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Abstract

Most FDA-approved treatments for osteoporosis target osteoclastic bone resorption. Only PTH
derivatives improve bone formation, but they have drawbacks, and novel bone-anabolic agents are
needed. Nitrates, which generate NO, improved BMD in estrogen-deficient rats and may improve
bone formation markers and BMD in post-menopausal women. However, nitrates are limited by
induction of oxidative stress and development of tolerance, and may increase cardiovascular
mortality after long-term use. Here we studied nitrosyl-cobinamide (NO-Cbi), a novel, direct NO-
releasing agent, in a mouse model of estrogen deficiency-induced osteoporosis. In murine primary
osteoblasts, NO-Cbi increased intracellular cGMP, Wnt/B-catenin signaling, proliferation, and
osteoblastic gene expression, and protected cells from apoptosis. Correspondingly, in intact and
ovariectomized (OVX) female C57BI/6 mice, NO-Cbi increased serum cGMP concentrations,
bone formation, and osteoblastic gene expression, and in OV X mice, it prevented osteocyte
apoptosis. NO-Chi reduced osteoclasts in intact mice and prevented the known increase in
osteoclasts in OV X mice, partially through a reduction in the RANKL/osteoprotegerin gene
expression ratio, which regulates osteoclast differentiation, and partially through direct inhibition
of osteoclast differentiation, observed /n7 vitro in the presence of excess RANKL. The positive NO
effects in osteoblasts were mediated by cGMP/PKG, but some of the osteoclast-inhibitory effects
appeared to be cGMP-independent. NO-Cbi increased trabecular bone mass in both intact and
OVX mice, consistent with its in vitro effects on osteoblasts and osteoclasts. NO-Cbi is a novel
direct NO-releasing agent that, in contrast to nitrates, does not generate oxygen radicals, and
combines anabolic and anti-resorptive effects in bone, making it an excellent candidate for treating
osteoporosis.

4Corresponding Author (to whom reprint requests should be addressed): Renate B. Pilz, rpilz@ucsd.edu, University of California, San
Diego, 9500 Gilman Dr., La Jolla, CA 92093-0652. Phone: 858-534-8805, Fax: 858-534-1421.
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INTRODUCTION

Bone undergoes constant remodeling, with osteoclasts resorbing bone, and osteoblasts
generating new bone by secreting matrix and becoming entombed in the calcified matrix as
osteocytes.l: 2 Osteoblast differentiation from bone marrow stromal cells is under control of
multiple factors, including Wnt family proteins.1: 2 Cells of osteoblastic lineage produce
RANKL and its decoy receptor osteoprotegerin (OPG); the ratio of the two proteins controls
osteoclast differentiation from monocytes.l 2 Imbalanced bone remodeling leads to
osteoporosis, a highly prevalent and serious public health concern, with osteoporosis-
associated fragility fractures causing significant morbidity, mortality, and economic cost.2™
Current osteoporosis therapies primarily reduce bone resorption; however, these agents
secondarily reduce bone formation and cause rare, potentially serious side effects.2 3> PTH
preparations are the only currently FDA-approved drugs that stimulate bone formation, but
they also enhance resorption, their anabolic effect wanes over time, and their use is limited
to two years, due to osteosarcoma development in rats.2: > 6 Although post-menopausal
estrogen deficiency is a major cause of osteoporosis, estrogen replacement is no longer
recommended for osteoporosis prophylaxis or treatment, because breast cancer and
thromboembolic risks outweigh the skeletal benefits.2: > 7 Fear of complications explains, in
part, why less than one-fifth of osteoporotic women in the U.S. receive treatment, and
treatment compliance is poor.3 8 Thus, new bone-anabolic agents are urgently needed that
are safe for long-term use.

Estrogens restrain osteoclast differentiation and survival, while promoting survival of
osteoblastic cells; thus, estrogen deficiency-induced bone loss is at least partially explained
by increased osteoclastic bone resorption and apoptotic osteocyte loss.®12 Mechanical
stimulation also enhances osteoblast and osteocyte survival while suppressing RANKL
production, and decreased physical activity contributes to bone loss in the elderly.10: 13 Both
estrogen treatment and mechanical stimulation induce osteoblasts and osteocytes to produce
the second messenger NO.14 15 NO activates soluble guanylate cyclase to generate cGMP,
which in turn stimulates protein kinase G (PKG). We found that NO mediates the pro-
survival effects of estrogens and mechanical stimulation in osteoblasts and osteocytes via
cGMP/PKG signaling, with cytosolic PKG I and membrane-bound PKG 11 playing different,
but complementary roles.14-16 Studies in NO synthase (NOS)-deficient mice support an
important role of NO in osteoblast and osteoclast biology, and treating mice with NOS
inhibitors blocks the bone-protective effects of estrogen or mechanical stimulation.17-19

Organic nitrates generate NO /n vivo after mitochondrial biotransformation; nitrates are used
to treat coronary insufficiency and heart failure, and epidemiological studies suggest their
use may reduce fracture risk.29-22 Based on these data and preclinical studies showing a
bone-protective effect of organic nitrates in OVX rats,23: 24 several clinical trials examined
the skeletal effects of organic nitrates in post-menopausal women. In two separate small
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studies, nitroglycerin prevented bone loss after ovariectomy, and isosorbide mononitrate
improved BMD in post-menopausal women with established osteoporosis.2> 28 However, a
large, placebo-controlled trial showed no effect of transdermal nitroglycerin on BMD in
post-menopausal women with osteopenia.?’

Organic nitrates are the only NO donors currently FDA-approved for long-term use, but
clinical benefits of organic nitrates are limited by development of tolerance and induction of
oxidative stress.28-31 Nitrates require enzymatic activation to release NO, and this reaction
generates reactive oxygen species, especially O,~, which can have detrimental effects in the
cardiovascular and skeletal systems.10:30. 32 Here, we examined the skeletal effects of a
novel NO donor, nitrosyl-cobinamide (NO-Cbi), derived from the vitamin B, precursor
cobinamide; it releases NO directly, without biotransformation or generation of reactive
oxygen species.33-38 We found that NO-Cbi enhanced trabecular bone mass in intact and
OV X mice by enhancing osteoblast activity and inhibiting osteoclast differentiation.

