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Abstract Bone formation and degradation are perfectly
coordinated. In case of an imbalance of these processes
diseases occur associated with exaggerated formation of
new bone or bone loss as in osteoporosis. Most studies
investigating osteoporosis either focus on osteoblast or
osteoclast function and differentiation. Both processes have
been suggested to be affected by reactive oxygen species
(ROS). Besides a potentially harmful role of ROS, these
small molecules are important second messengers. The
family of NADPH oxidases produces ROS in a controlled
and targeted manner, to specifically regulate signal trans-
duction. This review will highlight the role of reactive
oxygen species in bone cell differentiation and bone-loss
associated disease with a special focus on osteoporosis and
NADPH oxidases as specialized sources of ROS.
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NAC N-acetyl-cysteine

RANK Receptor activator of nuclear factor (NF)-xB—
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Introduction

Bone is not a static structure but rather an organ with a
relatively high turnover. Its constant formation and deg-
radation is tightly regulated and maintains the proper
function and adaptation to load of the skeleton. Three
different cells contribute to this process: osteoblasts,
osteoclasts and osteocytes. Formation of bone is realized
by osteoblasts while osteoclasts degrade bone. An imbal-
ance between bone formation and degradation results in
overshooting bone formation as observed in osteopetrosis
or loss of bone as most common in osteoporosis. The first
and best characterized measure of bone quality is bone
mineral density (BMD). Low bone mineral density is
associated with a high total plasma oxidant status [1] and
negatively correlates with plasma lipid oxidation as shown
in osteoporotic postmenopausal women when compared
with a healthy group [2]. A commonly used marker in the
clinic to measure “oxidative stress” is plasma homocys-
teine. Indeed hyperhomocysteinemia is associated with a
high level of reactive oxygen species (ROS) and an
increased risk of osteoporosis in humans [3]. On the other
hand, research of the recent years revealed that ROS are
needed for differentiation and proper functionality of
individual cell populations in the bone.

In biological samples, ROS usually comprise superoxide
anion (O,") and hydrogen peroxide (H,O,) [4] and also
nitric oxide (NO) could be considered as ROS. Cellular
ROS sources are manifold-like small molecules (iron,
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flavins or thiols) or organelles like peroxisomes or mito-
chondria with ubiquinone and NADH dehydrogenase as
enzymatic ROS producers. The ROS produced by the
enzymes listed so far are considered byproducts of their
virtual function. To avoid damage of the cell by those
byproduct-ROS, antioxidant systems and ROS-degrading
enzymes, like catalase, superoxide dismutase (SOD) and
glutathione peroxidases evolved. This chemical-toxic view
on ROS is contrasted by their contribution to cellular signal
transduction, which is a consequence of their controlled
formation by NADPH oxidases of the Nox family. These
ROS generated by NADPH oxidases, specifically interfere
with numerous signal transduction pathways and for
example allow signaling through the transient inhibition of
phosphatases [5]. Overactivation of NADPH oxidases,
however, results in overt oxidative stress and thus these
enzymes are not only exciting regulators of cellular func-
tion but also potential drug targets.

This review will highlight the role of ROS in bone
disease with a special focus on osteoporosis and Nox-
NADPH oxidases as specialized sources of ROS.

NADPH oxidases

NADPH oxidases are integral membrane proteins that
enable the transport of electrons, accepted from NADPH at
one side of the membrane to the other side, onto oxygen.
All NADPH oxidases contain FADH and NADPH binding
sites at their C-terminus. Seven members of the family of
NADPH oxidases denominated according to the integral-
membrane catalytically active core unit, Nox1 through
Nox5, Duox-1 and Duox-2, have been described in mam-
mals, with Nox2, the leukocyte NAPDH oxidase, being the
best studied one. Nox2 is a 91 kDa glycosylated protein,
which is highly expressed in neutrophils and macrophages,
where it is essential for host defense.

Apart from pathogenes, several growth factors like
angiotensin II, platelet derived growth factor (PDGF) or
inflammatory cytokines like tumor necrosis factor alpha
(TNFa) activate and induce Nox2 [6—8]. Nox2 requires the
transmembrane protein p22phox for maturation and the
cytosolic subunits p47phox, p67phox and Rac for activa-
tion. Kinases, such as protein kinase C (PKC),
phosphorylate p47phox at multiple serine residues which
facilitates the interaction of the protein with the plasma
membrane and the transmembrane complex. Importantly,
the translocation of p47phox to the membrane-bound
subunit p22phox enables the recruitment of p67phox,
which activity appears to be strictly dependent on the small
GTPase Rac (for review see [9]). In addition to activating
Nox-dependent ROS production, Rac has an essential role
in cytoskeletal organization, making it a central molecule
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involved in cell migration and adhesion per se. Similar as
Nox2, Nox1 and Nox3 also require p22phox and cytosolic
subunits including Rac for their activity and are acutely
activated through assembly of the subunits. Additionally
Nox1 and 3 have been documented to form stable com-
plexes with constitutively active substitutes of p67phox and
p47phox, namely NoxA1l and NoxOl1 [10, 11]. Due to their
localization in the plasma membrane [12] Noxl and 2
generate O, towards the extracellular space. It is still
unclear to which extent the strong negatively charged O,~
passes the plasma membrane to induce intracellular effects.
Probably, O, either spontaneously or catalyzed by extra-
cellular superoxide dismutase (ecSOD) dismutes into H,O,,
which then enters the cell through aquaporins [13] or freely
passes the membrane of the same or the neighbor cell.

