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Abstract

Non-invasive treatment of injuries and disorders affecting bones and connective tissue is a
significant challenge facing the medical community. A treatment route that has recently been
proposed is nitric oxide (NO) therapy. Nitric oxide plays several roles in physiology with many
conditions lacking adequate levels of NO. As NO is a radical, localized delivery via NO donors is
essential to promoting biological activity. Herein, we review current literature related to
therapeutic NO delivery in the treatment of bone, skin and tendon repair.
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1. Introduction

Musculoskeletal disorders (e.g., arthritis, osteoporosis, and inflammatory bone disease) are a
major health concern in the U.S. due to an aging population and increased occurrence of
sports-related injuries. In addition, roughly 4.4 million people are expected to have one or
more internal fixation devices, of which ~3% will become infected [1, 2]. Osteoporosis,
caused by local or systemic bone loss, occurs most commonly in women after age 40 with
estrogen deficiency due to menopause [3]. Conditions such as osteoporaosis lead to bone
fracture and tendon damage. Subsequent wound healing and tendon healing are complex
processes that involve the proliferation and differentiation of bone cells (e.g., osteoblasts)
during development, followed by the production of extracellular matrices in response to
normal and abnormal physiological situations [4, 5]. Moreover, extreme calcium loss and
increases in bone resorption have been linked to several cancers (e.g., bone metastases of
breast and prostate tumors) [3]. While certain drugs (e.g., estrogen and selective estrogen
receptors) are beneficial in inhibiting the formation or activity of osteoclasts, undesirable
side effects limit their long-term use and thus necessitate localized therapeutics. Other
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treatments for musculoskeletal disorders (e.g., injuries to bone, ligaments, and joints) are
based on the use of grafts from existing tissue or implantation of prosthetic devices.
Although fairly successful, invasive orthopedic surgeries still result in poor host tissue
response and microbial infection, particularly for open-fracture boned and joint-revision
surgeries [2, 6]. Thus, molecules that mediate bone formation, resorption and repair, wound
healing, and anti-microbial action at implants have been proposed as candidates for targeted
and localized delivery therapeutics.

Nitric oxide (NO) is an endogenously produced diatomic molecule and that plays multiple
roles in physiological process, including angiogenesis, wound healing, neurotransmission,
smooth muscle relaxation, and inflammation [7]. Nitric oxide's action on physiology is
highly dependent on location, source, and concentration [7, 8]. Nitric oxide is produced in
vivo by NO synthase (NOS), an enzyme that catalyzes the oxidation of a guanidine nitrogen
from L-arginine in the presence of calcium ions, NADH, and tetrahydrobiopterin as co-
factors [7, 8]. Endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS)
are the three distinct NOS isoforms. [9] Low nanomolar NO concentrations are produced by
eNOS and nNOS to promote vasodilation and neurotransmission, respectively [9]. The
iNOS form is capable of producing micromolar levels of NO, often in response to infection
and inflammation [9]. Nitric oxide has a short half-life (<1 s in the presence of oxygen and
hemoglobin) in vivo, arising from its high reactivity with transition metals, heme-containing
proteins, and thiols [7]. As such, NO's sphere of influence is limited to a few pm [10]. In the
presence of superoxide (O2""), NO will react to form peroxynitrite (ONOO™), an even
greater oxidant involved in the inflammatory response [11]. Due to the reactive nature of
gaseous NO, chemical strategies for NO storage and release have been developed in an
effort to capture NO's pharmacological potential.

2. Nitric oxide donors

Multiple NO donor types exist with unique NO release triggers and kinetics. N-
diazeniumdiolates (1-amino-substitutied diazen-1-ium-1,2-diolate) and S-nitrosothiols
represent the two most diverse NO donor classes. A-diazeniumdiolates form on secondary
amines under high pressures of NO in the presence of base. Upon proton initiated
degradation (e.g., in water), the NO donor releases two molecules of NO per secondary
amine (Figure 1) [12, 13]. Snitrosothiols are an endogenous NO carrier but may be
synthesized on free thiol groups upon exposure to a nitrosating agent (e.g., nitrous acid)
[14]. Nitric oxide release of the sulfur-bound NO may be initiated by heat, light, or exposure
to copper ion (Figure 1) [14]. Additionally, transnitrosation may occur resulting in the
transfer of the S-nitrosothiol group to another free thiol group [14]. Both of these NO donors
have the advantage of spontaneously releasing NO without the need of other agents (e.g.,
enzymes). For example, small molecular weight NO donors that have been synthesized and
used in biological studies include (Z)-1-[ A-(3-aminopropyl)- N-(n-propyl)amino]diazen-1-
ium-1,2-diolate (PAPA/NO), 1-[ N-(aminoethyl)-A-(2-ammonioethyl)amino] diazen-1-
ium-1,2-diolate (DETA/NO), S-nitrosoglutathione (GSNO), and S-nitroso- A-acetyl-
penicillamine (SNAP) [15, 16]. To enhance NO payloads and/or expand the utility of NO
release, macromolecular NO release scaffolds have been developed with similar NO donor
chemistry. Materials spanning xerogels [1, 11, 17], silica hanoparticles [18—-20], dendrimers
[21, 22], synthetic polymers [23-25], and electrospun fibers [26] have been reported.

