HPO,)
Sodium Phosphate Monobasic
(NaH2P04)
Sodium Pyruvate

SsoFast™ EvaGreen® Supermix

Gibco
PanReac
AppliChem
Sigma
Fisher
Scientific
Fisher
Scientific
Sigma
Fisher
Scientific
Sigma
Sigma
Sigma
Sigma
Fisher
Scientific
Sigma

Sigma

Sigma
Sigma
Sigma
Sigma
Fisher
Scientific

Bio-Rad
Bio-Rad
Bio-Rad

Sigma

Sigma
Sigma
Sigma

Bio-Rad
Labkem

Labkem
Sigma
Bio-Rad

10270-106

131008.1611
G6279
BP381-1

BP178
H4034
H1399

95294

190764

G3126
M/4000/17

M36008
M7068
3864

04876
47608
SML1355
P3504

P/4806/60

161-0376

161-0381

732-6890

R0525

R8875
S6014
71376

161-0301

SOPH-02A-
500
SODH-01A-
500

P2256
172-5204

Waltham, Massachusetts,
USA (Fisher Scientific)

Barcelona, Spain

St. Louis, MO, USA
Waltham, Massachusetts,
USA
Waltham, Massachusetts,
USA

St. Louis, MO, USA

Waltham, Massachusetts,
USA

St. Louis, MO, USA
St. Louis, MO, USA
St. Louis, MO, USA
St. Louis, MO, USA

Waltham, Massachusetts,
USA

St. Louis, MO, USA
St. Louis, MO, USA

St. Louis, MO, USA
St. Louis, MO, USA
St. Louis, MO, USA
St. Louis, MO, USA
Waltham, Massachusetts,
USA
Hercules, California,
USA
Hercules, California,
USA
Hercules, California,
USA

St. Louis, MO, USA

St. Louis, MO, USA
St. Louis, MO, USA
St. Louis, MO, USA

Hercules, California,
USA

Dublin, Ireland

Dublin, Ireland

St. Louis, MO, USA

Hercules, California,
USA
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Sulforhodamine B
Tartrate Solution
Tetramethylethylenediamine
(TEMED)
Trans-Blot® TurboTM 5x
Transfer Buffer

Trichloroacetic acid (TCA)
Tris—HCI, 0.5M pH=6.8

Tris—HCI, 1.5M pH=8.8

Tris Base
Tween® 20

Sigma
Sigma

Nzytech

Bio-Rad
Sigma

Bio-Rad

Bio-Rad
Fisher
Scientific
Sigma

S9012
3873

MB03501

10026938
T0699
161-0799

161-0798

BP152-1
P9416

3.2. Cell Line and Culture Conditions

St. Louis, MO, USA
St. Louis, MO, USA

Lisbon, Portugal

Hercules, California,
USA

St. Louis, MO, USA

Hercules, California,
USA

Hercules, California,
USA

Waltham, Massachusetts,

USA

St. Louis, MO, USA

The biological model used in the present study was the Mus musculus RAW 264.7

macrophage cell line purchased from ATCC (Manassas, VA; catalog #T1B-71). Accordingly with the

manufacturer’s instructions, the cells were stored at liquid nitrogen vapor phase in growth medium

supplemented with 5% DMSO at passage #4. RAW 264.7 macrophages were cultured in T-75 flasks,

in DMEM medium supplemented with 25 mM Glucose, 4 mM L-Glutamine, 1 mM Sodium Pyruvate,

18 mM Sodium Bicarbonate, 0.1 mM NaH;PO,, 10% FBS, and 1% Antibiotic/Antimycotic at a final

pH of 7.2, at 37°C in a humidified atmosphere of 5% CO,. Cells were splitted at a sub-cultivation

ratio of 1:6 after reaching about 90% confluence being removed with a cell scraper and subcultured

in T-75 containing 14 mL of fresh culture medium. Only the cells between passages 4 and 20 were

used to avoid loss of ability to differentiate into osteoclasts'®,
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3.2.1. Charcoal Stripped Culture Medium

Charcoal Stripped Culture Medium was used in assays where it was important to assess the
role of estrogen and estrogen receptors on osteoclast differentiation. This medium has the same
composition as described before, but the FBS used was previously treated with dextran-coated
charcoal. The treatment with activated dextran-coated charcoal promotes a reduction of steroids,
lipids and several hormones from the serum!®, This procedure allowed to remove estrogens from

FBS that could interfere with our results.

Thus, 5 g of Charcoal, Dextran Coated, was added to 250 ml of FBS and the serum was left
on a shaker table to mix gently overnight at 4°C. After this, the charcoal was removed from the
suspension by centrifugation at 2000xg for 15 minutes and the resulting top layer was carefully

removed by aspiration. The resulting FBS was aliquoted and stored at -20°C.

3.3. Differentiation Process and Osteoclast Formation

The differentiation of RAW 264.7 macrophage into osteoclasts was induced by the addition
of 50 ng/mL of RANKL to the culture medium. Cells were seeded at an optimized density of 15 625
cells/cm? for differentiation and after 2 days the culture medium was replaced by fresh medium with
50 ng/mL of RANKL. After 3 days the differentiation medium is renewed with the same
concentration of RANKL and after a total of 6 days the differentiation process was complete (Fig. 4).

Cells that were not exposed to RANKL and therefore undifferentiated were considered the control

group.
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Figure 4. Experimental design of RAW 264.7 differentiation into osteoclasts.

3.4. TRAP and Hoescht Staining

Tartrate Resistant Acid Phosphatase (TRAP) staining, along with Hoechst staining, was
performed at day 6 after RANKL addition to RAW 264.7. TRAP is an important protein present in
mature osteoclasts that provides them the ability to degrade skeletal phosphoproteins and therefore it
is important in bone resorption'!. Hoechst is a cell-permeant nucleic acid dye that emits blue
fluorescence when bound to double strained DNA, labeling the cellular nucleus. These two staining
techniques together allow the identification of mature osteoclasts since they are defined as TRAP-

positive multinucleated cells with 3 or more nuclei*?,

In this assay, cells were plated in 96 multi-well plates and differentiation was induced upon
exposure to RANKL during 3 and 6 days. In the day of the assay, after aspirating the differentiation
medium, cells were incubated with 1 pg/mL of Hoechst 33342 diluted in cell culture medium for 30
minutes at 37°C in the dark. After, cells were washed with PBS and fixed with 1% paraformaldehyde
diluted in phosphate-buffered saline (PBS) during 15 minutes at room temperature. Following, and
in order to permeabilize the cells for the TRAP staining, cells were washed again with PBS and
incubated with methanol for 30 minutes at -20°C. This procedure was followed by another wash with
milli-Q water, and after cells were incubated for 1h at 37°C in the dark with a previously prepared

TRAP staining solution.
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The TRAP staining kit contains 4 reagents: Naphthol AS_BI phosphoric acid in dimethyl
formamide, 2.5 M Acetate Buffer, 0.67 M Tartrate Solution and Fast Garnet GBC Salt. In order to
prepare the TRAP staining solution for a final volume of 10 mL (100 pyL added per well) 0.4 mL of
which one of the 3 first reagents are mixed with 8.8 mL of pre-heated milli-Q water (37°C) followed
by a quick vortex. Next 3 mg of Fast Garnet GBC salt was added followed by another quick vortex.

Then the solution was filtrated through Whatman #1 paper and used immediately.

After incubation cells were washed several times with milli-Q water and 100 uL PBS was
added per well to prevent cells from drying, so Hoechst’s fluorescence would not be compromised.
Finally, the stained cells were observed by epi-fluorescence microscopy using a Nikon Eclipse Ti-S
(Nikon, Melville, NY, USA). In this experiment a total of 3 replicates per condition were formed,
including control. For each replicate were taken 5 pictures of random microscope fields both for
TRAP (bright field) and for Hoechst (using the UV filter). Images were obtained using the NIS
Elements Imaging Software version 4.20 with a magnification of 40x. Obtained pictures were
processed in ImageJ software and cells were counted manually. Cells that presented a darker color
(TRAP positive) and 3 or more nuclei were considered mature osteoclasts. Cells that didn’t fit the
criteria were counted as not fully differentiated. The medium value between all the microscope fields

of all replicates allowed to obtain the percentage of mature osteoclasts.
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3.5. Protein Analysis by Western Blot

3.5.1. Protein Isolation

For protein extraction cells were seeded in 12 well plates at a density of 15 625 cells/cm?
and three main condition groups were established: cells with 6 days of differentiation, cells with 3
days of differentiation and control cells. After the respective time points, 1 mL of PureZOL™ RNA
Isolation Reagent (Trizol) was added to each well. The cellular extracts were collected to 1.5 mL
microcentrifuge tubes and stored frozen at -20°C until used. Next, 200 L of Chloroform were
added per 1 mL of Trizol (200 uL for each sample) followed by 2-3 minutes of shaking at room
temperature. After, samples were centrifuged at 12 000xg for 15 minutes at 4°C. This procedure

resulted in a separation of RNA, DNA and Protein in three different phases (Fig. 5).

X

— RINA (Aqueocus Phase)
—*  DNA (Interphase)

Protein (Organic Phase)

Figure 5. Trizol phase separation after chloroform addition.