The second group of NADPH oxidases consists of the
calcium-dependent Nox enzymes. These, namely NoxS5,
DUOXI1 and DUOX2, are independent of Rac, but contain
EF-hands that bind calcium (Ca2+) to activate the enzyme.
DUOXI1 and 2 are expressed predominantly in epithelial
cells of the lung and in the thyroid gland. They are required
for the thyroid-peroxidase-mediated oxidation of iodine
which is involved in the formation of thyroxin (T4) and
triiodothyronine (T3) [14, 15]. Due to gene deletion Nox5
is missing in rodents. In humans Nox5 can be found in
endothelial and smooth muscle cells, macrophages, some
lymphocytes and also in sperms where it contributes to the
motility of the sperm tail [16]. Whether these NADPH
oxidases are important for bone homeostasis is unclear and
none of the members of this group has been studied in bone
cells so far. Therefore, this group of NADPH oxidases is
just shortly mentioned here for the sake of completeness.

The third group of NADPH oxidases only comprises
Nox4, which has constitutive activity and, so far, no
essential cytosolic interacting proteins or other activating
mechanisms have been identified (with the exception of
p22phox). Although an enhancement of Nox4 activity by
Poldip2 has been described [17], most publications support
the view that Nox4-dependent ROS formation is controlled
by the expression level of the enzyme and not by its
activity state. In particular TGFp has been identified as a
strong inducer of Nox4 expression [18]. In cells of mes-
enchymal origin, Nox4 is expressed at low levels in
undifferentiated and at higher levels in differentiated cells
[19]. Under physiological conditions Nox4 contributes
rather to long-term adaptive signaling than to acute ago-
nist-induced events (although exceptions may exist) and in
particular, Nox4 has been suggested to drive the differen-
tiating processes [20-22]. Nox4 predominately generates
H,0, through the subsequent transfer of two electrons
through the membrane onto oxygen [23].

Some of the Nox enzymes exhibit a typical organ-spe-
cific expression pattern. Nox3 expression for example is
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Fig. 1 General overview of the NADPH oxidases most relevant in
bone remodeling. In bone the most relevant NADPH oxidases are
Nox1, Nox2 and Nox4. Nox1 and Nox2 primarily generate superox-
ide anions. The activity of Nox1 and Nox2 is acutely inducible and
requires an assembly with cytosolic subunits. Therefore, Nox1 and
Nox2 mediate acute signal transduction which is important for
proliferation. In case of an overactivation, the large amounts of O,

mainly restricted to the inner ear, where it contributes to
the formation of otolithes required for the sensing of
gravity and linear acceleration [24]. Although otolithes and
bones share some similarity, the restricted expression of
Nox3 excludes it from interfering with bone metabolism. In
contrast, Nox1, Nox2 as well as Nox4 have been found in
bone cells like osteoclasts and osteoblasts as well as
chondrocytes. A general overview of these three NADPH
oxidases is provided in the scheme in Fig. 1.

Bone homeostasis and bone turn over

Every year 10 % of the skeleton is turned over by two main
players: osteoclasts remove old bone and osteoblasts build
new bone. The most abundant cell in bone however, is the
osteocyte which differentiates out of osteoblasts. This
differentiation so far has not been attributed to be subject of
redox signaling. One study suggests that the differentiation
of induced pluripotent stem cells into osteocytes in vitro is
enhanced in the presence of the antioxidant and sirtuin-
inhibitor resveratrol [25]. As osteocytes live as long as
25 years they form a static pool and make up to 95 % of all
bone cells in young but only 58 % in old individuals. This

Constitutive activity —
chronic / adaptive signaling

H,0,

Activity controlled by expression
Independent from cytosolic proteins
Localized intracellularly

Differentiation

Quiescence

formed by those NADPH oxidases contribute to inflammation. Nox4
in contrast, produces hydrogen peroxide constitutively independent
from any cytosolic subunits. The level of H,O, produced by this
enzyme is relatively low and the cell adapts to Nox4-derived H,O,.
Such adaptation leads to cellular quiescence or even differentiation.
O, superoxide anion; H,O, hydrogen peroxide

age associated loss of osteocytes appears to be related to an
increase in reactive oxygen species. Interestingly, osteo-
cyte death is dependent on the age of the bone, not on the
age of the subject [26]. Most of the 19 papers on “osteo-
cytes and reactive oxygen species” so far published deal
with aging and oxidative stress rather that redox signaling
in osteocytes. The source of age-related ROS in osteocytes
so far is undefined. In summary, it appears that osteocyte
death is a consequence of oxidative stress and that ROS
may not play a role in osteocyte differentiation.

Bone turnover, bone mineral density and especially
bone resorption under physiological conditions are tightly
regulated by the RANK-RANKL—-OPG (receptor activator
of nuclear factor (NF)-kB-receptor-receptor activator of
NF-kB ligand-osteoprotegerin) signaling pathway. The
ligand RANKL is secreted from osteoblasts while its
receptor RANK is expressed on osteoclasts. The decoy
receptor OPG among others is also expressed and released
by osteoblasts. OPG directly neutralizes RANKL as well as
the pro-apoptotic actions of “TNFa-related apoptosis-
inducing ligand” (TRAIL), not only in bone, but also in a
variety of cancer cells [27]. When bound to its receptor
RANK, RANKL activates the alternative NF-xB pathway
(p52) which initiates the expression of inflammatory
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cytokines like tumor necrosis factor (TNF) o. TNFa
stimulates synthesis of interleukin (IL)-1 and macrophage
colony-stimulating factor (M-CSF) that promotes prolifer-
ation of macrophages. RANKL is essential to induce the
differentiation from macrophages into osteoclast and to
suppress osteoclast apoptosis. The resulting bone resorp-
tion by mature osteoclasts reduces bone mass. Bone
resorption occurs after osteoclasts attached to the bone
surface by oV 3, the integrin vitronectin receptor. Through
several Src-dependent signaling steps a ruffled border
membrane is formed and lysosomal secretory vesicles fuse
with this membrane part. H" ions are pumped into the
extracellular spaces formed by the ruffles and demineralize
the matrix. Lysosomal proteases like cathepsin K subse-
quently degrade the remaining protein matrix scaffold [28].

