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Abstract

The nitric oxide (NO)-cyclic guanosine monophosphate (cGMP)—protein kinase G (PKG)
pathway plays a critical role in skeletal homeostasis. Pre-clinical data using NO and its donors and
genetically modified mice demonstrated that NO was required in bone remodeling and partly
mediated the anabolic effects of mechanical stimuli and estrogen. However, the off-target effects
and tachyphylaxis of NO limit the long-term use, and previous clinical trials using organic nitrates
for osteoporosis have been disappointing. Among the other components in the downstream
pathway, targeting cGMP-specific phosphodiesterase to promote the NO-cGMP-PKG signal is a
viable option. There are growing /in vitro and in vivo data that, among many other PDE families,
PDES5A is highly expressed in skeletal tissue, and inhibiting PDE5SA using currently available
PDESA inhibitors might increase the osteoanabolic signal and protect skeleton. These pre-clinical
data open the possibility of repurposing PDESA inhibitors for treating osteoporosis. Further
research is needed to address the primary target bone cell of PDE5SA inhibition, the contribution of
direct and indirect effects of PDESA inhibition, and the pathophysiological changes in skeletal
PDESA expression in aging and hypogonadal animal models.

Graphical abstract

Over the decades, researchers have learned that nitric oxide (NO) and its downstream pathway
play a critical role in skeletal homeostasis. We summarize findings from preclinical studies on the
skeletal effect of NO and its downstream components and revisit the idea of taking advantage of
this pathway for treating osteoporosis.
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Introduction

Osteoporosis is a major public health problem affecting almost 54 million U.S. women and
men aged 50 and older.! Anti-resorptive such as bisphosphonates and denosumab are used
for treating primary and secondary osteoporosis to reduce fracture risk.2 For a high-bone
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turnover disease such as postmenopausal osteoporosis, anti-resorptive suppresses bone
remodeling, and increased bone densities but not necessarily bone quality. The prolonged
use of an anti-resorptive, especially the bisphosphonate, increases the risk of unwanted
complications such as osteonecrosis of the jaw and atypical femur fracture. Conversely,
anabolic agents are shown to improve bone quality and quantity with new bone formation.3
Unfortunately, only a few anabolics are available currently, and the use of the anabolics in
the clinical practice is very limited. PTH and PTHrP analog are approved for a maximum of
two years by the U.S. Food and Drug Administration (FDA) due to the theoretical concern
of the risk of osteosarcoma based on an animal study using very high doses (30 to 4500
pg/day for humans) of teriparatide for a prolonged period.* Romosozumab, anti-sclerostin
antibody, was recently approved with a black box warning because of an increased signal of
serious cardiovascular events compared with alendronate treatment.® There are many
conditions with a low born turnover disease such as diabetes, aging, or adynamic bone
disease from CKD where anabolics might work better than anti-resorptive. Also, PTH 1-34
and PTH 1-84 have been investigated to improve fracture healing; however, the results are
conflicting.6-8

Therefore, new anabolic agents with anti-fracture efficacy and long-term safety for treating
chronic diseases such as osteoporosis are desperately needed. The nitric oxide (NO)-cyclic
guanosine monophosphate (cGMP)-protein kinase G (PKG) pathway might provide a new
potential treatment target. Over the decades, researchers have learned that NO and its
downstream pathway play a critical role in skeletal homeostasis. Although initial attempts to
use organic nitrates as therapeutics in osteoporosis were disappointing,®: 10 their potential
should be revisited in light of new research findings. Therefore, in our review we summarize
findings from preclinical studies on the skeletal effect of NO and its downstream
components and revisit the idea of taking advantage of this pathway for treating
osteoporosis.