MATERIALS AND METHODS

Materials

Antibodies against Akt, Akt(pSer#73), Erk1(pTyr2%4), GSK-3p, GSK-3p(pSer?), and cleaved
caspase-3 were from Cell Signaling, and antibodies against Erk1/2 and p-actin were from
Santa Cruz Biotechnology. A p-catenin-specific antibody and fluorophore-labeled secondary
antibodies were from InVitrogen. DETA-NONOate was from Cayman Chemicals, and the
cGMP agonist 8-(4-chlorophenylthio)-cGMP (8-pCPT-cGMP) was from BioLog.

Preparation of NO-Cbi

NO-Cbi was generated by reducing dinitrocobinamide under deoxygenated conditions.
Ascorbic acid and dinitrocobinamide were incubated under argon at a ratio of 5:1 for 1 h at
RT; then the solution was purged with argon to remove any free NO. NO-Chi was stable at
RT for at least 1 month when filter-sterilized and stored under argon protected from light.

Animal Experiments

Ten week-old female C57BI/6 mice were purchased from Jackson Laboratories. They were
maintained in accordance with the “Guide for the Care and Use of Laboratory Animals”
(2011, 8™ ed., Washington, D.C., Natl. Research Council, Natl. Academies Press), and all
experiments were approved by the Institutional Animal Care and Use Committee of the
University of California, San Diego. Mice were housed at 3—4 animals per cage in a
temperature-controlled environment with a 12 h light/dark cycle; they were fed standard
Teklad Rodent Diet with ad lib access to food and water. After one week of acclimatization,
mice weighing 19.5-22.0 g were randomly divided into three groups—Groups 1 and 2 (eight
mice each) underwent bilateral ovariectomy, while Group 3 (six mice) underwent a sham
operation. One mouse in Group 1 had to be euthanized post-operatively because of suture
failure. Beginning one week post-surgery, mice received daily i.p. injections six days per
week for five weeks, either vehicle (0.1 ml 9.25 mM ascorbic acid, Group 1), or NO-Cbi (10
mg/kg/d given as 0.1 ml of 1.85 mM NO-Cbi, Group 2). In a separate experiment, 12 week-
old intact female mice (six mice per group) were randomized to receive either vehicle or
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NO-Cbi on the same dose and schedule for five weeks. This NO-Cbi dose did not
significantly reduce systolic blood pressure (< 10 mm Hg), consistent with our previous
report,33 and the NO-Cbi-treated mice showed no signs of toxicity and had similar weight
gain during the experiment as the corresponding vehicle-treated groups. Double calcein
labeling was performed by intraperitoneal injection of calcein (25 mg/kg) at seven and four
days before euthanasia. Mice were euthanized one hour after the last drug or vehicle
injection by CO, intoxication and exsanguination; blood samples were collected by cardiac
puncture and allowed to clot. Femoral and tibial bones were dissected for quantitative RT-
PCR, histology, and micro-CT analyses.

Mice carrying floxed prkg2 alleles (PRKG2/f mice)

To generate PRKG2/f mice, we PCR-amplified genomic DNA fragments encoding prkg2
exon 111 with flanking sequences from 129/SvJ ES cells using KOD polymerase (EMD
Millipore Corporation). The prkgZ-floxed construct was assembled in the vector pDLNL
(gift from Ju Chen of UCSD) and consisted of a 4.2 kb 5° arm, a 0.55 kb fragment including
exon 111 flanked by LoxP sites, a 1.3 kb neo cassette flanked by FRT sites, and a 3kb 3 arm.
All PCR products and fusion sites were sequenced. The construct was electroporated into R1
ES cells derived from 129/SvJ mice, and G418-resistant clones were isolated and screened
by PCR; homologous recombination was confirmed by Southern blot analysis using probes
outside of the 5 and 3" arms. A recombinant clone with normal chromosome analysis in 20
metaphase spreads was injected into C57BI/6 blastocysts to establish germline chimeric
mice. Heterozygous PRKG2* mice were mated with homozygous FLPeR mice containing
FLPe recombinase (from Jackson Laboratories) to remove the neo cassette. PRKG2+ mice
were backcrossed for five generations into the C57BI/6 background.

Culture of murine primary osteoblasts (POBSs)

POBs were isolated from the femurs and tibiae of 8-12 week-old C57/BI6 mice, and from
PRKG2f mice in a mixed background or after backcrossing into the C57BI/6 background
(as indicated). POBs were grown in DMEM (25 mM glucose) supplemented with 10% FBS,
as described.16: 37 In some cases, ascorbate (0.3 mM) and B-glycerolphosphate (10 mM)
were added to the medium to induce differentiation. Cells were used at passages 1-5, and
were checked for mineralization capacity.3” To delete exon 111 of PRKG2, cells from
PRKG2 mice were infected with adenovirus encoding CRE recombinase (or control virus
expressing p-galactosidase, LacZ) at an MOI of 30 and were used 48 h later.

Culture of murine primary osteoclasts

Osteoclasts were generated from murine bone marrow as described.38 Briefly, bone marrow
cells were plated at 10° cells/cm? in a-Minimal Essential Medium with 10% FBS and 50
ng/ml M-CSF, and non-adherent cells were discarded after 48 h. RANKL (150 ng/ml) was
added on day 3, and medium was replaced on days 5 and 7; the indicated drugs were added
with fresh medium on days 3, 5, and 7. On day 8, cultures were fixed and stained for TRAP
using a commercially-available kit (Sigma), or were harvested for RNA isolation. To delete
PRKG2, cells were infected 24 h after plating with CRE adenovirus (or control virus
expressing green fluorescent protein, GFP) at an MOI of 10; medium was replaced 24 h later
when RANKL was added, and cells were examined 5 d later.
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Quantitative RT-PCR assays

Frozen bone shafts (frozen at —80°C after removal of bone marrow cells) were pulverized
with a mortar and pestle in liquid nitrogen. RNA was purified using Trizol-reagent
(Molecular Research Center, Inc.) and 1 pg of RNA was reverse-transcribed and quantitative
PCR was performed using a MX3005P real-time PCR detection system with Brilliant 11
SYBR® Green QPCR Master Mix (Agilent Technologies).18 Primer sequences are
described in Supplemental Table 1; all primers were tested with serial cDNA dilutions.
Relative changes in mRNA expression were analyzed using the 2722Ct method, with 18S
rRNA serving as an internal reference; we used mean ACT values (gene of interest minus
18S rRNA) measured in the vehicle-treated control groups to calculate AACT values for the
corresponding NO-Cbi-treated groups.