After removing the Aqueous Phase 300 pL of 100% ethanol were added to the Organic Phase
and Interphase followed by agitation for 2-3 minutes. Afterwards, samples were centrifuged at
2000xg for 5 minutes at 4°C, resulting in formation of a pellet of DNA and a supernatant with protein.
The supernatant was collected to a new microcentrifuge tube and 1.5 mL of isopropanol were added
followed by a 10 minute incubation at room temperature to promote protein precipitation. Next,

another centrifugation at 2000xg for 10 minutes at 4°C was performed and supernatant was discarded.
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The protein pellet was resuspended in 2 mL 0.3 M Guanidine Hydrochloride in 10% ethanol. After
20 minutes of incubation on ice the samples were centrifuged at 7500xg for 5 minutes at 4°C and the
supernatant was discarded. The last two steps were repeated twice and the final pellet was
resuspended in 2 mL of 100% ethanol and vortexed. After 20 minutes of incubation at room
temperature the samples were centrifuged at 7500xg for 5 minutes at 4°C and the supernatant was
discarded. Afterwards the pellet was air dried for 5 to 10 minutes and posteriorly dissolved in 1%
SDS while heating at 50°C. Finally the dissolved samples were centrifuged at 10 000xg for 10 minutes
at 4°C to remove non-solved material and the supernatant, containing the isolated protein, was

collected.

3.5.2. Protein Quantification

The Bradford method was used to quantify the protein. This method consists in a colorimetric
quantification that relies on an absorbance shift that occurs when the dye Coomassie Brilliant Blue

G-250 binds to protein®3,

The protein samples were prepared with milli-Q water and buffer in which they were
collected (1% SDS) and a standard curve was created with several dilutions of Bovine Serum
Albumin (BSA) (Table 2). The Bradford Reagent was diluted in milli-Q water (1:5) and then added
to the samples and standard curve just before absorbance measuring. All samples were performed in
triplicates in a 96 multi-well plate and the absorbance was measured at 595 nm in Cytation™ 3

multiwell plate reader (BioTek Instruments, Winooski, VT, USA).
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Table 2. Standard curve and sample preparation table for Bradford assay.

79 0 1 120
78 1 1 120
77 2 1 120
76 3 1 120
75 4 1 120
74 5 1 120
Sample (uL)
79 1 - 120

3.5.3. Western Blot

After quantification, equal amounts of protein were diluted in Laemmli Blue Buffer 6 fold
concentrated (1.88 mL of 1M Tris HCI, 0.63 g SDS, 7.9 mL Glycerol, and 0.003 g Bromophenol Blue
to a final volume of 10 mL), supplemented with 0.3 M DTT. After, samples were heated at 95°C for
5 minutes to promote protein denaturation. This sample preparation is a very important first step that
allows protein separation to occur only depending on their molecular size by reducing disulphide S-

S bonds formation and providing uniform negative charge to all proteins!.

For the SDS-PAGE, and accordingly with the molecular weight of the proteins of interest,
polyacrylamide gels were prepared. A total of 30 pg of protein was added to the gel. The protein
separation was performed at room temperature with a constant amperage of 30 mA/gel until the bands

reached the bottom end of the gel.
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After electrophoresis, protein were transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, Hercules, California, USA) through Trans-Blot® Turbo™ Transfer System
(Bio-Rad, Hercules, California, USA) at a constant amperage of 1A for 20 minutes using Ready to
Assemble Kit (Cat #170-4273 Bio-Rad, Hercules, California, USA). Once protein transfer was
concluded the membranes were rinsed with distilled water and then stained with 0,5% Ponceau
(diluted in 1% Glacial Acetic Acid). Ponceau is a reversible protein dyer that allowed to evaluate the
transfer success confirming the protein loading*™®. The next step consisted in blocking the membrane
to avoid non-specific protein binding during incubation with the primary antibody. The blocking was
performed by incubation of the membrane with 15 ml of 5% dry milk diluted in TBS-T for 2 hours

at room temperature with a constant shaking.

The primary antibodies (Table 3) were prepared in 2.5 ml of 1% dry milk in TBS-T. The
membranes were incubated with primary antibody over night at 4°C. After this the membranes were
rinsed three times with TBS-T for 5 minutes and incubated with the respective secondary antibodies
(Table 4) previously prepared in TBS-T. This last incubation was performed for 1 hour at room
temperature with constant shaking. After incubation with secondary antibody, membranes were

rinsed three times with TBS-T for 5 minutes each to remove the excess of secondary antibody.

Finally, Clarity Western ECL Substrate was added to the membranes. This substrate
constitutes a chemiluminescent detection system since it generates light when oxidized by horseradish
peroxidase (HRP), the enzymes conjugated with secondary antibodies*®. After incubation, the protein
bands in the membranes were visualized using the BioSpectrum® Imaging System™ (Cambridge,
UK). Obtained images were processed in ImageJ software and bands densities were quantified using

the Totallab TL120 Software.
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Table 3. List of primary antibodies tested in Western Blot Analysis, respective molecular weights,

chosen dilutions and companies from which they were obtained.

Host Catalog

Primary Antibody Molecular Weight Dilution Organism Number Company
Cathepsin K 43kDa 1:500 Mouse sc-48353 Santa Cruz
Mitochondrial
Superoxide 25kDa 1:500 Mouse sc-133134 Santa Cruz
Dismutase 2 (SOD2)

CI-NDUFBS: 20kDA

CI11-SDHB: 30kDa
CII-UQCRC2: 48kDa 1:1000 Rodent MS604 MitoScience
CIV-MTCOL1: 40kDa

CV-ATP5A: 55kDa

Total OXPHOS
Cocktail

Table 4. List of secondary antibodies used in Western Blot Analysis, dilution and companies from

which they were obtained.

Secondary Antibody Dilution Catalog Number Company
Anti-mouse 19G, HRP-linked ., 7076P2 Cell Signaling
antibody

3.6. Mitochondrial DNA Copy Number Analysis

3.6.1. DNA Isolation and Quantification

For the present assay, RAW 264.7 cells were seeded in 6 well plate at a density of 15 625
cells/cm?and three main condition groups were established: cells with 6 days of differentiation, cells
with 3 days of differentiation and control cells. After differentiation period cells were collected in
culture medium using a cell scraper and centrifuged at 300xg for 5 minutes at room temperature. The

resulting supernatant was discarded and the cellular pellet was resuspended in 200 pL of PBS.
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DNA isolation was performed using QlAamp DNA Mini Kit (Qiagen, Hilden, Germany),
following manufacturers’ instructions. First, 20 pL of proteinase K were added to each sample
followed by the addition of 200 uL of Buffer AL and a 15 seconds vortex to promote cellular lysis.
Next, samples were incubated at 56°C for 10 minutes to achieve a maximum DNA vyield and briefly
centrifuged to remove possible drops from the inside of the lid. Following this step 200 uL of
molecular grade ethanol were added to each sample which were then vortexed for 15 seconds and
briefly centrifuged for 5 seconds. The supernatant was transferred to QlAamp Mini Spin Columns,
inserted on 2 mL collection tubes, and centrifuged at 6000xg for 1 minute at room temperature. After
centrifugation the collection tubes were replaced by clean ones and the filtrate discarded. As a
washing step, 500 puL of Buffer AWL1 were added to the spin columns followed by another
centrifugation as 6000xg for 1 minute at room temperature and the resulting filtrate was again
discarded. Next, 500 pL of Buffer AW2 were added to the columns and centrifuged at 20000xg for 3
minutes at room temperature. The obtained filtrate was discarded and the QlAamp Mini Spin
Columns were placed in clean 1.5 mL microcentrifuge tubes. For the elution step, 200 pL of Buffer
AE were added to the spin columns followed by a 5 minute incubation at room temperature to increase
DNA yield and a final centrifugation at 6000xg for 1 minute at room temperature. The filtrate has the

purified DNA.

DNA was quantified using NanoDrop 2000 (ThermoScientific, Waltham, MA, USA)
measuring the sample absorbance at 260 nm. The ratio between the readings at 260 nm and 280 nm
(Azs0/ Azgo) allowed to obtain an estimate of DNA purity. All samples with a ratio between 1.8 and

2.0 were considered pure and used for DNA copy humber assessment.
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3.6.2. DNA Copy Number Assessment

Mitochondrial DNA copy number was assessed by quantitative Real Time Polymerase Chain
Reaction (QRT-PCR). DNA samples were diluted in DNase/ RNase free water to a final concentration
of 10 ng/mL and plated in a Hard-Shell PCR 96-well plate along with the tested primers, DNase/
RNase free water and EvaGreen Supermix for the target sequence amplification. Each well contained
a final volume of 10 pL in which were included 2.5 pL of the DNA sample, performing a total of
25ng of DNA per well, 0.5 pL of each tested primer, both forward and reverse, 2.4 puL of DNase/
RNase free water and 5 puL of EvaGreen Supermix. The used primers and their correspondent forward

and reverse sequences are presented in Table 5.

Table 5. List of primers for mitochondrial and nuclear reference genes used for Real Time Polymerase
Chain Reaction (QRT-PCR).