Among the NO donors already used clinically, organic nitrates have been most widely
employed [27], with their use dating to the 1870s [28], While the release of NO from
organic nitrates is invoked without the assistance of enzymes to some extent, the primary
mechanism of NO production is enzymatic (Figure 1) [27]. For example, nitroglycerin, the
most commonly used organic nitrate, primarily “releases” NO upon bioactivation by
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mitochondrial aldehyde dehydrogenase (mtALDH) [29, 30]. Unfortunately, patients often

develop a tolerance to nitroglycerin due in part by inactivation of mtALDH in response to

oxidative stress [31, 32], thus limiting the NO-donating capacity of nitroglycerin, reducing
treatment efficacy and complicating clinical results. Despite these potential shortcomings,

much NO release-related clinical research data is based on nitroglycerin.

Metal nitrosyl compounds represent another class of compounds used to generate NO in
biological studies. Two examples of metal nitrosyls are sodium nitroprusside
(Nay[Fe(CN)sNO], SNP) and potassium nitrosylpentachlororuthenate (K>[Ru(NO)Cls],
NPR), with SNP being the most common [27, 33]. For 70 years, SNP has been used to
reduce blood pressure in hypertensive emergencies [27]. Metal nitrosyls are capable of
releasing NO enzymatically, non-enzymatically when in the presence of vascular tissue and
reducing agents (e.g., ascorbic acid), or by light irradiation [27, 34, 35]. However, cellular
toxicity is a concern for SNP use due to the liberation of cyanide and the formation of
cytotoxic peroxynitrite upon the release of NO [27]. Structures for the metal nitrosyl
compounds and other NO-releasing materials discussed are provided in Figure 2.

The NO release kinetics and total payloads for common NO donors are shown in Table 1.
While the NO release mechanism for A-diazeniumdiolates is well understood, NO release
for S-nitrosothiols, organic nitrates, and metal nitrosyls are highly dependent on a number of
factors including enzymes, free thiols, and light. Therefore, the NO release kinetics of these
donors vary significantly, particularly in vitro vs. in vivo, and thus are excluded from Table
1.

Based on recent research demonstrating the utility of NO release as an antibacterial and
wound healing promoting agent, the localized delivery of NO using NO donors represents a
promising strategy for reducing implant-associated infections and promoting tissue
regeneration in the orthopedic arena. The risk of systemic toxicity and undesirable side
effects may be mitigated by careful selection of NO donors. Next, we detail the role of NO
in bone formation, resorption, and repair.

3. Nitric oxide delivery to bone

3.1. Roles of NO in bone tissue

Bone is a complex, dynamic, living tissue that undergoes constant remodeling carried out by
osteoblasts and osteoclasts that deposit new bone and remove existing mineralized bone and
organic tissue, respectively [36]. Imbalances in bone turnover result in a variety of medical
conditions. For example, the over-activity of osteoclasts amplifies bone loss in post-
menopausal osteoporosis, while reduced osteoclastic activity is a major contributor to
osteopetrosis, a condition characterized by excess mineralized bone.

