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Abstract

Background: Excess vitamin A is associated with decreased cortical bone
and increased risk of fractures in humans. The aim of the present thesis was
to assess the importance of vitamin A on the skeleton and bone cells in in
vivo animal studies and mechanistic in vitro experiments. In vivo, we used
clinically relevant doses of vitamin A to investigate its effects on bone after
prolonged administration and on the anabolic bone response to mechanical
loading. In vitro, we aimed to determine how retinoids affect inflammatory-
and physiologically-induced osteoclast formation and how retinoids affect
periosteal osteoclast progenitors.

Methods: In vivo, mice were fed diets containing clinically relevant doses of
vitamin A for durations of 4 and 10 weeks and prior to and during 2-week
mechanical loading of the tibia. In vitro, we investigated the effects of retinol
on human monocytes and mouse bone marrow macrophages induced to
form osteoclasts by physiological and inflammatory cytokines, and on peri-
osteal cell cultures.

Results: In vivo, we found that clinically relevant doses of vitamin A are able
to reduce cortical bone mass by means of increased resorption and to de-
crease the anabolic bone response to mechanical loading due to reduced
bone formation. In vitro, our results indicate that all-trans retinoic acid
(ATRA), the active metabolite of retinol, inhibits physiologically- and inflam-
matory-induced osteoclastogenesis, however, in mouse periosteal bone cell
cultures, the addition of ATRA enhances osteoclastogenesis.

Conclusion: Our results demonstrate the importance of vitamin A status
to bone health. Fortification of food with vitamin A and vitamin A supple-
mentation should be re-examined as vitamin A status may be a risk factor
for secondary osteoporosis, a disease of decreased bone mass and in-
creased risk of fractures.

Keywords: vitamin A, retinol, osteoclasts, osteoblasts, cortical bone, os-
teoporosis






Sammanfattning pa svenska

Benmassan i skelettet paverkas av en mingd hormoner, lokalt bildade
signalsubstanser, gener och var kost. Kliniska studier har funnit ett samband
mellan nivaerna av A-vitamin i blodet och miangden benmassa och risken for
fraktur. Manga experimentella studier pa méss och rattor har ocksa visat
att hdga nivaer av A-vitamin leder till minskad benmassa och &kad
frakturbenagenhet. Dessa experiment har emellertid anvant mycket hoga
doser av A-vitamin under kort tid (en vecka) och ar nodvandigtvis inte
relevanta for de nivier som manniskor normalt utsitts for. Vi har darfor
studerat hur kliniskt relevanta doser av A-vitamin under lang tid (4-10
veckor) paverkar skelettet hos moss. Vi fann att A-vitamin dven i dessa
doser minskar benmassan och att benen blir svaga. Mekanistisk kunde vi
pavisa att antal bennedbrytande celler, sa kallade osteoklaster, 6kade pa
utsidan medan antal sadana celler minskade pa insidan. | cellkulturer fann vi
att A-vitamin stimulerar bildning av osteoklaster nir celler fran benhinnan
pa utsidan av benen odlas i cellkultur. Nar celler fran benmargen pa insidan
odlades i cellkulturer hammades osteoklastbildningen. Varfor A-vitamin har
sa olika effekter pa in- och utsidan har vi annu inte kunnat klarligga.

Nar vi studerade hur A-vitamin paverkar bildning av ben kunde vi
konstatera att A-vitamin minskar benbildning pa utsidan vilket, tillsammans
med den okade nedbrytningen, forklarar varfor benmassan minskar.

Eftersom belastning av skelettet ar viktigt for benmassan studerade vi
dven hur A-vitamin paverkar den okning av benmingden som kan
astadkommas nar underbenet hos en mus mekaniskt stimuleras. Vi fann da
att A-vitamin kraftigt himmar denna bennybilding.

Vara fynd visar att doser av A-vitamin som kan erhdllas hos manniska
har negativa effekter pa benmassan. Med tanke pa att manga livsmedel ar
berikade med A-vitamin och genom att manga kosttillskott innehaller stora
mangder A-vitamin, ar det viktigt att ytterligare studera hur A-vitamin
paverkar benmassan hos ménniska. Det ar ocksa viktigt att i dessa studier
dven inkludera hur A-vitamin paverkar benmassan vid fysisk belastning.
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|. Introduction

[.1 Vitamin A

Vitamin A is a name given to any compound possessing the biological activity of
retinol. It is a fat soluble vitamin that is consumed in the diet and ingested as
either preformed vitamin A (retinyl esters; RE) or provitamin A (carotenoids; 3-
carotene, a-carotene, and B-cryptoxanthin). Preformed vitamin A can be found
in animal products and provitamin A carotenoids are present in vegetables such
as carrots and spinach. Vitamin A has a vital role in cell differentiation, embryonic
growth and development, immune function, vision, and bone growth and there-
fore, adequate consumption is necessary. The Recommended Daily Allowance
(RDA) for vitamin A consumption in adults is 700ug retinol activity equivalent
(RAE) per day for women, and 900ug for men. RAE is the preferred unit used to
present total vitamin A and takes into account both preformed vitamin A and
provitamin A carotenoids, for which the activity of vitamin A is less. Therefore,
one RAE is equal to Iug retinol, 12pg B-carotene, and 24pug a-carotene and B-
cryptoxanthin'. The Upper Tolerable Limit (UTL), or the maximum amount that
can be consumed without negative side effects is 3,000ug RAE/day'. These rec-
ommendations vary depending on age.

I.1.I Metabolism

When ingested, vitamin A is absorbed by the small intestine and taken up by
enterocytes, which are intestinal mucosal cells (Fig. |). Retinyl esters are con-
verted to retinol prior to uptake by enterocytes and then bound to cellular reti-
nol binding protein (CRBP)%. Carotenoids may be directly absorbed by entero-
cytes, or converted to retinal followed by retinol and bound to CRBP?. Retinol
is esterified with long-chain fatty acids and together with carotenoids*® incorpo-
rated into chylomicrons, transported by the lymphatics®’, and released into the
circulatory system. Over one third of dietary retinol is taken up by the liver and
stored in hepatocytes®, however, chylomicron remnants can also directly deliver
retinoids to the target cell. In the liver hepatocytes, retinyl esters are hydrolysed
into retinol and, if adequate retinol needs are met, can be further transported
into the stellate cells, re-esterified, and stored’. Prior to mobilization from the
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liver, retinyl esters are transported back to the hepatocytes as retinol, and after
binding to retinol binding protein (RBP), can enter the circulation'®. Transthy-
retin, a transport protein, carries retinol bound to RBP in plasma into the target
cell'" 2. In addition to chylomicron remnants delivering retinoids, and retinol
bound to RBP entering the target cell, other retinoids found in plasma, such as
all-trans retinoic acid (ATRA), are bound to albumin and can also be taken up
into the target cell’ (Fig. 1).

LIVER
Preformed Vit A STELLATE CELL

(retinyl esters) Retinyl esters

Provitamin A

\‘ (carotenoids)
INTESTINAL

LUMEN RETINOL HEPATOCYTE RETINOL
/ RETINCL RBP
ENTEROCYTE
RETINGL RETINAL Transthyretin
- “+— | Carotenoids
CRBP \ l
Retinyl esters / RETINOL
\ Retinyl esters RBP .
Retinyl esters Carotenoids Albumip
Carotenolds Transthyretin ATRA
=> CHYLOMICRON
LYMPHATICS CHYLOMICRON BLOOD  REMN ANTS\ ‘ /

Figure I: Vitamin A Metabolism. Vitamin A is consumed in the diet and absorbed in the intestine as carotenoids
or retinyl esters. In the enterocytes, they are incorporated into chylomicrons and transported by the lymphatics. In
the hepatocytes, retinyl esters are hydrolysed into retinol and can be further transported into the stellate cells for
storage. Prior to mobilization from the liver, retinol is bound to retinol binding protein (RBP) and can enter the
circulation. Chylomicron remnants, albumin bound retinoids, and RBP bound retinol can enter the target cell. Con-
away et al, 201314,

A membrane receptor, STRAG, facilitates the cellular uptake of retinol bound to
RBP', while lipoprotein lipase is thought to facilitate the uptake of retinyl esters
from chylomicrons (Fig. 2). After cellular uptake, alcohol dehydrogenase (ADH)
oxidises retinol to retinal which is bound to CRBP. Retinal dehydrogenase
(RALDH) oxidises retinal to ATRA, the biologically active metabolite of vitamin
A. ATRA then binds to cellular retinoic acid-binding protein (CRABP) and can
translocate to the nucleus'.
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[.1.2 Signalling

In the nucleus, ATRA primarily ligates to retinoic acid receptors (RARs) which
exist in three different isoforms, RARa, RARB and RARy*"22, In addition to RARs,
most cells also express retinoic X receptors (RXRs), of which there are also 3
subtypes; a, B and y?*%. RARs and RXRs belong to a class of nuclear receptors
and function as heterodimers”. RXRs can also heterodimerize with other nuclear
receptors such as the vitamin D receptor (VDR)%*. The RAR/RXR heterodimer
binds to retinoic acid response elements (RAREs) and functions to regulate gene
transcription (Fig. 2). In addition, ATRA can also bind to peroxisome proliferator-
activated receptors (PPARs) a, B and y, which can form heterodimers with
RXRs?. These heterodimers also function as transcription factors activating
PPAR response elements in target genes™.

Figure 2: Cellular uptake
RETINOL Albumin and signalling. In the cytosol

CHYLOMICRON of target cells, alcohol dehy-
ATRA

Retinyl esters
Carotenoids

RETINAL

—_— ATRA

RALDH

ov
RETINOL A CRBP

CYTOSOL CRARD

drogenase (ADH) converts
retinol to retinal. Retinal
bound to cellular retinol bind-
ing protein (CRBP) is oxidised
by retinal dehydrogenase
(RALDH) to all-trans retinoic
acid (ATRA). ATRA bound to
cellular retinoic acid-binding
protein (CRABP) can enter
the nucleus. ATRA ligates to
retinoic acid receptors
(RARs), which heterodimer-

ATRA
ize with retinoic X receptors

ATRA (RXRs) and binds to retinoic

acid  response  elements

RAR RXR (RARE) regulating gene tran-

—— L scription. Adapted from Con-

NUCLEUS —RARE  ranscription away et al, 2013, Henning et
al, 2015428,

[.1.3 Deficiency

Vitamin A deficiency (VAD) can result from inadequate food intake, malabsorp-
tion, or chronic alcohol consumption” 2. Reduced food intake and malnutrition
can impair the absorption of vitamin A due to low fat availability” and alcohol
consumption can decrease hepatic vitamin A levels®"3? by competing with metab-
olizing enzymes such as ADH?*. VAD results in impaired embryonic development
such as functional defects of the lungs*. Due to the role of vitamin A in immune
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function and response, VAD had been associated with increased risk of infectious
diseases such as measles, thereby increasing morbidity and mortality risk in af-
fected individuals® *. The most common and specific clinical effect of VAD is
night blindness®. Vitamin A plays a major role in the production of rhodopsin,
the light sensitive pigment in the eye. Rhodopsin is formed when | | -cis-retinal, a
photosensitive derivative of vitamin A, is combined with the protein opsin®® *.
Xerophthalmia, abnormal dryness of the eyes, and complete blindness may occur
if no treatment is sought®” *. Vitamin A supplementation reverses these adverse
effects of VAD and reduces the risk of mortality associated with the effects*'*’.

I.1.4 Excess

Excess vitamin A consumption is a potential threat in developed countries. It has
been estimated that one third of the population of the United States ingests die-
tary supplements®. Supplements, whether single-ingredient or multimineral/ mul-
tivitamin, often contain over 100 percent of the daily value of one or more nu-
trients*. Besides athletes®, the elderly (>65 years old) are the highest users of
dietary supplements* *, In addition, consumption of foods rich in retinol (i.e. fish
or animal liver) and fortification of foods with vitamin A can result in retinol levels
approaching toxicity. Furthermore, retinoids are frequently used in skincare®' and
as drugs in preventing skin conditions such as psoriasis and acne*>*® and the com-
bination of these factors may increase the risk of excess vitamin A and potential
hypervitaminosis A.

Serum retinol is the main method of determining vitamin A status in humans with
physiological circulating levels of around 2-4uM** *. However, retinol levels in
the serum are not reflective of vitamin A status unless there is a deficiency or
surplus of the nutrient. Serum retinyl esters (RE) have been shown to be a more
precise measurement of vitamin A status®. The normal physiological levels of
retinyl esters in humans are in the range of 50-200nM** *° and it has been sug-
gested that levels over 200nM or exceeding 10% of total serum vitamin A (retinol
and RE) may indicate excess vitamin A stores and potential vitamin A toxicity*®.

Symptoms of acute hypervitaminosis A include headache, dizziness, abdominal
pain, nausea, and vomiting. Chronic hypervitaminosis A can result in changes to
vision, dry skin, and bone pain. However, cessation of high vitamin A intake re-
verses these side effects.
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|.2 Bone

The human skeleton can be divided into axial and appendicular skeleton. The axial
skeleton is formed by the vertebral column, ribs, and skull, and appendicular skel-
eton consists of the limbs and other associated bones. The adult human skeleton
is comprised of 206 bones. These bones provide a frame for support, movement,
protection of vital organs, site of haematopoiesis, storage of minerals, and endo-
crine regulation. Bones are classified as either flat or long bones and are made of
cortical and trabecular bone. Cortical bone makes up 80% of the skeleton and is
hard compact bone found in the shaft of long bones and on the surface of all
bones®. The fundamental unit of cortical bone is osteon, which is formed around
Haversian canals that contain blood vessels and nerves. Trabecular bone can be
found in the vertebra or at the end of long bones and comprises 20% of the adult
skeleton®. Bone consists of a matrix made up of organic components, mainly
type | collagen, and inorganic components, such as hydroxyapatite, calcium car-
bonate, and phosphate. It also contains a small amount on non-collagenous pro-
teins. Bone is a dynamic tissue which involves three main cell types: the osteo-
clasts, which resorb bone, the osteoblasts, which form new bone, and the oste-
ocytes, which sense the stress applied to bone. These cells drive bone modelling
and remodelling. Bone modelling occurs during development and growth or in
response to mechanical load. To maintain integrity of the skeleton, bone is con-
stantly undergoing remodelling. The adult skeleton is fully replaced every 10
years®'.