NO-cGMP-PKG signaling and bone

Nitric oxide is known to play important functional roles in a variety of physiological and
pathological pathways. It is a free radical with a very short half-life (less than 30 seconds).
Three isoforms of nitric oxide synthases have been identified, namely, neuronal (nNOS or
NOS1), inducible (iNOS or NOS2), and endothelial (eNOS or NOS3) that produce NO
using L-arginine as a substrate. While it is well-known that NO diffuses freely across cell
membranes, wherein the vascular system acts as a potent vasodilator, importantly NO also a
critical signal for skeletal remodeling. All three NOS isoforms were found in whole bone
tissue or bone-derived cells such as osteoblast or osteoclast by PCR and
immunohistochemistry. eNOS expression was reported in osteoblasts, stromal cells, and
osteoclasts.1115 eNOS is calcium- and calmodulin-dependent and constitutively releases of
picomolar concentrations of nitric oxide.16: 17 iNOS was also found in osteoblast and
osteocytes, 8 as well as in osteoclast-like cells, bone marrow, and osteoclast precursor cells.
However, basal iNOS expression was minimal, if any, and triggered by inflammatory
cytokines such as tumor necrosis factor (TNF) a, interferon (IFN) vy, or interleukin 1.19-21
iNOS can generate much larger quantities of NO (nanomolar range) in response to
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inflammatory cytokines.16: 17 nNOS mRNA was also detected in whole bone, but the
expression in a specific bone-derived cell is not known.14

Although different types of bone-cells are shown to express NOS isoforms, osteoblasts seem
to be a dominant player in terms of generating NO. Co-culture of osteoblast and
hematopoietic stem cells showed that the majority of NO was produced from osteoblasts
compared with osteoclast precursors (100 fold greater in osteoblasts) in response to
cytokines treatment.22 The effect of NO on osteoblast is well-described from studies using
genetically modified mice. Osteoblasts derived from eNOS™~ (Mos3--) mice showed slow
growth, poor differentiation, and decreased alkaline phosphatase activity in response to PTH
treatment.11: 23 However, the effects of NO are not restricted to osteoblasts. In the absence of
NO, the activity and mobility of osteoclasts significantly decreased, which suggests NO is
an important signal in healthy bone remodeling.® Furthermore, RANKL secreted from
osteoblasts promotes iNOS expression and generates NO in osteoclast, which, in turn,
negatively affects RANK-induced osteoclastogenesis, suggesting the role of NO in
osteoblast-osteoclast crosstalk and bone remodeling.20

The skeletal phenotype of NOS-deficient mice further demonstrated the skeletal effect of
NOS and NO production. The basal constitutive activation of eNOS and resultant low-grade
NO production seem to be required in skeletal remodeling. eNOS™~ mice showed impaired
bone density and bone microarchitecture.1: 23 These mice showed an exaggerated bone loss
after ovariectomy and a blunted response to high-dose estrogen treatment.11: 24
Histomorphometry analysis of eNOS ™~ mice showed reduced bone volumeftissue volume
(BVITV), trabecular number, osteoblast number and surfaces, bone formation rate (BFR)
and mineral apposition rate (MAR).11: 23

On the other hand, the iNOS™~ (Nos2~) mice showed normal skeletal phenotype at the
baseline, although iINOS mediates the effect of mechanical stimuli. In mice with a tail
suspension model, which mimick mechanical un-loading, iNOS-deficient mice did not
reverse bone loss after mechanical re-loading, suggesting the role of iNOS and NO
production in mechanical-loading induced anabolic stimuli.18 More importantly, iNOS seem
to mediate cytokine-induced bone remodeling in an inflammatory condition. iNOS~~ mice
showed decreased NF-xB activation in bone marrow cells in the inflammatory state and did
not lose bone in response to cytokine treatment.2> Also, TNF-Tg mice with inflammatory
arthritis did not show increased bone resorption or osteoclast formation in the absence of
NOS (TNF-Tg x NOS).28 But this skeletal phenotype of global eNOS™~ and iNOS~~
mice needs to be interpreted with caution considering the role of NO in broad physiological
processes. Bone-specific eNOS or iNOS gene knockout mice will provide a better
understanding of skeletal specific effects.