The ratio of RANKL/OPG is a predictor for osteopo-
rosis. Chronic increase of the parathyroid hormone (PTH)
in case of chronic kidney disease is associated with bone
loss. PTH not only directly stimulates osteoclasts, it also
up-regulates RANKL and down-regulates OPG gene
expressions thus increasing the RANKL/OPG ratio [29]. A
side effect of osteolytic diseases can be vascular calcifi-
cation. In fact an inverse correlation between osteoporotic
bone remodeling and arterial and aortic valve calcification
has been reported [30]. T-cells express RANKL and vas-
cular smooth muscle cells (VSMCs) express RANK.
Conversely, vascular dysfunction resulting in attenuated
blood supply may lead to bone diseases as present in
impaired fracture repair, osteoporosis or even osteonecrosis
[31].

Bone formation is mediated by osteoblasts and osteo-
blastogenesis follows a totally different route: osteoblasts
differentiate from mesenchymal stem cells under the con-
trol of bone morphogenic protein (BMP)-2 and Wnt/beta-
catenin signaling [32, 33], therefore inflammatory path-
ways are not required for the process.

Bone formation and the function of osteoblasts

As pointed out above, RANKL produced by osteoblasts is
needed for proper osteoclastogenesis. Accordingly, it
seems logical to assume that osteoclastogenesis is depen-
dent on osteoblastogenesis in vivo, as osteoblasts are a
major source of RANKL. This however, is only a side-
aspect of their function, as osteoblasts mainly maintain
bone and facilitate bone formation.

Dysfunction of osteoblasts indirectly results in bone loss
as exemplified for iron overload in post-menopausal
women. With the cessation of the menstruation cycle iron
load increases and serum ferritin more than doubles in
menopause [34]. Ferritin and its ferroxidase activity sup-
press osteoblast-mediated bone formation and calcification,
which is in part a consequence of an attenuated core-
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binding factor alpha 1-induced expression of osteoblast-
specific genes, like alkaline phosphatase and osteocalcin
[35]. Ferritin via its ferroxidase activity also generates
hydrogen peroxide from the reaction of ferrous iron and
dioxygen [36]. Through this mechanism, iron overload-
induced ROS formation has been shown to result in
enhanced bone resorption and bone loss in mice [37]
probably due to reduced osteoblast activity. However, iron
overload in vivo also increases the number of osteoclasts in
the bone and iron overload enhances osteoclastogenesis
in vitro. Importantly, both effects can be inhibited by the
administration of the thiol-donating antioxidant N-acetyl-
cysteine (NAC) [38].

ROS in osteoblasts dysfunction

A reduction in bone mass often results in low mechanic
stability of the bone and thus in fractures. Copper/zinc
superoxide dismutase (SOD1)-deficient mice exhibit a high
level of intracellular ROS and display bone fragility
resulting from low-turnover bone loss and impaired colla-
gen cross-linking [39]. Whether or not impaired
crosslinking of collagen is mediated by O, or H,0,
remains elusive in that specific publication, although the
process can be facilitated by H,O, [40]. Bone loss by
mechanical unloading is a consequence of increased ROS
formation in bone marrow and bone-forming cells. This,
among others, is due to a decrease in SOD1 expression, and
genetic knockout of SODI1 enhances unloading-induced
bone loss. This is also exemplified by the fact that
administration of vitamin C as a scavenger of ROS pre-
vented bone loss during mechanical unloading [41]. With
age the antioxidative capacity of many cells is reduced
[42]. Accordingly mature osteoblasts are more sensitive to
oxidative stress induced by 0.5-5 mM H,0, as exemplified
in MC3T3-El cells [43]. Such high concentrations how-
ever, are beyond the physiological range and rather
represent severe oxidative stress that may occur upon
serious infection than redox signaling.

One factor that induces osteoblast injury in vivo is
TNFo. In rat primary osteoblasts TNFo suppressed cell
viability, induced cellular apoptosis, suppressed Runx2
mRNA expression and inhibited alkaline phosphatase
activity, which can be interpreted as sign of loss of
osteoblast function. Furthermore, TNFa induced the for-
mation of excessive amounts of nitric oxide (NO) by the
inducible NO-synthase and increased ROS level by
NADPH oxidase-activation and the induction of mito-
chondria dysfunction. Treatment of osteoblasts with
molecular hydrogen (H,), which can act as reductant,
reversed all effects of TNFa on osteoblasts potentially also
by increasing SOD and catalase expression [44]. Choi and
Lee published a series of studies on antimycin A-induced
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damage of the MC3T3-E1 osteoblastic cell line. Antimycin
inhibits the mitochondrial electron transport chain and
thereby, among other effects, increases intracellular ROS
level. Antioxidants like apocynin or luteolin prevented the
antimycin-induced decrease in PI3-K (phosphoinositide
3-kinase), Akt (protein kinase B) and CREB (cAMP-
response element-binding protein) activity and thereby
maintained the function of the osteoblast cell line [45-47].