Preparation of bone cell extracts and Western blotting

Protein extracts were prepared from mouse bones as described previously.37 Briefly, ~50 mg
of pulverized bone was incubated for 15 min on ice in 50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 2 mM
NazVOy, 10 mM NaF, and protease inhibitor cocktail. The samples were centrifuged at
13,000 g for 15 min at 4°C. Supernatants were boiled in SDS sample buffer, and proteins
were resolved by SDS-PAGE and analyzed by Western blotting as described.4 Films were
scanned using Image J software.

Quantitation of NOx and cGMP

NO production was measured based on nitrite and nitrate accumulation in the medium with
a two-step colorimetric assay, as previously described.1 Serum cGMP concentrations were
measured by ELISA using a kit according to the manufacturer’s protocol (Biomedical
Technologies Inc., MA).

Proliferation Assay

POBs in 6-well dishes were cultured in 0.1% FBS overnight and treated with NO-Cbi for 1
h; cells were then transferred to fresh medium with 0.1% FBS and 10 uCi of
[methyl-3H]thymidine (20 Ci/mmol, final concentration 0.5 uM) for 24 h. Cells were
extracted /n situin ice-cold 10% trichloroacetic acid, precipitated DNA was collected on
glass microfiber filters, and radioactivity on washed filters was measured by scintillation
counting.

Immunofluorescence Staining

POBs were plated on glass coverslips, transferred to medium containing 0.1% FBS or 0.1%
BSA, and incubated in the absence or presence of NO-Cbi for the indicated time. Cells were
fixed and permeabilized and incubated with cleaved caspase-3- or B-catenin-specific
antibodies (both at 1:100 dilution), followed by secondary antibodies conjugated to FITC or
AlexaFluor 555, respectively; nuclei were counterstained with Hoechst 33342.37 Images
were analyzed with a Keyence BZ-X700 fluorescence microscope.
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Bone histomorphometry, TRAP and TUNEL staining

Tibiae were fixed in 70% ethanol, dehydrated, and embedded in methyl-methacrylate and
sectioned at the University of Alabama, Birmingham, Center for Metabolic Bone Disease.
Some sections were stained with Masson’s trichrome, or stained for tartrate-resistant acid
phosphatase, while unstained sections were used to assess fluorochrome labeling.3” TUNEL
staining of de-plasticized sections was performed as described.37 Slides were scanned with a
Hamamatsu Nanozoomer 2.0 HT Slide Scanning System, and image analysis was performed
using the Nanozoomer Digital Pathology NDP.view2 software. Histomorphometric
measurements were performed between 0.25 and 2.25 mm distal to the growth plate as
described.3?

Immunohistochemistry

Micro-CT

Femurs were fixed overnight in 10% neutral formalin solution, decalcified in 10% EDTA
(pH 7.5) for 5 d, and embedded in paraffin. Sections (8 um thick) were de-paraffinized in
xylene and rehydrated in graded ethanol and water. For antigen retrieval, slides were placed
in 10 mM sodium citrate buffer (pH 6.0) at 80-85°C, and allowed to cool to room
temperature for 30 min. Endogenous peroxidase activity was quenched in 3% hydrogen
peroxide for 10 min. Slides were blocked with 5% normal goat serum and incubated
overnight at 4°C with anti-phospho-ERK antibody (1:100 in blocking buffer), followed by
HRP-conjugated secondary antibody for 1 h at room temperature. After development with
3,3-diaminobenzidine substrate (Vector Laboratories, Inc., Burlingame, CA), slides were
counterstained with hematoxylin.

Micro-CT analyses were performed on ethanol-fixed tibiae, using a Skyscan 1076 (Kontich,
Belgium) scanner at 9 um voxel size, and applying an electrical potential of 50 kVp and
current of 200 A, with a 0.5 mm aluminum filter, as described.3? Mineral density was
determined by calibration of images against 2 mm diameter hydroxyapatite rods (0.25 and
0.75 g/cm3). Cortical bone was analyzed by automatic contouring 3.6 mm-4.5 mm distal to
the proximal growth plate, using a global threshold to identify cortical bone, and eroding one
pixel to eliminate partial volume effects. Trabecular bone was analyzed by automatic
contouring of the proximal tibial metaphysis 0.36 —2.1 mm distal to the growth plate and
using an adaptive threshold to select the trabecular bone.

Statistical Analyses

Graph Pad Prism 5 was used for two-tailed Student t-test (to compare two groups) or one-
way ANOVA with Bonferroni post-test analysis (to compare more than two groups); p<0.05
was considered significant. For /in vivo experiments, we tested our primary hypothesis, that
NO-Chi improves bone architecture and bone formation parameters in OV X (or intact) mice,
and our secondary hypothesis that ovariectomy induces bone loss compared to sham-
operated animals, using the Student t-test to assess for differences between means of two
groups. Based on data variability from previously published studies,38 we estimated a
sample size of six mice would provide 90% power to detect a difference in bone volume
fraction (BV/TV) between OV X and sham-operated mice, whereas eight mice per group
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were required to detect an absolute increase of 0.35% in BV/TV in drug-treated OV X mice
with 90% power (a error set at 5%).

NO-Cbi enhances cGMP/PKG and Erk/Akt signaling, gene expression, proliferation, and
survival in POBs

We have shown that cobinamide binds NO with high affinity (K, ~1010 M~1), yielding NO-
Chi.34 NO-Cbi is stable in aqueous solutions for at least 16 h at room temperature, but it
releases NO rapidly in the presence of NO scavengers or when added to cells in culture
medium.33 Murine POBs produced nitrite and nitrate—stable NO oxidation products—
yielding a medium concentration of ~10 uM after 2 h. Adding NO-Cbi at a final
concentration of 10 pM to the cells increased the amount of nitrite and nitrate within 10 min,
and, by 30 min, the difference in the concentration of nitrite and nitrate measured in the
presence and absence of NO-Chi reached ~9 uM, indicating that ~90% of the NO bound to
NO-Cbi was released (Fig. 1A). NO-Cbi increased the intracellular cGMP concentration in a
dose-dependent fashion, resulting in maximal phosphorylation of the PKG substrate
vasodilator-stimulated phosphoprotein (VASP) at 3-10 uM (Fig. 1B,C).