In terms of nNOS, although the cell-specific nNOS expression has not known in skeletal
tissue, NNOS deficient mice showed a high bone mass. The osteosclerotic phenotype was
accompanied by reduced bone remodeling. Histomorphometry showed decreased osteoblast
and osteoclast numbers with a significant reduction in bone formation.2” Considering
abundant expression of nNOS in neurons and vascular tissues, 28 this skeletal phenotype of
global knockout nNOS~~ mice could be indirect, which needs to be further studied.
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The skeletal effect of NO through mechanical loading and estrogen is partly transcriptional:
the regulatory 5” flanking region of bovine eNOS gene includes an estrogen binding motif,
shear stress response, and tumor necrosis factor response elements.2? Thus, 17-B estradiol
stimulates eNOS expression and activity in human osteoblast-like cells and endothelial cells
of the cultured human umbilical vein.3%: 31 The anti-apoptotic effect of estrogen on osteocyte
requires cGMP and cGMP-dependent PKG activation. 17 estradiol or cGMP analog
treatment prevented osteocyte-like cell (MLO-Y4) from undergoing apoptosis, but not in the
presence of inhibitors for NOS, sGC, or PKGs.32 PKG1 and PKG2 function independently,
where PKG1 isoform PKG1a directly phosphorylates BAD on Ser155 and prevents
apoptosis, while PKG2 mediates estrogen-induced AKt/ERK activation, which ultimately
phosphorylates BAD on Ser136 and Ser122.32

Mechanical loading also requires the NO-cGMP-PKG signaling pathway. Mechanical shear
stress promoted eNOS expression and increased NO production.13: 33 Like fluid shear stress,
NO donor, or cGMP induced Src activation in primary human osteoblast and murine
osteoblast-like cells (MC3T3).34 NOS, soluble guanylate cyclase (sGC) or PKG inhibitors
abolished fluid stress-induced Src activation. sSiRNA-mediated knockdown of PKG1 and 2
showed membrane-bound PKG2 is required for fluid stress and cGMP-induced Src
activation.3* Also, ERK/Akt activation through NO-mediated cGMP elevation did not occur
in the absence of PKG2.3%> However, PKG2 did not activate Src directly but through
phosphorylation of SHP-1 and —2, which, in turn, dephosphorylate and activate Src.34

PKG-deficient mice further demonstrated the vital role of the NO-cGMP-PKG pathway in
bone remodeling. Global Prkg2-~ mice caused dwarfism because of impaired endochondral
ossification from defective chondroblast differentiation.36 Primary osteoblast from Prkg2--
mice showed decreased c-fosand Fra2 expression, which involve in osteoblast cell cycle
regulation.3* On the other hand, osteoblast-specific PKG2 gain-of-function mutation
(Collal-PrkgRR) showed significantly increased bone formation parameters such as
trabecular mineralizing surface, MAR, and BFR compared with littermates.37 Interestingly,
this skeletal phenotype was more evident in male mice, suggesting the possible interaction
of sex hormone and the NO-cGMP-PKG?2 signal. Moreover, Collal-PrkgZRR transgenic
mice were protected from diabetes-induced bone loss caused by streptozocin injection.3’