[.2.1 Osteoclasts

Osteoclasts are bone resorbing cells. Mature osteoclasts are formed by fusion of
mononucleated progenitor cells derived from myeloid hematopoietic stem cells
(Fig. 3). The cytokine macrophage colony-stimulating factor (M-CSF/CSFI) and
receptor activator of nuclear factor KB ligand (RANKL) are essential for the pro-
liferation and differentiation of osteoclasts®>. CSFI/M-CSF binds to colony-stim-
ulating factor | receptor (CSFIR) on early osteoclast precursors. Interleukin-34
(IL-34) has also been shown to bind to CSFIR and promote monocyte prolifera-
tion®***, RANKL drives osteoclast differentiation, fusion, and maturation by bind-
ing to its receptor RANK, which is located on the surface of osteoclast progeni-
tors. RANKL recruits adaptor protein tumour necrosis factor receptor—associ-
ated factor (TRAF6) which activates a number of crucial intracellular signalling
pathways such as mitogen-activated protein kinase (MAPK)***, PI3K/Akt’*"% and
nuclear factor of activated T-cells, cytoplasmic | (NFATcl) through activation of
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NF-KB and c-Fos”*”*. The transcription factor NFATc| is regarded as the master
regulator of osteoclast differentiation”®. Osteoclast progenitor fusion into multi-
nucleated osteoclasts is facilitated by the transmembrane protein DC-STAMP”’,

Osteoclasts can also be formed by non-canonical, RANKL-independent, direct
effects of pro-inflammatory substances acting on the osteoclast progenitor cells’.
Pro-inflammatory cytokine tumour necrosis factor-a (TNFa) as well as bacterial
products such as lipopolysaccharide (LPS) have been shown to be able to increase
osteoclastogenesis’*®.

differentiation activation
proliferation | | fusion [ |
[ | [ |
M-CSF
M-CSF RANKL
—> —> e —>
Multinucleated Mature resorbing
P NFATc1 |
Hematopoietic Macrophage/ SRS osteoclast osteoclast
stem cell monocyte cs

TRAP TRAP TRAP

CTSK CTSK CTSK

CALCR CALCR CALCR

Figure 3: Osteoclastogenesis. Osteoclast progenitors stem from hematopoietic stem cells. M-CSF/CSFI induces
proliferation and survival of cells, and RANKL promotes differentiation of precursors by upregulation of osteoclastic
transcription factors, with NFATc| being the main driver. DC-STAMP is essential for fusion of cells into multinu-
cleated osteoclasts. Markers of osteoclasts include the presence of TRAP and CTSK. Calcitonin receptor (CALCR)
is also a marker of osteoclasts. It enables the binding of calcitonin and regulation of bone resorption8+ 8. Adapted
from Crockett et al,, 2011, Green et al., 201686.87.

To resorb bone, osteoclasts adhere to the bone surface via a sealing zone and
the membrane adjacent to the bone surface becomes convoluted thus forming a
ruffled border. Acidification of the resorption lacuna is necessary for dissolution
of hydroxyapatite crystals. Carbonic anhydrase Il provides the protons for acidi-
fication mediated by proton pump vacuolar-type H* ATPase (V-ATPase) located
on the ruffled border®. A chloride-proton antiporter (CIC7) maintains electro-
neutrality. These actions result in secretion of HCl into the resorption lacunae,
prompting an acidic pH of ~4.5%, and resulting in dissolution of bone mineral.
The organic component of bone, primarily type | collagen, is degraded by prote-
ases secreted by osteoclasts such as cathepsin K (CTSK)’"% Osteoclasts also
secrete tartrate-resistant acid phosphatase (TRAP), which correlates with the
rate of bone resorption and is indicative of the number of osteoclasts present’™
% Bone degradation products, such as C-telopeptide of type | collagen (CTX),
are endocytosed by the osteoclasts and transcytosed and released at the cell
surface”™. CTX in the serum can be used as a clinical marker of bone resorption®.
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[.2.2 Osteoblasts

Osteoblasts are bone forming cells that are derived from mesenchymal stem cells
(Fig. 4). Differentiation is driven by the master transcription factors runt-related
transcription factor 2 (RUNX2)” *® and osterix’. The enzyme alkaline phospha-
tase (ALP) is a hallmark of active osteoblasts. Osteoblasts produce unmineralised
bone matrix mainly consisting of type | collagen fibers but also of several other
matrix proteins such as osteocalcin (OCN) and osteopontin. The matrix then
becomes mineralised through the deposition of hydroxyapatite crystals. Oste-
ocalcin secreted by osteoblasts can also regulate energy metabolism by enhancing
insulin secretion and increasing insulin sensitivity, demonstrating that bone also

has endocrine functions'®.

maturation
proliferation | mineralisation

R L ——

Mesenchymal Osteoblast progenitor Pre-osteoblast Mature ostechlast Osteocyte
stem cell

RUNX2 ALP OCN S05T
Osterix

Figure 4: Osteoblastogenesis. Osteoblasts stem from mesenchymal stem cells. Expression of Runx2 and Osterix
drives osteoblast differentiation. Alkaline phosphatase (ALP) is hallmark for active osteoblasts which secrete oste-
ocalcin (OCN) as well as other proteins to the bone matrix. Mature osteoblast can then become embedded into
the newly formed matrix where they become mechano-sensing osteocytes that express sclerostin (SOST). Adapted
from Green et al., 2016 and Crockett et al., 201 186,87

RANKL, the cytokine driving osteoclast differentiation, is expressed mainly by
osteoblasts as well as bone marrow stromal cells, osteocytes, synovial fibroblasts,
periodontal fibroblasts and certain lymphocytes'®'. The amount of RANKL avail-
able for RANK activation is dependent on osteoprotegrin (OPG), a decoy recep-
tor also produced by the osteoblasts, epithelial cells, and B cells of the immune
system, and on RANKL expression induced by a variety of hormones such as
parathyroid hormone (PTH), and cytokines such as TNFa and interleukin-1 (IL-
)2, Thus, the RANKL/OPG ratio is rate limiting for osteoclastogenesis, and it
is largely dependent on osteoblasts. This coupling of osteoblasts and osteoclasts
indicates the importance of the two cell types working together.
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[.2.3 Osteocytes

Osteocytes are the most abundant cell type found in bone®. These cells are de-
rived from osteoblasts that embed into the newly formed bone matrix (Fig. 4).
The embedded cells acquire a stellar shape with thin extensions that can connect
with other osteocytes as well as cells on the bone surface. This osteocyte net-
work senses mechanical forces being applied to the bone and transmits signals to
influence the activity of the osteoblasts or osteoclasts'®® '*. Sclerostin (SOST), a
protein secreted by the osteocytes, is an inhibitor of bone formation. It binds to
LRP5/6 receptors on the surface of osteoblasts inhibiting Wnt signalling which is
important for formation of bone'®
by synthesising fibroblast growth factor 23 (FGF23), which regulates renal phos-
phate secretion®. Thus, osteocytes, along with the osteoclasts and osteoblasts,
are important for building and maintaining bone mass through the processes of
bone modelling and bone remodelling.

. Osteocytes also possess endocrine capability

[.2.4 Bone Modelling

Bone growth and bone shape is modelled via independent resorption or for-
mation® '°'. Bone tissue can be formed without prior resorption, or resorbed
without subsequent bone formation. In bone modelling, longitudinal growth, as
well as radial growth occurs'®
shape to accommodate re-distribution of forces applied to the bone. This process
involves modifications of both trabecular and cortical bone.

. The purpose of bone modelling is to alter bone

[.2.5 Bone Remodelling

Bone remodelling is the coupled interaction that occurs between the osteoclasts
and osteoblasts®. A tightly regulated balance between the amount of bone being
resorbed and the amount of new bone being formed is crucial to maintain bone
mass. Damage or stresses applied to the bone are sensed by the osteocytes. The
old or damaged bone is resorbed by the osteoclasts. To form new bone, osteo-
blasts at the surface of the bone lay down new matrix which later becomes min-
eralized. Some osteoblasts embed into the bone matrix and become osteocytes.
The transition between resorption and formation, and the homeostasis between
this coupled process, is crucial to maintaining a healthy skeleton. Disruption in
the balance of bone resorption and bone formation can lead to bone diseases
such as osteoporosis.
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|.2.6 Osteoporosis

Osteoporosis is characterized as a disease of low bone mass. It is associated with
increased bone resorption, exceeding the actions of bone formation and thereby
resulting in low bone mass which leads to increased bone fragility'”-'””. Osteo-
porosis can either be primary or secondary. Primary osteoporosis is a progres-
sive bone loss due to aging and can be influenced by genetic factors and/or
changes in levels of sex hormones (i.e. oestrogen). Secondary osteoporosis can
be caused by diseases (i.e. rheumatoid arthritis), medication (i.e. glucocorticoids),
or lifestyle choices (i.e. smoking, heavy drinking, high vitamin A intake). It is esti-
mated that one in two women, and one in five men will suffer from an osteopo-
rotic fracture in their lifetime''® """, thus presenting a major economic burden.
The most frequent sites of osteoporotic fractures include the vertebral body, hip,
and distal forearm (wrist)'?”'%,

[.2.7 Infllmmatory Bone Diseases

Inflammation is known to induce bone resorption in numerous rheumatic dis-
eases. Arthritis is caused by inflammation of a specific skeletal site. The most
common types of arthritis are rheumatoid arthritis (RA) and osteoarthritis (OA).
RA is a chronic autoimmune disorder that effects the joints causing pain and
swelling, and eventually causing destruction of synovial joints and leading to se-
vere disability. Synovium of RA patients contains an abundance of pro-inflamma-
tory cytokines such as TNFa and interleukins like IL-1 and IL-6 which are able to
"2 and thereby causing destruction of the
cartilage and bone. OA is a progressive degenerative joint condition classified as
a loss of articular cartilage within synovial joints. It is caused by repetitive use of
joints. Both of these forms of arthritis increase in severity with age. Periodontal

increase osteoclastic bone resorption

disease is another inflammatory condition. It is caused by a build-up of bacteria
around the gums and teeth which causes inflammation in the area and eventually,
can lead to loss of teeth. RA, OA, and periodontal disease all cause local inflam-
mation which results in increased osteoclasts and bone resorption, and thereby
bone loss.

|.3 Vitamin A Effects on Bone

Retinol and its derivatives are recognised as morphogens with important func-
tions in early embryonic development. Defects in skeletogenesis can occur when
retinol is lacking or present in excess''"®. Teratogenic effects of excess vitamin A
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and vitamin A deficiency during embryogenesis results in mice with forelimb ab-
normalities as well as other impairments related to organ development''*''¢, In
addition, vitamin A also affects post-natal maintenance of the skeleton, and due
to increased vitamin supplementation®, excess vitamin A and its effect on the
skeleton is potentially becoming an increasing problem.

[.3.1 Humans

In humans, increased vitamin A intake and elevated serum retinol levels are as-
sociated with decreased bone mineral density (BMD)'"”"'"’, The highest decrease
is observed at the femoral neck/hip, the primary indicator of cortical bone health
status'"7'"’, These decreases in BMD due to elevated vitamin A are associated
with increased fracture risk at the hip*” ' ', Consumption of provitamin A B-
carotene was not found to increase risk of fractures®” ''® 22 dye to a feedback
mechanism suppressing the conversion of B-carotene to retinol®. In regards to
trabecular bone, studies have demonstrated that individuals in the highest serum
retinol or retinol intake quantile may decrease lumbar spine BMD by up to 14%''"-
' however, some studies observed no association in vitamin A and bone sta-
tus'®'%, Interestingly, a U-shaped relationship between retinol level and risk of
hip fractures has been revealed, indicating that low and high levels of vitamin A
may increase the risk of hip fractures'?" '”. These data implicate retinol status as
a risk factor for secondary osteoporosis and hip fractures.

[.3.2 Rodents

Rodent studies have also shown negative effects of vitamin A on the skeleton. By
rapidly inducing hypervitaminosis A, either through the chow or by injecting ret-
inoids, cortical bone loss in long bones of rats'?®'** and mice"', which leads to a
decrease in bone strength'*> '3 has been observed. Mechanistic studies in rodents
have shown that hypervitaminosis A induces an increase in the number of peri-

128, 129, 131, 132 3nd decrease in endocortical osteoclasts'" '*?,

osteal osteoclasts
thereby increasing cortical bone resorption and resulting in thinner cortical bone.
Furthermore, knockout mice lacking RALDH, the metabolic enzyme which con-
verts retinal to the biologically active form ATRA, exhibit thicker cortical bone'®.
Collectively, these data illustrate the detrimental effect of excess vitamin A on

cortical bone.
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Vitamin A effects on trabecular bone in vivo have been inconsistent. Hypervita-
minosis A resulted in decreased trabecular BMD in the long bones and verte-

bral32, 136

, an effect associated with both increased number of osteoclasts and
decreased number of osteoblasts'*®. However, other studies have not been able
to observe the same effects'*® "*"" 33 ' jllustrating a gap in the understanding of

retinol effects on trabecular bone.

The effect of vitamin A on osteoblasts and bone formation have been seldom
investigated. Hypervitaminosis A has been shown to decrease mineralising sur-
face'*" '** and reduce the rate of bone formation on the periosteum'**. These
data suggest that vitamin A has a negative effect on osteoblasts located on the
cortical bone.

[.3.3 Caells

In experimental ex vivo studies, bone organ cultures of mouse calvaria and rat
tibia have shown that retinol stimulates osteoclast formation and bone resorp-
tion'?” &% _nitial studies observed increased calcium release from the perios-
145 "% in response to retinoids.
Further studies have continued to observe increased resorption with retinol in
cultures of mouse calvaria'*® '3, rat calvaria'”’, and rat tibia'**. This enhanced
resorption has been attributed to increased number of osteoclasts'*® '* '* and
it has been suggested that this effect is mediated by RARa and due to the increase
in RANKL'®, These studies in organ cultured intact bones provide further evi-

teum of the radius in rat'® and mouse parietal bones

dence that vitamin A increases osteoclastogenesis and bone resorption.