In conclusion, it appears that deregulated ROS forma-
tion either as consequence of TNFa signaling or disruption
of mitochondrial function impairs osteoblast function. This
effect, however, appears not to be specific for osteoblasts
and rather reflects oxidative stress and ROS-mediated cell
damage.

NADPH oxidases in osteoblastogenesis

Bone morphogenic protein 2 (BMP-2) promotes differen-
tiation of 2T3 osteoblast precursor cells into mature
osteoblasts. BMP-2 elicits a rapid generation of ROS
concomitant with an increased activation of NADPH oxi-
dase. NAC and the unspecific flavin and NADPH oxidase
inhibitor diphenylene iodonium (DPI) inhibit BMP-2-
induced ROS production and NADPH oxidase activity
respectively. This increase in ROS formation is needed for
BMP-2-induced alkaline phosphatase expression and thus
for maintenance of the osteoblast phenotype. It appears
that, unlike osteoclasts cell lines, 2T3-cells express mainly
the NADPH oxidase Nox4. NAC and DPI as well as a
dominant negative Nox4 interrupt the positive feedback
loop by which BMP-2 stimulates its own expression [48].
The finding that Nox4 contributes to the differentiation of
mesenchymal cells is not unique for the cell line reported
here as for example the differentiation of mesenchymal
fibroblasts into adipocytes strongly depends on the
expression of Nox4 [49]. Down-regulation of Nox4 pre-
vented the insulin-induced differentiation of adipocytes in
part by controlling the expression of the MAPKinase
phosphatase MKP-1 and by maintaining progenitor mark-
ers like the preadipocyte marker pref-1.

The main action of vitamin D is to increase intestinal
calcium reabsorption. The hormone, however, also affects
osteoblast proliferation, differentiation and bone mineral-
ization, but these effects vary with the timing of
treatment, dosage and origin of the osteoblasts. The
effects of vitamin D on differentiation and mineralization
are mostly stimulatory in human and rat osteoblasts,
whereas murine osteoblasts have been reported to be
inhibited by vitamin D [50]. Somjen et al. found that in
the human osteoblast cell line SaOS2 vitamin D treatment
increased the formation of ROS within 1 h and that it also
rapidly increased proliferation as measured by the pro-
duction of new DNA. Both vitamin D-induced ROS

formation and synthesis of new DNA were prevented by
the unspecific flavoprotein inhibitor DPI given in an
unreported concentration [51]. As the compound, how-
ever, has a small pharmacological range, it cannot be
excluded that the observations reflect toxicity. Neverthe-
less, it is interesting that vitamin D acutely induces the
ROS formation in an osteoblastic cell line. This finding is
supported by a study from Boyan et al. [52] showing that
vitamin D, depending on osteoblasts maturation state,
exerts its effects via specific and distinct membrane
receptors which results in protein kinase C (PKC) acti-
vation. PKC is the most important activator of the
organizing subunit of the NADPH oxidase Nox2. On this
basis, it appears that vitamin D-induced ROS formation in
osteoblasts contributes at least to proliferation but appar-
ently not to differentiation of these cells.

RANKL was reported to be expressed preferentially
by immature osteoblasts, and expression levels decreased
during osteoblast maturation in human cells [53]. As
more immature osteoblasts will necessarily lead to an
enhanced formation of RANKL, it is logical to assume
that vitamin D decreases bone mass. However, Vitamin
D is being used for decades as treatment of postmeno-
pausal osteoporosis as it increases bone density and
reduces the rate of fractures [54]. The precise mechanism
of how vitamin D facilitates these effects is still dis-
cussed controversially. Probably vitamin D and its
metabolites improve the calcium balance and facilitate
mineral deposition in bone matrix largely without direct
effects on bone cells [55].

Statins,  3-hydroxy-3-methylglutaryl-coenzyme A
reductase inhibitors, have been used as a cholesterol-low-
ering drug to clinically treat hyperlipidemia. In recent
years, evidence for a possible anti-osteoporotic effect of
statins accumulated. Mechanistically, statin intake was
linked to a reduction in oxidative stress and restoration of
NO formation as also demonstrated in aged and ovariec-
tomized rats [56]. In an in vitro model MC3T3-El cells
were treated with 100 pM H,O,. In such high concentra-
tion, HyO, acts as an inflammation-like stress signal and
therefore, induces Nox4. H,O,-mediated increase in Nox4
expression was prevented by simvastatin, which, although
interpreted differently by the authors, act as indirect anti-
oxidants and therefore prevent stress-induced gene
expression [57].

The number of publications on NADPH oxidases and
osteoblasts is still limited. However, it appears that Nox4 is
involved in osteoblast differentiation and Nox2 plays a role
in proliferation of osteoblast precursor cells but additional
research, particularly in knockout mice, will be needed to
settle these findings. Figure 2 provides a summary of the
effects of ROS on osteoblastogenesis mentioned in this
section (Fig. 2).
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Fig. 2 Effects of NADPH oxidases on osteoblasts. Osteoblasts
differentiate from mesenchymal stem cells upon stimulation with
BMP-2 and other growth factors. The impacts of the different ROS
sources on osteoblast biology are shown in the table. Nox NADPH
oxidase, BMP-2 bone morphogenic protein 2, upright arrow in green
boxes means more osteoblastogenesis, upright arrow in red boxes