We showed previously that estrogens activate Erk and Akt in a NO/cGMP/PKG-dependent
manner in osteocytes and osteoblasts, and that activation of these signaling proteins is
essential for estrogen’s anti-apoptotic effects in osteocytes/blasts.1> We also showed that the
pro-proliferative effects of fluid shear stress on osteoblasts are mediated by NO/cGMP/PKG
via Src activation of Erk.16 Consistent with increasing intracellular cGMP, NO-Cbi
increased Erk and Akt phosphorylation in murine POBs, protecting cells from serum
starvation-induced apoptosis and stimulating proliferation (Fig. 1D-G). In the POBs, NO-
Cbi raised mRNA expression of osteoblast differentiation-related genes, including
osteocalcin (OCN), osteopontin (Sppl), collagenl-al (Collal), alkaline phosphatase
(ALP), and low-density lipoprotein receptor-related protein-5 (Lrp5), with tubulin (Tubal)
expression serving as a control for RNA quality (Fig. 1H). NO-Cbi decreased osteoblast
expression of RANKL mRNA, whereas it increased expression of the RANKL antagonist
OPG, suggesting NO-Chi could inhibit osteoclast differentiation (Fig. 11).

NO-Cbi stimulates Wnt signaling and mPOB proliferation via PKG Il

The Wnt/B-catenin pathway controls osteoblast differentiation, proliferation, and survival,
and is essential for bone mass acquisition and maintenance; increased or decreased gene
expression and gain- or loss-of-function mutations of Wnt pathway components cause high
versus low bone mass phenotypes—for example, expression and activity of the Wnt co-
receptor Lrp5 positively correlate with bone mass in humans and mice.*? Stability and
nuclear translocation of p-catenin are negatively controlled by glycogen synthase kinase-3
(GSK-3), which in turn is negatively controlled by phosphorylation on a site targeted by Akt
and PKG 11.41: 42 To examine the role of NO and PKG 11 in osteoblast Wnt signaling, we
used POBs isolated from mice which carry floxed PKG 11 alleles (PRKG2f mice), and
infected cells with adenovirus encoding CRE recombinase to induce PKG |1 deficiency (Fig.
2A). In cells infected with control virus encoding LacZ, NO-Chi induced Akt and GSK-3
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phosphorylation and B-catenin nuclear translocation, but these effects were largely lost in
CRE virus-infected, PKG ll-deficient cells (Fig. 2B,C). Similarly, NO-Chi-induced
proliferation was prevented by CRE-mediated PKG Il knockout (Fig. 2D). NO-Cbi
treatment increased Wntla, Lrp5, and B-catenin mRNA expression in the presence, but not
in the absence of PKG Il (Fig. 2E). Lrp5 protein increased in parallel to mMRNA in response
to NO-Cbi (Fig. 2F). Transcript levels of the Wnt/p-catenin target genes cyclin D (CycD),
ALP, and OCN were increased by NO-Cbi in PKG Il-expressing, but not in PKG Il-deficient
cells (Fig. 2E). The data shown in Fig. 2 are from POBs isolated from PRKG2f mice in a
mixed S129/C57BI6 background. Similar experiments were performed in POBs isolated
from PRKG2f mice back-crossed for five generations into the C57BI/6 background,
yielding nearly identical results (Supplemental Fig. 1). We conclude that NO-Chi stimulates
Whnt/B-catenin signaling in murine POBs via PKG II.

NO-Cbi inhibits osteoclast differentiation

To examine the effect of NO-Cbi on osteoclast differentiation in vitro, we cultured adherent
murine bone marrow cells with recombinant M-CSF and RANKL.38 NO-Chi reduced the
number of TRAP-positive osteoclasts, with maximal effects observed at 10 uM (Fig. 3A,B).
Less pronounced inhibition was observed with the NO donor DETA-NONOate at a
concentration calculated to release equivalent amounts of NO (Fig. 3C). In contrast, the
cGMP analog 8-pCPT-cGMP, at a concentration that maximally activated PKG I and Il in
intact cells, had a smaller, non-significant effect on the number of TRAP-positive cells (Fig.
3C). Consistent with the effects of NO-Cbi on osteoclast differentiation, mMRNA expression
of the osteoclast-specific genes TRAP, cathepsin K (Ctsk), and calcitonin receptor (CalcR)
was markedly reduced in NO-Cbi-treated osteoclast cultures (Fig. 3D).

To determine if the effect of NO-Cbi on osteoclast differentiation required PKG I, we
isolated bone marrow cells from PRKG2f mice; infecting the cells with CRE adenovirus
reduced PRKG2 mRNA expression by > 75% (Fig. 3E). Cells infected with control (GFP)
virus or CRE virus produced similar amounts of large, mature, multi-nucleated osteoclasts
when cultured in the presence of M-CSF and RANKL, indicating that PKG Il is dispensible
for osteoclast differentiation (Fig. 3F,G). NO-Cbi inhibited osteoclast differentiation to a
similar degree in cells infected with control virus or CRE virus, suggesting a PKG I1-
independent effect (Fig. 3F.G).

NO-Cbi increases serum cGMP concentration, bone formation, and osteoblastic gene
expression in female mice

To test if NO-Cbi could prevent bone manifestations of estrogen deficiency, we subjected
sexually-mature, 11 week-old C57BI/6 mice to bilateral ovariectomy (OVX) or sham
operation; we then injected the OV X mice with vehicle or NO-Cbi for five weeks, starting
one week postoperatively. We used a NO-Cbi dose (10 mg/kg/d) that had no significant
effect on systolic blood pressure and resulted in serum cobinamide concentrations below our
limits of detection (<1 uM). Similar to our previous results,3® OVX mice had lower serum
cGMP concentrations compared to sham-operated mice, but NO-Cbi significantly increased
the serum cGMP concentration 1 h post administration (Fig. 4A). NO-Chbi reversed the
decrease in osteoblast numbers found in OV X mice, and significantly increased mineral
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apposition rate (MAR), mineralizing surfaces (MS/BS), and bone formation rate (BFR) on
trabecular bone surfaces (Fig. 4B—E and Suppl. Fig. 2A). Similarly, NO-Cbi increased MAR
and BFR on endocortical surfaces, although endocortical MS/BS was not affected (Suppl.
Fig. 2B). Consistent with these results, mRNA expression of osteoblast differentiation-
related genes (OCN, Sppl, ALP, Collal, and Lrp5) was higher in femoral shafts of NO-Cbi-
treated OV X mice compared to vehicle-treated OV X mice, whereas tubulin-a1l mRNA was
unchanged (Fig. 4F).