In contrast to ex vivo organ cultures and in vivo rodent studies, in vitro cultures of
osteoclast progenitors have shown that retinoids inhibit osteoclast formation.
These studies have been performed in progenitor cells isolated from human
blood monocytes'* and bone marrow'?, rat'* '8
row, mouse spleen cells'”’, and using a RAW264.7 mouse macrophage cell line
146.149. 130 The mechanism for the inhibition of osteoclastogenesis by ATRA has
not yet been elucidated, however it has been suggested ATRA decreases RANK
expression'* or that ATRA interferes with early steps in the intracellular cascade
of signalling events downstream of activated RANK thereby decreasing the ex-
pression of NFATc|'*" '*% !5 By the use of specific RAR agonists, RARa and
RARy have been implicated to mediate the inhibitory effect of ATRA""'¥,

or mouse'?" 150 hone mar-
137,
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In vitro cultures of primary osteoblasts isolated from humans'**, mice"', and

13! or pre-osteoblastic and mesenchymal cell lines'" '** '**!57 have indicated

rats
that retinoids are also able to affect osteoblasts, a response that has been ob-
served to be dose dependent. An inhibitory effect of ATRA on osteoblasts has
been observed at nanomolar concentrations, marked by decreased mineralisation
in primary mouse osteoblast cultures'" '** and MC3T3-El mouse osteoblast pre-
cursor cell line"* '°2 '3 These in vitro effects of retinoids on osteoblasts are sim-
ilar to the observed periosteal effects in vivo'*" '**, At micromolar concentrations,
ATRA increased the expression and activity of ALP in primary rat calviaral cul-
ture'' and cell line UMR-201"** and in C3H10T1/2 mesenchymal stem cell line'**
7. Thereby, retinoids at low concentrations appear to inhibit osteoblast differ-
entiation, whereas high levels have a stimulatory effect in vitro.

Heterotopic ossification and fibrodysplasia ossificans progressiva (FOP) are con-
ditions of abnormal endochondral bone formation in non-skeletal tissues. The
use of a RARy agonist in these conditions have been shown to inhibit the abnor-
mal bone formation'*®, Palovarotene, a highly selective RARy agonist, is already
in phase Il clinical trials for the treatment of FOP (Clementia Pharmaceuticals
Inc.). These data indicate the significance of RARy in the role of osteoblastic bone
formation.
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2. Aims

The overall aim of this thesis was to assess the importance of vitamin A on the
skeleton and on bone cells in both in vivo animal studies and mechanistic in vitro
experiments.

The specific aims are as follows:
I.  To study how long term exposure to clinically relevant concentrations

of retinoids affect bone at different skeletal sites

Il.  To study how retinoids, at a clinically relevant concentration, affect the
anabolic response in bone to mechanical loading

Ill.  To study how retinoids affect osteoclast formation in vitro using human
and mouse osteoclast progenitors stimulated to form osteoclasts by different
mechanisms

IV.  To study how osteoclasts isolated from a periosteal bone model re-
spond to retinoids
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3. Methods

This section provides an overview of the methods used in the papers encompass-
ing this thesis. For more detailed methodology, please refer to the respective
papers. Please note that all experiments performed were approved by the local
Ethics Committee.

3.1 Animals

For in vivo experiments (I, Il), female C57BL/6 mice were used. Mice are biologi-
cally similar to humans, they can be genetically manipulated, have an accelerated
lifespan, are cost-effective, and reproduce easily. Inbred strains of mice, such as
C57BLY/6, allow for genetic uniformity of each animal which enables reproducible
results with smaller sample size. Similar to human, murine skeletal physiology
consists of both modelling and remodelling of cortical and trabecular bone. Un-
like humans however, bone acquisition and bone growth continues in mice after
sexual maturity, which is around 6-8 weeks of age'*’. Peak bone mass in mice is
obtained at 4-6 months of age'*”'*?, and the mean lifespan for C57BL/6 mice is
up to two years. We used mice that were either 9 weeks (I) or 13 weeks (Il) of
age at the start of experiment. Weight loss was monitored as an assessment of
health status.

3.2 Diets

Diets enriched with vitamin A were given ab libitum to mice throughout the du-
ration of the experiments (I, Il). These diets were modelled after the human
RDA for vitamin A consumption which are 700-900ug RAE per day and upper
tolerable limit (UTL) diet roughly 3-4 times higher at 3,000ug RAE/day'. In mice
experiments, a balanced control diet contains 4.5ug retinyl acetate/g of chow
(Teklad Global 16% Protein Diet, Harlan Laboratories Inc.). By using diets with
increased concentrations of vitamin A by 4.5- and |3-fold, we aimed to mimic
the fold increase observed in the human UTL diet, as well as a diet that may result
from consuming UTL and further vitamin A supplementation. These diets con-
tained either 20pg retinyl acetate/g chow (UTL), or 60pg/g chow (Supplemented

METHODS 15



in [; Vitamin A in IlI). An additional hypervitaminosis A diet was also used for a
short duration experiment. This diet contained 450ug retinyl acetate/g chow ().
All chow was repelleted to ensure the same texture. Food intake was not moni-
tored as the food pellets were brittle, however, no significant decreases in body
weights were observed suggesting that food intake and energy expenditure was
not significantly changed between mice receiving control and vitamin A diets.

3.3 Mechanical Loading

Vitamin A effects on osteoblasts was observed using a model of rapid bone for-
mation (ll). Axial mechanical loading of the tibia is a non-invasive method of stud-
ying the osteogenic response in bone'®. This method results in controlled loading
of the whole bone, subjecting it to tension and compression occurring at the
medial and lateral surfaces of the bone, respectively, with the adaptive response
occurring at both cortical and trabecular bone'**'®*, The mechanical strain ap-
plied to the bones during the duration of the loading experiment is determined
in a prior ex vivo experiment on post mortem intact mice, where the strain of the
tibia is measured across a range of peak compressive loads. Linear regression
analysis allows for calculation of the load required to achieve a chosen strain. The
chosen strain is dependent on the magnitude of response desired and the age of
mice'®. In vivo tibial loading is administered to mice under anaesthesia. With the
left tibia placed into loading cups, an axial load is applied through the knee joint
for 40 cycles/day with 10 seconds rest between cycles on three alternative
days/week for two weeks as common loading protocol for optimum increase of
bone formation'®*'*’. The contralateral limb is used as a non-loaded control'®*.
Slow decline in body weight of the mice throughout the duration of loading may
be observed and could be due to stress as a result of loading and/or from re-
peated handling and anaesthesia.

3.4 Serum Analyses

Vitamin A status in humans is frequently determined via serum retinol analysis,
with normal physiological levels ranging between 2-4uM***’_ In mice, physiologi-
cal serum retinol levels are around IuM'®® ', However, serum retinyl esters
have been shown to be a more precise measure of vitamin A status and for this
reason, we analysed both serum retinol and retinyl esters (sum of retinyl linole-
ate, retinyl palmitate, retinyl oleate, retinyl stearate) (I). These analyses were car-
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ried out by Vitas Analytical Services (Oslo, Norway) using high-performance lig-
uid chromatography (HPLC). Serum analysis of bone formation and bone resorp-
tion markers were performed by commercially available enzyme-linked immuno-
sorbent assay (ELISA) kits. Serum levels of CTX and TRAP, markers of bone
resorption, and osteocalcin, a marker of bone formation, were assessed (1). Anal-
ysis of vitamin A status and bone markers in the serum provide an overview of
the systemic bone effects occurring in response to vitamin A treatment.

3.5 Bone Analyses

Peripheral quantitative computed tomography (pQCT) and microcomputed to-
mography (UCT) were used to evaluate cortical and trabecular bone and their
microstructural parameters (|, Il). Both of these imaging techniques use a rotating
x-ray around the specimen, giving rise to a 3D image and quantification. Tibia and
femur were analysed via pQCT (l). uCT analysis provides better resolution com-
pared to pQCT, however, this method is more time consuming. Just as pQCT,
MCT allows for distinction between cortical and trabecular bone, however, uCT
also enables better visualisation and quantification of the trabecular microarchi-
tecture and network'”. We used uCT for the analysis of the vertebral body (1)
and tibia (Il).

TRAP-stained sections of the femur were used to count the number of osteo-
clasts present on trabecular and cortical bone (I). Dynamic histomorphometry
was used to measure the change in bone formation and mineralisation over time
via two fluorescent labels. Calcein and alizarin, the most commonly used fluores-
cent labels, bind to calcium ions at the surface of newly mineralized bone'”". This
technique is used to quantify the bone formation occurring between two different
time points'’ (1, Il). Toluidine blue staining and immunohistochemical staining for
detection of ALP positive cells allowed for visualisation of overall histology and
bone formation (ll).

Three-point bending analysis was used to determine mechanical bone strength of
the tibia (l). Briefly, the tibia was placed on two support points and a load was
applied at a third point located at the mid-diaphysis of the tibia. Information on
the resistance of the bone (stiffness) and maximum loading force applied till
breaking (i.e. bone strength) can be obtained with this method. These data rep-
resent the mechanical properties of the cortical bone.
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Raman spectroscopy was used to characterize the organic and inorganic compo-
nents of tibia (Il). This technique uses a laser to measure the shift in the wave-
length of light due to inelastic scattering. Results reveal details about the mechan-
ical and chemical properties of bone and their response to vitamin A and/or load-
ing. The degree of mineralisation of the bone is illustrated by the mineral-to-
matrix ratio. The optimum amount of mineral for maximum strength of a collagen
fibril is 30%'”, thus, increases in the mineral-to-matrix ratio are associated with
"7 Mineral crystallinity displays the degree of order
and alignment of crystals and influences the hardness and density of the bone.
Increases in mineral crystallinity can be mirrored by decreases in the carbonate-
to-phosphate ratio, which is the ratio of carbonate substituted to hydroxyapatite
crystals that occurs over time and is indicative of the age and maturity of the
bone. Increased carbonate-to-phosphate ratio has also been associated with in-
creased risk of fractures'””. These three parameters contribute to the quality of
the bone. The ability to use fixed and embedded specimens and even fluores-
cently labelled/stained tissue is an advantage of Raman spectroscopy.

increased risk of fractures

3.6 Cell Culture

For in vitro experiments, cells were obtained from human peripheral blood, mice
bone marrow, and mice calvaria. Human CD 14" monocytes were isolated from
human peripheral blood mononuclear cells (PBMCs)'”, which were obtained
from blood of anonymous healthy donors at Sahlgrenska University Hospital (1l1).
Wild type C57BL/6 mice were used for isolation of macrophages from the bone
marrow (BMM) region adjacent to the endocortical bone (lll)'”’. These methods
provide a population of pure primary osteoclast precursor cells. Osteoclastogen-
esis in these cell cultures were stimulated with CSF1/M-CSF and RANKL or with
CSF1/M-CSF and either TNFa or LPS from E.coli. For induction of osteoclasto-
genesis with LPS in CD14" monocytes and TNFa and LPS in mouse BMM, cells
were initially primed with RANKL for 24-36 hours, after which the medium was
removed and the cultures washed before new medium was added. The brief
presence of RANKL was necessary to induce the formation of osteoclasts. In all
cultures, the effects of vitamin A were assessed by adding ATRA and other ret-
inoids with affinity to different RARs. Phagocytosis by human monocytes were
examined by the uptake of FITC-labelled zymosan A. Overexpression of RANK
in mouse BMM was induced by a lentiviral vector.
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Periosteal cells were isolated from calvaria of new-born C57BL/6 mouse pups via
enzymatic digestion (IV)'7®'”°, Cells were cultured on plastic or bone for a dura-
tion up to 25 days in media containing RANKL or ATRA or the combination of
both.

In all in vitro experiments, osteoclasts were defined as TRAP positive cells with
three or more nuclei.

Cell culture experiments can provide mechanistic explanations for observed ef-
fects in vivo, however, due to the isolated culture environment, they cannot com-
pletely reproduce the interactive environment observed in the body.

3.7 Gene Expression Analyses

Quantitative polymerase chain reaction (qQPCR) is a sensitive method used for
the assessment of the relative expression of a specific gene in cells or a tissue of
interest. RNA is extracted from tissue and reverse transcribed into cDNA. The
cDNA is then mixed with specifically designed primers and a fluorescent probe
linked to a quencher complementary to the specific sequence of a target gene.
During replication of the cDNA, the probe is degraded, releasing it from the
quencher. The emerged emission of fluorescence is proportional to the amount
of amplified product. Expression levels of osteoclastic and osteoblastic genes
from cortical bone, trabecular bone, and cell cultures were quantified (I-IV). Cor-
tical bone RNA was isolated from the diaphysis of the tibia flushed of bone mar-
row, and trabecular bone RNA was isolated from vertebral body, which is pri-
marily trabecular bone with a very thin cortex. Expression of genes of interest
were quantified as relative to housekeeping gene 18S. This method is not able to
identify the specific cell type which expresses the gene and cannot distinguish
between cells located on the periosteum or endosteum.

3.8 Western Blot

Western blot is a conventional method for the detection and quantification of
specific proteins in a sample. First, the proteins are separated by molecular weight
through gel electrophoresis, then transferred to a membrane, and by the use of
antibodies, the specific protein of interests can be visualised as bands. A primary
antibody recognises the target protein, and incubation in a secondary antibody,
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which is labelled with a detection reagent (i.e. horseradish peroxidase; HRP), al-
lows for detection of the location of the protein of interest by the signal/band it
produces. The band thickness corresponds to the amount of protein present'®.
We extracted protein from cultures of human CD 14" monocytes stimulated with
RANKL or TNFa and analysed the protein expression of their respective recep-
tors RANK and tumour necrosis factor receptor 2 (TNFR2) (Ill). The main ad-
vantages of this technique are its specificity and sensitivity however, it is semi-
quantitative and relies on the availability of well-established and very specific an-
tibodies.

3.9 Statistical Analysis

All statistical analyses were performed using GraphPad Prism. Statistical signifi-
cance was defined as P < 0.05. Gaussian distribution was tested for key parame-
ters in in vivo data and parametric tests were used throughout (I, Il). Parametric
and non-parametric statistical tests were used in in vitro experiments (lll, V).
Unpaired Student’s t-test was used when comparing two groups (I-1V). For com-
parison of 3 or more groups, one-way ANOVA followed by Dunnett’s multiple
comparison test versus control (I, IV) or Tukey’s multiple comparison test was
used (Ill, IV). Two-way ANOVA for interaction and/or Sidak’s multiple compari-
son test was used to examine the influence of variables (time/bisphosphonate
treatment/loading) on vitamin A (I, Il). A linear regression model was also utilised
for modelling the relationship between time and vitamin A dose (l) or strain and
load applied (I1).
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4. Results

4.1 Paper |

Clinically relevant doses of vitamin A decrease cortical bone mass in
mice

We investigated the effects of clinically relevant doses of vitamin A for a long
duration in mice. Mice were fed control (4.5ug retinyl acetate/g chow), UTL
(20pg/g), or supplemental (60pg/g) diet for 4 and 10 weeks, including an experi-
ment involving injections of the bisphosphonate zoledronic acid, which inhibits
bone resorption. An additional hypervitaminosis A (450pug/g) and supplemental
diet experiment was performed for a duration of 8 days.