Global PKG1-deficient mice showed high mortality where ~80% of mice died within 2
months as loss of PKG1 result in severe vascular and intestinal dysfunctions.38 Osteoblast-
specific Prkg1 knockout (Col1al-CRET9* prkg1f/fl) showed decreased osteoblast activities;
decreased osteoblastic gene expression (Alpl, Bglap, and Colald) and decreased MS/BS,
MAR and BFR in histomorphometry. However, it did not affect osteoblast proliferation as
the number of osteoblasts remained unchanged on the bone surface.3? The number of
osteoclasts was also unchanged.3? In the fracture model using monocortical defect model,
Prkg1 OB-KO mice showed impaired bone regeneration. Alongside decreased VEGF and
VEGFR1 expression and capillary density in bone, BMP-2 and —4 signaling in osteoblast
were also significantly decreased in PrkgZ OB-KO, suggesting PKGL1 play a vital role in
angiogenesis and osteoblast differentiation.3°
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Complicating the understanding of the effects of NO in bone is its biphasic nature. Many
studies have reported opposite effects of NO depending upon low and high concentrations
achieved by using different NO donors. Although the dose, the study drug, and study
methods are heterogeneous, NO at higher concentrations consistently decreases cellular
activity in osteoblasts and osteoclasts thereby suppressing bone remodeling. An in vitro
study, NO generating agents such as nitroprusside at higher concentrations (30 UM vs 9 uM),
which decreased the osteoclast spread area.?? NO donor (S-nitroso-acetyl penicillamine
(SNAP)) increased bone turnover at lower concentrations (1-100 uM); yet at much higher
concentration (500 pM), bone turnover became significantly suppressed.#! The dramatic
increase in NO production responding to a combination of applied cytokines, including
IL-18, TNF-a, and IFN-v, led to arrested osteoclast differentiation and activity.22 These
effects of NO at high concentration generated in response to high cytokine levels caused an
apoptotic change not only in osteoclast precursor22 but also decreased osteoblast (MC3T3-
E1) cell viability.*2 The biphasic effects of NO need to be further clarified with future
studies. The definition of physiological and pathological concentration of NO thus remains
unclear. More importantly, whether and how NO production or NOS expression in the
skeleton is changed and responsible for primary and secondary osteoporosis in both males
and females needs to be further studied.

NO donors and bone

With all the available physiologic data, NO and its donors were studied as a potential
therapeutic for osteoporosis. In an /n vivo study using ovariectomized-mice, nitroglycerin
prevented bone loss, and estradiol failed to protect bone loss when NOS inhibitors were
given simultaneously.*3 Also, nitroglycerin (0.2 mg/kg of 2% nitroglycerin ointment daily)
restored bone mass after ovariectomy to levels comparable to estradiol treatment.44
However, organic nitrates require mitochondrial biotransformation, and during the process
reactive oxygen species (ROS) are generated.*> 46 For this reason, long-term use of organic
nitrate is limited due to intolerance, tachyphylaxis, and off-target effects. A newer NO-
releasing agent, nitrosyl-cobinamide (NO-Cbi), that releases NO directly without
biotransformation was studied; NO-Cbi increased intracellular cGMP, osteoblast
proliferation, and survival.3> NO-Cbi treatment (10 mg/kg/d, i.p) increased osteoblastic bone
formation while inhibiting osteoclast differentiation in ovariectomized mice.3®

Epidemiology studies support the protective skeletal effects of NO donors as well. A Danish
population-based study using 123,655 subjects reported a ~15% reduced risk of fracture in
users of organic nitrates.*” A case-control study using the Dutch PHARMO Record Linkage
System showed a decreased risk of hip fracture in patients with the current use of nitrates. In
this study, intermittent users had a lower risk of fracture compared with daily users.*8 The
US-population based cohort from the Study of Osteoporotic Fractures also showed that
adjusted hip BMD was significantly higher in daily users of organic nitrates, especially
intermittent users, compared with non-users.*°

However, the results of clinical trials have been very disappointing. Two randomized clinical
trials using nitroglycerin ointment and isosorbide mononitrate in postmenopausal women
with low bone densities were retracted because of scientific misconduct.® 19 More recently,
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a 1-year double-blind, randomized, placebo-controlled trial of three different nitrate
preparations (short-acting isosorbide mononitrate, long-acting isosorbide mononitrate, and
nitroglycerin) at two different doses examined the change of BMD and bone turnover
markers. In this study of 240 postmenopausal women with low bone densities, no significant
BMD change was noted. Of note, the withdrawal rate was quite high (~ 20%) in the active
treatment arm mainly due to headaches.>0

Soluble guanylate cyclase (sGC) and bone

Soluble guanylate cyclase (SGC) converts guanosine triphosphate (GTP) to secondary
messenger cGMP and inorganic pyrophosphate and increases the NO-cGMP-PKG signal.
The soluble guanylate cyclases (Gucyla? and Gucyla3) were expressed in mouse skeletal
tissue.1> And sGC agonist, cinaciguate, increased intracellular cGMP concentration in
murine primary osteoblast.>?