In a separate experiment, we examined the effects of NO-Cbi in 12 week-old, intact female
mice. Treating the mice with NO-Chi at 10 mg/kg/d for five weeks increased the serum
cGMP concentration, osteoblast numbers, and MAR and BFR in trabecular bone, similar to
results found in OVX mice (Fig. 4G-K and Suppl. Fig. 2C). We saw no effect of NO-Cbi on
cortical bone formation parameters in intact mice (Suppl. Fig. 2D). NO-Cbi increased
MRNA expression of OCN and ALP in intact mice, and showed a trend toward increased
Collal mRNA expression, but, in contrast to OV X mice, NO-Cbi did not affect Sppl and
Lrp5 mRNA in intact mice (Fig. 4L). These results indicate that NO-Cbi increases
osteoblastic activity not only in OV X mice, but also in the presence of physiological
estrogen concentrations.

NO-Cbi prevents estrogen deficiency-induced osteocyte apoptosis

Estrogen deficiency-induced bone loss is associated with osteocyte apoptosis.11: 12. 39,43
Osteocyte death induces local bone remodeling via osteoclast recruitment,12 and targeted
osteocyte ablation /n vivo causes osteoporosis, as shown in an osteocyte-specific diphtheria
toxin receptor mouse model.** Prevention of OVX-induced bone loss by estrane, which
lacks estrogen’s transcriptional effects and reduces osteoclast numbers less effectively than
estrogen, may be partly due to estrane protecting osteocytes from apoptosis.*®

We showed previously that the pro-survival effects of estrogen in osteocytes require NO/
cGMP/PKG signaling, and are at least partly dependent on Erk activation.1® Consistent with
previous reports, 12 3943 we saw a significant increase in TUNEL-positive, apoptotic
osteocytes in trabecular and cortical bone of OV X mice, with NO-Cbi reducing osteocyte
apoptosis to values found in sham-operated mice (Fig. 5A-C, Suppl. Fig. 3 for cortical
bone). Similar results were obtained when we examined the amount of cleaved caspase-3 in
bone lysates from NO-Cbi- versus vehicle-treated OVX mice (Fig. 5D).
Immunohistochemical staining of pErk was evident in bone-lining osteoblastic cells of
sham-operated mice, but was faint or absent in OV X mice; treating OV X mice with NO-Cbi
induced prominent pErk staining in bone-lining cells (Fig. 5E; isotype-matched control
immunoglobulin produced no staining, data not shown).

NO-Cbi regulates RANKL/OPG expression and reduces osteoclasts in female mice

Estrogens reduce osteoclast survival, 46 and, similar to findings by other workers, we found
an increased number of TRAP-positive osteoclasts on trabecular bone in the OV X mice (Fig.
6A,B; few osteoclasts were seen on cortical surfaces under all conditions). Treating OVX
mice with NO-Cbi reduced osteoclast numbers to values found in sham-operated animals
(Fig. 6A,B). Compared to vehicle-treated OV X mice, femurs of NO-Chi-treated OV X mice
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contained less RANKL and more OPG mRNA, and mRNA expression of the osteoclast
marker genes CTSK and TRAP was decreased (Fig. 6C). Similarly, NO-Cbi decreased
RANKL mRNA, osteoclast numbers, and osteoclastic marker genes in intact mice (Fig.
6D,E). Thus, NO-Cbi reduced osteoclast numbers and osteoclastic gene expression in both
intact and OV X mice, in part, by reducing the RANKL/OPG ratio, and, in part, by directly
inhibiting osteoclast differentiation (Fig. 3).

NO-Cbi increases trabecular bone mass in female mice

We examined the effects of NO-Cbi on tibial bone microarchitecture by micro-CT.
Consistent with previous reports,3% 47 OVX mice had significantly lower trabecular bone
volume, trabecular number, and trabecular BMD compared to sham-operated mice; NO-Cbi
partly restored all three parameters (Fig. 7A-D). Similarly, NO-Cbi treatment increased
trabecular bone volume and BMD in intact mice, although the effect on trabecular number
did not reach significance (Fig. 7E-G). We found no difference in cortical thickness or
cortical tissue mineral density between sham-operated and OV X mice, and NO-Cbhi did not
affect cortical bone parameters in OV X or intact mice (Suppl. Fig. 4). Since we performed
ovariectomies in young mice before they achieved peak bone mass, the reduced trabecular
bone mass in the OVX mice represents a failure to gain bone, rather than bone loss.*8
Estrogen deficiency-induced changes in trabecular bone mass are typically more pronounced
than changes in cortical bone mass, with cortical changes taking longer than trabecular
changes and varying with age and mouse strain.3% 47, 49-51

DISCUSSION

A better understanding of the molecular mechanisms controlling bone homeostasis has led
to development of multiple drugs for osteoporosis that inhibit bone resorption by targeting
osteoclast differentiation and/or function.2 > However, the only clinically-available agents
that stimulate osteoblast activity and bone formation are PTH analogs, but they also
stimulate osteoclasts, limiting their effectiveness.? ® Therefore, agents that simultaneously
stimulate osteoblast and inhibit osteoclast functions are needed. We found that the NO donor
NO-Chi improved trabecular bone architecture and increased bone formation markers in
intact female mice and OV X mice, while dramatically decreasing osteoclasts. Our results
confirm bone-anabolic effects of NO, explore mechanisms of NO actions in bone cells, and
demonstrate /n vitroand in vivo effectiveness of a novel, direct NO-releasing agent.