NADH-ubiquinone
Nd1  oxidoreductase core  Mitochondrial
subunit 1

GGCCCATTCGCGTT GATCGTAACGGA
ATTCTTT AGCGTGGA

TCCCACGTAGAAC AGTCTCATCGCTA

ApoB  Apolipoprotein B Nuclear CCGTTTG CCCCACT

DNase/ RNase free water replaced the DNA sample in the negative control wells designated
No Template Controls (NTC). Additionally, pools from all samples were diluted in DNase/ RNase

free water in ratios from 1:1, 1:10 and 1:100 to create efficiency curves for each set of primers.

The PCR reaction was performed using Bio-Rad® CFX96™ Real Time PCR system (Bio-

Rad, Hercules, CA, USA) accordingly to the protocol represented in Fig. 6. Using the B2m gene as
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reference, the relative normalized expression was determined by Bio-Rad® CFX96 Manager software

(version 3.1) (Bio-Rad Laboratories, Hercules, California, USA).

Figure 6. Bio-Rad optimized PCR protocol. The first step consists in an increase of temperature to

98°C promoting DNA polymerase activation. The second and third steps compose a full cycle where DNA is
fully denaturated allowing the primer annealing when temperature decreases to 60°C. This cycle repeats for a
total of 40 times and after that, the melting temperature of the PCR products is determined when temperature

increased from 65°C to 95°C. The reaction stops when the temperature drops to 4°C in the final step.

3.7. Fluorescence-based assays

3.7.1. Intracellular Reactive Oxygen Species (ROS)

Intracellular ROS production was measured using the CM-H;DCFDA probe. Once inside the
cell, CM-H,DCFDA is cleaved by intracellular esterases resulting in a non-fluorescent molecule
(H2DCF). This molecule, upon ROS oxidation, gets converted into 2°,7’-dichlorofluorescein (DCF)
which is highly fluorescent. The fluorescence measurement allows evaluating cellular ROS

production®?’.
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This assay was performed in two different ways varying in cell culture conditions and

differentiation time periods:

i)

RAW 264.7 cells were seeded in a 96-well clear bottom black side plate at a density
of 15 625 cells/cm? and after two days of growth, differentiation was induced upon
exposure to 50 ng/mL of RANKL for 6 days. Undifferentiated cells were used as
control.

RAW 264.7 cells were seeded in a 96-well clear bottom black side plate at a density
of 15 625 cells/cm? and two days after the seeding the regular culture medium was
replaced with Charcoal Stripped Culture Medium containing the respective cells
treatments: 50 ng/mL of RANKL,; 10 nM of Estradiol; 50 ng/mL of RANKL plus 10
nM Estradiol; 10 nM of MPP; 50 ng/mL of RANKL plus 10 nM MPP; 10 nM of
PHTPP; and 50 ng/mL of RANKL plus 10 nM PHTPP. MPP and PHTPP are specific
antagonists for Estrogen Receptor Alpha and Estrogen Receptor Beta,
respectivelyl%. They were used in this assay as an attempt to understand the relation
between estrogen receptors and the osteoclast differentiation process as well as their
impact on intracellular ROS production. Cells remained in these culture conditions

for 6 hours and 24 hours before the H,DCFDA fluorescence reading assay.

Before the assay DMEM was supplemented with 25 mM Glucose, 4 mM Glutamine, 1 mM

Sodium Pyruvate, 5 mM of HEPES and the pH was set to 7,4. CM-H,DCFDA was added at a final

concentration of 5uM. After treatment cells were incubated with DMEM medium supplemented with

5 UM CM-H,DCFDA for 45 minutes at 37°C in the dark. Undifferentiated RAW 264.7 cells, treated

for 15 minutes with 10 mM of Hydrogen Peroxide Solution (H.O,) were used as a positive control

group. Following, the medium was replaced by supplemented DMEM without the probe and

fluorescence was read between 485 nm and 528 nm in Cytation™ 3 multi-well plate reader (BioTek
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Instruments, Winooski, VT, USA). At the end of the reading cells were fixed overnight with 10%

trichloroacetic acid (TCA) at 4°C for further normalization.

3.7.2. Mitochondrial Reactive Oxygen Species (ROS)

Mitochondrial ROS production was measured using MitoSOX Red dye. Due to its positive
charge, this dye targets the mitochondrial matrix where it is oxidized by superoxide. The product of
this reaction emits fluorescence at 580 nm, after being excited at 510 nm, allowing to assess

mitochondrial ROS production®?®,

For this assay RAW 264.7 cells were seeded in a 96-well clear bottom black side plate at a
density of 15 625 cells/cm?and after two days of growth, differentiation was induced upon exposure

to 50 ng/mL of RANKL for 6 days. Undifferentiated cells were used as control.

At the day of the assay, DMEM was supplemented with 25 mM Glucose, 4 mM Glutamine,
1 mM Sodium Pyruvate, 5 mM of HEPES and the pH was set to 7,4. MitoSOX Red was added to the
supplemented medium at a final concentration of 5 uM. After treatment, the culture medium was
removed and replaced by fresh medium supplemented with 5 uM of MitoSOX. Cells were incubated
with MitoSOX for 30 minutes at 37°C in the dark. Undifferentiated RAW 264.7 cells incubated with
2 UM of Antimycin were used as the positive control group. After the incubation period fluorescence
was read between 510 nm and 580 nm in Cytation™ 3 plate reader (BioTek Instruments, Winooski,
VT, USA). The reading was performed for a total of 180 minutes with intervals of 2 minutes between
measurements. Following, cells were fixed overnight with 10% TCA at 4°C, for further

normalization.
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3.7.3. Evaluation of Cell Density by Sulforhodamine B (SRB) assay

Sulforhodamine B is a bright-pink dye with the ability to bind protein due to the presence of
two sulfonic groups in its composition. These groups allow the compound to bind basic amino acid
residues under acidic conditions and dissociate them under basic conditions. This characteristic
allows the performance of a colorimetric method relying on proportion between the intensity of SRB

staining and the cellular mass**®.

Sulforhodamine B assay was used as a normalization procedure and therefore it was
performed after the indicated assays on previously fixed cells. 50 puL of 0.05% SRB diluted in 1%
acetic acid were added to each well and the plate was incubated for 30 minutes in the dark at room
temperature. After incubation, the wells were washed with 1% acetic acid to remove all of the
unbound dye and dried at 37°C. Finally, the bound dye was solubilized in 200 pL of 10 mM Tris pH
10 and half of that volume was transferred to a new plate. Optical density was determined at 530 nm

in Cytation™ 3 plate reader (BioTek Instruments, Winooski, VT, USA).

3.8. Extracellular flux analysis to measure Mitochondrial Oxygen

Consumption Rate and Extracellular Acidification Rate

Mitochondrial activity was evaluated by measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) using the Seahorse XFe96 Extracellular Flux Analyzer. These
measurements are key indicators that allow to assess mitochondrial respiration and glycolysis,

respectively.

This test was performed in three different ways varying in cell culture conditions and

differentiation time periods:
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i)

RAW 264.7 cells were seeded in a Seahorse XFe96 Cell Culture Microplate at an
optimized density of 5000 cells per well. Differentiation was induced upon exposure
to 50 ng/mL of RANKL for 1, 3 and 6 days. Undifferentiated cells were used as
control.

RAW 264.7 cells were seeded in a Seahorse XFe96 Cell Culture Microplate at an
optimized density of 5000 cells per well two days before the Mito Stress assay to
perform an acute effect study with 50 ng/mL of RANKL, 100 nM of Estradiol and 1
UM of Estradiol.

RAW 264.7 cells were seeded in a Seahorse XFe96 Cell Culture Microplate at an
optimized density of 5000 cells per well. After two days in culture, the culture media
was replaced by several different conditions: 50 ng/mL of RANKL in Charcoal
Stripped Culture Medium; 10 nM of Estradiol in Charcoal Stripped Culture Medium;
and 50 ng/mL of RANKL plus 10 nM of Estradiol in Charcoal Stripped Culture
Medium. Cells remained in these culture conditions for three different time periods:
1 hour, 24 hours and 48 hours. Undifferentiated RAW 264.7 cells cultured in

Charcoal Stripped Culture Medium were used as control.

In the day prior to each assay, the Seahorse XFe96 sensor cartridge was hydrated by adding

200 pL per well of milli-Q water and left overnight at 37°C in an incubator without CO5.

At the day of the assay, the milli-Q water was removed from the cartridge and replaced by

200 pL of Seahorse XF Calibrant. After this the cartridge remained for about 1 hour in the incubator
before loading the assay solutions. During this period of time, 100 mL of DMEM supplemented with
25 mM Glucose, 4 mM Glutamine, 1 mM Sodium Pyruvate, 5 mM of HEPES and pH 7,4 were
prepared. Next, all culture conditions to which cells were previously submitted were prepared in this

medium for the time of the assay. The cell plate was then carefully rinsed three times with assay
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medium and the prepared conditions were added to the respective wells. This step was followed by

an incubation of the cell plate at 37°C without CO..

Oligomycin, Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and

Rotenone plus Antimycin A constituted the compounds that were injected during the assay.

Oligomycin is an inhibitor of the Fo subunit of ATP synthase, also known as Complex V of
the Mitochondrial Respiratory Chain. ATP synthase is responsible for ATP generation as a result of
proton flux, though the Fo subunit, to the mitochondrial matrix. Its inhibition with Oligomycin allows
to observe proton passage through the mitochondrial inner membrane that is not dependent on this
complex and therefore this condition is called proton leak (Fig. 7)'%°. On other hand, FCCP is an
uncoupling agent that disrupts the proton gradient by allowing them to pass through the mitochondrial
inner membrane independently of ATP synthase. This will disrupt mitochondrial membrane potential
leading to an increased electron transport that results in maximal oxygen consumption rate as an

attempt to restore it (Fig. 7)*2L.