In vivo studies using different heme-dependent and heme-independent sGC agonists
increased bone formation and resorption, resulting in increased bone turnover.2 sGC
agonists also increased bone remodeling in parathyroidectomized rats, which suggested the
effect was independent of PTH action.52 The skeletal effect of sGC agonist seems to be
osteoblast-driven. Cinaciguat enhanced osteoblast proliferation and differentiation and
reversed the trabecular bone loss in ovariectomized mice whereas, it did not suppress the
osteoclast differentiation or osteoclastic gene expression in ovariectomized mice®!
Cinaciguate was also studied in the streptozocin-induced type 1 diabetes mice model.
Cinaciguate treatment group showed significantly improved BMD and micro-skeletal
architecture as well as an increased number of osteoblasts and collagen content.3°
Importantly, cinaciguate also increased Vegfa expression in skeletal tissue, suggesting that
cinaciguate-induced cGMP-PKG signal not only works as an osteogenic stimulus but also
improves angiogenesis in diabetes-related bone disease.3°

Currently, sGC agonist, riociguat, is approved by the FDA for treating pulmonary
hypertension. It has shown a favorable safety profile and well-tolerated with hypotension
and syncope as the most frequent side effect.53 Randomized, controlled, phase 11b trial of
cinaciguat use for acute heart failure syndromes showed short-term use of intravenous
cinaciguat caused frequent hypotension without beneficial effect on respiratory and cardiac
index.>4

Phosphodiesterase (PDE) 5 and Bone

cGMP-specific phosphodiesterase is another potential target to promote the NO-sGC-
cGMP-PKG signal in the skeleton. Among 11 known PDE families, PDE5SA, 6, and 9A are
known to specifically bind to and degrade cGMP. Tagman assays using mRNA from mouse
skeletal tissue evaluating the expression of 11 PDEs showed the high levels of Pde5a
expression, which was comparable to expression of 7nfrsfilaand Tnfsf11.1°
Immunohistochemistry confirmed the co-localization of RUNX2 and PDES5A in osteoblast
precursors; however, PDE5SA was not stained in osteoclast precursors. Microarray analysis
of human osteoblast and osteoclast also showed the presence of PDESA only in osteoblasts.
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15 Furthermore, PDES5 inhibitors sildenafil and vardenafil increased cGMP concentration
significantly in calvarial cells from neonatal mice.>®

PDEDSA is an attractive therapeutic target; PDE5SA inhibitors are readily available and have
been widely and safely used in clinical practice. Currently, four different PDE5SA inhibitors,
namely sildenafil, tadalafil, vardenafil, and avanafil are approved for treating erectile
dysfunction, which is the most common sexual dysfunction worldwide.5® Almost 70% of
elderly men (70 years of age and older) and more than half of the patients with diabetes
suffer from erectile dysfunction; this group also has a high risk of osteoporosis and fractures.
56 Among them, tadalafil was approved for daily chronic use given its long-term safety
profile, and low-dose daily use of tadalafil significantly improved erectile dysfunction and
lower urinary tract symptoms in diabetes patients.>” A large epidemiology study from
Taiwan suggested that the two multifactorial diseases erectile dysfunction and osteoporosis
are closely associated. Patients with erectile dysfunction had a significantly higher risk of
low bone mass and, more importantly, hip fracture.>® Therefore, repurposing PDE5
inhibitors, which have been safely used for decades, for osteoporosis may be a viable
therapeutic option.