Main Results

e Serum retinol and RE levels increased with excess vitamin A in the chow

e Trabecular bone in the vertebra and tibia was not altered with UTL or
supplemental diet after 4 or 10 weeks, nor in the femur after 8 days with
supplemental or hypervitaminosis A diet

e Increases in vitamin A level time-dependently reduced cortical bone min-
eral content and periosteal circumference, which resulted in a trend of
decreased bone strength

e Enhanced endocortical bone formation after 4 weeks of supplemental diet
resulted in decreased marrow area and endocortical circumference at 10
weeks

e Bisphosphonate treatment abolished supplemental vitamin A diet effects
on cortical bone

e Decreased periosteal bone formation was observed after 8 days of sup-
plemental vitamin A diet, possibly contributing to the reduction in perios-
teal circumference

e Hypervitaminosis A diet increased periosteal osteoclasts and decreased
endocortical osteoclasts after 8 days
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Conclusion

Results obtained in the present study indicate that even clinically relevant doses
of vitamin A consumed over a long period of time have a negative impact on the
bone phenotype.

Discussion

In our experiments, 4 and 10 weeks of supplemented vitamin A diet resulted in
RE levels which exceed the suggested RE threshold set for humans indicating
potential vitamin A excess*.

Rodent studies have suggested that hypervitaminosis A can decrease trabecular
BMD '3 1*¢ however, others have not observed an effect'*> 3" '3 ' |n the pre-
sent study, we were not able to observe a change in trabecular bone phenotype,
further strengthening the view that excess vitamin A does not affect trabecular
bone, both with clinically relevant and hypervitaminosis A doses.

The severity of the observed cortical bone phenotype with supplemental diet
increased with time. This suggests that consumption of increased vitamin A for a
long duration is also detrimental to bone and may decrease bone strength. This
observation is similar to the observed effects of hypervitaminosis A diet in ro-
dentsl}(), 132
retinol levels increasing the risk of in hip/femoral neck fractures, which is primar-
ily cortical bone®” "', Zoledronic acid treatment abolished vitamin A-induced
decrease in cortical bone, indicating that vitamin A effect is mediated by osteo-
clasts, as previously observed with hypervitaminosis A'? 213! 132,

and to human associations of increased vitamin A intake and/or serum

Hypervitaminosis A has been shown to negatively affect bone formation by de-
creasing periosteal bone formation rate'** '®'
ber"'. In the present study, a transient effect on endocortical and periosteal bone
formation was observed. Our observations suggest that reduced periosteal cir-
cumference caused by excess vitamin A may be due to increased bone resorption
and decreased formation, and that the reduced endocortical circumference may
be due to enhanced bone formation and reduced resorption.

and/or decreasing osteoblast num-

While previous findings were obtained primarily using short term exposure to
supraphysiological doses of vitamin A, our study indicates that extended expo-
sure to levels only moderately exceeding the recommended norms lead to similar
negative bone effects.
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4.2 Paper |

Vitamin A decreases the anabolic bone response to mechanical loading
by suppressing bone formation

We assessed the loading response in bone with prior and concurrent vitamin A
treatment. Mice received control (4.5pug retinyl acetate/g chow) or vitamin A
(60pg/g) chow for 6 weeks. In the last two weeks, mice underwent 6 bouts of
axial mechanical loading of the tibia.

Main Results

e Vitamin A decreased the loading-induced increase in trabecular bone mass

e  The loading-induced increase in cortical bone mass was reduced with vit-
amin A

e The loading-induced increase in periosteal and endocortical bone for-
mation was decreased with vitamin A

e Vitamin A inhibited the increase in the expression of osteoblastic genes in
cortical bone in response to loading

e In the presence of vitamin A, the quality of the bone was not improved by
loading as assessed by Raman spectroscopy

Conclusion

Our novel findings indicate that the anabolic bone formation in response to me-
chanical loading is suppressed by increased vitamin A intake. This effect was
mainly due to reduced periosteal osteoblast activity. Vitamin A negatively affected
the enhancement of cortical and trabecular bone mass and quality in response to
loading. These observations may have implications for the regulation of bone
mass caused by physical activity and the risk of osteoporosis in humans.
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Discussion

Vitamin A alone did not affect trabecular bone as reported in previous vitamin A
studies (1)"*" ¥ '®2 however, it was able to suppress the magnitude of the loading-
induced increases in trabecular bone mass. Vitamin A diet alone was able to de-
crease cortical bone in the present study. This response is similar to that ob-
served in our previous study using the same dose (I)'®
minosis A studies'?®'**, Vitamin A suppressed the loading gains in cortical bone
parameters, suggesting that the bone-beneficial response to loading is decreased
with excess vitamin A.

as well as in hypervita-

Mechanistically, vitamin A decreased the loading-induced increase in osteoblastic
bone formation at the endocortical and periosteal bone sites, an effect mirrored
by the reduced expression of osteoblastic genes. Periosteal decrease in bone
formation has been reported previously with hypervitaminosis A"** '®'. Endocor-
tically, our observations that vitamin A alone increased osteoblast number and
activity were consistent with our previous study (I)'®, as well as a study that
showed increased osteoblastic gene expression in extracts from periosteum-free
cortical bone containing bone marrow'*?, These data implicate that excess vita-
min A may increase endocortical/marrow osteoblast activity and mineralisation.
However, in the presence of loading, vitamin A supressed endocortical bone for-
mation due to inhibition of the loading-induced gain in osteoblast activity.

Mechanical loading improves bone structure and strength, thereby decreasing
fracture risk'®*'®, In contrast, hypervitaminosis A results in decreased bone
strength and increased fracture risk®”''*-'? 13132 Vitamin A suppressed the load-
ing-induced decrease in endocortical mineral-to-matrix ratio, indicating that no
new bone was formed. Periosteally, vitamin A blocked the loading-induced de-
crease in carbonate-to-phosphate ratio and reversed the increase in mineral crys-
tallinity indicating a poorer arrangement of mineral crystals in loaded vitamin A
bones. The differences in the response to load endocortically and periosteally
could be due to different strain levels at the two skeletal sites or to the different
chemical and physical environments; endosteum to marrow interaction vs peri-
osteum to muscle interaction.

We observed that a clinically relevant dose of vitamin A has a negative effect on
osteoblasts when bone formation is induced by mechanical loading. The present
novel results indicate that the loading response in bone is blunted by excess vit-
amin A, thereby, the bone growth that occurs in response to physical exercise
may be impaired with excess vitamin A consumption.

24 RESULTS



4.3 Paper |l

Effects of retinoids on physiologic and inflammatory osteoclastogenesis in
vitro

Retinoids have been used as anti-inflammatory drugs for the treatment of numer-
ous inflammatory diseases. In the present study, we investigated the effect of
ATRA on osteoclastogenesis induced by RANKL (physiological) or LPS and TNFa
(inflammatory) in both mouse bone marrow macrophages (BMM) and human os-
teoclast precursors (CD 14" monocytes).

Main Results

e ATRA inhibits RANKL-induced osteoclast formation in human CD|4*
monocytes

e Inflammatory-induced osteoclastogenesis by TNFa and LPS was inhibited
by ATRA in mouse BMM and human CD 14" monocytes

e ATRA maintains RANKL- and TNFa-stimulated human CD 14" monocytes
at a macrophage phenotype by suppressing IRF8

e Overexpression of Rank in mouse BMM could not overcome inhibition of
osteoclastogenesis by ATRA

e ATRA inhibition of TNFa-induced osteoclastogenesis is not due to de-
creased expression of TNFa receptors

e RARa agonist inhibited RANKL and TNFa-induced osteoclastogenesis,
which could be reversed by a RARa antagonist

Conclusion

We demonstrate that ATRA can inhibit physiological and inflammatory osteo-
clastogenesis in vitro using osteoclast progenitors from mouse bone marrow and
human blood. These data might help to explain why vitamin A can inhibit osteo-
clast formation on endocortical bone surfaces during physiological and patholog-
ical bone remodelling in vivo.
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Discussion

In the present study, ATRA inhibited RANKL-induced osteoclastogenesis which
may help explain why hypervitaminosis A treatment reduces osteoclast numbers

at endocortical surfaces of bone'*2. This is in agreement with previous in vitro

Studiesl3l, 137, 146, 148-150, 186, I87.

In physiological osteoclastogenesis, the observed downregulation of RANK
mRNA and decreased RANK protein expression by ATRA is similar to previous
observations in CD 14" monocytes'*. Overexpression of Rank could not over-
come the inhibition by ATRA in mouse BMM, indicating that ATRA can interfere
with signalling pathways downstream of the RANK surface receptor. This notion
is consistent with decreased expression of NFATc| with ATRA in both physio-
logically- and inflammatory-induced osteoclastogenesis, an affect also observed in
previous studies'?” "4 1%,

Intraperitoneal injections of ATRA can reduce the number of osteoclasts in mice
with collagen-induced arthritis'®’. In the present study, ATRA inhibited osteoclast
formation when induced with inflammatory compounds TNFa and LPS. ATRA
inhibition of TNFa-induced osteoclastogenesis was due to inhibition of osteo-
clastogenic intracellular pathways.

Osteoclastogenesis is associated with downregulation of several transcription
factors such as IRF8 which is believed to keep progenitor cells at monocyte/mac-
rophage stage'®. In the present study, downregulation of IRF8 was suppressed by
ATRA. Furthermore, we observed that CD 14" cells actively phagocytosed zymo-
san, an effect abolished by RANKL-stimulation, but reversed by ATRA. These
data indicate that ATRA maintains the osteoclast progenitors at a monocyte/mac-
rophage state, thereby affecting differentiation, rather than proliferation.

We observed the importance of RARa in the inhibition of physiologically- and
inflammatory-induced osteoclastogenesis in human progenitor cells. This obser-
vation was previously noted in mouse BMM'* however RARa knockout mice
have been reported to have no bone phenotype'®’” and RARy has been imple-
mented in the inhibitory effect of ATRA'Y.

Our principal findings demonstrate that ATRA inhibits RANKL-, TNFa-, and LPS-
induced osteoclastogenesis in progenitors isolated from mouse bone marrow
and human blood. This inhibition is due to the activation of RARa which inhibits
differentiation of osteoclast progenitors by interfering with intracellular signalling
pathways downstream of cell surface receptors.
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4.4 Paper IV

Retinoids enhance osteoclastogenesis in periosteal bone cell cultures

Increased periosteal osteoclasts in response to hypervitaminosis A has been con-
sistently reported in rodents'?® 2% 131 132 138 144,145 and
therefore, in the present study we aimed to assess the in vitro effect of retinoids
on osteoclast differentiation in periosteal bone cell cultures.

and ex vivo organ cultures

Main Results

e ATRA alone does not stimulate osteoclast formation in periosteal bone
cell cultures

e Osteoclast differentiation and bone resorption is enhanced by ATRA in
prolonged RANKL stimulated cultures

e ATRA may increase the number of osteoclast progenitors present

e Macrophage genes were upregulated by ATRA

e Enhanced osteoclastogenesis by ATRA in periosteal cell cultures is not
mediated via increased CSFI (M-CSF) or IL-34

Conclusion

The present study demonstrates that ATRA, in the presence of RANKL, can
increase the formation of mature bone resorbing osteoclasts in mouse calvarial
periosteal bone cell cultures.
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Discussion

Periosteal bone cell cultures contain both osteoclast and osteoblast progenitor
cells'”®. We found that ATRA could not stimulate the mRNA expression of os-
teoclastic genes nor the formation of mature osteoclasts in periosteal bone cells
cultured on plastic and bone discs. This indicates that the cells producing RANKL
in vivo and in ex vivo organ cultures are not isolated during enzymatic digestion of
the calvarial bone cells or that the cells become unresponsive to ATRA after
isolation.

In prolonged cultures, RANKL-induced expression of osteoclastic genes was syn-
ergistically potentiated by ATRA. ATRA also synergistically potentiated RANKL-
induced osteoclast formation when cells were incubated on bone discs. These
findings may explain the increased number of osteoclasts seen on the periosteal
surface after in vivo treatment with hypervitaminosis A'?® 2 13 132,

More osteoclasts were formed in cultures that had been pre-cultured with ATRA
than in those pre-cultured in media without ATRA. This indicates that ATRA may
have increased the number of osteoclast precursors in periosteal cell cultures.
ATRA treatment also resulted in increased expression of the gene encoding for
CSFI receptor, indicating a potential mechanism by which ATRA stimulates os-
teoclast progenitor proliferation, an observation that has previously been re-
ported in human osteoclast progenitors'*,

We also observed that ATRA increased expression of macrophage markers sug-
gesting that ATRA increases the number of macrophages/osteoclast precursors
in periosteal bone cell cultures, similar to what has been observed in cultures of
CD14* monocytes and RAW264.7 murine cells'*. CSFI/M-CSF and IL-34 bind
to CSFI receptor to promote osteoclast differentiation®® **. CSF1/M-CSF and IL-
34 protein levels were decreased by ATRA, thereby making it unlikely that an
increase in osteoclast precursors observed after the addition of ATRA is due to
CSFI/M-CSF or IL-34.

These results on periosteal cell cultures mimic the observed periosteal effects of
vitamin A in vivo. It is important to note however, that in vitro periosteal cell
cultures lack certain cell types such as osteocytes and immune cells, which may
further contribute to the phenotype observed in vivo since both cells types are
capable of expressing RANKL.
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5. General Discussion

5.1 Osteoclasts

In vivo rodent hypervitaminosis A studies have illustrated the negative effect of
excess vitamin A on bone. Numerous studies in both mice and rats have observed
increased resorption and increased number of osteoclasts present on the peri-
osteal bone of long bones (1)!% %% 13!-133 '8 The methods of admin-
istration of vitamin A, and the dose used have all been different, however, results

and calvaria

have consistently indicated the dramatic adverse effects of excess vitamin A on
cortical bone due to osteoclasts. These results are derived from short duration
toxic doses of vitamin A which seldom occurs in humans. Our clinically relevant
dose of vitamin A also resulted in decreased cortical bone parameters such as
periosteal circumference and bone mineral content, responses that were time
dependent, indicating that the longer excess vitamin A is ingested, the more se-
vere the bone phenotype (1)'®. In vivo rodent studies are mainly performed on
mice/rats still in their bone growing phase, thereby, results of vitamin A on bone
may be influenced by bone modelling and remodelling. Vitamin supplementation
is more common in the elderly® *’ therefore, further studies with vitamin A in
old mice/rats which have reached bone homeostasis may be of significance.