Rotenone and Antimycin A are inhibitors of Mitochondrial Respiratory Chain Complex | and

Complex 111, respectively. The combined injection of both stops mitochondrial respiration*?2,

Rotenone &
Oligomycin FCCP antimycin A

Spare
Capacity

0 10 20 30 40 50 60 70 80 90 100 110
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Figure 7. Representative scheme of measured parameters in a Seahorse XF Cell Mito Stress Test:
basal respiratory rate, ATP-linked oxygen consumption, proton leak, maximal respiration, spare respiratory
capacity and non-mitochondrial respiration. Figure obtained from Agilent Website (Agilent Technologies,
Santa Clara, California, USA).

In addition to these compounds, in the acute study situation, 50 ng/mL of RANKL, 100 nM

and 1 uM of Estradiol were the first injected compounds.

Optimized final concentrations of 3 uM Oligomycin, 0.25 pM FCCP, and 2 uM Rotenone
plus 2 uM of Antimycin A were prepared in assay medium taking into account the volume already
present in the plate wells. Next, the prepared solutions were loaded into the cartridge through doors
A, B and C respectively. In the acute study, door A corresponded to the acute injection of RANKL
and Estradiol, and doors B, C and D contained Oligomycin, FCCP and Rotenone/ Antimycin A,

respectively. The injection volume was 25 pL per well.

The assay began by inserting the cartridge with Seahorse XF Calibrant in the Seahorse XFe96
Analyzer (Agilent Technologies, Santa Clara, California, USA). In this step, calibration was
performed and the wells oxygen conditions and pH were verified through the cartridge sensors that
stayed inserted in the wells during the following experiment. Finally, after calibration completion the
plate containing Seahorse XF Calibrant was expelled and replaced by the cell plate. The used protocol
was previously defined using Wave 2.6 Software (Agilent Technologies, Santa Clara, California,

USA). At the end of the assay, cells were fixed with 10% TCA at 4°C for further normalization.

3.9. Statistical Analysis

All data analysis was performed using GraphPad Prism 6.0 program and presented as mean
value £ SEM for the number of experiments indicated in the legends of the figures presented in the

results chapter. Kruskal Wallis non-parametric test was used to perform statistical analysis, followed
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by Dunn’s multiple comparison test. In exceptional cases where the resultant data presented a normal
distribution, the parametric T test was used to perform statistical analysis. In both cases significance

was accepted with p value < 0.05.
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4. RESULTS

4.1. RAW 264.7 differentiation into osteoclasts and characterization

of differentiated cells

4.1.1. Expression of mature osteoclast markers

TRAP and cathepsin K are two examples of already described osteoclasts hallmark proteins
that are involved in bone resorption and, therefore, are indicators of osteoclast activity. TRAP is a
glycoprotein involved in the migration of active osteoclasts to the resorption site'?®. Cathepsin K on
its turn, it’s a protease capable of catabolizing collagen and therefore it is directly involved in bone

matrix degradation??,

In this chapter, we aimed to confirm RAW 264.7 macrophages differentiation into osteoclasts
upon 6 days exposure to 50 ng/mL of RANKL and quantify the percentage of obtained mature
osteoclasts after this period. For this purpose TRAP and cathepsin K were the selected differentiation

markers.

At day 6 of exposure to RANKL, it was possible to observe that cells presented a darker color
when compared to the controls, being considered TRAP positive (Fig. 8A). This color occurs as a
result of TRAP catalytic activity upon the addition of its substrate, present in the TRAP staining kit
(naphthol_AS_BI phosphate). The dark staining along with the presence of 3 or more nuclei were the
two criteria used to consider differentiated cells as mature and active osteoclasts. In our experimental
conditions, a total of 2.7% of cells were classified as fully differentiated osteoclast after 6 days

exposure to RANKL.

Regarding cathepsin K, although no significant differences were observed when the statistical

analysis was performed, Western Blot results showed an apparent increase in this protein content at
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day 3 and day 6 of differentiation when compared to control, decreasing from day 3 to day 6 (Fig.

8B).
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Figure 8. RAW 264.7 expression of mature osteoclast markers after exposure to RANKL. A)
Fluorescent microscopy images of RAW 264.7 stained for Tartrate Resistant Acid Phosphatase (TRAP) and
Hoescht before and after 6 days differentiation upon exposure to 50 ng/mL of RANKL. TRAP positive cells
with 3 or more nuclei were considered mature osteoclasts. Images are representative of 3 independent
experiments and were obtained by epi-fluorescence microscopy using a 40x objective with numerical aperture
0.60. B) Western Blot analysis of cathepsin K levels in control cells and cells exposed to 50 ng/mL of RANKL

for 3 and 6 days. Images and band density quantification are representative of 3 independent experiments. Graph
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bars are presented as fold-increase relative to the control and showed as mean +SEM. Ponceau S was used as

loading control.

In addition, it is important to refer that Ponceau was used to normalize Western Blot results.
This technique was preferred over the use of a housekeeping protein since the last one could be

affected by the differentiation process which implies cellular morphology alterations.

4.1.2. Analysis of mitochondrial bioenergetics during RAW 264.7 differentiation

into osteoclast

There are several lines of evidence that show a relation between mitochondrial activity and
osteoclastogenesis®?. Previous studies consider that the presence of intact and active mitochondria is
crucial for osteoclast differentiation as well as bone matrix resorption activity. They highlight that
there are several alterations in mitochondrial functioning, for example in mitochondrial respiration,

that occur during the differentiation process'?.

Taking these findings into account we measured oxygen consumption rate and extracellular
acidification rate using the Seahorse XFe96 Extracellular Flux Analyzer to assess mitochondrial
respiration during osteoclast differentiation. OCR-associated parameters such as basal and maximal
respiration, ATP-linked oxygen consumption, proton leak and spare respiratory capacity, decreased
along differentiation when compared to the control (Fig. 9A). As the period of exposure to RANKL
increases, cell oxygen consumption decreases significantly from day 1 to day 3 and day 6 of
differentiation. Additionally, the decrease observed in extracellular acidification rate during
differentiation (Fig. 9B) allowed us to conclude that RANKL seems to induce a decrease in cellular
metabolic activity, with cell acquiring a more quiescent profile after 3 and 6 days exposure to

RANKL.
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Figure 9. Mitochondrial respiratory parameters of RAW 264.7 cells exposed to 50 ng/mL of
RANKL for 1, 3 and 6 days. A) Basal respiration, maximal respiration, ATP-linked oxygen consumption rate,
proton leak, non-mitochondrial respiration and spare respiratory capacity. B) Oxygen consumption rate (OCR)
versus extracellular acidification rate (ECAR) during exposure of RAW 264.7 cells to RANKL. All data are
presented as mean +SEM of 12 replicates of 5 independent experiments. SRB technique was used for normalize
the obtained data.*P < 0.05; **P < 0.01, ***P < 0.001 and ****P < 0.0001, when compared to the control. #P
< 0.05; #P < 0.01, P < 0.001 and #* P < 0.0001, when compared to Day 1. *P < 0.05 when compared to Day
3.

4.1.2.1. Alterations in mitochondrial electron transport chain complexes during

RAW 264.7 differentiation into osteoclasts

Taking into account the results obtained in the previous chapter we proceeded to the analysis
of protein expression levels of Complex I, Complex 11, Complex 111, Complex IV and ATP synthase
of the mitochondrial electron transport chain in RAW 264.7 cells exposed to 50 ng/mL of RANKL
for 3 days and 6 days compared to control cells. We relied on the fact that a decrease in complexes
expression levels might be in the origin of a possible explanation for diminished oxidative
phosphorylation in cells exposed to RANKL. Despite that, it is possible to observe an apparent
increase in the protein levels of Complex Il, Complex Ill, Complex IV and ATP synthase in cells
exposed to RANKL when compared to RAW 264.7 control cells, especially in the third day of
differentiation. Although, no significant differences were observed (Fig.10). Regarding Complex I,
it was not possible to distinguish the correspondent protein band due to the presence of unspecific

antibody binding in the membrane area correspondent to this protein molecular weight.
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Figure 10. Alterations in the protein levels of mitochondrial Complex I, Complex 111, Complex
IV, and ATP synthase in control RAW 264.7 cells and cells exposed to 50 ng/mL of RANKL for 3 days
and 6 days. Images and band density quantification are representative of 3 independent experiments. Graph
bars are presented as fold-increase relative to the control and showed as mean +SEM. Ponceau S was used as

loading control.
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4.1.2.2. Alterations in mitochondrial DNA copy number during RAW 264.7

differentiation into osteoclasts

An altered mitochondrial DNA (mtDNA) copy number is many times in the origin of several
diseases appearance. Defects in genes responsible for mitochondrial DNA biogenesis and for the
maintenance of its integrity can lead to a reduced DNA copy number in the cell. Additionally, mtDNA
encodes several subunits of Complex |, Complex I, Complex IV and ATP synthase being essential
for oxidative phosphorylation. Therefore if mtDNA is somehow compromised, mitochondrial

metabolic function may be impaired*?’.