Bone resorption and the function of osteoclasts
Mechanisms of osteoclastogenesis

Functional osteoclasts are large multinucleated cells. Their
formation does not require them to be attached to bone
matrix, but involves fusion of at least three precursor cells.
Transcription factors like PU.1, MITF, c-Fos, and NFATc1
control the expression of several proteins, including
Atp6v0d2, OC-STAMP and CD9, that are involved in the
fusion and are required for osteoclastogenesis [28].
RANKL seems to be the most effective cytokine to induce
activation of the above mentioned transcription factors and
thus formation of osteoclasts. Like most TNF receptor
(TNFR) family members, RANK (alternative name is
TRANCE-R) binds to TNF receptor-associated factors
(TRAFs) as adaptor molecules. Six TRAFs (TRAFI1-
TRAF6) have been reported [58] and especially TRAF6 is
critical for osteoclastogenesis so that TRAF6-deficient
mice show severe osteopetrosis due to impaired osteo-
clastogenesis [59]. High TRAF6- and subsequent p38 MAP
kinase-activation is probably the key mechanism that dis-
tinguishes RANK from other receptors acting on the same
pathway as CD40, IL-1R and Toll-like receptor which are
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means more osteoblast dysfunction; NOS nitric oxide synthase (low
represents a moderate increase in NO mediated by eNOS and nNOS,
high represents iNOS-derived extensive and pro-inflammatory level
of NO), the impact of NO on osteoblasts will be discussed in the last
section of this review

less effective in promoting osteoclastogenesis [60]. ROS
have been first identified to play a role in TRAF signaling
in Hek293 cells. Upon TNFa treatment of those cells
TRAF?2 is recruited to the membrane and there initiates a
cascade leading to mitochondrial ROS formation [61]. The
increase in ROS formation was dependent on TRAF2
recruitment to the membrane and essential for the TNFa
induced NFkB-activation.

ROS in osteoclastogenesis

Upon stimulation with RANKL ROS formation rapidly
increases in osteoclast precursor cells. A summary of the
role of ROS in osteoclastogenesis is provided in Fig. 3.
One portion of the acute ROS formation might be a
consequence of iron-mediated reactions. Iron is an
essential component in protein complexes of the mito-
chondrial respiratory chain and Steap4 is responsible for
the conversion of ferric iron into ferrous iron for cellular
usage. Knocking down Steap4 expression in macro-
phages decreases cellular ferrous iron concentration and
acute RANKL-induced ROS formation is reduced by
50 % in Steap4 depleted osteoclast precursors [62]. In
addition to this, low iron in osteoclast precursors was
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Fig. 3 Effects of NADPH
oxidases on osteoclastogenesis.
Upon stimulation with RANKL,
macrophage-derived precursor
cells differentiate into
osteoclasts. The impacts of the
different ROS sources on
osteoclast biology are shown in
the table. The arrows indicate
the activity of the individual
ROS sources in the individual
steps. Nox NADPH oxidase,
Mito mitochondria, RANKL
receptor activator of nuclear
factor (NF)-kB-receptor ligand,
NOS nitric oxide synthase, the
impact of NO on osteoblasts
will be discussed in the last
section of this review

Endoplasmatic
Reticulum

Nucleus

Mitochondria

aw
NADPH oxidase Nox1
(Noxd]

NADPH Oxidase Nox2

NADPH oxidase Nox4

associated with a dramatic decrease in the activity of the
calmodulin-dependent kinase/CREB pathway and in
PGC-1p expression. These pathways, however, are rather
involved in proliferation than in differentiation. The
importance of mitochondria in acute RANKL-induced
ROS formation is further supported by the work of
Srinivasan et al. who found that treatment of RAW
264.7 macrophages with the mitochondria-specific anti-
oxidant MitoQ prevents RANKL-induced ROS formation
[63].

NADPH oxidases in osteoclastogenesis

In 2005, Lee et al. [64] identified a crucial role for ROS in
RANKL-induced osteoclast differentiation in murine bone
marrow-derived macrophages. In that particular work, the
authors found an acute increase in Noxl-derived ROS
formation within 10 min upon RANKL stimulation which
was mediated by a TRAF6-dependent recruitment of Racl
to the membrane. Additionally, MAP-kinase activation
upon RANKL stimulation was dependent on the formation
of ROS. The exact mechanism of the TRAF6-induced Racl
activation however remained elusive. Whether, however,
Rac and eventually Nox1 activation are necessary steps in
osteoclastogenesis are discussed controversially. In
RAW264.7 macrophages Racl was down-regulated in the
course of RANKL-induced osteoclastogenesis [65] and in
that particular study the authors found that during RANKL-
induced osteoclastogenesis Nox2 expression is rapidly
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Step during osteoclasts live cycle

initial RANKL induced ROS formation in preosteoclasts!
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RANKL induced fusion
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Differentiation/
Fusion
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disappearing, which was paralleled by a reciprocal up-
regulation of Nox1. Nevertheless and in contrast to an
important role of either Nox1 or Nox2, bone marrow-
derived macrophages from knockout mice of these
NADPH oxidases generated similar level of ROS in
response to RANKL and still differentiated into osteoclasts
in the same way as wild-type bone marrow derived mac-
rophages [66]. Recently, Nakanishi et al. [67] provided
some evidence that at least in rat bone marrow-derived
macrophages Nox2 is essentially involved in the expression
of RANK. In the light of the mitochondria-mediated ROS
formation upon RANKL stimulation of osteoclast precur-
sors it may be possible to understand why RANKL-
mediated ROS formation is impaired in Nox1 and Nox2
deficient cells: ROS triggered ROS formation has been
observed for several years where an activation of Nox1 and
Nox2 is mediated by mitochondrial ROS as reviewed
elsewhere [68].