The effect of clinically relevant dose of vitamin A was observed to be largely
mediated by osteoclasts, since the use of a bisphosphonate inhibited the vitamin
A effect on bone (I). The vitamin A effect observed on osteoclasts with clinically
relevant or hypervitaminosis A doses are consistent with ex vivo bone organ cul-
tures where the addition of retinoids results in increased periosteal bone resorp-
129, 138-145 attributed to increased RANKL', In cultures of periosteal cells from
mouse calvaria, which contain a combination of osteoclast and osteoblast pro-
genitors'’®, we have also observed that the addition of RANKL and ATRA en-
hances osteoclastogenesis (IV). It is not yet clear if this effect is due to direct
effect of ATRA on osteoclast progenitors or indirectly via effect on the osteo-
blasts present in the culture. This warrants further studies specifically isolating

tion

osteoclast progenitors from these periosteal cell cultures and/or in vivo studies
excising periosteal and/or endocortical osteoclasts in rodents treated with excess
vitamin A. Collectively, there is strong evidence from in vivo, ex vivo, and in vitro
studies that retinoids are able to increase periosteal osteoclast formation and
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resorption, thus mediating the decreased BMD observed in humans and increas-
ing the risk of fractures.

Interestingly, endocortical osteoclasts decrease in response to hypervitaminosis
A (I)'*" *>'® indicating an antagonistic effect of retinoids on osteoclasts at dif-
ferent skeletal sites. Cultures of osteoclast progenitors isolated from blood or
bone marrow have resulted in inhibition of osteoclastogenesis by ATRA when
stimulated by RANKL (111)'3" 1461418 51 inflammatory compounds LPS and TNFa
(I1)'®. These cultures of osteoclast progenitors are void of environmental influ-
ences found in bone marrow such as stromal cells, osteoblasts, and B and T
cells'®. Previous studies in crude bone marrow cell cultures, which contain the
cells void in BMM cultures, also observed abolished osteoclast formation and
resorption with ATRA, suggesting a direct action of retinoids on osteoclast pro-
genitor cells'"'*. These cultures of osteoclast progenitors mimic endocortical
osteoclasts as the bone marrow is adjacent to endocortical bone.

Mechanistically, the direct effects of ATRA on osteoclast differentiation has been
suggested to be due to decreased expression RANK'* or by a decrease in ex-
pression of NFATc|'*'*° Our studies suggested that ATRA inhibits via intracel-
lular signalling independent of surface receptors, but concurs with studies asso-
ciating with inhibition of NFATcI (lll)'®. All in all, hypervitaminosis A effect on
endocortical osteoclasts is similar to findings in in vitro cultures of endocortical
osteoclasts isolated from blood and bone marrow where ATRA is able to inhibit
osteoclastogenesis.

In contrast to the observed negative effects of excess vitamin A under physiolog-
ical conditions, retinoids might have beneficial effects on osteoclasts in inflamma-
tory conditions. ATRA plays a role in immune cell function'”''”® and therefore,
retinoids are used as anti-inflammatory drugs in treatment of numerous inflam-
matory conditions® ** ' Administration of retinoids has been shown to de-
crease inflammation and joint damage caused by arthritis in rodents'®” 20022,
decrease the number of osteoclasts'®’. We have observed in vitro that ATRA is
able to inhibit the formation of osteoclasts induced by inflammatory compounds
LPS and TNFa. These data suggest that vitamin A may prevent inflammatory-
induced secondary osteoporosis and that treatment with retinoid analogues may
result in less negative bone side effects?® 2%,

RARs have been shown to mediate the direct effect of retinoids on osteoclasts.
The expression of all subtypes of RARs, a, B, and y, have been reported to be
present in in vitro cell cultures, ex vivo organ cultures, and in vivo studies'*® "> %,

and
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A pharmacological approach utilised in ex vivo and in vitro experiments have indi-
cated the importance of RARa in mediating the effects of retinoids on osteoclas-
togenesis induced physiologically (Il1)'*” 3% 5% 18 and inflammatory (Ill)'®*, how-
ever, RARy has also been implemented'?. Interestingly, using a gene deletion ap-
proach, knockout of RARa in mice resulted in no detectible bone phenotype'?’,
but RARy knockout mice had reduced BMD and surprisingly, reduced trabecular
bone mass'®’. The role of RAR subtypes in mediating the effects of retinol on
bone needs to be further investigated. Culturing cells from knockout mice or
cells where the specific receptors have been knocked down, or in vivo experi-
ments with cell-specific receptor knockout mice fed hypervitaminosis A diets may
provide further evidence for the roles and significances of the receptors.

5.1.1 Osteoclast Heterogeneity

The ability of vitamin A to enhance periosteal osteoclasts and reduce endocorti-
cal osteoclasts in vivo provides evidence for osteoclast heterogeneity. This is con-
sistent with our observations in vitro where RANKL-induced osteoclastogenesis
is inhibited by ATRA in cultures of pure populations of osteoclast precursors
isolated from the bone marrow and blood (lll) but stimulated in periosteal bone
cell cultures, which contain osteoclast and osteoblast precursors (V). The use of
retinoids provides a method for studying osteoclast heterogeneity which may be
attributed to numerous factors.

Osteoclast heterogeneity may be attributed to observed differences in osteoclast
precursors and monocytes. Human and mouse osteoclast progenitor cells can
differ in their ability to form osteoclasts and in their requirements for stimulatory
cytokines?® 2%, Classical, intermediate, and non-classical are the three subtypes
of human monocytes based on their expression of surface markers CD14 and
CD 6. Classical monocytes harbour the highest capacity to differentiate into os-
teoclasts in healthy individuals®”. In inflammatory conditions intermediate and
non-classical subtypes of monocytes increase in ability to form osteoclasts?'®2'".
Monocytes cultured in vitro have been isolated by the positive expression of
CDl4 on the cell surface'* ', This cell population may consist of all three sub-
types of monocytes and we have shown that ATRA can inhibit inflammatory- and
physiologically-induced osteoclastogenesis in these cells (lIl).

Osteoclast differences may also be observed between different bones. Differ-
ences in proteolytic enzymes used for matrix digestion have been observed in
long bones and calvaria, with mainly CTSK employed in long bone matrix degra-

dation, and matrix metalloproteinases (MMPs) utilized by calvarial osteoclasts®'2.
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Bone-site specific differences in osteoclasts have also been observed in the ex-
pression of TRAP, where calvarial osteoclasts are reported to express more
TRAP compared to long bone osteoclasts*'*?'*, TRAP expression has also been
reported to differ between trabecular osteoclasts and osteoclasts located at the
proximal epiphysis*'®. These data indicate bone-specific and bone site-specific os-
teoclast heterogeneity. In vitamin A studies in vivo, the observed negative effects
on calvaria'®' and long bones (1)'? '?* 3! 132182 did not differ and were a conse-
quence of increased osteoclast numbers.

Osteoclast heterogeneity may also result from environmental differences. The
presence of different cells may attribute to this. Periosteal and endocortical os-
teoclasts respond differently to vitamin A in vivo, as do cultures of pure progeni-
tors (lll) vs. periosteal cells containing osteoblasts and osteoclasts (IV). Studies
using crude bone marrow cell cultures, which contain all environmental cells,
indicate that ATRA effect is directly on osteoclast precursors'®" '**, and cultures
of pure monocytes/macrophages strengthen this evidence as ATRA inhibits for-
mation of osteoclasts (Ill)'®’. These models are reflective of the observed effect
of vitamin A on endocortical osteoclasts. In regards to periosteal osteoclasts, in
in vitro periosteal cell cultures, stimulation of osteoclastogenesis is observed by
ATRA and RANKL (IV), and in in vivo hypervitaminosis A rodent experiments, an
increase in periosteal osteoclasts has been reported (I)'* '?> 1*"'3 These perios-
teal osteoclast effects may be due to the direct effect on osteoclasts or indirectly
via osteoblasts/other cells since periosteal cell cultures contain osteoblasts but
lack other cells present in vivo such as osteocytes which may also contribute to
the observed effects.

Environmental differences causing osteoclast heterogeneity may also pertain to
the local levels of retinol present. Physiological levels of retinol in human serum
range from |-4umol/L and increase with age®® *’. The concentration of ATRA,
the biologically active form of vitamin A and the form most commonly used to
study the effects of retinoids in vitro, is approximately 2-20nmol/L. Mice and rats

216217 and the concentra-

have lower serum ATRA levels compared to humans
tions of ATRA in tissues are higher than in the serum?' since ATRA is produced
locally. Concentrations of ATRA can also vary across regions of tissue. Significant
differences have been reported between the upper and lower regions of rabbit
rib growth plate, whereas the level of retinol was found to be similar in these
locations®'®. Total extracts from rat femur and tibia illustrated retinol concentra-
tions to be approximately 500-600nmol/g and to further increase with excess

vitamin A diet'**. However, the local concentrations of ATRA present in different
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bone compartments under physiological conditions have not been investigated
thoroughly and warrants further research.

5.2 Osteoblasts

In vivo, effects of hypervitaminosis A on osteoblasts has been seldom explored.
Hypervitaminosis A and a clinically relevant dose of vitamin A have been reported
to increase endocortical (I, I1)'** '® and decrease periosteal (I)'*"'3* '8
mineralisation and bone formation. Retinoid effect on osteoblasts in vitro has been
shown to be dose-dependent, with inhibition of differentiation occurring at lower
concentrations, and stimulation observed at high concentrations. In vivo studies
using very high vitamin A doses with strong effects on osteoclasts might have
resulted in an underestimation of the importance of osteoblastic effects. Under
physiological conditions, we have observed that a clinically relevant dose of vita-
min A is able decrease periosteal and increase endocortical bone formation (l).
Furthermore, our novel findings indicate that consumption of an elevated level of
vitamin A can decrease the bone-forming response to mechanical loading in vivo
(I). This suppressed loading response with excess vitamin A is due to decreased
osteoblastic bone formation on the periosteum, similar to previous rodent stud-
ies'*" 1+ 18 Fyrthermore, we have found that vitamin A alone changes the chem-
ical and mechanical properties of bone at endocortical and periosteal bone sur-
faces (Il). Periosteally, vitamin A alone increases crystallinity due to decreased
substitution of carbonate to phosphate. Although this is positive for bone prop-
erties, the addition of loading abolishes this effect. Poor arrangement of mineral
crystals is observed endocortically with vitamin A alone and the bone is less min-
eralised than controls. When loaded, increased endocortical mineral crystallinity
is observed with both diets, however, the decrease in mineralisation observed
with loading due to new bone formation in the control diet is absent with vitamin
A diet. Therefore, in the presence of vitamin A, the addition of loading does not
improve the quality of the bone (Il). These novel data suggest that athletes taking
supplementation containing vitamin A or its constituents must be aware of the
restrictions in bone beneficial effects seen in response to exercise. This also ap-
plies to the exercising elderly which are already at a risk of osteoporosis. These
data suggest that osteoblasts may be of more importance in vitamin A and bone
status than previously acknowledged.

osteoblast
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6. Conclusion

We have studied the role of vitamin A in determining properties of the skeleton
and bone cells in both in vivo animal studies and mechanistic in vitro experiments.
In vivo, we have found that prolonged exposure to clinically relevant concentra-
tions of retinoids is able to decrease cortical bone parameters, an affect mediated
by osteoclasts (1), similar to the observed effects of hypervitaminosis A. We also
found that a clinically relevant concentration of vitamin A is able to affect osteo-
blasts after one week by increasing endocortical and decreasing periosteal bone
formation (l). Furthermore, we have observed that 6 weeks of the same diet is
able to suppress the anabolic bone response to mechanical loading by reducing
bone formation, primarily at the periosteal bone site (Il). We have not observed
a trabecular bone phenotype with clinically relevant doses (I) or a hypervitamino-
sis A dose (I), however, we were able to observe a decrease in the loading-in-
duced increase in trabecular bone with vitamin A (ll). These data give further
evidence that the detrimental effects of excess vitamin A on cortical bone is me-
diated by a combination of the effects on osteoclasts and osteoblasts and that
excess vitamin A may have a negative impact on bone modelling induced by phys-
ical activity.

In vitro, we have found that ATRA is able to inhibit both physiological and inflam-
matory osteoclastogenesis in cultures of pure osteoclast precursors (lll), data
which may help explain the observed inhibition of endocortical osteoclasts in
hypervitaminosis A in vivo (I) and may implicate retinol in preventing inflamma-
tory-induced secondary osteoporosis. We have also found that ATRA is capable
of potentiating physiologically-induced osteoclast formation in periosteal bone
cells (IV), data which may explain why hypervitaminosis A enhances the number
of periosteal osteoclasts (l).

Fortification of food with vitamin A and vitamin A supplementation should be re-
examined as vitamin A status may be a risk factor for secondary osteoporosis.

CONCLUSION 35



36



Acknowledgements

First and foremost, | would like to express my deepest gratitude to my supervi-
sors, without whom this work would have never been possible.

Dear UIf, thank you for your knowledge, time, and support. Your constant posi-
tivity and excitement for science is inspiring and motivating. The knowledge |
have gained under your supervision and your guidance has been invaluable.

Petra, you have gone above and beyond your duties as a supervisor to help me.
Thank you for your patience and encouragement. | am in awe of your ability to
always have the answers. Thank you for your support, enthusiasm, expert advice,
and willingness to help.

Thank you Claes for being available to answer questions.

Thank you to all the co-authors, without whom this work would not have been
achieved. Thank you all for your expertise and continuous assistance.

Thank you to the Euroclast supervisors and students. | have enjoyed our meetings

and am proud of the work we have all accomplished.

Lastly and most importantly, thank you to my family for your unconditional love,
support, and motivation.