Taking into account that previous chapter results were not statistically significant, DNA copy
number was assessed as an attempt to find a cause for the observed decrease in oxidative
phosphorylation after RANKL exposure for 3 days and 6 days. Regarding this experiment, no
significant results were obtained, which can be explained by the low number of independent
experiments (2 replicates of 2 independent experiments). However, the mean value of the ratio
MtDNA/nDNA appears to increase at day 3 and day 6 of exposure to 50 ng/mL of RANKL when

compared to the control (Fig. 11).

000 A

800
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mtDNA/nDNA

CTL Day 3 Day 6

Figure 11. MtDNA copy number content in RAW 264.7 control cells and RAW 264.7 exposed to
50 ng/mL of RANKL for 3 and 6 days. mtDNA copy humber was measured by quantifying Nd1 expression,
normalized to ApoB expression levels. Data are represented as mean +SEM of 2 replicates of 2 independent

experiments.
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4.1.3. Cellular and mitochondrial ROS production during RAW 264.7

differentiation into osteoclasts

There are several lines of evidence showing that ROS production is a key factor in RANKL-
mediated osteoclast differentiation presenting ROS as important second messengers for its
occurrence!?, Taking these findings into consideration, we aimed to assess changes in both cellular
and mitochondrial ROS production after RAW 264.7 cells being exposed to RANKL for 6 days.
Moreover, focusing on mitochondrial ROS production, SOD2 expression was also evaluated since
there is evidence showing that its expression can be increased by RANKL action®®. This enzyme is

responsible for reducing superoxide radicals in mitochondria converting them to hydrogen peroxide.

The obtained results show a significant increase both in cellular and mitochondrial ROS
production after 6 days of exposure to 50 ng/mL of RANKL when compared to the control (Fig. 12A,
B). Regarding SOD2, no significant statistical differences were observed in the Western Blot results.

(Fig. 12C).

46



>
w

~&= CTL
g 30000 1 3000 Day 6
o 200004 o - 2 uM Antimycin
© c
@ o~
© — 10000~ o g
° E @ = 2000 , L.M
Z *kk \o— g Ly
< 5 2w
o3 =)
L o X o
[S) °w»
a T 2=
T =
=
(6] 1
10 mM H202 cTL Day 6 0 50 100 150 200
Time (min)
N=1 N=2 N=3
CTL Day3 Day6 CTL Day3 Dayé6 CTL Day3 Day®6
SOD2
i —— ——
T -—_—_—
(25 kDa)
Ponceau
©
= 5 -
c
S o
[ BT
) 4
o2
o @
o > _
EE .
b -
So 27
s )
2 ) ool
c © °
m S
E 0 L] T
g Day 3 Day 6

Figure 12. Cellular and mitochondrial ROS production during RAW 264.7 macrophages
differentiation into osteoclasts. A) Cellular ROS production of RAW 264.7 cells exposed to 50 ng/mL of
RANKL for 6 days. ROS measurement was performed using CM-H,DCFDA probe and RAW 264.7 cells
treated with 10 mM of H,0O, were used as a positive control. Data are presented as mean +SEM of 8 replicates
of 2 independent experiments. SRB technique was used as normalization procedure. *P < 0.05, **P < 0.01 and
***p < 0.001, when compared to the control. B) Mitochondrial ROS production of RAW 264.7 cells exposed
to 50 ng/mL of RANKL for 6 days. ROS measurement was performed using MitoSOX probe and RAW 264.7

macrophages treated with 2 UM of Antimycin were used as positive control. Fluorescence emission reading
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was performed for 180 minutes with intervals of 2 minutes between readings. Data are presented as mean with
an interval of 95% confidence. SRB technique was used as normalization procedure. C) Western Blot analysis
of SOD2 expression in control cells and cells exposed to 50 ng/mL of RANKL for 3 and 6 days. Images and
band density quantification are representative of 3 independent experiments. Graph bars are presented as fold-
increase relative to the control and showed as mean £SEM. Ponceau S was used as loading control.

4.2. Acute effect of RANKL and 17p-estradiol (E2) on metabolic

profile of RAW 264.7 macrophages

The direct effect of RANKL and E2 on metabolic profile of RAW 264.7 macrophages was
evaluated using the Seahorse XFe96 Extracellular Flux Analyzer to measure the oxygen consumption
and the extracellular acidification rates. For this experiment, two different E2 concentrations (100 nM

and 1 uM) were tested.

The results obtained from this analysis demonstrate that acute treatment with 50 ng/mL of
RANKL increased the oxygen consumption of RAW 264.7 macrophages (Fig. 13). No significant
differences were observed in this parameter regarding both concentrations of E2. However, 30
minutes after acute injection with 100 nM and 1uM of E2 lead to an increase in ATP-linked and
proton leak-linked OCR (Fig. 13). Apart from the acute response, acute injection of 50 ng/mL of
RANKL did not imply a significant alteration in RAW 264.7 mitochondrial respiration profile.
Additionally, no significant differences were observed in maximal respiration, non-mitochondrial

respiration and spare respiratory capacity after RANKL or E2 acute injections.
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Figure 13. Mitochondrial respiratory parameters of RAW 264.7 macrophages after acute
exposure to 50 ng/mL of RANKL, 100 nM of E2 and 1uM of E2. Basal respiration, maximal respiration,
ATP-linked oxygen consumption rate, proton leak, non-mitochondrial respiration and spare respiratory capacity
of RAW 264.7 cells during acute exposure to 50 ng/mL of RANKL, 100 nM of E2 and 1 pM of E2. All data
are presented as mean +SEM of 12 replicates of 5 independent experiments. SRB technique was used for

normalizing the obtained data.*P < 0.05; **P < 0.01, when compared to the control.
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4.3. RANKL and estrogen impact on mitochondrial respiration of

RAW 264.7 macrophages differentiated in charcoal stripped medium

Given that estrogen has an inhibitory effect on RANKL-induced osteoclast differentiation, in
this chapter, we aimed to understand what happens to mitochondrial respiration of RAW 264.7
macrophages when they are differentiated through exposure to RANKL in the presence of E2. For
this purpose, culture medium supplemented with charcoal stripped FBS was used, to avoid the
interference of estrogens normally present in FBS in the obtained results. To perform this assay, 10

nM of E2 were used as it represents the nearest concentration of estrogen at physiological levels.

Additionally, for this experiment, the incubation time with RANKL and E2 was 1h, 24h, and
48h. This relied on the observation of the previous results, in chapters 4.1.1. and 4.1.2., where it was
demonstrated that RAW 264.7 macrophages already show alterations in their metabolism and protein

expression at an early stage of the differentiation process.
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Figure 14. Mitochondrial respiratory parameters of RAW 264.7 cells exposed to 50 ng/mL of
RANKL, 10 nM of E2 and 10n M of E2 plus 50 ng/mL of RANKL during 1h, 24h, and 48h, in Charcoal
Stripped Medium. A) Basal respiration, maximal respiration, ATP-linked oxygen consumption rate, proton
leak, non-mitochondrial respiration and spare respiratory capacity of RAW 264.7 cells exposure to 50 ng/mL
of RANKL, 10 nM of E2 and 10n M of E2 plus 50 ng/mL of RANKL during 1h, 24h, and 48h. B) Oxygen
consumption rate (OCR) versus extracellular acidification rate (ECAR) after RAW 264.7 cells exposure to 50
ng/mL of RANKL, 10 nM of E2 and 10n M of E2 plus 50 ng/mL of RANKL for 1h, 24h, and 48h. All data are
presented as mean +SEM of 4 replicates of 4 independent experiments. SRB technique was used for normalizing

the obtained data.*P < 0.05 and **P < 0.01.

In general, no significant differences were observed in the obtained results with exception for

proton leak-OCR (Fig. 14A). The incubation of RAW 264.7 macrophages with 10 nM of E2 and 50
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ng/mL of RANKL for 24 hours produced an increase in oxygen consumption rate when compared to

the control and with the 24 hours incubation with 10 nM of E2 alone.

Regarding the cells energetic profile, at 48 hours the results show an interesting effect of E2
which seems to produce a contrary effect of the one caused by RAW 264.7 incubation with RANKL.
RAW 264.7 incubated with 10 nM of E2 for 48 hours seem to acquire a slightly more glycolytic
profile which can be translated by a slight increase in ECAR, when compared to RAW 264.7
incubated with 50 ng/mL of RANKL for 48 hours (Fig. 14B). Moreover, the energy map graph
correspondent to 24 hours of exposure showed that RAW 264.7 cells exposed to 10 nM of E2 together
RANKL had an increased ECAR and OCR, presenting a more energetic profile than control and
remaining treatments. The results regarding 1 hour of exposure to 50 ng/mL of RANKL, 10 nM E2
and 10 nM E2 plus RANKL, showed no clear differences in ECAR or changes in RAW 264.7 cells

energetic profile.