An important role of NO in osteoblast biology is supported by rodent studies: NOS3-
deficient mice have reduced bone mass due to defects in osteoblast number and maturation,
and show exaggerated bone loss after ovariectomy, with a blunted response to
estrogens®2-54, Moreover, NO-generating organic nitrates improve BMD in estrogen-
deficient rats (as measured by DXA), whereas NOS inhibitors block estrogen’s bone-
protective effects and prevent bone formation induced by mechanical stimulation in
rodents.17: 18,23, 24,55 |n hymans and rats, serum concentrations of the NO metabolites
nitrite and nitrate correlate with estradiol concentrations, and increase with estrogen
administration.24 56 Estrogen deficiency reduces NOS expression and activity, leading to a
state of relative NO- and, consequently, cGMP-deficiency.3% 57 NO-Cbi restored serum
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cGMP concentrations in OV X mice, and the drug’s positive effects on osteoblast
proliferation, differentiation, and survival were likely mediated via increased intracellular
cGMP concentrations and PKG activation, because the drug increased Wnt/p-catenin
signaling in a PKG Il-dependent fashion. We have shown previously that cGMP-elevating
agents and cGMP analogs increase osteoblast proliferation, differentiation, and survival,
with PKG |1 activation of Src required for Erk and Akt activation, and PKG |
phosphorylation of Bcl-2 contributing to anti-apoptotic effects in osteoblasts and
osteocytes.15: 16. 39 Consistent with its 7 vitro effects on POBs, NO-Cbi increased osteoblast
number, osteoblastic gene expression, mineral apposition and bone formation rates, and
trabecular bone volume and BMD in intact female and OV X mice, while reducing osteocyte
apoptosis in OVX mice. Like NO-Cbi, the NO-independent soluble guanylate cyclase
activator cinaciguat increased bone formation and osteoblast marker genes and improved
trabecular bone architecture in OVX mice; however, in contrast to NO-Cbi, cinciguat did not
modify trabecular bone volume or BMD in intact mice and had minimal non-significant
effects on osteoclasts.3?

NO appears to have dual functions in osteoclast biology: low NO concentrations generated
by NOS1 promote, while higher NO concentrations generated by NOS2 inhibit osteoclast
differentiation and survival.%8: 59 NOS1-deficient mice have increased bone mass with
reduced bone turnover due to defects in osteoclast differentiation and function, indicating a
positive role of NO in osteoclasts.?8: 60 However, RANKL induction of NOS2 inhibits
RANKL-induced osteoclast differentiation, and NOS2-deficient osteoclasts show increased
differentiation in response to RANKL.>® Adding NO donors to mature osteoclasts inhibits
their resorptive activity.1-63

NO-Cbi decreased osteoclast numbers and reduced osteoclast-specific TRAP and CTSK
mRNAs in bones of intact and OV X mice, correlating with a decreased RANKL/OPG
mRNA ratio in bone. In contrast, the cGMP-elevating agent cinaciguat did not influence
osteoclast numbers, osteoclast-specific genes, RANKL, or OPG in OVX or sham-operated
mice.39 In agreement with these /77 vivo results, NO-Chi reduced RANKL and increased
OPG mRNA in cultured POBs, whereas cinaciguat did not affect these genes.3? RANKL
and OPG are key regulators of osteoclast differentiation, produced primarily by osteoblastic-
type cells.2 Other workers have shown down-regulation of RANKL by NO, but not by
cGMP analogs, in bone marrow stromal cells.%* In addition to reducing the RANKL/OPG
ratio in bone and POBs, NO-Cbi directly inhibited osteoclast differentiation in vitro, in the
presence of excess RANKL and M-CSF. A cGMP analog had little effect on osteoclast
differentiation, and the NO-Cbi effect was independent of PKG Il. cGMP-independent NO
effects on osteoclast differentiation have been reported previously;>% 65 however, cGMP
may inhibit mature osteoclast functions, such as acid secretion and motility, in a PKG I-
dependent manner.86: 67

Epidemiological data link the use of organic nitrates (i.e., nitroglycerin and isosorbide
mononitrate) to reduced fracture risk,29-22 and two prospective, randomized trials showed a
positive effect of nitrates on BMD, at doses lower than those used for vasodilation: in young
women who underwent ovariectomy, nitroglycerin was as effective as estrogen replacement
in preventing bone loss,2® and, in post-menopausal women with established osteoporosis,
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iso-sorbide mononitrate improved BMD as effectively as a bisphosphonate.28 In addition, in
healthy post-menopausal women, isosorbide mononitrate decreased a bone resorption
marker (N-terminal telopeptide) and increased a bone formation marker (alkaline
phosphatase).%8 However, a large trial in post-menopausal women failed to show an effect of
nitroglycerin on BMD, possibly because treatment adherence was poor.2”

Organic nitrates must be activated by mitochondrial aldehyde dehydrogenase, which leads to
oxidative stress, development of tolerance, and endothelial dysfunction,2% 30 and several
large trials of chronic nitrate use in patients with coronary artery disease showed increased
mortality in treated patients,6% 70.28 Since oxidative stress is implicated in the
pathophysiology of estrogen deficiency- and age-related osteoporosis,1? and can lead to
decreased NO bio-availability and soluble guanylate cyclase desensitization,3! the beneficial
effects of nitrates in post-menopausal osteoporaosis are likely limited by their pro-oxidant
properties.

Considerable effort has been directed towards developing second generation, direct NO-
releasing agents, but to date, none have shown efficacy in clinical trials, and some generate
toxic metabolites in the process of NO release, making them unsuitable for clinical use.3% 71
We have developed NO-Cbi as a novel, direct NO donor with major advantages over
existing, FDA-approved nitrates. NO-Cbi is derived from the penultimate vitamin B1,
precursor cobinamide, which is present at low concentrations in human serum. We have
found in rodents that cobinamide has no toxicity at >50-fold higher doses than those used in
this study and those required for delivery of pharmacological amounts of NO (G.R. Boss et
al., unpublished data and33). After NO release, cobinamide is generated, and cobinamide can
bind O, and other reactive oxygen species,38 providing a potential added benefit of
protecting cells from oxidative stress. Repeated administration of NO-Cbi does not induce
tolerance, and NO-Chi is stable and can be administered by multiple routes, including oral
ingestion (G.R. Boss et al., unpublished data, and33).