Yang et al. [69] were the first to identify Nox4 as a
NADPH oxidase expressed in bone marrow-derived
osteoclasts and these authors also demonstrated that
Nox2 is not involved in acute RANKL-induced ROS
formation. Importantly, Nox4 expression increased in the
course of osteoclastogenesis. Unlike bone marrow-
derived osteoclast precursors, it appears that this effect is
missing in the RAW264.7 macrophage cell line so that
Nox1 substitutes Nox4 in these cells. However, both
studies found the same pattern of Nox expression in
bone marrow-derived macrophages primed with M-CSF:
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Nox2 expression is up to 1,000 times higher than that of
Nox1, and Nox4 is not detectable under basal conditions.
Upon stimulation of bone marrow-derived macrophages
with RANKL and thereby formation of, or differentiation
into osteoclasts, Nox4 is up-regulated and becomes
detectable [66, 70].

Using Nox4-deficient mice, we observed that Nox4 is
one of the main factors needed for osteoclast differenti-
ation [20]. In that particular work a higher bone density in
Nox4-deficient mice was observed when compared to
wild-type littermates. Nox4 expression was increased
upon ovariectomy-induced osteoporosis in wildtype mice
and bone loss in that model was prevented by a Nox4
inhibitor as well as by acute genetic deletion of Nox4.
Eventually, we identified a small nucleotide polymor-
phism (SNP) associated with an elevated Nox4 expression
and lower bone density in humans. As an underlying
mechanism a lack of Ca®" increase was discovered in
Nox4 deficient cells which resulted in a reduced activa-
tion of NFATcl as well as lower activation of the MAP-
kinase Jnk and thereby less AP-1 activity upon RANKL
stimulation in Nox4 deficient cells when compared to
wildtype. Additionally, a previous study from our group
showed that Nox4 maintains Nrf2 expression as well as
its downstream target hemeoxygenase-1 in endothelial
cells [71]. The connection between endothelial cells and
osteoclasts is not obvious; however, both cell types
originate from similar or even the same progenitors and
share some central characteristics. Indeed, Van Phan et al.
[72] found that the product of heme oxygenase-1, carbon
monoxide protects against ovariectomy-induced bone loss
by inhibiting osteoclastogenesis and Hyeon et al. [73]
found that Nrf2 deficiency promotes RANKL-induced
osteoclast differentiation.

Despite the importance of Nox4 for signaling in the
course of differentiation, the enzyme does not seem to be
involved in acute TRAF6-mediated RANKL-induced
signaling. The increase in Nox4 expression rather appears
to be a separate, later event in the course of differentia-
tion. In contrast, Nox1 and Nox2 as mediators of the first
oxidative flash after RANKL stimulation of osteoclast
precursors seem to be mediators of acute TRAF6 signal-
ing, but are not necessarily involved in the process of
osteoclast differentiation per se. It is even possible that
they can substitute each other or can even be replaced by
mitochondria.

In conclusion, early RANKL-induced ROS formation
mediated by mitochondria, Nox1 and/or Nox2 contributes
to the acute activation of the CREB pathway which,
however, appears not to be essential for osteoclasto-
genesis but rather mediates progenitor cell proliferation.
In the course of RANKL-induced differentiation, Nox4 is
up-regulated and mediates an increase in intracellular
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calcium and MAP-kinase activation which eventually via
NFATcl and AP-1 activation results in osteoclast
formation.

ROS and loss of bone
ROS in estrogen-deficiency-induced osteoporosis

Aging is the most important risk factor for bone loss in
both, men and women. Age-induced bone loss, however,
seems to be related to reduced levels of sexual hormones
in both genders rather than just to aging. The rapid drop
in estrogens during female menopause makes bone loss
however, more severe and obvious and the whole process
occurs faster, to a greater degree and twenty years earlier
in women than in men. Aging-induced bone loss is
inversely related to estrogen levels [74] and in aging mice
decreased bone formation parallels an increased ROS
formation [75]. Interestingly, gonadectomy in mice and
rats increases ROS level and induced bone loss and sup-
plementation with the sexual steroids was sufficient to
prevent this effect [75, 76]. The authors of both studies
found that enzymatic antioxidants like SOD, GPx, GST
decreased in ovariectomized animals when compared to
controls. Additionally, together with a reduction in the
thiol antioxidant defenses Lean et al. [77] found a crucial
role of H,O, in bone loss of ovarectomized mice as
treatment of these animals with polyethylglycol-bound
catalase inhibited bone loss. The same group reported that
TNFo mediates bone loss in high ROS situations [78].
Depletion of glutathione by buthionine sulfoximine (BSO)
administration as well as ovariectomy induced both a
severe loss of bone mass, which was inhibited by
administration of soluble TNFo receptors and abrogated
in mice deleted for TNFa gene expression. However, in
ovariectomized mice treated with soluble TNFa receptors,
thiol antioxidant defenses in bone remained low, despite
inhibition of bone loss. In summary, it may be attractive
to speculate that a reduced antioxidative capacity and an
increased ROS formation, especially of H,O,, together
with TNFo are responsible for aging- and estrogen
depletion-induced osteoporosis.

Besides aging, diabetes [79], dyslipidemia [80], smok-
ing [81], alcohol [82] and inactivity are risk factors for
osteoporosis as well.