4.4. Alterations induced by RANKL, estrogen and estrogen receptor
alpha and beta antagonists in cellular ROS production of RAW 264.7

macrophages in charcoal stripped medium

In this chapter, we began to explore the effect of the antagonists of estrogen receptor alpha
and beta, MPP and PHTPP respectively, in the differentiation of RAW 264.7 macrophages into
osteoclasts. Therefore we incubated RAW 264.7 cells with 10 nM of MPP and 10 nM of PHTPP in
the presence and absence of RANKL during 6 and 24 hours. Additionally, taking into account
previous findings that suggest that estrogen is capable of attenuating oxidative stress'?®, RAW 264.7
were also incubated with 10 nM of E2 in the presence and absence of RANKL for 6 and 24 hours.
Culture medium containing charcoal stripped FBS was used in this assay so that estrogen usually

present in FBS would not interfere with the obtained results.
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RAW 264.7 exposure to 50 ng/mL of RANKL for 6 and 24 hours did not result in significant

alterations in ROS production when compared to the control, although a slight increase (P= 0.0679)

in ROS production can be observed after 6 hours exposure when compared to the control (Fig. 15A).
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Figure 15. Cellular ROS production of RAW 264.7 macrophages exposed 6 and 24 hours to
different conditions in Charcoal Stripped Medium: A) 50 ng/mL of RANKL; B) 50 ng/mL of RANKL, 10
nM of E2, and 10 nM of E2 plus 50 ng/mL of RANKL; C) 50 ng/mL of RANKL, 10 nM of MPP, and 10 nM
of MPP plus 50 ng/mL of RANKL; and D) 50 ng/mL of RANKL, 10 nM of PHTPP, and 10 nM of PHTPP plus
50 ng/mL of RANKL. ROS measurement was performed using CM-H,DCFDA dye and RAW 264.7 cells

treated with 10 mM of H,O, were used as a positive control. Data are presented as mean +SEM of 4 replicates

of 3 independent experiments. SRB technique was used as normalization procedure. *P < 0.05 and **P < 0.01.
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After 6 hours of incubation with 50 ng/mL of RANKL plus 10 nM of E2, RAW 264.7 showed
an increased cellular ROS production compared to the control (Fig, 15B). No significant differences
were observed in cellular ROS production regarding the 24 hours of RAW 264.7 exposure to 10 nM

of E2 and 10 nM of E2 plus 50 ng/mL of RANKL.

Regarding the effect of the estrogen receptor antagonists, when RAW 264.7 macrophages
were exposed to 10 nM of MPP and 10 nM of MPP plus 50 ng/mL of RANKL for 6 hours, an increase
in cellular ROS production was observed (Fig. 15C). The same result was not observed after 24 hours

of RAW 264.7 exposure to the same treatments, where no significant differences were observed.

Finally, cells exposed to 10 nM of PHTPP and 10 nM of PHTPP plus 50 ng/mL of RANKL
for 6 hours showed an increased cellular ROS production when compared to the control (Fig. 15D).
No significant differences were observed in RAW 264.7 cells exposed to the same treatments for 24

hours.
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5. DISCUSSION

RAW 264.7 macrophages are frequently used as an in vitro cellular model to study osteoclasts
differentiation and activity since they have the ability to differentiate into mature and active
osteoclasts upon exposure to RANKL13 These adherent cells possess simple and replicable
culture conditions. In addition, being sensitive to RANKL, once they differentiate, RAW 264.7
acquire morphological and functional hallmark characteristics of fully differentiated osteoclasts*.
These advantages, along with the fact that the use of a cellular line, instead of primary cells, avoid
the use of animals in laboratory, RAW 264.7 cell line was the chosen biological model for the present
study. Our first objective was to confirm osteoclasts differentiation from RAW 264.7 cell line and
characterize the differentiated cells, in order to validate our experimental conditions. Thus, in order
to achieve our goal, we cultured RAW 264.7 macrophages in high glucose (25 mM) DMEM media
in the presence and absence of 50 ng/mL of RANKL for 6 days. After that time period, multinucleated
and TRAP-positive cells were counted to define the percentage of differentiated osteoclasts (Fig. 8A).
From our results, we observed that only 2.7% of the total cells were multinucleated and TRAP-
positive. Since we were aware that the obtained percentage of differentiation was very low, we then
tested another marker of osteoclast differentiation, the protein levels of cathepsin K. Cathepsin K is
a protease released by mature osteoclasts responsible for the degradation of type | collagen during
osteoclast-mediated bone resorption'?4132 In our results, we observed that levels of cathepsin K in
RAW 264.7 macrophages were already increased after 3 days of exposure to 50 ng/ml of RANKL
and maintained high until day 6 of differentiation (Fig. 8B). Although the percentage of differentiated
osteoclast, determined by the TRAP-staining method, was very low, RAW 264.7 cells increased the
synthesis of cathepsin K after exposure to RANKL, indicating that those cells appear to be
differentiating into mature and active osteoclasts. Furthermore, the differentiation process appears to
start earlier than 3 days of exposure to RANKL, which was already observed in previous similar

studies where bone marrow macrophages (BMMs) were used to obtain osteoclasts’®. The low
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percentage of obtained mature osteoclasts is possibly explained by the short lifespan of osteoclasts!®.
This would suggest that, at day 6 of RANKL exposure, some of the previously formed osteoclasts

have already died, contributing to a smaller percentage of differentiated cells.

The cellular differentiation process requires alterations in the cells metabolism in order to
provide them the energy they need to proliferate and differentiate!®. These alterations occur as an
adaptation and therefore, it is expected that differentiated cells show altered mitochondrial respiration
or glycolysis, as a response to a different energy demand. Therefore, our next goal was to evaluate
how cellular metabolism changes during RANKL-mediated osteoclast differentiation. For this, after
exposure to 50 ng/mL of RANKL for 1, 3 and 6 days, a metabolic analysis using the XFe technology,

initially developed by Seahorse Biosciences, was performed.

Previous studies where BMMs were used to obtain osteoclasts showed that, after
differentiation, the cells exhibited an increased oxygen consumption and extracellular acidification,
revealing raised oxidative phosphorylation and glycolysis levels'*¢%’. Regarding the RAW 264.7 cell
line, there are previous studies where RANKL-induced differentiation into osteoclasts led to an
increased expression of tricarboxylic acid cycle and oxidative phosphorylation enzymes®. Despite
these results, there seems to be no information regarding these enzymes activity during RAW 264.7
macrophages differentiation into osteoclasts. Meanwhile, our results showed that RAW 264.7 cells
exposed to 50 ng/mL of RANKL during 1, 3 and 6 days presented a significant decrease in OCR
associated with basal respiration, maximal respiration, ATP-linked respiration as well as proton leak
(Fig. 9A). In addition, the obtained results suggest a diminished OCR and ECAR, revealing a more
quiescent cellular profile upon RAW 264.7 macrophages exposure to RANKL, which was
accentuated from day 1 to day 3 reaching the lowest levels at day 6 (Fig. 9A, B). Taken together, our
results seem to contradict what is described in the existing literature. Relatively to the studies
performed in BMMs, the different outcome in our results may be explained by the different choice of

the biological model. Different origins of BMM and RAW 264.7 have a distinct influence on cell
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behavior and the two cell types may present different basal metabolism®*°. Our hypothesis to explain
the obtained results is that the decrease in OCR and ECAR, which can be translated in a decrease in
oxidative phosphorylation and glycolysis, respectively, may be associated with the fact that the RAW
264.7 cells are becoming less proliferative along differentiation and committing to the osteoclastic
lineage. This would imply that, as the differentiation process advances, the cells would require less
energy to proliferate, becoming, as observed, more quiescent. Another hypothesis to explain our
results is the possibility of a mitochondrial dysfunction occurrence, increased along the RANKL
exposition period. In this case scenario, RANKL would act as a stress inducer which could cause
mitochondrial dysfunction suggested by the diminished OCR and ATP-linked respiration depletion.
Although, this theory does not explain the decreased ECAR along RAW 264.7 differentiation. Since
the cells have a lower reliance on oxidative phosphorylation, the glycolytic path should be increased
for ATP production. In this case, increased glycolysis would lead to an increased ECAR due to the
reduction potential regeneration trough lactate production. This second hypothesis to explain the
obtained results was formed taking into account the increased expression of TCA and oxidative
phosphorylation enzymes observed in the previously mentioned papers'**!¥’. We rely on the
hypothesis that if there is an increased protein expression along RAW 264.7 differentiation, but once
the same pattern is not observed in OCR and ATP- linked respiration, there could be a mitochondrial

dysfunction.