Nitric oxide is involved in the cellular processes responsible for bone turnover.
Constitutively generated by eNOS, NO contributes to the proliferation and differentiation of
osteoblasts [37]. When eNOS is specifically targeted for disruption in mice, osteoblasts
cultured from their tissue show inhibited proliferation and decreased activity [37, 38]. Nitric
oxide also plays a pivotal role in osteoclastic activity as decreased NO levels have been
shown to enhance osteoclastogenesis and associated bone resorption [39]. This effect
appears to be biphasic, as high concentrations of NO inhibit cytokines that contribute to
bone resorption whereas low concentrations potentiate their effect.[40] Nitric oxide may
play a part in the multinucleation of osteoclasts as evidenced by elevated NO levels in pre-
osteoclasts prior to cell fusion [41].
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Nitric oxide expression by bone cells is in part regulated by sex hormones such as estrogen.
One such estrogen, 17p-estradiol, promotes apoptosis of osteoclasts by inhibiting bone
resorption [42]. In osteoblasts, exposure to 17p-estradiol upregulates eNOS [43].
Constitutive NO production stimulated by eNOS then promotes proliferation and
differentiation of osteoblasts, resulting in increased bone deposition [44]. Targeted
disruption of eNOS in mice nullifies the beneficial effects of exogenously supplied estrogen,
suggesting that NO is a significant factor in estrogen-promoted bone formation [45]. These
findings have guided research efforts towards NO therapy as a treatment for post-
menopausal osteoporosis when estrogen levels are depressed [46].

The activity of all three NOS isoforms is increased following fracture in humans and rats,
indicating NO is also involved in bone fracture repair [47, 48]. Diwan et al. found that iNOS
levels increased 4 d after fracture, proceeded by a delayed increase in eNOS and nNOS
expression [47]. Rats supplemented with L-AC-nitroarginine methyl ester (L-NAME), a
non-specific NOS inhibitor, experienced inhibited fracture healing as evidenced by a
reduction in the cross-sectional area and failure load of explanted femurs. Evaluating the
role of iINOS specifically in fracture healing through targeted gene deletion illustrated that
femurs from iINOS deficient mice had a decreased total and maximum energy absorption
following fracture, although the biomechanical properties remained unaffected [48].

Mechanical strain at forces lower than those necessary for fracture also stimulates NO
production, ultimately helping bone adapt to its functional needs [49]. As a way to regulate
the constant remodeling necessary for this process, mechanical strain on osteoclast
progenitor cells increases local NO concentrations by upregulating eNOS and consequently
reducing osteoclastic activity [49, 50]. Osteoblasts also respond to strain and shear stress
through the activation of protein kinase by cyclic guanasine monophosphate (cGMP), a
species activated by NO released in response to strain [51]. Bone resorption is also
controlled through suppression of the receptor activator of nuclear factor kappa-B ligand
(RANKL) [52], a member of the tumor necrosis factor family and an essential factor for
osteoclastogenesis. Interestingly, chemically-induced inhibition of nNOS and eNOS in
mechanically strained stromal cells reversed the inhibition of RANKL associated with strain
[53]. Although experiments in eNOS deficient mice demonstrate that alternative pathways
for RANKL inhibition still exist, this suggests that RANKL inhibition is in part mediated by
NO [53].

Taken together, the wide array of bone processes that NO is involved in suggest that
delivery of NO to bone in a controlled and targeted manner may result in new and effective
treatments for fracture repair and conditions caused by imbalances in bone turnover. The
effects of exogenous NO on bone cells are thus described below.

3.2. Effects of exogenous NO on bone cells

3.2.1. Effects of NO on osteoblasts—Endothelial NOS generated by osteoblasts
contributes to their proliferation. It is unsurprising then, that NO supplied exogenously also
stimulates osteoblast growth. Osteoblast-like cells treated with the non-selective NOS
inhibitor, NG-monomethyl-L-arginine (L-NMMA), demonstrated a dose-dependent growth
inhibition that was restored upon treatment with SNP or L-arginine [54]. Using targeted
disruption of the eNOS isoform as opposed to a non-selective inhibitor demonstrated similar
results; mice lacking eNOS showed reduced bone formation and bone volume [37].
Osteoblasts isolated from the femurs of eNOS deficient mice exhibited decreased
proliferation and differentiation as evidenced by reduced alkaline phosphatase activity [37].
When incubated with SNAP (1 M), cell number and alkaline phosphate activity were
restored to wild-type levels. To determine whether exogenous NO enhanced bone growth
rather than simply restoring it following gene disruption, the same experiment was
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performed on osteoblasts from wild-type mice. Although alkaline phosphatase levels did not
increase, the wild-type osteoblasts grew to increasing numbers when incubated with 1 pM
SNAP [37], demonstrating NO's potential as a therapeutic for bone growth.

Similarly, Otsuka et al. found that incubation of osteoblasts with an unspecified
concentration of DETA/NO had no effect on alkaline phosphatase activity [54]. However, a
3.5-fold increase in osteocalcin, an osteoblast-generated protein that contributes to bone
matrix mineralization was noted over the 12 d incubation period. Consistent with this
observation was an increase in the number of mineralized bone nodules formed from
osteoblasts treated with DETA/NO.