ROS in ethanol-induced osteoporosis

Bones of young alcoholics have a similar weight as those
of postclimacteric women [83]. This correlation led to the
concept that ethanol-induced bone loss is a consequence of
lower estrogen concentration. Chen et al. [84] found that
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17B-estradiol prevents ethanol-induced induction of
RANKL mRNA expression in osteoblasts and thereby
prevented bone resorption and the decrease in tibial tra-
becular and total bone mineral density. In osteoblasts
ethanol induced an increase in intracellular ROS formation
through the induction of Nox1, Nox2 and Nox4. In rats,
ethanol-induced Nox expression in the bones was inhibited
by 17-B-estradiol, N-acetylcysteine and DPI [85]. Inter-
estingly, 17B-estradiol also reduces NF«B activity. This
results in a reduced expression of p47phox and thereby
prevents the activation of Nox2 [86]. The importance of the
cytosolic NADPH oxidase organizing subunit p47phox
recently has been supported by a study were the authors
found ethanol-induced bone loss to be completely pre-
vented in p47phox knock out mice [87]. Conversely, the
ethanol-induced ROS formation activated the Erk/STAT3
pathway and promoted RANKL expression and treatment
with DPI at least prevented ethanol-induced RANKL
expression [88]. Chen et al. infused rats intragastrically
with ethanol 12 g/kg per day for 14 h from 6:00 PM to
8:00 AM during the dark cycle for 4 weeks. That is a total
alcohol of 0.86 g/kg bodyweight per hour during infusion
with a 12 h brake. Although blood alcohol was not mea-
sured by the authors, given that at least in humans only
0.1 g/kg is degraded per hour, the rats are constantly drunk,
and such an experiment mimics severe alcohol abuse.
Thus, the experiment can be criticized for potential indirect
effects of the treatment. It is hard to assume that rats move
normally under this alcohol concentration and therefore,
loss of bone mass might in part be a consequence of
mechanical unloading. Another possible reason for bone
loss upon alcohol abuse is the permanent loss of electro-
lytes such as Na™, Mg®", K™ and Ca*" which are needed to
maintain bone mineralization. It should be noted that,
however, moderate ethanol consumption may even have
positive effects on bone density and that therefore the
effects of alcohol abuse on bone loss are just secondary. A
recent study analyzing 13512 US Americans did not detect
a negative, but rather a positive correlation between bone
density and mid-level alcohol consumption. Even binge
drinking was not associated with decreased bone density in
men or women [89].

All above mentioned risk factors for osteoporosis are
associated with inflammation and increased formation of
ROS. Therefore, it is attractive to speculate that reduction
in ROS-formation might be therapeutic to prevent skeletal
diseases. Indeed, dietary supplementation with phyto-
flavonoids revealed promising results in 3-month-old rats
[90]. However, these study subjects are hardly represen-
tative for elderly people or alcoholics. Therefore, a better
understanding of ROS related processes in osteoporosis is
necessary before the therapeutic use of NADPH oxidase
inhibitors or antioxidants.

NADPH oxidase in rheumatoid arthritis-induced bone
loss

Rheumatoid arthritis is associated with high levels of
ROS and local bone loss as consequence of the inflam-
mation and systemic bone loss due to anti-inflammatory
therapy with steroids. In the synovia of rheumatoid
arthritis patients the level of IL-17 is particularly high
and IL-17 has been shown to induce the expression of
RANKL on osteoblasts and thereby in a co-culture sys-
tem stimulates osteoclastogenesis [91]. Interestingly, IL-
17 stimulated the proliferation of human mesenchymal
stem cells in a TRAF6, Noxl and Erkl/2 dependent
manner [92].

Nox2 in leukocytes is an important mediator of the
inflammatory response and leukocyte-derived ROS are
important for bacterial killing in infectious arthritis. The
situation in rheumatoid arthritis, however, is different as
the inflammatory response is a consequence of an immune
complex response of the acquired immune system and thus
largely T cell-dependent. Paradoxically, loss of Nox2
induces a basal inflammatory state and inactivating muta-
tions in p47phox have been linked to arthritis in humans.
Utilizing p47phox mutant rats and mice, Holmdahl et al.
identified an overaction of the T-cell response as the
underlying mechanism and thus a more severe phenotype
of the arthritis, per se. It is important to emphasize that the
tissue destruction in this model is only to a minor extent
mediated by Nox enzymes and release of proteases; stim-
ulation of T-killer cells and many other factors contribute
to the disease [93, 94]. On this basis, it is not surprising that
variable findings were reported with respect to the role of
the NADPH oxidase in this disease: In a model of antigen-
induced bone loss by intra-articular injection of bovine
serum albumin (BSA) in p47phox-mutant mice, no con-
tribution of the cytosolic subunit of Nox2, p47phox, was
observed in inflammation-mediated bone loss [95]. The
authors studied mice that carry a point mutation in
p47phox, causing a truncated and nonfunctional p47phox
protein along with wildtypes as control. Upon BSA-
induced arthritis a locally increased ROS formation in the
distal but not in the proximal part of the femur was
detected. However, no difference was observed in the
grade of synovitis or joint destruction and loss of BMD was
similar in wildtype mice and p47phox mutant animals.
Interestingly, as mentioned above, the same animals in
another study applying a collagen II-induced rheumatoid
arthritis model had a more severe phenotype than the
wildtype controls after 3 months, due to an increased T-cell
activation [93]. Although these findings are interesting with
respect to the immuno-genetic mechanism of arthritis, they
do not illuminate the contribution of Nox-derived ROS to
bone disease in humans. Cedergren et al. found that
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synovial fluid neutrophils from patients with rheumatoid
arthritis, but not from non-rheumatoid arthritis patients,
showed high baseline intracellular ROS production. Blood
neutrophils from arthritis patients in remission are in a
primed state as revealed by more rapid oxidative response
after collagen-bead challenge and a more pronounced
response after fMLF stimulation compared to a group of
healthy blood donors [96].