ACKNOWLEDGEMENTS 37



38



References

20.

21.

Trumbo, P., Yates, A.A,, Schlicker, S. & Poos, M. Dietary reference intakes: vitamin A, vitamin K,
arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon,
vanadium, and zinc. | Am Diet Assoc 101, 294-301 (2001).

Crow, J.A. & Ong, D.E. Cell-specific immunohistochemical localization of a cellular retinol-
binding protein (type two) in the small intestine of rat. Proc Natl Acad Sci USA 82, 4707-471 |
(1985).

Blomstrand, R. & Werner, B. Studies on the intestinal absorption of radioactive beta-carotene
and vitamin A in man. Conversion of beta-carotene into vitamin A. Scand | Clin Lab Invest 19,
339-345 (1967).

MacDonald, P.N. & Ong, D.E. Evidence for a lecithin-retinol acyltransferase activity in the rat
small intestine. | Biol Chem 263, 12478-12482 (1988).

Ong, D.E., Kakkad, B. & MacDonald, P.N. Acyl-CoA-independent esterification of retinol bound
to cellular retinol-binding protein (type Il) by microsomes from rat small intestine. | Biol Chem
262, 2729-2736 (1987).

Huang, H.S. & Goodman, D.S. Vitamin A and Carotenoids. |. Intestinal absorption and
metabolism of '*C-labelled vitamin A alcohol and B-carotene in the rat. | Biol Chem 240, 2839-
2844 (1965).

Hussain, M.M. et al. Chylomicron assembly and catabolism: role of apolipoproteins and
receptors. Biochim Biophys Acta 1300, I51-170 (1996).

Goodman, D.W.,, Huang, H.S. & Shiratori, T. Tissue distribution and metabolism of newly
absorbed vitamin A in the rat. J Lipid Res 6, 390-396 (1965).

Blomhoff, R., Holte, K., Naess, L. & Berg, T. Newly administered [3H]retinol is transferred from
hepatocytes to stellate cells in liver for storage. Exp Cell Res 150, 186-193 (1984).

Kanai, M., Raz, A. & Goodman, D.S. Retinol-binding protein: the transport protein for vitamin A
in human plasma. J Clin Invest 47, 2025-2044 (1968).

Peterson, P.A. Studies on the interaction between prealbumin, retinol-binding protein, and
vitamin A. | Biol Chem 246, 44-49 (1971).

Episkopou, V. et al. Disruption of the transthyretin gene results in mice with depressed levels of
plasma retinol and thyroid hormone. Proc Natl Acad Sci USA 90, 2375-2379 (1993).

Blomhoff, R. & Blomhoff, H.K. Overview of retinoid metabolism and function. | Neurobiol 66,
606-630 (2006).

Conaway, H.H., Henning, P. & Lerner, U.H. Vitamin a metabolism, action, and role in skeletal
homeostasis. Endocr Rev 34, 766-797 (2013).

Kawaguchi, R. et al. A membrane receptor for retinol binding protein mediates cellular uptake
of vitamin A. Science 315, 820-825 (2007).

Sani, B.P. & Hill, D.L. Retinoic acid: a binding protein in chick embryo metatarsal skin. Biochem
Biophys Res Commun 61, 1276-1282 (1974).

Giguere, V., Ong, ES., Segui, P. & Evans, R.M. Identification of a receptor for the morphogen
retinoic acid. Nature 330, 624-629 (1987).

Petkovich, M., Brand, N.J.,, Krust, A. & Chambon, P. A human retinoic acid receptor which
belongs to the family of nuclear receptors. Nature 330, 444-450 (1987).

Brand, N. et al. Identification of a second human retinoic acid receptor. Nature 332, 850-853
(1988).

Benbrook, D., Lernhardt, E. & Pfahl, M. A new retinoic acid receptor identified from a
hepatocellular carcinoma. Nature 333, 669-672 (1988).

Krust, A., Kastner, P., Petkovich, M., Zelent, A. & Chambon, P. A third human retinoic acid
receptor, hRAR-gamma. Proc Natl Acad Sci USA 86, 5310-5314 (1989).

REFERENCES 39



22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Zelent, A, Krust, A., Petkovich, M., Kastner, P. & Chambon, P. Cloning of murine alpha and beta
retinoic acid receptors and a novel receptor gamma predominantly expressed in skin. Nature
339,714-717 (1989).

Mangelsdorf, D.J., Ong, E.S., Dyck, J.A. & Evans, R.M. Nuclear receptor that identifies a novel
retinoic acid response pathway. Nature 345, 224-229 (1990).

Hamada, K. et al. H-2RIIBP, a member of the nuclear hormone receptor superfamily that binds
to both the regulatory element of major histocompatibility class | genes and the estrogen
response element. Proc Natl Acad Sci USA 86, 8289-8293 (1989).

Mangelsdorf, D.J. et al. Characterization of three RXR genes that mediate the action of 9-cis
retinoic acid. Genes Dev 6, 329-344 (1992).

Kliewer, S.A., Umesono, K., Mangelsdorf, D.J. & Evans, R.M. Retinoid X receptor interacts with
nuclear receptors in retinoic acid, thyroid hormone and vitamin D3 signalling. Nature 355, 446-
449 (1992).

Kliewer, S.A., Umesono, K., Noonan, DJ., Heyman, R.A. & Evans, R.M. Convergence of 9-cis
retinoic acid and peroxisome proliferator signalling pathways through heterodimer formation of
their receptors. Nature 358, 771-774 (1992).

Henning, P., Conaway, H.H. & Lerner, U.H. Retinoid receptors in bone and their role in bone
remodeling. Front Endocrinol (Lausanne) 6, 31 (2015).

Wiseman, E.M., Bar-El Dadon, S. & Reifen, R. The vicious cycle of vitamin a deficiency: A review.
Crit Rev Food Sci Nutr 57, 3703-3714 (2017).

Flier, J.S., Underhill, LH. & Lieber, C.S. Medical disorders of alcoholism. N Engl | Med 333, 1058-
1065 (1995).

Sato, M. & Lieber, C.S. Hepatic vitamin A depletion after chronic ethanol consumption in
baboons and rats. | Nutr 111, 2015-2023 (1981).

Blomstrand, R., Lof, A. & Ostling, H. Studies on the metabolic effects of long-term administration
of ethanol and 4-methylpyrazole in the rat. Vitamin A depletion in the liver. Nutr Metab 21 Suppl
1, 148-151 (1977).

Molotkov, A. & Duester, G. Retinol/ethanol drug interaction during acute alcohol intoxication
in mice involves inhibition of retinol metabolism to retinoic acid by alcohol dehydrogenase. | Biol
Chem 277, 22553-22557 (2002).

Chytil, F. Retinoids in lung development. FASEB | 10, 986-992 (1996).

Barclay, A.)., Foster, A. & Sommer, A. Vitamin A supplements and mortality related to measles:
a randomised clinical trial. BMJ 294, 294-296 (1987).

Hussey, G.D. & Klein, M. A randomized, controlled trial of vitamin A in children with severe
measles. N Engl | Med 323, 160-164 (1990).

Sommer, A. et al. History of nightblindness: a simple tool for xerophthalmia screening. Am J Clin
Nutr 33, 887-891 (1980).

Wang, X.D., Tang, GW,, Fox, ).G., Krinsky, N.I. & Russell, R.M. Enzymatic conversion of beta-
carotene into beta-apo-carotenals and retinoids by human, monkey, ferret, and rat tissues. Arch
Biochem Biophys 285, 8-16 (1991).

Wald, G. & Hubbard, R. The Synthesis of Rhodopsin from Vitamin A,. Proc Natl Acad Sci USA 36,
92-102 (1950).

Sommer, A. Xerophthalmia and vitamin A status. Prog Retin Eye Res 17, 9-31 (1998).

Muhilal, Permeisih, D., Idjradinata, Y.R., Muherdiyantiningsih & Karyadi, D. Vitamin A-fortified
monosodium glutamate and health, growth, and survival of children: a controlled field trial. Am J
Clin Nutr 48, 1271-1276 (1988).

Rahmathullah, L. et al. Reduced mortality among children in southern India receiving a small
weekly dose of vitamin A. N Engl | Med 323, 929-935 (1990).

Humphrey, J.H. et al. Impact of neonatal vitamin A supplementation on infant morbidity and
mortality. | Pediatr 128, 489-496 (1996).

Donnen, P. et al. Randomized placebo-controlled clinical trial of the effect of a single high dose
or daily low doses of vitamin A on the morbidity of hospitalized, malnourished children. Am J
Clin Nutr 68, 1254-1260 (1998).

Barreto, M.L. et al. Effect of vitamin A supplementation on diarrhoea and acute lower-
respiratory-tract infections in young children in Brazil. Lancet 344, 228-231 (1994).

Katz, . et al. Impact of vitamin A supplementation on prevalence and incidence of xerophthalmia
in Nepal. Invest Ophthalmol Vis Sci 36, 2577-2583 (1995).

40

REFERENCES



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sommer, A. et al. Impact of vitamin A supplementation on childhood mortality: A Randomised
Controlled Community Trial. Lancet 327, 1169-1173 (1986).

Bailey, R.L. et al. Dietary supplement use in the United States, 2003-2006. | Nutr 141, 261-266
(2011).

Radimer, K. et al. Dietary supplement use by US adults: Data from the National Health and
Nutrition Examination Survey, 1999-2000. Am | Epidemiol 160, 339-349 (2004).

Maughan, RJ., Depiesse, F. & Geyer, H. The use of dietary supplements by athletes. | Sports Sci
25, 103-113 (2007).

Ascenso, A. et dl. Is tretinoin still a key agent for photoaging management? Mini Rev Med Chem
14, 629-641 (2014).

Ward, A, Brogden, R.N., Heel, R.C., Speight, T.M. & Avery, G.S. Etretinate: A Review of its
Pharmacological Properties and Therapeutic Efficacy in Psoriasis and Other Skin Disorders.
Drugs 26, 9-43 (1983).

Thacher, S.M., Vasudevan, J., Tsang, K.Y., Nagpal, S. & Chandraratna, R.A.S. New dermatological
agents for the treatment of psoriasis. | Med Chem 44, 281-297 (2001).

Peck, G.L. et al. Prolonged remissions of cystic and conglobate acne with |3-cis-retinoic acid. N
Engl ] Med 300, 329-333 (1979).

Zaenglein, A.L. et al. Guidelines of care for the management of acne vulgaris. | Am Acad Dermatol
74, 945-973e933 (2016).

Krasinski, S.D. et al. Relationship of vitamin A and vitamin E intake to fasting plasma retinol,
retinol-binding protein, retinyl esters, carotene, alpha-tocopherol, and cholesterol among elderly
people and young adults: increased plasma retinyl esters among vitamin A-supplement users. Am
J Clin Nutr 49, 112-120 (1989).

Michaelsson, K., Lithell, H., Vessby, B. & Melhus, H. Serum retinol levels and the risk of fracture.
N Engl | Med 348, 287-294 (2003).

Croquet, V. et al. Hepatic hyper-vitaminosis A: importance of retinyl ester level determination.
Eur | Gastroenterol Hepatol 12, 361-364 (2000).

Ballew, C., Bowman, B.A,, Russell, R.M., Sowell, A.L. & Gillespie, C. Serum retinyl esters are not
associated with biochemical markers of liver dysfunction in adult participants in the third
National Health and Nutrition Examination Survey (NHANES IIl), 1988-1994. Am | Clin Nutr 73,
934-940 (2001).

Lerner, U.H. Osteoblasts, Osteoclasts, and Osteocytes: Unveiling Their Intimate-Associated
Responses to Applied Orthodontic Forces. Semin Orthod 18, 237-248 (2012).

Parfitt, A.M. The coupling of bone formation to bone resorption: a critical analysis of the concept
and of its relevance to the pathogenesis of osteoporosis. Metab Bone Dis Relat Res 4, -6 (1982).
Tanaka, S. et al. Macrophage colony-stimulating factor is indispensable for both proliferation and
differentiation of osteoclast progenitors. | Clin Invest 91, 257-263 (1993).

Lin, H. et al. Discovery of a cytokine and its receptor by functional screening of the extracellular
proteome. Science 320, 807-811 (2008).

Chen, Z., Buki, K., Védiraniemi, )., Gu, G. & Vainanen, H.K. The critical role of IL-34 in
osteoclastogenesis. PloS One 6 (201 1).

Kobayashi, N. et al. Segregation of TRAF6-mediated signaling pathways clarifies its role in
osteoclastogenesis. EMBO J 20, 1271-1280 (2001).

Mizukami, J. et al. Receptor activator of NF-kappaB ligand (RANKL) activates TAKI mitogen-
activated protein kinase kinase kinase through a signaling complex containing RANK, TAB2, and
TRAF6. Mol Cell Biol 22, 992-1000 (2002).

Li, X. et al. p38 MAPK-mediated signals are required for inducing osteoclast differentiation but
not for osteoclast function. Endocrinology 143, 3105-3113 (2002).

David, J.P., Sabapathy, K., Hoffmann, O., Idarraga, M.H. & Woagner, E.F. ]NKI modulates
osteoclastogenesis through both c-Jun phosphorylation-dependent and -independent
mechanisms. | Cell Sci 115, 4317-4325 (2002).

He, Y. et al. Erkl| positively regulates osteoclast differentiation and bone resorptive activity. PloS
One 6, €24780 (201 1).

Wong, B.R. et al. TRANCE, a TNF family member, activates Akt/PKB through a signaling complex
involving TRAF6 and c-Src. Mol Cell 4, 1041-1049 (1999).

REFERENCES 41



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l.

92.

93.

94.

95.

Moon, ).B. et al. Akt induces osteoclast differentiation through regulating the GSK3beta/NFATc|I
signaling cascade. | Immunol 188, 163-169 (2012).

Vanhaesebroeck, B. & Alessi, D.R. The PI3K-PDKI connection: more than just a road to PKB.
Biochem | 346 Pt 3, 561-576 (2000).

Franzoso, G. et al. Requirement for NF-kappaB in osteoclast and B-cell development. Genes Dev
11, 3482-3496 (1997).

lotsova, V. et al. Osteopetrosis in mice lacking NF-kappaB| and NF-kappaB2. Nat Med 3, 1285-
1289 (1997).

Asagiri, M. et al. Autoamplification of NFATc| expression determines its essential role in bone
homeostasis. | Exp Med 202, 1261-1269 (2005).