Ultimately, the rate at which NO is released from an NO donor species will significantly
impact the concentration of NO in its localized sphere of influence. Since NO concentration
has a profound effect on cellular activity, the release kinetics (illustrated in Figure 3) from
the NO donor must be considered. Mancini et al. postulated that the slow release of NO
from DETA/NO mimicked the release of NO from eNOS, while release from iNOS was
more accurately modeled by a compound such as SNP that releases NO more rapidly [55].
Cell counts increased when osteoblasts were incubated with 10 .M DETA/NO for 3 d while
they were unaffected at the same concentration of SNP. At elevated NO donor
concentrations (50 M), DETA/NO still contributed to cell growth while SNP initiated
apoptosis. Larger NO donor concentrations (100 tM) reversed the observed proliferative
effect, while the trend of SNP-induced killing continued. In addition, alkaline phosphatase
levels increased for cells incubated for 48 h in 10 M of DETA/NO but not SNP [55].
Collectively, this data suggests that the slow release of NO at low concentrations is ideal for
stimulating the proliferation of osteoblasts.

Rapid release of NO only applied intermittently may also be beneficial. Buttery et al. studied
osteocalcin and Cbfa-1/Runx-2 gene expression from osteoblasts supplemented with a rapid
photolabile NO donor, NPR[38]. Osteoblasts derived from both wild-type and eNOS
deficient mice were incubated in 5 .M NPR before UV-light exposure over a period of 1 s
to initiate NO release. This was repeated at each stage of osteoblast growth (i.e.,
proliferation, matrix formation, and matrix mineralization). In eNOS deficient mice, gene
expression was restored to wild-type levels when treated with the NO donor. For wild-type
cells exposed to NO, an increase in Cbfa-1/Runx-2 and osteocalcin expression was observed
at each stage of osteoblast growth [38].

Mechanistically, the enhancement of osteoblast differentiation appears to be dependent on
cGMP [55]. Formed from the activation of soluble guanylate cyclase by NO, cGMP is
responsible for many of NO's biological effects [56, 57]. In the context of bone formation
and repair, cGMP has been shown to enhance alkaline phosphatase and osteocalcin
concentrations [58]. This upregulation is indicative of osteoblast differentiation and
mineralization [59]. The pro-osteogenic cytokine IL-6 is also upregulated by cGMP,
providing an explanation for the proliferative effect of NO on osteoblast cells [60].
However, a cGMP-dependent reduction in alkaline phosphatase is observed at high
concentrations of NO making NO's effects on osteoblasts biphasic [55]. While not entirely
understood, such behavior may be due to the build-up of reactive oxygen species along with
a decline in the cell's mitochondrial membrane potential, ultimately initiating apoptosis [61].

3.2.2. Effects of NO on osteoclasts—Treatment of osteoclasts with exogenous NO
sources causes a variety of effects dependent on NO donor concentration, NO release
duration, and growth conditions. Elevated levels of NO have been shown to cause apoptosis
in osteoclasts. Interestingly, cytokines like interleukin-1 (IL-1) and tumor necrosis factor
(TNF) are known to enhance bone resorption despite the fact that cytokines also elicit the
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upregulation of iNOS [40, 62]. Osteoclasts grown in mouse calvarial organ cultures were
suppressed by interferon gamma, an inducer of iNOS, but only in the presence of IL-1 or
TNF. Similarly, bone resorption resulting from IL-1 was suppressed when cell cultures were
exposed to high concentrations of SNAP (500 M), but potentiated at low SNAP
concentrations (0.1 — 100 wM) [40], indicating that cytokine-induced bone resorption is
modulated by NO. Consistent with this data, Lee et al. found that TNF upregulates iNOS
and subsequently contributes to TNF-induced osteoclast survival [63]. Mice deficient in
iNOS suffer abnormalities in IL-1 induced bone resorption. Supplementing osteoclasts with
SNAP reversed this inhibition, but only in the presence of IL-1 which the authors attributed
to an NO-dependent enhancement of resorptive pathways signaled by IL-1 [63].

One way that NO may contribute to osteoclastogenesis inhibition is through the production
of osteoprotegerin (OPG). By binding RANKL, OPG halts osteoclast growth and inhibits
bone resorption. When supplemented with 15 pM DETA/NO, bone stromal cells from
ovariectomized rats increased OPG production, resulting in inhibition of osteoclastogenesis
[64]. While supplementation of murine osteoclasts with greater levels of DETA/NO (300
M) induced apoptosis, increasing IL-1 or RANKL concentrations in the culture medium
decreased apoptosis [64]. Of note, RANKL itself is auto-regulated through NO production.
Osteoclastogenesis stimulated by RANKL is controlled by a negative feedback signal,
whereby RANKL upregulates interferon-p, triggering iNOS-generated NO and inhibiting
bone resorption [65]. These studies suggest that the concentrations of cytokines and other
growth factors must be considered along with NO dose and release rate. This potential
synergy may be of special importance in inflammatory conditions, where cytokine
concentrations are elevated [66].