A limitation of our study is that ovariectomy in young mice does not mimic the gradual
cessation of ovarian function occurring during menopause. However, OV X mice are an
accepted model of estrogen deficiency-induced osteoporosis, and show changes in bone
architecture and turnover similar to those observed in post-menopausal women, including
increased bone resorption and increased osteoblast/osteocyte apoptosis.®: 43 4751 Some
workers have observed increased bone formation markers in parallel with increased
resorption in OVX mice, whereas we and others found no change in mineral apposition rate
and a trend towards reduced mineralizing surface and bone formation rate after OVX.72-7°
These differences may be attributable to differences in mouse strain and age, the type of
bone examined, and the time interval after OV X. We did not observe changes in cortical
bone post OV X, but OV X-induced cortical changes vary greatly among different inbred
mouse strains, with age of the mice, the site examined, and the time interval after
surgery.39: 47, 49-51 Apother limitation of our study is that we examined a single NO-Cbi
dose; this dose was chosen based on its lack of effect on systolic blood pressure. Further
studies are needed to optimize treatment dose and schedule, and to test the effect of oral NO-
Chi.
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In conclusion, we found that NO-Cbi regulates bone remodeling by promoting osteoblast
proliferation, differentiation, and survival, while inhibiting osteoclast differentiation directly
and indirectly (via RANKL). NO-Cbi improved bone mass in OVX mice, a frequently-used
model of post-menopausal osteoporosis, as well as in intact female mice.% 47: 76 We are
unaware of previous work using a direct NO-releasing agent as a bone-anabolic agent in
animals or humans.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NO-Chi enhances cGMP/PKG and Erk/Akt signaling, gene expression, proliferation,
and survival in POBs
(A) POBs isolated from intact C57BI6 mice were incubated in medium with 0.1% FBS (3 x

10° cells/ml) for 2 h prior to receiving vehicle or 10 uM NO-Chi (NOCbi) for the indicated
times. Stable NO oxidation products (nitrite plus nitrate, NOy) were measured in the
medium by the Griess reaction (NOy present in medium without cells was subtracted). (B,C)
POBs were treated with vehicle or NO-Cbi at the indicated concentrations for 30 min. The
intracellular cGMP concentration was measured by ELISA (B), and VASP phosphorylation
was analyzed by Western blot using a phospho-Ser259-specific antibody, with bar graph
showing densitometric quantification of p\VASP normalized to p-actin (C). (D,E) Serum-
deprived POBs were treated with vehicle or 10 pM NO-Cbhi for 10 min and ERK (D) and
Akt (E) activation were assessed by blotting with phospho-specific antibodies.
Densitometric quantification of pErk and pAkt normalized to total Erk and Akt, respectively,
is shown in the bar graphs. (F) POBs were serum-starved for 36 h in medium containing 1%
BSA with 10 uM NO-Cbi or vehicle; apoptosis was assessed by immunofluorescence
staining with antibodies specific for cleaved caspase-3 and FITC-coupled secondary
antibodies (green); nuclei were counterstained with Hoechst 33342 (blue). (G) POBs were
cultured in medium with 0.1% FBS for 18 h, and treated with 10 uM NO-Cbi or vehicle for
1 h; they were transferred to fresh medium containing 3H-thymidine for 24 h, and thymidine
incorporation into DNA was measured. (H,I) Confluent POBs were differentiated in
ascorbate-containing medium for 14 d, with some cells receiving 10 uM NO-Cbi (filled
bars) or vehicle (open bars) during the last 24 h. Expression of osteocalcin (OCN),
osteopontin (Sppl), collagen 1-Al (Collal), alkaline phosphatase (ALP), low-density
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lipoprotein receptor-related protein-5 (Lrp5), tubulin (Tubal), receptor activator of nuclear
factor kappa-B ligand (RANKL), and osteoprotegerin (OPG) mRNA was determined by
gRT-PCR and normalized to 18S rRNA,; normalized mRNA in vehicle-treated cells was
assigned a value of 1. Panels A—-l show means + SEM of at least three independent
experiments; *p < 0.05, **p < 0.01, ***p < 0.001, for the comparison between NO-Cbi- and
vehicle-treated cells. In panel F, ##p <0.01 for the comparison between cells in starvation
versus control medium.
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Figure 2. NO-Cbi stimulates Wnt signaling and mPOB proliferation via PKG 11
(A) POBs isolated from mice homozygous for prkgZ2alleles flanked by LoxP sites (“floxed”

PRKG2f) were infected with adenovirus expressing B-galactosidase (LacZ, control) or CRE
recombinase (CRE). Forty-eight h later, relative amounts of prkg2 mRNA were determined
by gRT-PCR, and knockdown efficiency of PKG Il protein was analyzed by Western
blotting, with caveolin-1 serving as a loading control. (B) Cells were infected as in A, but 30
h later were transferred to medium containing 0.1% FBS, and 18 h later were treated with 10
UM NO-Cbi or vehicle for 10 min. Akt and GSK-3p phosphorylation were assessed using
antibodies specific for Akt(pSer4’3) and GSK-3p(pSer?), with total GSK-3p serving as a
loading control; densitometric quantification is shown on the right, with relative amounts of
pAkt and pGSK-3p found in vehicle-treated, control virus-infected cells assigned a value of
1. (C) PRKG2f POBs were infected with control or Cre virus and transferred to 0.1% FBS
as in B; they were treated with NO-Cbi or vehicle for 6 h, prior to detecting p-catenin by
immunofluorescence staining. The bottom panel shows nuclei counterstained with Hoechst
33342. Numbers below indicate the percentage of cells showing nuclear p-catenin. (D) Cells
were infected and cultured as in B; they were treated with NO-Cbi or vehicle for 1 h prior to
measuring 3H-thymidine incorporation into DNA for 24 h. (E) Cells were infected with
control or CRE virus as described in A, and treated with 10 uM NO-Cbi or vehicle for 24 h.
Expression of Wingless type MMT V-integration site family-1a (Wntla), low-density
lipoprotein receptor- related protein-5 (Lrp5), p-catenin (BCat), cyclin D (CycD), alkaline
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phosphatase (ALP), osteocalcin (OCN), and tubulin (Tubal) mRNA was measured by gRT-
PCR and normalized to 18S rRNA; normalized mRNA in untreated cells was assigned a
value of 1. (F) POBs cultured in 10 % FBS were treated with 10 uM NO-Cbi for the
indicated times, and Lrp5 protein (open circles) and mRNA (filled squares) were assessed by
Western blotting (a representative blot is shown) and gRT-PCR, respectively. Panels A-F
show means + SEM of 3-5 independent experiments in osteoblasts isolated from PRKG2f/f
mice in a mixed S129/C57BI6 background; similar results were obtained in cells from mice
back-crossed into the C57BI6 background (Suppl. Fig. 1). *p < 0.05, **p < 0.01, ***p <
0.001, for the comparison between NO-Chi-treated versus vehicle-treated cells infected with
control virus, and #p < 0.05, #p < 0.01, ##p < 0.001 for comparison between NO-Cbi-
treated cells infected with control versus CRE virus.
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Figure 3. NO-Cbi inhibits osteoclast differentiation
(A,B) Murine bone marrow mono-nuclear cells were cultured in the presence of M-CSF;