Mitochondrial dysfunction can be characterized by a reduced ATP production by oxidative
phosphorylation, inability to modulate ROS production, dysregulation of calcium and even
apoptosis'“’. There is a large multitude of causes that can lead to mitochondrial dysfunction being the
most common associated with mtDNA mutations leading to defects, for example, on subunits of the
OXPHOS machinery that are encoded by mtDNA. Therefore, and to better understand the
previously obtained results, our next goal was to evaluate the protein levels of Complex I, Complex

I1, Complex I1l, Complex IV and ATP synthase of the mitochondrial electron transport chain in RAW
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264.7 cells exposed to 50 ng/mL of RANKL for 3 days and 6 days. To each complex and ATP
synthase, specific subunit antibodies were tested. The tested subunits were NDUFB8, SDHB,
UQCRC2, and ATP5A, from Complex I, Complex Il, Complex Ill, and ATP synthase, respectively,
encoded by nuclear DNA, and subunit MTCO1, from Complex IV, encoded by mitochondrial DNA.
Although our results regarding the protein expression levels presented no significant differences, it is
possible to observe an apparent increase in the protein levels of Complex I, Complex 111, Complex
IV in cells exposed to RANKL when compared to RAW 264.7 control cells (Fig. 10). These results,
together with the results regarding the ratio of mtDNA/ nDNA copy number could suggest increased
mitochondrial biogenesis during RAW 264.7 macrophages differentiation into osteoclasts. Although
not statistically significant, probably due to the low number of values for statistical analysis, the
results suggested an increase in mtDNA copy number after RAW 264.7 exposure to 50 ng/mL of
RANKL for 3 and 6 days (Fig. 11). This outcome is in agreement with several lines of evidence
that show that mitochondrial biogenesis is augmented during osteoclast differentiation?*2. In
addition, osteoclasts are described as cells rich in mitochondria, which would explain high levels
of mtDNA copy number*. Although these lines of evidence do not imply an increased
mitochondrial function along with osteoclasts differentiation. Therefore, another possible
explanation for this result is that increased mitochondrial biogenesis may be occurring as a cellular
attempt to overcome a mitochondrial dysfunction acting as a defense mechanism. To better
understand what is happening during RAW 264.7 macrophages differentiation into osteoclasts it
would be interesting to analyze specifically the expression levels of mitochondrial complexes and

ATP synthase activities as well as complexes subunits and assembly factors.

ROS production is an important characteristic of osteoclastogenesis since ROS act as second
messengers in signaling pathways involved in the differentiation process, including NFkB, MAPK,
and Ca?*-mediated signaling, being also important for osteoclasts resorption activity4+14,

Although, an increased ROS production can also be the consequence of an impaired mitochondrial
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function*®, Taking this into account, our next step was to evaluate RAW 264.7 macrophages cellular
and mitochondrial ROS production after 6 days of exposure to 50 ng/mL of RANKL. In order to do
s0, CM-H;DCFDA and MitoSOX fluorescent probes were used to measure cellular and mitochondrial
ROS, respectively. Our results show a significant increase both in cellular and mitochondrial ROS
production after RAW 264.7 exposure to RANKL when compared to the RAW 264.7 control cells
(Fig. 12A, B). This outcome is in agreement with the previously mentioned literature where ROS are
presented as key second messengers to RANKL-mediated osteoclast differentiation. Although,
regarding our previous theory that RANKL exposure may cause mitochondrial dysfunction along
the differentiation process, the increased ROS production may also be a signal of mitochondrial
function impairment. In this case scenario, ROS accumulation along time can be involved in the
induction of osteoclasts apoptosis as a result of oxidative stress'#’. Taking this into account,
alterations in RAW 264.7 mitophagy and apoptosis after exposure to RANKL would be good
parameters to be evaluated in the future, considering that little is known about osteoclast apoptotic

and mitophagic mechanisms.

Moreover, focusing on mitochondrial ROS production, studies performed in BMM showed
that, during differentiation, SOD2 expression can be increased by RANKL action®®. This enzyme
constitutes a mitochondrial antioxidant defense that catalyzes the dismutation of superoxide radicals
to hydrogen peroxide'*®. Taken this into account, and the fact that RAW 264.7 cells presented an
augmented ROS production after 6 days of exposure to RANKL, we thought it could be interesting
to analyze what was happening to SOD2 during RAW 264.6 macrophages differentiation. Therefore,
we preceded to evaluate this enzyme expression levels by Western Blot after RAW 264.7 exposure
to 50 ng/mL of RANKL for 3 and 6 days. In our results, as expected according to the existing
literature, there seems to be a slight increase in SOD2 expression at day 6 of RANKL exposure,
although the differences were not statistically significant (Fig. 12C). This increase may be a

consequence of an increased ROS production at day 6 of RANKL exposure. In this way, SOD2 levels
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would increase as an attempt to lower mitochondrial ROS levels and prevent oxidative damage. On
another hand, since it is described that RANKL upregulates SOD2 expression, in our results we may
only be observing a mechanism of negative feedback to prevent the formation of an excessive number
of osteoclasts by the decreasing of ROS levels. In this matter, more studies would have to be
performed to assess ROS formation during RAW 264.7 differentiation to deny or confirm the
correlation between ROS levels and mitochondrial dysfunction and the relation with SOD2

expression.

There are several lines of evidence showing that E2 can play a protective role against ROS
in several body tissues*®. Since ROS play an important role in RANKL-mediated osteoclasts
differentiation, E2 effect, attenuating ROS levels will impair NF-kB activation, therefore decreasing
osteoclastogenesis*14°, Taking these findings into consideration, our next goal was to understand
how RAW 264.7 cellular metabolism can change when E2 is added to the equation. As we did not
know what was the immediate effect of RANKL neither E2 on RAW 264.7 macrophages, first, we
performed an assay to test the acute effect of these compounds on RAW 264.7 metabolic profile. In
order to do so, we exposed RAW 264.7 cells to 50 ng/mL of RANKL, 100 nM of E2 and 1 pM of
E2, individually, and used the XFe technology developed by Seahorse Bioscience to assess OCR-
related changes. Our results demonstrated that in response to an acute injection of 50 ng/mL of
RANKL there was a significant increase in RAW 264.7 macrophages OCR. No significant
differences were observed regarding both concentrations of E2, although OCR seems to be increased
when compared to RAW 264.7 control cells (Fig. 13). To explain this results, our main hypothesis
was that, when RAW 264.7 macrophages are first exposed to RANKL they may need a high energy
input to start the differentiation process, which becomes less significant as they become mature
osteoclasts, which is in agreement with the previously obtained results shown in Figure 9. Therefore,
the uncoupling of the electron transport chain and ATP synthase may be occurring in the precise

moment of the RANKL injection, due to a great increase in ROS production. This would explain why
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the same increase is not observed in the parameter regarding ATP-linked respiration. Regarding E2,
although RAW 264.7 macrophages increased OCR in acute response is not statistically significant,
there is a significant increase both in ATP-linked respiration and Proton Leak regarding both tested
concentrations (Fig. 13). Acknowledging that E2 impairs osteoclastogenesis, contrarily to RANKL,
which promotes differentiation, we initially thought that we would observe opposite effects on RAW
264.7 macrophages metabolism regarding the two compounds. Although our outcome was not quite
what we first speculated, a previous study using 1 UM of Genistein, a compound that mimics 17p-
estradiol, showed that it promotes mitochondrial respiration through AMP-activated protein kinase
(AMPK) activation in RAW 264.7 macrophages after 18 hours of exposure>®, The AMPK activation
suppresses NF-kB signaling and ROS signaling, promoting E2 protective effect against oxidative
damage®*. Therefore, regarding the estradiol effect on RAW 264.7 macrophages metabolism, our
results are in agreement with the existing literature. Although, it is necessary to better understand E2
impact during RANKL- mediated osteoclast differentiation, along with its impact on RAW 264.7
cellular metabolism after longer exposition periods. Thus, we exposed RAW 264.7 cells to 50 ng/mL
of RANKL, 10 nM of E2 and 50 ng/mL of RANKL plus 10 nM of E2 for 1h, 24h and 48h and then
performed a metabolic analysis using XFe technology developed by Seahorse. At this point, taking
into account our previous results where RAW 264.7 differentiation into osteoclasts seemed to start
earlier than day 3 or RANKL exposure, we decided to use shorter time points as an attempt to
understand what was happening to RAW 264.7 OCR and ECAR and earlier stages of the
differentiation process. In this experiment we also used a lower concentration of E2 as an attempt to
see if its impact on RAW 264.7 macrophages would be similar to the previously obtained result. 10
nM was the chosen concentration, as it was described to resemble more 173-estradiol physiological
conditions®2. In addition, in this assay, culture medium supplemented with charcoal stripped FBS
was used to avoid that estrogens, normally present in FBS, would interfere with the obtained results.
Using this culture medium, it is important to be aware that the FBS treatment with dextran-coated

charcoal removes not only estrogen, but also steroids, growth factors, lipids and other hormones*,

62



In our results, we observed that RAW 264.7 exposure to combined RANKL and E2 for 24h resulted
in a significant increase in OCR-linked proton leak when compared to RAW 264.7 control cells and
RAW 264.7 exposed to 10 nM of E2 only (Fig. 14A). Although no other significant differences were
obtained, it is possible to observe that, in general, it seems that at 24h there are more differences
regarding RAW 264.7 OCR between the different treatments. In fact, there seems to be a slight
decrease in basal respiration, maximal respiration and ATP-linked respiration in presence of 50
ng/mL of RANKL accompanied by a decrease in OCR-linked proton leak. This is in agreement with
our previous theory that RANKL can induce some kind of stress to the cell causing mitochondrial
dysfunction. Still relatively to 24h of exposition, regarding E2, RAW 264.7 seem to show a decrease
in basal, maximal, ATP-linked and proton leak associated respiration when compared to control cells.
In this way, estradiol alone, seemed to produce in RAW 264.7 macrophages a similar effect to the
one caused by RANKL. Although, when cells were incubated with both RANKL and E2 for 24h,
their OCR seemed to increase to an even higher level than control cells. Since E2 impairs ROS
production and osteoclast differentiation, we expected that, when in presence of RANKL, E2 would
act in order to contradict its effect on RAW 264.7 cells, therefore increasing their metabolic activity.
We expected that, in presence of both compounds, OCR would be at a level similar to the one in
control cells. Although the observed increase was higher, the outcome is in agreement with our
expectations. At 48h of exposure, all OCR related parameters seem to be lower, which could be an
indicator characteristic pattern of a more advanced state of RAW 264.7 differentiation, as it was
observed in previous results (Fig. 9). Although, we cannot take firmer conclusions regarding different
exposition periods, as these groups were not compared amongst each other. Regarding 1h of RAW
264.7 exposure, all measured OCR-related parameters seemed to present little variations between the
treatment groups, which was confirmed by the obtained energy map (Fig. 14B). This observation may
be an indicator that 1h of exposure may not be a good time point to changes regarding RAW 264.7
cellular metabolism. Regarding RAW 264.7 cells energetic profile, the energy map correspondent to