The effects of exposing osteoclasts to NO also appear to be growth phase dependent. The
activity of osteoclasts treated with either SNP was not affected during the proliferation phase
(1- 3 d), but was inhibited during the differentiation phase (4— 6 d). Once mature, a SNP
concentration of 100 uM SNP was necessary to inhibit the osteoclasts [67]. Osdoby and
colleagues also observed a growth phase-dependence, with NO donors capable of sustained
release (e.g., SNAP) being more effective at inhibiting osteoclastogenesis than donors that
release NO more transiently (e.g., PAPA/NO). This behavior may be attributed to sustained
NO release occurring into the early prefusion development period when the NO donors were
incubated with osteoclast-like cells [39]. This hypothesis is consistent with a report by
Holliday et. al. describing activation of cGMP at low concentrations of exogenously
supplied NO (0.1 M SNP) that disrupted the formation of osteoclasts, but had little effect
on the proliferation of mature osteoclasts [68]. In contrast, mature osteoclasts respond to
much higher concentrations of NO donor (>100 M SNP) by both cGMP-independent and
dependents mechanisms [68—71]. While the cGMP-independent mechanisms may rely on
the reaction of NO with superoxide to form peroxynitrite and cause osteoclast detachment
[72], the cGMP-dependent mechanism relies on the activation of protein kinase | by cGMP.
The latter facilitates osteoclast motility and detachment, ultimately reducing bone mineral
matrix degradation [70, 71].

3.3. Systemic NO delivery

The benefits of systemic NO delivery have been highlighted in numerous studies [73-78].
Perhaps the most widely explored systemic uses of NO as a bone therapeutic is for the
treatment of osteoporosis caused by estrogen deficiency via nitroglycerin [46]. In one
example, Wimalawansa et al. compared the effects of estrogen and nitroglycerin therapies
on ovariectomized rats [74]. As expected, diminished bone mineral densities observed in the
ovariectomized rats were reversed with estrogen therapy. As estrogen exerts some of its
action by upregulating eNOS [43], the beneficial effects of estrogen on bone mineral density
reversed when a NOS inhibitor such as L-NAME was administered. Treatment of
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ovariectomized rats with nitroglycerin also reversed bone loss [74, 76], highlighting the
potential of NO as a treatment for osteoporosis while avoiding the adverse consequences
associated with hormone replacement therapy. Indeed, a retrospective analysis of data in a
fracture study showed that women taking nitrates had greater bone mineral densities than
women who did not [73]. After correcting for other health factors, intermittent treatment
with nitrates proved most effective at increasing bone mineral density versus a daily
regiment as frequent administration of nitroglycerin is associated with tolerance [79].
Similarly, a decreased efficacy was observed in rats following ovariectomy as nitroglycerin
treatment frequencies increased from once to three times daily [75].

Despite promise in animal models, studies evaluating the efficacy of nitroglycerin as an
osteoporosis treatment in humans have returned varied results [80]. In a one-year clinical
trial carried out by Wimalawansa et al., nitroglycerin was administered topically to patients
following oophorectomy. The authors observed that nitroglycerin was as effective as
estrogen replacement therapy in preventing bone loss [77]. Unlike estrogen therapy,
however, the nitroglycerin application increased bone formation as evidenced by increased
serum alkaline phosphatase and osteocalcin levels [77]. A second three-year study examined
the effect of nitroglycerin administered daily to post-menopausal women. No difference was
observed between control and nitroglycerin groups, although this finding was attributed to
low adherence (70%) resulting from a side effect of persistent headaches [81]. Most
recently, Jamal et al. conducted a two-year clinical trial that demonstrated topical
nitroglycerin therapy on post-menopausal subjects reduced bone resorption and increased
bone mineral density (Figure 1) [82]. The authors concluded that adherence to a systemic
NO administration regimen may be an effective treatment option for osteoporosis.