Takayanagi, H. et al. Induction and activation of the transcription factor NFATcl (NFAT2)
integrate RANKL signaling in terminal differentiation of osteoclasts. Dev Cell 3, 889-901 (2002).
Yagi, M. et al. DC-STAMP is essential for cell-cell fusion in osteoclasts and foreign body giant
cells. | Exp Med 202, 345-351 (2005).

Sabokbar, A., Mahoney, D, Hemingway, F. & Athanasou, N.A. Non-Canonical (RANKL-
Independent) Pathways of Osteoclast Differentiation and Their Role in Musculoskeletal Diseases.
Clin Rev Allergy Immunol 51, 16-26 (2016).

Kobayashi, K. et al. Tumor necrosis factor alpha stimulates osteoclast differentiation by a
mechanism independent of the ODF/RANKL-RANK interaction. | Exp Med 191, 275-286 (2000).
Azuma, Y., Kaji, K., Katogi, R., Takeshita, S. & Kudo, A. Tumor necrosis factor-alpha induces
differentiation of and bone resorption by osteoclasts. | Biol Chem 275, 4858-4864 (2000).
Yamashita, T. et al. NF-kB p50 and p52 regulate receptor activator of NF-kB ligand (RANKL)
and tumor necrosis factor-induced osteoclast precursor differentiation by activating c-Fos and
NFATcI. J Biol Chem 282, 18245-18253 (2007).

Zou, W. & Bar-Shavit, Z. Dual modulation of osteoclast differentiation by lipopolysaccharide. |
Bone Miner Res 17, 1211-1218 (2002).

Grevers, L.C. et al. SI00A8 enhances osteoclastic bone resorption in vitro through activation of
Toll-like receptor 4: Implications for bone destruction in murine antigen-induced arthritis.
Arthritis Rheumtol 63, 1365-1375 (2011).

Copp, D.H., Cameron, E.C., Cheney, B.A., Davidson, A.G. & Henze, K.G. Evidence for calcitonin-
a new hormone from the parathyroid that lowers blood calcium. Endocrinology 70, 638-649
(1962).

Friedman, J. & Raisz, L.G. Thyrocalcitonin: inhibitor of bone resorption in tissue culture. Science
150, 1465-1467 (1965).

Crockett, ].C., Rogers, M., Coxon, F.P.,, Hocking, L. & Helfrich, M.H. Bone remodelling at a
glance. | Cell Sci 124, 991-998 (2011).

Green, A.C., Martin, T.J. & Purton, L.E. The role of vitamin A and retinoic acid receptor signaling
in post-natal maintenance of bone. J Steroid Biochem Mol Biol 155, 135-146 (2016).

Blair, H.C., Teitelbaum, S.L., Ghiselli, R. & Gluck, S. Osteoclastic bone resorption by a polarized
vacuolar proton pump. Science 245, 855-857 (1989).

Silver, LA, Murrills, RJ. & Etherington, DJ. Microelectrode studies on the acid
microenvironment beneath adherent macrophages and osteoclasts. Exp Cell Res 175, 266-276
(1988).

Drake, F.H. et al. Cathepsin K, but not cathepsins B, L, or S, is abundantly expressed in human
osteoclasts. | Biol Chem 271, 12511-12516 (1996).

Gowen, M. et al. Cathepsin K knockout mice develop osteopetrosis due to a deficit in matrix
degradation but not demineralization. | Bone Miner Res 14, 1654-1663 (1999).

Saftig, P. et al. Impaired osteoclastic bone resorption leads to osteopetrosis in cathepsin-K-
deficient mice. Proc Natl Acad Sci USA 95, 13453-13458 (1998).

Minkin, C. Bone acid phosphatase: tartrate-resistant acid phosphatase as a marker of osteoclast
function. Calcif Tissue Int 34, 285-290 (1982).

Burstone, M.S. Histochemical demonstration of acid phosphatase activity in osteoclasts. |
Histochem Cytochem 7, 39-41 (1959).

Nesbitt, S.A. & Horton, M.A. Trafficking of matrix collagens through bone-resorbing osteoclasts.
Science 276, 266-269 (1997).

42

REFERENCES



96.

97.

98.

99.

100.

101.

102.
103.
104.
105.
106.
107.
108.
109.

110.

112

113.

114.

115,

116.

117.

118.

119.

120.

121.

122.

Rosen, H.N. et al. Serum CTX: a new marker of bone resorption that shows treatment effect
more often than other markers because of low coefficient of variability and large changes with
bisphosphonate therapy. Calcif Tissue Int 66, 100-103 (2000).

Komori, T. et al. Targeted disruption of Cbfal results in a complete lack of bone formation
owing to maturational arrest of osteoblasts. Cell 89, 755-764 (1997).

Otto, F. et al. Cbfal, a candidate gene for cleidocranial dysplasia syndrome, is essential for
osteoblast differentiation and bone development. Cell 89, 765-771 (1997).

Nakashima, K. et al. The novel zinc finger-containing transcription factor osterix is required for
osteoblast differentiation and bone formation. Cell 108, 17-29 (2002).

Lee, N.K. et al. Endocrine regulation of energy metabolism by the skeleton. Cell 130, 456-469
(2007).

Boyce, B.F. & Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch
Biochem Biophys 473, 139-146 (2008).

Wei, S., Kitaura, H., Zhou, P, Ross, F.P. & Teitelbaum, S.L. IL-] mediates TNF-induced
osteoclastogenesis. | Clin Invest 115, 282-290 (2005).

Rochefort, G.Y., Pallu, S. & Benhamou, C.L. Osteocyte: the unrecognized side of bone tissue.
Osteoporos Int 21, 1457-1469 (2010).

Capulli, M., Paone, R. & Rucci, N. Osteoblast and osteocyte: games without frontiers. Arch
Biochem Biophys 561, 3-12 (2014).

Krishnan, V., Bryant, H.U. & MacDougald, O.A. Regulation of bone mass by Wnt signaling. | Clin
Invest 116, 1202-1209 (2006).

Clarke, B. Normal Bone Anatomy and Physiology. Clin | Am Soc Nephrol 3, SI31-S139 (2008).
Sambrook, P. & Cooper, C. Osteoporosis. Lancet 367, 2010-2018 (2006).

Raisz, L.G. Pathogenesis of osteoporosis: Concepts, conflicts, and prospects. | Clin Invest 115,
3318-3325 (2005).

Cummings, S.R. & Melton lii, L.J. Osteoporosis |: Epidemiology and outcomes of osteoporotic
fractures. Lancet 359, 1761-1767 (2002).

van Staa, T.P., Dennison, E.M,, Leufkens, H.G. & Cooper, C. Epidemiology of fractures in England
and Wales. Bone 29, 517-522 (2001).

. Office of the Surgeon, G. Reports of the Surgeon General, in Bone Health and Osteoporosis: A

Report of the Surgeon General (Office of the Surgeon General (US), Rockville (MD); 2004).
Souza, P.P. & Lerner, U.H. The role of cytokines in inflammatory bone loss. Immunol Invest 42,
555-622 (2013).

Wolbach, S.B. Vitamin-A deficiency and excess in relation to skeletal growth. | Bone Joint Surg
Am 29, 171-192 (1947).

Wilson, J.G., Roth, C.B. & Warkany, J. An analysis of the syndrome of malformations induced by
maternal vitamin A deficiency. Effects of restoration of vitamin A at various times during
gestation. Am J Anat 92, 189-217 (1953).

Durston, AJ. et al. Retinoic acid causes an anteroposterior transformation in the developing
central nervous system. Nature 340, 140-144 (1989).

Lohnes, D. et al. Function of the retinoic acid receptors (RARs) during development (l).
Craniofacial and skeletal abnormalities in RAR double mutants. Development 120, 2723-2748
(1994).

Melhus, H. et al. Excessive dietary intake of vitamin A is associated with reduced bone mineral
density and increased risk for hip fracture. Ann Intern Med 129, 770-778 (1998).
Navarro-Valverde, C. et al. High Serum Retinol as a Relevant Contributor to Low Bone Mineral
Density in Postmenopausal Osteoporotic Women. Calcif Tissue Int 102, 651-656 (2018).
Promislow, J.H., Goodman-Gruen, D., Slymen, D .. & Barrett-Connor, E. Retinol intake and bone
mineral density in the elderly: the Rancho Bernardo Study. | Bone Miner Res 17, 1349-1358
(2002).

Feskanich, D., Singh, V., Willett, W.C. & Colditz, G.A. Vitamin a intake and hip fractures among
postmenopausal women. JAMA 287, 47-54 (2002).

Wu, AM. et al. The relationship between vitamin a and risk of fracture: Meta-analysis of
prospective studies. | Bone Miner Res 29, 2032-2039 (2014).

Barker, M.E. et al. Serum retinoids and beta-carotene as predictors of hip and other fractures in
elderly women. | Bone Miner Res 20, 913-920 (2005).

REFERENCES 43



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Sowers, M.F. & Wallace, R.B. Retinol, supplemental vitamin A and bone status. | Clin Epidemiol
43, 693-699 (1990).

Wolf, R.L. et al. Lack of a relation between vitamin and mineral antioxidants and bone mineral
density: results from the Women's Health Initiative. Am | Clin Nutr 82, 581-588 (2005).
Kaptoge, S. et al. Effects of dietary nutrients and food groups on bone loss from the proximal
femur in men and women in the 7th and 8th decades of age. Osteoporos Int 14, 418-428 (2003).
Ballew, C., Galuska, D. & Gillespie, C. High serum retinyl esters are not associated with reduced
bone mineral density in the Third National Health And Nutrition Examination Survey, 1988-
1994. | Bone Miner Res 16, 2306-2312 (2001).

Opotowsky, A.R. & Bilezikian, ].P. Serum vitamin A concentration and the risk of hip fracture
among women 50 to 74 years old in the United States: a prospective analysis of the NHANES |
follow-up study. Am | Med 117, 169-174 (2004).

Trechsel, U., Stutzer, A. & Fleisch, H. Hypercalcemia induced with an arotinoid in
thyroparathyroidectomized rats. New model to study bone resorption in vivo. | Clin Invest 80,
1679-1686 (1987).

Hough, S. et al. Effects of hypervitaminosis A on the bone and mineral metabolism of the rat.
Endocrinology 122, 2933-2939 (1988).

Johansson, S. et al. Subclinical hypervitaminosis A causes fragile bones in rats. Bone 31, 685-689
(2002).

Kneissel, M., Studer, A., Cortesi, R. & Susa, M. Retinoid-induced bone thinning is caused by
subperiosteal osteoclast activity in adult rodents. Bone 36, 202-214 (2005).

Lind, T. et al. High dietary intake of retinol leads to bone marrow hypoxia and diaphyseal
endosteal mineralization in rats. Bone 48, 496-506 (2011).

Wray, A.E., Okita, N. & Ross, A.C. Cortical and trabecular bone, bone mineral density, and
resistance to ex vivo fracture are not altered in response to life-long vitamin A supplementation
in aging rats. | Nutr 141, 660-666 (2011).

Lind, T. et al. Vitamin a is a negative regulator of osteoblast mineralization. PloS One 8, €82388
(2013).

Nallamshetty, S. et al. Deficiency of retinaldehyde dehydrogenase | induces BMP2 and increases
bone mass in vivo. PloS One 8, 71307 (2013).

Yorgan, T.A. et al. Inmediate effects of retinoic acid on gene expression in primary murine
osteoblasts. | Bone Miner Metab 34, 161-170 (2016).

Green, A.C. et al. RARgamma is a negative regulator of osteoclastogenesis. | Steroid Biochem Mol
Biol 150, 46-53 (2015).

Conaway, H.H. et al. Retinoids stimulate periosteal bone resorption by enhancing the protein
RANKL, a response inhibited by monomeric glucocorticoid receptor. | Biol Chem 286, 31425-
31436 (2011).

Raisz, L.G., Simmons, H.A.,, Gworek, S.C. & Eilon, G. Studies on congenital osteopetrosis in
microphthalmic mice using organ cultures: impairment of bone resorption in response to
physiologic stimulators. | Exp Med 145, 857-865 (1977).

Delaisse, J.M., Eeckhout, Y. & Vaes, G. Bone-resorbing agents affect the production and
distribution of procollagenase as well as the activity of collagenase in bone tissue. Endocrinology
123, 264-276 (1988).

Togari, A., Kondo, M., Arai, M. & Matsumoto, S. Effects of retinoic acid on bone formation and
resorption in cultured mouse calvaria. Gen Pharmacol 22, 287-292 (1991).

Kindmark, A., Melhus, H., Ljunghall, S. & Ljunggren, O. Inhibitory effects of 9-cis and all-trans
retinoic acid on [,25(OH)2 vitamin D3-induced bone resorption. Calcif Tissue Int 57, 242-244
(1995).

Conaway, H.H., Grigorie, D. & Lerner, U.H. Differential effects of glucocorticoids on bone
resorption in neonatal mouse calvariae stimulated by peptide and steroid-like hormones. |
Endocrinol 155, 513-521 (1997).

Scheven, B.A. & Hamilton, N.J. Retinoic acid and |,25-dihydroxyvitamin D3 stimulate osteoclast
formation by different mechanisms. Bone 11, 53-59 (1990).

Raisz, L.G. Bone Resorption in Tissue Culture. Factors Influencing the Response to Parathyroid
Hormone. | Clin Invest 44, 103-116 (1965).

44

REFERENCES



146.

147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Hu, L, Lind, T., Sundqvist, A., Jacobson, A. & Melhus, H. Retinoic acid increases proliferation of
human osteoclast progenitors and inhibits RANKL-stimulated osteoclast differentiation by
suppressing RANK. PloS One 5, e13305 (2010).

Thavarajah, M., Evans, D.B. & Kanis, J.A. 1,25(OH)2D3 induces differentiation of osteoclast-like
cells from human bone marrow cultures. Biochem Biophys Res Commun 176, 1189-1195 (1991).
Hata, K., Kukita, T. Akamine, A, Kukita, A. & Kurisu, K. Trypsinized osteoclast-like
multinucleated cells formed in rat bone marrow cultures efficiently form resorption lacunae on
dentine. Bone 13, 139-146 (1992).

Conaway, H.H. et al. Retinoids inhibit differentiation of hematopoietic osteoclast progenitors.
FASEB | 23, 3526-3538 (2009).