In vivo studies showed protective skeletal effects of PDE5SA inhibition, which are
summarized in Table 1. In wild-type mice, tadalafil and vardenafil significantly increased
areal and volumetric BMD, including better microarchitecture, compared with vehicle-
treated mice.1® Tadalafil and vardenafil increased serum NO, cGMP, and PKG expression, as
well as BMD, in ovariectomized rats.>® Also, sildenafil and vardenafil promoted new bone
formation in mice with femur osteotomy and completely restored bone mass and trabecular
microarchitecture parameters in ovariectomized mice.5® Avanafil and zaprinast also showed
protective effects in rats with glucocorticoid-induced bone loss.6% PDES5 inhibitors were also
studied in mice fracture model and showed fastened fracture healing and better
biomechanical properties.51-64

The effect of PDESA inhibitors seems to primarily come from osteoblasts. PDE5A inhibitor
treatment promoted alkaline phosphatase (ALP) activity, increased bone formation
parameters (BV/TV, MAR, and BFR), and upregulated osteoblastic gene expression.>® Bone
formation markers (P1NP) increased without any change in bone resorption marker (CTX),
55 yet there is evidence that tadalafil and vardenafil suppressed osteoclast differentiation and
osteoclastic bone resorption.1® In this study, PDE5 expression was exclusively noted in
osteoblasts, suggesting anti-osteoclastic effect might be driven by osteoblast.1®> Although the
negative effect of NO on RANK/RANKL-induced osteoclastogenesis was studied,20 the
effect of PDES5 inhibition on osteoblast-osteoclast interaction is not known.

While the skeletal effects of PDE5SA inhibition may predominantly be caused by direct
actions on osteoblasts, there are also indirect effects that may contribute. PDE5SA inhibitors
are potent vasodilators and the resultant increased blood flow might promote anabolic signal
and affect bone remodeling positively. In fractured bone, sildenafil upregulated cysteine-rich
61 (CYR®1) in callus, which might increase endothelial cell migration.61 Also, PDE5
inhibitors increased VEGF and VEGFR expression in osteoblasts,®® which is consistent with
upregulated VEGF and VEGFR gene expression with cGMP analog or sGC agonist
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treatment.3? /i vivo imaging using fluorescein isothiocyanate-dextran (FITC dextran)
demonstrated increased bone vasculature after sildenafil or vardenafil treatment.>> PDE5
inhibitors also were shown to modulate lymphatic function. Sildenafil and tadalafil reduce
lymphatic contraction and dilated collateral lymphatic vessels,> which might play a role in
bone remodeling indirectly through the inflammatory cell or osteoclast progenitor
recruitment.

In addition, PDES5A is relatively ubiquitous and also expressed in the central nervous system
and PDES5 inhibitors were studied for vascular dementia and Alzheimer’s disease.% 67 As a
CNS-bone relay through the sympathetic nervous system is well-documented,58 another
possible indirect action on the skeleton is via CNS-mediated effects of PDE5SA. Co-
localization of PDE5SA and dopamine B-hydroxylase (DBH) in specific parts of the brain
was confirmed by using co-staining. The connection between bone and DBH/PDE5SA
positive neurons was confirmed by tracing retrograde sympathetic neuron-specific PRV152
virus after injecting it to the bone.® Sympathetic nervous system (SNS)-related clock genes
expression profiles including Mycand Ccnd in osteoblasts were down-regulated, which

suggested PDESA inhibition might work negatively on osteoblast proliferation via the SNS.
15

Further studies are needed before repurposing those agents in treating osteoporosis.
Although serum cGMP levels were noted to be significantly lower in hypogonadal
ovariectomized mice or streptozocin-induced type 1 diabetes mice,3% 37: 51 the pathological
change of PDES5A expression in the skeletal tissues with hypogonadism, aging, type 1
diabetes or fracture has not been studied. Genetically modified mice with upregulated or
downregulated PDESA, particularly a bone cell-specific genetic modification, will give a
better understanding of the role of PDES5A in skeletal remodeling and definitive answer
regarding the primary target cell.