3.4. Targeted NO delivery

A promising strategy for delivering NO to bone utilizes bisphosphonates, a class of drugs
that target bone with their propensity to chelate calcium ions [83-89]. Once nitrogen-
containing bisphosphonates accumulate in bone tissue, they are taken up by osteoclasts
where interferences in enzyme syntheses induce apoptosis, decreasing bone resorption and
ultimately contribute to a positive bone balance [3]. Due to their ability to reduce bone
turnover, bisphosphonates represent an effective treatment for disorders that are
characterized by excessive bone resorption such as post-menopausal osteoporosis [83].
Recently, bisphosphonates have been functionalized with organic nitrate NO donors to
target NO to bone more effectively (Figure 4) [83, 90]. The nitrobisphosphonates (i.e.
bisphosphonates functionalized with organic nitrates) inhibited the differentiation of
RANKL-supplemented preosteoclasts (RAW 264.7 cells) into functional osteoclasts.
Addition of 1A+-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ), a soluble guanylate
cyclase inhibitor, restored differentiation, indicating that the efficacy against osteoblasts was
a result of NO mediated by cGMP rather than the bisphosphonate itself. Regardless, one
compound proved to be as effective as ibandronate (a clinical bisphosphonate used for the
treatment of osteoporosis) at inhibiting osteoclast formation. The effect of NO-releasing
bisphosphonates on mature osteoclasts was also examined, with the nitrobisphosphonates
reducing the overall number of osteoclasts without affecting their activity [83]. The ability
of the compounds to be taken up selectively into bone tissue (over blood and muscle) was
studied using a radioactive labeling technique [83]. Bisphosphonates containing furoxans, an
additional NO donor classes, were also examined for their ability to inhibit
osteoclastogenesis [90]. Nitric oxide release from these compounds was demonstrated by
their ability to relax rat aorta strips. This vasorelaxation was easily reversed with the
addition of ODQ. Unlike nitrobisphosphonates, the anti-osteoclastogenic effects of the
furoxans were not NO dependent as evidenced by the similar activity of the structurally
similar furazan analogues (which are incapable of NO release). Greater doses of the
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furoxan-functionalized bisphosphonates were required to inhibit pre-osteoclast
differentiation as effectively as the nitrobisphosphonates, presumably due to their alternate
pharmacological mechanism.

3.5. Localized NO delivery

Delivery of NO to bone using macromolecular NO release scaffolds has been shown to
positively affect bone tissue by aiding in fracture and bone healing [47, 91], and lowering
the incidence of infection in external fixation pins [92]. To demonstrate the efficacy of local
NO delivery on fracture healing, Diwan and colleagues surgically implanted an NO-
releasing chitosan derivative (CBC-NONOate) at a femoral fracture site [47]. Chitosan, a
biomaterial that has been used extensively in tissue engineering and drug-delivery [93-95],
is functionalized with amine moieties thereby allowing for straightforward NO storage (via
diazeniumdiolate formation) and NO release. After surgically inducing the fracture, 200 mg
of chitosan or CBC-NONOate was implanted into the adjacent bone tissue. The CBC-
NONOate was capable of delivering 10 mol of NO to the fracture site over 3 h. After 17 d,
the fracture was assessed with the cross-sectional area of the associated fracture callus
roughly 20% larger than with CBC alone [47].

Nitric oxide release was also shown to benefit the healing of bone defects [91]. In one study,
femoral defects created in adult rats were grafted with a demineralized bone matrix solution
supplemented with S-nitrosobovine serum albumin (SNO-BSA), an analogue of bovine
serum albumin that stores NO through nitrosation of cysteine residues [91]. Approximately
150 nmol of SNO-BSA was delivered to the defect site with equimolar NO release over 10
d. Following a 10 week post-operative period, analysis of the bone tissue showed increased
union across the bone defects in the SNO-BSA group with 62% of the defects exhibiting
union compared to no measureable union in the control group. Enhancements in bone
mineral density and cortex modeling were also observed for the SNO-BSA group [91].

Utilizing the antimicrobial properties of NO to prevent post-operative infections represents
an additional means by which NO may improve clinical treatments of bone. External
fracture fixation pins that become infected often result in failed fracture healing and
osteomyelitis [96]. Microbial biofilms may eventually form on the pin, causing recurring
infections that are difficult to treat and necessitate surgery. Nitric oxide has been reported to
be effective against microbial adhesion [17, 66, 97-101]. To examine whether NO release
would reduce the incidence of infection for external fixation pins, Holt et al. functionalized
titanium external fixation pins with diazeniumdiolate NO donor-functionalized xerogels
(Figure 5) [92]. The NO-releasing pins were implanted into the tail vertebrae of rats and
lowered the incidence of infection compared to controls. Furthermore, the surgical wounds
created by the NO-releasing pin implants showed decreased incidence of edema and
erythema [92]. Combined, these results may be promising for other areas of bone repair, as
infection elicits an inflammatory response that may be harmful to bone tissue [102]. This
study also serves as a reminder that bone tissue does not exist in vacuous isolation; fractures
and surgeries also impact tendons and connective tissues in skin. As NO also regulates
cellular processes in these tissues, we proceed by detailing the role of NO in wound healing
and tendon healing.