after 3 d, RANKL was added, with or without NO-Cbi at the indicated concentrations.
Tartrate-resistant acid phosphatase (TRAP)-positive cells (red) were counted on day 8. (C)
Cells were cultured as in A, but some cultures received 10 puM NO-Cbi, 5 uM DETA-
NONOate (Deta-NO, which releases two moles of NO per mole of drug), or 100 uM 8-
pCPT-cGMP together with RANKL. (D) Expression of TRAP, cathepsin K (Ctsk), and
calcitonin receptor (CalcR) mRNA was determined by qRT-PCR and normalized to 18S
rRNA; normalized mRNA in vehicle-treated cells was assigned a value of 1. (E-G) Bone
marrow mononuclear cells isolated from PRKG2f mice were cultured with M-CSF and
RANKL as described in panel A, but 24 h after plating, cells were infected with adenovirus
expressing either green fluorescent protein (GFP, control) or CRE. Relative amounts of
prkg2 mRNA were determined by gRT-PCR (E), and TRAP-positive cells were counted on
day 8 (F,G). Panels B—F show means + SEM of at least three independent experiments; *p <
0.05, **p < 0.01, ***p < 0.001, for the comparison between vehicle-treated versus drug-
treated cells; n.s., non-significant.
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Figure 4. NO-Cbi increases serum cGMP concentration, bone formation, and osteo-blastic gene
expression in female mice

(A—F) Eleven week-old mice were subjected to ovariectomy (OVX) or sham operation, and
7 d later daily i.p. injections were started with either vehicle (\eh) or NO-Chi (10 mg/kg/d)
for 6 d per week for 5 weeks. The mice received calcein 7 and 4 d prior to euthanasia. (G-L)
Twelve week-old intact female mice were randomized to receive vehicle or NO-Cbi and
calcein as described for OVX mice. (A,G) Serum cGMP concentrations were measured by
ELISA 1 h after the last injection of vehicle or NO-Chi. (B,H) The number of trabecular
osteoblasts per bone perimeter (N.Ob/B.Pm) was counted at the proximal tibia. (C-E, 1-K)
Trabecular calcein labeling was assessed at the tibia, with quantification of mineral
apposition rate (MAR, panels D,l), mineralizing surface per bone surface (MS/BS, panels
E,J), and bone formation rate (BFR, panels F,K). (G,L) RNA was extracted from femurs,
and the relative abundance of osteocalcin (OCN), osteopontin (Sppl), alkaline phosphatase
(ALP), collagen-al (Collal), low-density lipoprotein receptor- related protein-5 (Lrp5) and
tubulin (Tubal) mRNA was quantified by gRT-PCR and normalized to 18S rRNA. Data
were calculated according to the AACT method, using the mean of the vehicle-treated OVX
group (F) or the mean of vehicle-treated intact mice (L). Data for panels A—E are the mean +
SEM from n= 6 sham-operated mice, n= 7 vehicle-treated OV X mice, and n=8 NO-Cbi-
treated OV X mice; data in panels F-L represent 6 mice per group. *p < 0.05, ** < 0.01,
*#*43 < 0.001 for the indicated pair-wise comparisons.
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Figure 5. NO-Cbi prevents estrogen deficiency-induced osteocyte apoptosis
Mice were subjected to OVX or sham operation and were treated with vehicle or NO-Cbi as

described in Fig. 4. (A-C) The percentage of apoptotic osteocytes was assessed in trabecular
(A,B) and cortical bone (C) by TUNEL staining (black nuclei) of tibial sections. Data in B
and C represent means + SEM from n= 6 mice per group. *p < 0.05, **p < 0.01, for the
indicated pair-wise comparisons. (D) Osteoblast and osteocyte apoptosis was assessed by
Western blotting of extracts obtained from tibial bone (after removal of bone marrow), using
an antibody specific for cleaved caspase-3, with B-actin serving as a loading control (n =2
mice per group). (E) Erk activity in cortical (top) and trabecular (bottom) bone-lining cells
was assessed by immunofluorescence staining using a phospho-Erk-specific antibody and
horse radish peroxidase-coupled secondary antibody (brown); isotype-matched control 1gG
produced no signal (not shown).
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Figure 6. NO-Cbi regulates RANKL/OPG and reduces osteoclasts in female mice
Mice subjected to OV X or sham-operation (A—C) and intact female mice (D,E) were treated

with vehicle or NO-Chi as described in Fig. 4. (A,B, D) Osteoclasts were identified by
TRAP staining (red), and the number of trabecular osteoclasts per bone perimeter (N.Oc/
B.Pm) was counted at the proximal tibia. (C,E) RNA was extracted from femurs, and the
relative abundance of RANKL, OPG, CTSK, and TRAP mRNA was quantified by gRT-PCR
and normalized to 18S rRNA. Data were calculated according to the AACT method using the
mean of the vehicle-treated OV X group (C), or the mean of vehicle-treated intact mice (E).
Data represent the mean = SEM from 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001
for the indicated pair-wise comparisons.
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Figure 7. NO-Cbi increases trabecular bone mass in female mice
Mice subjected to OV X or sham operation (A-D) and intact female mice (E-G) were treated

with vehicle or NO-Chi as described in Fig. 4. (A) Tibiae were analyzed by micro-CT
imaging, and three-dimensional reconstruction of the trabecular bone at the proximal tibia
below the growth plate is shown. (B-G) Trabecular bone volume/tissue volume (B,E),
trabecular number (C,F), and trabecular bone mineral density (D,G) were quantified at the
proximal tibia as described in Materials and Methods. Data in panels B-D represent means +
SEM from n= 6 sham-operated mice, n=7 vehicle-treated OV X mice, and n=8 NO-Cbi-
treated OV X mice; data in panels E-G are from 6 intact female mice per group. *p < 0.05,
**p < 0.01, ***p < 0.001 for the indicated pair-wise comparisons.
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