In conclusion, bone loss during rheumatoid arthritis is
probably not a consequence of p47phox-dependent Nox2
activation. It rather appears that other mechanisms, such as
the excessive formation of NO by invading macrophages,
induce bone loss in this disease.

Nitric oxide and bone

Both osteoclastogenesis and rheumatoid arthritis are
associated with an increased NO formation. As NO can
be scavenged by NADPH oxidase-derived O, to form
the highly reactive peroxynitrite (ONOO™) a short chapter
on NO is included here. It is known for 20 years that NO
exerts biphasic effects on bone cell activity: High con-
centrations of NO inhibit bone resorption by attenuating
osteoclast formation and differentiation and by attenuating
the resorptive function of mature osteoclasts. In contrast,
lower NO concentrations potentiate cytokine-induced
bone resorption and may be essential for normal osteo-
clast function [97]. Nitric oxide (NO) mediates cellular
signaling by activating soluble guanylyl cyclase (sGC)
that converts guanosine-5'-triphosphate (GTP) to cyclic
guanosine-3,5'-monophosphate ~ (¢cGMP). = Membrane-
bound GCs produce cGMP in response to natriuretic
peptides in osteoblasts, but comparison of TRAP activity
with immunostaining for sGC betal-subunit revealed that
sGC betal-subunit is only expressed in a sub-population
of osteoclasts at least of the rat alveolar bone [98].
Therefore, it is more likely that NO affects osteoblasts
than osteoclasts, or acts independent from cGC for
example by S-nitrosation of target proteins.

The fact that every third postmenopausal woman
develops osteoporosis and that physical inactivity also
causes bone loss suggests that a factor induced by estro-
gens and mechano-stimulation protects from bone loss.
Indeed estrogen [99] as well as shear stress [100] up-reg-
ulate endothelial NOS expression in osteoblasts and
contribute to their proper function. Accordingly, eNOS ™~
mice demonstrate a marked delay in postnatal bone for-
mation, reduced bone volume and defects in osteoblast
maturation and activity [101]. Interestingly, bodyweight is
positively associated with bone density [102]. As body fat
mass directly controls the circulating level of leptin, this
hormone raised some interest as a potential candidate
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responsible for protective effects of fat on bone tissue
[103]. Peripheral leptin increases bone formation mediated
by osteoblasts [104]. As shown previously, leptin can
induce the expression of nNOS in vessels and endothelial
cells [105]. It is attractive to speculate, that leptin via the
induction of a NO-synthase also in osteoblasts contributes
to bone formation.

Another possible osteoblast-independent mechanism for
the inhibition of bone loss activity by NO is the modifi-
cation of cathepsin K. Cathepsin K is highly expressed in
osteoclasts and degrades bone collagen. NO has been
shown to inhibit the activity of purified cathepsin K by
oxidative thiol modifications as well as S-nitrosation [106].
In the light of the positive effect of NO on bone formation,
organic nitrates have been successfully used in the treat-
ment of osteoporosis [107].

The calcium-activated NO synthases nNOS and eNOS
are constitutively expressed in bone as well as in bone
precursor cells. In contrast, the inducible NO synthase
iNOS is expressed upon stimulation with pro-inflammatory
cytokines such as IL-1, TNF, IFNy and endotoxin in a
variety of cell types, whereas glucocorticoids and the anti-
inflammatory cytokines IL-3, IL-10 and TGF-f are inhib-
itory to their function [97]. Inducible NOS contributes to
extremely high NO concentrations that might be a reason
for bone loss in rheumatoid arthritis [108]. Experiments in
iNOS-/- mice indicated that this particular isoform is the
one involved in inflammatory-induced bone loss. Histo-
morphometric analysis of bones from normal animals with
inflammation-induced bone loss showed a profound
depression of bone formation and evidence of osteoblast
apoptosis. These effects were missing in iNOS knockout
animals, which suggests that iNOS-derived NO may con-
tribute to inflammation-induced osteoporosis by
suppressing bone formation and promoting osteoblast
apoptosis and thereby reduces bone formation [109].

Concluding remarks

Bone is an organ that is renewed constantly. For a healthy
skeleton it is essential that bone formation and bone deg-
radation are perfectly coordinated. In case of an imbalance
of bone formation or degradation, diseases occur associated
with bone loss i.e. osteoporosis or excessive formation of
new bone as present in osteopetrosis. Osteoporosis is a
major health burden as every third woman and every fourth
man develop the disease in their life. Beside high therapy
costs, osteoporosis is associated with pain and reduced
quality of life. Osteoporosis is mainly attributed to an
overshooting activity of osteoclasts and almost all risk
factors of osteoporosis are associated with increased levels
of ROS. Therefore, a long standing interest in ROS-
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mediated osteoclastogenesis exists. NADPH oxidases as
one of the most important source of ROS have been studied
quite deeply for their role in osteoclastogenesis. Within the
years a differentiated picture has evolved illustrating spe-
cific contributions of individual NADPH oxidases in the
different phases of osteoclastogenesis. First approaches of
targeted inhibition of individual NADPH oxidases like
Nox4 in osteoporosis treatment reveal promising results.
Further research on this topic will increase the target and
organ specificity of potential drugs to prevent negative side
effects of NADPH oxidase inhibitors.
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