4. Nitric oxide in wound healing

Skin, partially composed of connective tissues such as collagen, is the largest organ in the
human body. Wounds occur frequently, with subsequent repair and healing of the skin
taking longer as wound size increases. Upon infliction of a wound, the body responds with a
blood clotting cascade and the infiltration of inflammatory cells [103, 104]. Such action is
initiated by platelet accumulation at the wound site and the release of wound healing
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mediators (e.g., platelet derived growth factor), attracting macrophages and fibroblasts to
assist in the deposition of granulation tissue and collagen [105]. The final deposition of
collagen is essential, as this protein accounts for >70% of the dry weight of skin with the
tensile strength of the closed wound derived from the organized collagen deposition [103,
106, 107]. Several reports describing NO's involvement in reducing platelet adhesion and
aggregation exist, [108-110] suggesting perhaps that NO may negatively impact acute
wound healing, although this may be concentration dependent. Nevertheless, NO may prove
more useful in later stages of wound healing due to the vital role NO plays in influencing
angiogenesis and collagen deposition during the wound-healing cascade [111-113].

While normal fibroblasts do not synthesize NO [114], fibroblasts isolated from wounds have
been shown to release NO. Furthermore, decreased collagen synthesis from the cells has
been reported when NO production in wound fibroblasts was inhibited in vitro by NOS
inhibition [114]. Wound fibroblasts from iNOS knockout mice also showed diminished
collagen deposition with restoration of normal collagen deposition occurring upon exposure
to the NO donor SNAP, indicating a direct connection between NO release and collagen
production [115]. The addition of exogenous NO may also be beneficial in cells with
functioning NOS isoforms as evidenced by enhanced collagen production in normal dermal
fibroblasts exposed to SNAP [116, 117].

A number of studies have examined the effect of reducing NO production in wounds
through chemical inhibition or targeted gene disruption of NOS to determine NO's role in
wound healing [118-123]. Schaffer and coworkers inhibited wound NO synthesis by
intravenous administration of the NOS inhibitors aminoguanidine and S-methyl
isothioronium [118]. Treatment with each of the NOS inhibitors resulted in diminished
hydroxyproline content in the wounded area, indicative of decreased collagen production
[118]. In eNOS knockout mice, wounds required more time to fully close and once closed
the wounds had a lower tensile strength compared to wild-type mice [120]. Likewise,
Yamasaki et al. found that iINOS knockout mice exhibited less wound healing ability [123].
These studies show a clear relationship between healing and normal production of NO by
NOS.

Systemic elevation of NO concentrations using exogenous NO donors has been explored as
a strategy to modulate wound healing. Dietary supplements of arginine, a precursor to NO
generation, has been reported to enhance wound healing in normal but not iNOS knockout
rats, suggesting that supplemental NO enhances healing [119]. The oral administration of
nitronaproxen, an organic nitrate-modified nonsteroidal anti-inflammatory drug (NSAID),
showed large increases (62%) in wound collagen deposition compared to controls [124].
Rather than enhancing systemic levels, Thornton et al. employed simple transfection of the
iNOS gene to wound sites and noted increased collagen production suggesting locally
applied exogenous NO may enhance wound healing [125]. While the exact mechanism by
which NO enhances wound healing remains uncertain, both in vitro and in vivo wound
healing studies indicate that NO promotes collagen synthesis, greatly facilitating the healing
rate and ensuing tissue strength.

4.1 Topical application of nitric oxide in vivo

Given that NO increases collagen deposition at wound sites, it is not surprising that topical
application of NO has also been shown to enhance wound healing. Shekhter et al. simply
exposed the wounds of hormal and infected rats to daily doses of NO (500 ppm for 60 s)
[126]. Rats treated with NO experienced an increased rate of wound closure in both aseptic
and infected conditions [126]. After 10 d of NO exposure, the area of the NO-treated aseptic
wounds was almost 50% smaller than those left untreated [126]. Furthermore, infected
wounds treated with NO healed quicker with a ~50% decrease in wound area after 21 d
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[126]. Faster healing has been attributed to the anti-microbial properties of NO and the
killing of bacteria in the wound site [17, 66, 97-101, 127]. While clearly beneficial, such
NO delivery raises toxicity concerns and is impractical from an expense and safety
standpoint (e.g., high pressure gas cylinders, expensive equipment).