There is growing evidence that suggests the NO-cGMP-PKG pathway will provide a new
therapeutic target for osteoporosis, as summarized in Figure 1. Organic nitrates have been
previously tried; however, the intolerance, tachyphylaxis, and off-target side effects
prevented their long-term therapeutic use. More recently, a soluble guanylate agonist and
PDESA inhibitors have been approved by the FDA and used in men and women for long-
term treatment of pulmonary hypertension and erectile dysfunction in clinical practice.
PDESA inhibitors are well-tolerated with minimal side effects, and there are promising
preliminary pre-clinical data on skeletal protection via osteoblast-driven anabolic effects.
Further research is needed to repurpose these agents for osteoporosis therapy. The primary
target cell of PDESA inhibition in bone remains to be definitively demonstrated, and the
contribution of direct versus indirect effects of PDE5SA inhibition on skeletal remodeling
remains unclear. Last, the pathophysiological changes in skeletal PDE5A expression in
aging and hypogonadal osteoporosis animal models need to be studied.
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The NO-cGMP-PKG1/2 Axis. The PDE5A inhibitors tadalafil, vardenafil, sildenafil, and

avanafil prevent cGMP degradation and thus stimulate PKG1/2.
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Table 1.
PDES inhibitors and skeleton effect
Medication Intervention Skeletal changes Other findings
Alp et al>® Tadalafil OVX (8 mon-old rats) BMD?
Vardenfail tadalafil and vardenafil (+12%)
Udenafil udenafil (+14%)
(10 mg/kg/d, OG), 2 mon PINP? CTX!{
Huyut et a0 Avanafil Dexamethasone BMD?*
Zaprinast (120ug/kg) avanafil (+8%) and zaprinast
(10mg/kg/d, OG), 1mon (8 mon-old rat) (+2%)
Pal et al55 Sildenafil (6 mg/kg/d) oVvX BMD?* VEGF and VEGFR2
Vardenafil (2.5 mg/kg/d), OG, (5 mon-old Balb/c mice) | sildenafil and vardenafil expression 1
6 wks (L5,+45%) In-vivo vascularization
BV/TV1, MS/BST, MAR?, (FITC) *
BFR?
PINP 1, CTX <>
Kim et alts Tadalafil (2 mg/kg/d) and No intervention 4 mon- BMD* Negative CNS-
vardenafil (10 mg/kg/d) OG, 6 old C57BI.6J mice tadalafil (L4-6, 7%), vardenafil mediated effect
wks (~2%)

BV/TV1, MS/BST, MART,
BFR?" and N.Oc/BS |,
Cfu-Ob * and ACP5+ OC {

Histing et a/%!

Sildenafil (5mg/kg/d), OG,
5wks

Femur fracture

Fracture healing (Radiologic and
histologic finding)*®
Improved bending stiffness 1

VEGF/CYR61
expression in callus 1

Togral et al®3

Tadalafil (1mg/kg/d) Sildenafil
(5mg/kg/d), OG, 6wks

Femur fracture

Fracture healing (Radiologic and
histologic finding)®

In-vivo vascularization
(FITC) *

Cakir-Ozkan et
4162

Sildenafil (10mg/kg/d), OG,
4wks

Mandibular fracture

Fracture healing (Radiologic and
histologic finding)*®

BMP2 and Coll
expression 1 in callus

Dincel®

Sildenafil (10mg/kg/d), OG, 2
wks

Femur fracture

Fracture healing (Radiologic and
histologic finding)*®

OG, oral gavage; MS/BS, mineralized surface/bone surface; MAR, mineral apposition rate; BFR, bone formation rate; IVIS: /n vivo imaging
system; FITC, fluorescein isothiocyanate-dextran
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