24h of exposure showed that RAW 264.7 cells exposed to E2 together RANKL had an increased
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ECAR and OCR, presenting a more energetic profile than control and remaining treatments. Once
again, this outcome agrees what we first expected. Since RANKL induce in RAW 264.7 a more
quiescent profile, it would be expected that E2 would counteract this tendency, producing an increase
in both glycolysis (ECAR) and oxidative phosphorylation (OCR). Moreover, at 48 hours the results
show that E2 which seems to produce a contrary effect in RAW 264.7 of the one caused by RANKL
incubation. Here, there seems to be an increase in the ECAR of RAW 264.7 macrophages exposed to
E2, which can be translated as a more glycolytic profile, closer to the one observed in control cells
(Fig. 14B). In a general, our results seem to demonstrate that estradiol stimulates RAW 264.7
glycolysis. This effect has already been observed in other studies where estrogen receptor-positive

breast cancer cells exposed to E2 developed a more glycolytic profilet®,

Taking into account our previous results, that confirmed E2 impact on RAW 264.7 macrophages
differentiation into osteoclasts, our next goal was to try to understand the mechanisms behind its
action. ERa and ERp are the most abundant type of estrogen receptors in the organism, and they are
already known to exist in multiple bone cell types, being one of them osteoclasts®. Therefore, as an
attempt to understand which receptor had a more significant role mediating osteoclast differentiation,
we used synthetic specific antagonists for each one of them: MPP for ERa, and PHTPP for ERB%.
In this first approach, we only began to explore the effect of MPP and PHTPP alone RAW 264.7
macrophages cellular ROS production. In order to do so, RAW 264.7 cells were incubated with 10
nM of E2, 10 nM of MPP and 10 nM of PHTPP in the presence and absence of 50 ng/mL of RANKL
during 6 and 24 hours, and cellular ROS production was assessed using CM-H;DCFDA fluorescent
probe. In this assay, once again, charcoal stripped FBS was used to avoid that estrogens present in
the culture medium would interfere. Regarding RANKL alone, although slightly increased, no
significant differences were observed in RAW 264.7 ROS production in both time points (Fig. 15A).
Taking into account our previous results where RAW 264.7 cellular ROS production increased

significantly after 6 days of exposure to RANKL (Fig. 12A), in this case scenario, the shorter RANKL
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incubation periods may have not been enough to observe any significant differences. Therefore,
further experiments with intermediate periods of RANKL exposure should be performed to assess
RAW 264.7 ROS production during differentiation. Regarding E2, after 6 hours of incubation
together with RANKL, RAW 264.7 macrophages had an increased cellular ROS production when
compared to the control (Fig, 15B). Since E2 is known to attenuate ROS levels, we first expected that
RAW 264.7 cells exposed both to E2 and RANKL would have a ROS production similar to the
control. As we did not observe this outcome, maybe the concentration of E2 that we tested was not
enough to impair ROS signaling and osteoclast differentiation. Instead, E2 and RANKL seemed to
produce a synergetic effect when added together to RAW 264.7 macrophages. Furthermore, our
results regarding ER antagonists showed that RAW 264.7 cells exposed to MPP and MPP plus
RANKL for 6 hours had an increased cellular ROS production when compared to the control cells
(Fig. 15C). The same result was observed regarding PHTPP (Fig. 15D). Regarding these results, our
hypothesis is that FBS treatment with dextran-coated charcoal may not have completely removed all
estrogen. This would explain why RAW 264.7 macrophages exposed to antagonists alone have a
higher level of cellular ROS production when compared to the control cells. As MPP and PHTPP
antagonize ERa and ER, respectively, estrogen action is impaired, increasing ROS levels. In control,
without the antagonists, some of the estrogen remaining in the culture medium may have impaired
ROS production, contributing to lower ROS levels. Furthermore, the present results suggest that, in
general, RAW 264.7 differences in cellular ROS production are more significant at 6h of treatment
exposure, presenting higher ROS levels. Taking into account that the same pattern is observed in
positive controls and control cells, our hypothesis is that the RAW 264.7 cells culture in charcoal-
stripped medium for a larger period of time may somehow modulate their ROS production. Overall,
regarding this topic, our results demonstrated that ER} antagonization causes a higher level of cellular
ROS production than ERa antagonization, suggesting that ER3 may have a determinant role regarding

E2 signaling in RAW 264.7 macrophages. Although, being only a preliminary experiment to discover
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which ER has a more significant role mediating estradiol effect on osteoclast differentiation, this

study is not complete, and no firmer conclusions can be drawn.
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CONCLUSIONS

In this study, we successfully differentiated RAW 264.7 macrophages into osteoclasts upon
RANKL exposure. After 6 days of exposure, the obtained cells expressed cathepsin K and TRAP,
hallmark of active and mature osteoclasts, therefore validating RAW 264.7 as a good in vitro model
to study osteoclast differentiation. Furthermore, our data suggest that the differentiation process may
begin earlier than it is suggested by the literature, as cathepsin K levels are already increased at day

3 of RANKL exposure.

Regarding RAW 264.7 macrophages cellular metabolism, we demonstrated that, RANKL
exposure negatively influences mitochondrial performance, inducing a more quiescent metabolic
profile. In addition, our results also show that, after 6 days of RANKL exposure, cellular and
mitochondrial ROS production are greatly increased in RAW 264.7. Therefore, we propose that
mitochondrial dysfunction, as a consequence of a long term RANKL exposure, may have a significant

impact on bone turnover and it may be an influencing factor to osteoporosis appearance.

Regarding the effect of E2 on RAW 264.7 macrophages differentiation into osteoclasts, the
obtained results were not robust enough to draw a solid conclusion and it would be necessary to

perform more experiments in order to do so.

However, overall, our results obtained allowed us to observe that mitochondria plays a
relevant role in the osteoclast differentiation process, and may be a potential target for the

development of new therapeutic strategies for osteoporosis.

67



FUTURE EXPERIMENTS

The present study contains several limitations that should be overcome in future experiments
in order to continue exploring possible targets that may allow the development of new therapeutic

strategies for osteoporosis. Thus, we identified three main points to be improved:

1) Some of the experiments described in this study, principally regarding
Western Blot and qRT-PCR, present an absence of significant differences that may be due
to a low number of independent experiments. Therefore, in the future, it would be
necessary to increase the number of independent experiments to a minimum of n=4 or n=5
in every experiment.

2)  Taking into account some of our results, it is possible that charcoal stripped
FBS may still contain a residual estrogen amount. Before future experiments, it would be
important to quantify the estrogen concentration both in normal FBS and charcoal stripped
FBS, in order to validate or deny this possibility.

3)  Although RAW 264.7 macrophages are described as a good in vitro model
to study osteoclastogenesis, it would be important to perform our study in parallel with
primary cells or another cell line, in order to compare results and corroborate or not some

of our formulated hypothesis.

Furthermore, in order to complete our study and answer some of the questions that were
raised by the obtained results, we purpose a few future experiments. Taking into account that it was
not possible to precisely determine the time that follows since RANKL addition until the formation
of mature osteoclasts, in the future it would be interesting to assess the expression of mature osteoclast
markers also at earlier time points, for example day 1 and day 2 of RANKL exposition. Mitochondrial
ROS production should also be assessed at shorter time periods after RANKL exposure, for example

6h and 24h as it was performed for cellular ROS. Additionally, we think it would be interesting to
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assess cellular and mitochondrial ROS production at day 2 and day 3 of RAW 264.7 differentiation,
therefore allowing to have a better notion of what is happening to ROS production during several
differentiation stages. In this parameter, we could also assess Sirtuin 3 protein levels and compare it
with SOD2 levels (with an increased number of independent experiments). Sirtuin 3 deacetylates
SOD2 lysine residues therefore activating it and consequently reducing ROS levels. Therefore, during
osteoclastogenesis, if there are variations in SOD2 levels, it would make sense that they should also
be observed in Sirt3. Moreover, to further understand our results regarding RAW 264.7 mitochondrial
respiratory parameters alterations in presence of 50 ng/mL RANKL and 10 nM of E2, in the same
conditions we should assess RAW 264.7 glycolytic rate, mitochondrial network, mitochondrial
morphology and mitochondrial membrane potential. Regarding the use of MPP and PHTPP, it the
future, it would be important to assess their impact not only on cellular ROS production, but also
mitochondrial ROS production both in presence of RANKL and E2 as well. Finally, it would also be
interesting to analyze the impact that these antagonists can have in mitochondrial respiration and

glycolytic rate during RAW 264.7 macrophages differentiation, both in presence and absence of E2.
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