Balkan, W., Rodriguez-Gonzalez, M., Pang, M., Fernandez, |. & Troen, B.R. Retinoic acid inhibits
NFATc| expression and osteoclast differentiation. | Bone Miner Metab 29, 652-661 (2011).
Song, H.M. et al. High-dose retinoic acid modulates rat calvarial osteoblast biology. | Cell Physiol
202, 255-262 (2005).

Nakayama, Y. et al. Functional modes of retinoic acid in mouse osteoblastic clone MC3T3-El,
proved as a target cell for retinoic acid. FEBS Lett 261, 93-96 (1990).

Park, C.K., Ishimi, Y., Ohmura, M., Yamaguchi, M. & lkegami, S. Vitamin A and carotenoids
stimulate differentiation of mouse osteoblastic cells. | Nutr Sci Vitaminol 43, 281-296 (1997).
Choong, P.F., Martin, T.J. & Ng, K.W. Effects of ascorbic acid, calcitriol, and retinoic acid on the
differentiation of preosteoblasts. | Orthop Res |1, 638-647 (1993).

Gazit, D,, Ebner, R., Kahn, AJ. & Derynck, R. Modulation of expression and cell surface binding
of members of the transforming growth factor-beta superfamily during retinoic acid-induced
osteoblastic differentiation of multipotential mesenchymal cells. Mol Endocrinol 7, 189-198
(1993).

Zhang, W. et al. Retinoic acids potentiate BMP9-induced osteogenic differentiation of
mesenchymal progenitor cells. PloS One 5, el 1917 (2010).

Hisada, K. et al. Retinoic acid regulates commitment of undifferentiated mesenchymal stem cells
into osteoblasts and adipocytes. | Bone Miner Metab 31, 53-63 (2013).

Shimono, K. et al. Potent inhibition of heterotopic ossification by nuclear retinoic acid receptor-
gamma agonists. Nat Med 17, 454-460 (2011).

Jilka, R.L. The Relevance of Mouse Models for Investigating Age-Related Bone Loss in Humans. |
Gerontol A Biol Sci Med Sci 68, 1209-1217 (2013).

Brodt, M.D., Ellis, C.B. & Silva, M.J. Growing C57BI/6 mice increase whole bone mechanical
properties by increasing geometric and material properties. | Bone Miner Res 14, 2159-2166
(1999).

Somerville, ].M., Aspden, R.M., Armour, K.E., Armour, KJ. & Reid, D.M. Growth of C57BL/6
mice and the material and mechanical properties of cortical bone from the tibia. Calcif Tissue Int
74, 469-475 (2004).

Beamer, W.G., Donahue, L.R., Rosen, C.J. & Baylink, D.J. Genetic variability in adult bone density
among inbred strains of mice. Bone 18, 397-403 (1996).

De Souza, R.L. et al. Non-invasive axial loading of mouse tibiae increases cortical bone formation
and modifies trabecular organization: a new model to study cortical and cancellous
compartments in a single loaded element. Bone 37, 810-818 (2005).

Sugiyama, T., Price, J.S. & Lanyon, L.E. Functional adaptation to mechanical loading in both cortical
and cancellous bone is controlled locally and is confined to the loaded bones. Bone 46, 314-321
(2010).

Sztefek, P. et al. Using digital image correlation to determine bone surface strains during loading
and after adaptation of the mouse tibia. | Biomech 43, 599-605 (2010).

Meakin, L.B., Galea, G.L., Sugiyama, T., Lanyon, L.E. & Price, ].S. Age-related impairment of bones'
adaptive response to loading in mice is associated with sex-related deficiencies in osteoblasts
but no change in osteocytes. | Bone Miner Res 29, 1859-1871 (2014).

Robling, A.G., Burr, D.B. & Turner, C.H. Recovery periods restore mechanosensitivity to
dynamically loaded bone. | Exp Biol 204, 3389-3399 (2001).

Obrochta, K.M., Kane, M.A. & Napoli, J.L. Effects of diet and strain on mouse serum and tissue
retinoid concentrations. PloS One 9, €99435 (2014).

O'Byrne, S.M. & Blaner, W.S. Retinol and retinyl esters: Biochemistry and physiology. | Lipid Res
54, 1731-1743 (2013).

REFERENCES 45



170.

17

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Bouxsein, M.L. et al. Guidelines for assessment of bone microstructure in rodents using micro-
computed tomography. | Bone Miner Res 25, 1468-1486 (2010).

. van Gaalen, S.M. et al. Use of fluorochrome labels in in vivo bone tissue engineering research.

Tissue Eng Part B Rev 16, 209-217 (2010).

Dempster, D.W. et al. Standardized nomenclature, symbols, and units for bone
histomorphometry: a 2012 update of the report of the ASBMR Histomorphometry
Nomenclature Committee. | Bone Miner Res 28, 2-17 (2013).

Depalle, B., Qin, Z., Shefelbine, S.J. & Buehler, M. Large Deformation Mechanisms, Plasticity,
and Failure of an Individual Collagen Fibril With Different Mineral Content. | Bone Miner Res 31,
380-390 (2016).

Gourion-Arsiquaud, S. et al. Use of FTIR spectroscopic imaging to identify parameters associated
with fragility fracture | Bone Miner Res 24, 1565-1571 (2009).

McCreadie, B.R. et al. Bone tissue compositional differences in women with and without
osteoporotic fracture. Bone 39, | 190-1195 (2006).

Sorensen, M.G. et al. Characterization of osteoclasts derived from CD |4+ monocytes isolated
from peripheral blood. | Bone Miner Metab 25, 36-45 (2007).

Takeshita, S., Kaji, K. & Kudo, A. ldentification and characterization of the new osteoclast
progenitor with macrophage phenotypes being able to differentiate into mature osteoclasts. |
Bone Miner Res 15, 1477-1488 (2000).

Granholm, S., Henning, P., Lindholm, C. & Lerner, U.H. Osteoclast progenitor cells present in
significant amounts in mouse calvarial osteoblast isolations and osteoclastogenesis increased by
BMP-2. Bone 52, 83-92 (2013).

Bakker, A.D. & Klein-Nulend, . Osteoblast isolation from murine calvaria and long bones in
Methods in Molecular Biology, Vol. 816 19-29 (2012).

Mahmood, T. & Yang, P.-C. Western Blot: Technique, Theory, and Trouble Shooting. N Am |
Med Sci 4, 429-434 (2012).

Lind, T. et al. Excessive dietary intake of vitamin A reduces skull bone thickness in mice. PloS One
12, 0176217 (2017).

Lionikaite, V. et al. Clinically relevant doses of vitamin A decrease cortical bone mass in mice. |
Endocrinol 239, 389-402 (2018).

Bergstrom, |. et al. Compressive loading of the murine tibia reveals site-specific micro-scale
differences in adaptation and maturation rates of bone. Osteoporos Int 28, 1 121-1131 (2017).
Bergstrom, I. et al. Prednisolone treatment reduces the osteogenic effects of loading in mice.
Bone 112, 10-18 (2018).

Fonseca, H., Moreira-Gongalves, D., Coriolano, HJ.A. & Duarte, ). A. Bone quality: The
determinants of bone strength and fragility. Sports Med 44, 37-53 (2014).

Wang, X. et al. Effects of geranylgeranoic acid in bone: Induction of osteoblast differentiation and
inhibition of osteoclast formation. | Bone Miner Res 17, 91-100 (2002).

Kwok, S.K. et al. Retinoic acid attenuates rheumatoid inflammation in mice. | Immunol 189, 1062-
1071 (2012).

Zhao, B. et al. Interferon regulatory factor-8 regulates bone metabolism by suppressing
osteoclastogenesis. Nat Med 15, 1066-1071 (2009).

Lionikaite, V., Westerlund, A., Conaway, H.H., Henning, P. & Lerner, U.H. Effects of retinoids
on physiologic and inflammatory osteoclastogenesis in vitro. | Leukoc Biol (2018).

Granholm, S., Lundberg, P. & Lerner, U.H. Calcitonin inhibits osteoclast formation in mouse
haematopoetic cells independently of transcriptional regulation by receptor activator of NF-«kB
and c-Fms. J Endocrinol 195, 415-427 (2007).

Benson, M., Pino-Lagos, K., Rosemblatt, M. & Noelle, R]. All-trans retinoic acid mediates
enhanced T reg cell growth, differentiation, and gut homing in the face of high levels of co-
stimulation. | Exp Med 204, 1765-1774 (2007).

Coombes, |.L. et al. A functionally specialized population of mucosal CD103+ DCs induces
Foxp3+ regulatory T cells via a TGF-B -and retinoic acid-dependent mechanism. | Exp Med 204,
1757-1764 (2007).

Mucida, D. et al. Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid.
Science 317, 256-260 (2007).

Zhou, X. et al. Cutting edge: All-trans retinoic acid sustains the stability and function of natural
regulatory T cells in an inflammatory milieu. | Immunol 185, 2675-2679 (2010).

46

REFERENCES



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Tejon, G. et al. Vitamin A Impairs the Reprogramming of Tregs into IL-17-Producing Cells during
Intestinal Inflammation. BioMed Res Int 2015 (2015).

Kuhn, A. et al. S2k guideline for treatment of cutaneous lupus erythematosus - guided by the
European Dermatology Forum (EDF) in cooperation with the European Academy of
Dermatology and Venereology (EADV). | Eur Acad Dermatol Venereol (2016).

Bai, A. et al. All-trans retinoic acid down-regulates inflammatory responses by shifting the
Treg/Th17 profile in human ulcerative and murine colitis. | Leukoc Biol 86, 959-969 (2009).
Racke, M.K. et al. Retinoid treatment of experimental allergic encephalomyelitis: IL-4 production
correlates with improved disease course. | Immunol 154, 450-458 (1995).

Pérez De Lema, G. et al. Retinoic acid treatment protects MRL/Ipr lupus mice from the
development of glomerular disease. Kidney Int 66, 1018-1028 (2004).

Brinckerhoff, C.E., Coffey, ].W. & Sullivan, A.C. Inflammation and collagenase production in rats
with adjuvant arthritis reduced with |3-cis-retinoic acid. Science 221, 756-758 (1983).
Kuwabara, K., Shudo, K. & Hori, Y. Novel synthetic retinoic acid inhibits rat collagen arthritis
and differentially affects serum immunoglobulin subclass levels. FEBS Lett 378, 153-156 (1996).
Nozaki, Y. et al. Anti-inflammatory effect of all-trans-retinoic acid in inflammatory arthritis. Clin
Immunol 119, 272-279 (2006).

Vestergaard, P., Rejnmark, L. & Mosekilde, L. High-dose treatment with vitamin A analogues and
risk of fractures. Arch Dermatol 146, 478-482 (2010).

Hoover, K.B., Miller, C.G., Galante, N.C. & Langman, C.B. A double-blind, randomized, Phase llI,
multicenter study in 358 pediatric subjects receiving isotretinoin therapy demonstrates no effect
on pediatric bone mineral density. Osteoporos Int 26, 2441-2447 (2015).

de Vries, T.J., Schoenmaker, T., Hooibrink, B., Leenen, P.J. & Everts, V. Myeloid blasts are the
mouse bone marrow cells prone to differentiate into osteoclasts. | Leukoc Biol 85, 919-927
(2009).

206. Jacquin, C., Gran, D.E,, Lee, S.K,, Lorenzo, J.A. & Aguila, H.L. Identification of multiple osteoclast

207.

208.

209.

210.

21

212.

213.

214.

215.

216.

217.

218.

precursor populations in murine bone marrow. | Bone Miner Res 21, 67-77 (2006).

Sprangers, S., de Vries, T.J. & Everts, V. Monocyte Heterogeneity: Consequences for Monocyte-
Derived Immune Cells. | Immunol Res 2016, 1475435 (2016).

Nikolic, T., de Bruijn, M.F,, Lutz, M.B. & Leenen, P.J. Developmental stages of myeloid dendritic
cells in mouse bone marrow. Int Immunol 15, 515-524 (2003).

Zhou, Y., Deng, HW. & Shen, H. Circulating monocytes: an appropriate model for bone-related
study. Osteoporos Int 26, 2561-2572 (2015).

Seeling, M. et al. Inflammatory monocytes and Fcgamma receptor IV on osteoclasts are critical
for bone destruction during inflammatory arthritis in mice. Proc Natl Acad Sci USA 110, 10729-
10734 (2013).

. Alnaeeli, M., Park, J., Mahamed, D., Penninger, .M. & Teng, Y.T. Dendritic cells at the osteo-

immune interface: implications for inflammation-induced bone loss. | Bone Miner Res 22, 775-780
(2007).

Everts, V. et al. Functional heterogeneity of osteoclasts: matrix metalloproteinases participate in
osteoclastic resorption of calvarial bone but not in resorption of long bone. FASEB | 13, 1219-
1230 (1999).

Perez-Amodio, S. et al. Calvarial osteoclasts express a higher level of tartrate-resistant acid
phosphatase than long bone osteoclasts and activation does not depend on cathepsin K or L
activity. Calcif Tissue Int 79, 245-254 (2006).

Ek-Rylander, B., Flores, M., Wendel, M., Heinegard, D. & Andersson, G. Dephosphorylation of
osteopontin and bone sialoprotein by osteoclastic tartrate-resistant acid phosphatase.
Modulation of osteoclast adhesion in vitro. | Biol Chem 269, 14853-14856 (1994).

Zenger, S. et al. Proteolytic processing and polarized secretion of tartrate-resistant acid
phosphatase is altered in a subpopulation of metaphyseal osteoclasts in cathepsin K-deficient
mice. Bone 41, 820-832 (2007).

Schmidt, C.K., Brouwer, A. & Nau, H. Chromatographic analysis of endogenous retinoids in
tissues and serum. Anal Biochem 315, 36-48 (2003).

Kane, M.A., Chen, N., Sparks, S. & Napoli, J.L. Quantification of endogenous retinoic acid in
limited biological samples by LC/MS/MS. Biochem | 388, 363-369 (2005).

Williams, J.A. et al. Endogenous retinoids in mammalian growth plate cartilage: analysis and roles
in matrix homeostasis and turnover. | Biol Chem 285, 36674-36681 (2010).

REFERENCES 47




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     16
     15
     16
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     14
     13
     14
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     5
     12
     11
     12
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     524
     229
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     9
     18
     17
     18
      

   1
  

 HistoryList_V1
 qi2base