As an alternative to gaseous NO, the use of NO donors would simplify the delivery of NO to
wound sites. In an early study performed by Shabani and coworkers, A-diazeniumdiolated
polyethyleneimine cellulose (PEIC-NO) applied to open rat wounds was found to promote
more rapid wound closure compared to control treatments [128]. Likewise, Amadeu et al.
found that application of a hydrogel containing S-nitrosoglutathione (100 wM) to a rat
wound enhanced healing, wound closing time, mast cell infiltration, and resulted in more
organized and mature collagen deposition [129]. In further studies with the &
nitrosoglutathione containing-hydrogel, Amadeu et al. concluded that delivery of exogenous
NO during both the inflammatory and proliferative stages enhanced healing more than if NO
was applied during only one stage or the other [130].

4.1.1 Burn wounds—In contrast to chronic wounds that may heal, patients with serious
burn wounds often never achieve complete recovery without treatment [131]. Indeed, burn
wounds are of particular importance as they are common, difficult to treat and often lead to
infection; severe burn wounds occur annually at a rate of 5 per 100,000 people [131].
Several groups have investigated NO's role in burn healing and recovery time. Although
indirect, increased nitrate levels in urine were observed following the infliction of a burn
wound in a rat until the wound completely healed [132, 133]. In related research, Paulsen et
al. found that iNOS levels were significantly increased in burned skin [134]. Likewise, the
inhibition of eNOS and iNOS using L-NAME or aminoguanidine was reported to both delay
the healing of thermal wounds and depress vascular hyperpermeability [135, 136].

A major aim in burn wound research is to increase the rate and completeness of healing
[137]. To determine if exogenously administrated NO may fulfill these criteria, Zhu and
coworkers applied NO topically to rat burn wounds using a sodium nitrite gel (14.6 mM) at
reduced pH [138, 139]. Treatment with the NO-releasing gel resulted in quicker wound
closure and increased angiogenesis in addition to an enhanced rate of collagen deposition as
measured by the number of procollagen-positive fibroblasts in the wound over time [138,
139]. Also observed was that topical application of NO to one burn wound did not affect the
healing of other burn wounds on the same animal, proving it necessary to deliver NO locally
and directly to the wound area of interest [139].

4.1.2 Diabetic wounds—Due to NO's role as a healing and antibacterial agent, NO
release may also prove useful as a treatment for diabetic foot ulcers (DFUs). Wound healing
is problematic for diabetics where delayed/diminished healing capability (i.e., collagen
deposition and wound breaking strength) and infection, possibly due to a lack of NO in such
wounds, result in chronic wounds that do not close [140, 141]. Even when glucose levels are
controlled by insulin, diabetic models exhibit diminished nitrate/nitrite levels and collagen
deposition during wound healing compared to non-diabetic animals [140, 142]. To assess
the impact of exogenous NO on wound closure, diabetic rats were fed molsidomine, a
vasodilating drug that is metabolized in the liver to morpholino-sydnonimine (SIN-1) [142—
144]. SIN-1 is a reactive metabolite that releases NO (Figure 7) [144]. The wounds of
molsidomine-fed rats exhibited increased breaking strength and hydroxyproline levels after
10 d of treatment, both indicative of enhanced collagen deposition [142, 143].

While increased NO levels have been shown to enhance wound healing, the localized
delivery of NO at the wound site has only recently been achieved using topical NO donor
application. For example, Weller et al. compared wound healing in normal and diabetic mice
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using a topical treatment of acidified nitrite. Applying the treatment as an aqueous cream
containing 3 and 4.5% (w/v) of sodium nitrite and citric acid, respectively, improved
healing, as quantified by wound area, in both normal and diabetic mice [145]. Although NO
improved wound healing in non-diabetic animals, the rate of healing observed in the diabetic
mice was significantly greater, likely due to the NO deficiencies present in the diabetic
animals [145]. Unfortunately, the topical administration of nitrites may have unfavorable
pro-inflammatory effects, making other NO delivery methods more desirable and beneficial
to wound healing [146].

Concerns about acidified nitrites may be abrogated using NO donors that spontaneously
release NO (e.g. A-diazeniumdiolates). Dashti and coworkers measured collagen production
of NO-treated and untreated wounds in a diabetic rat model by implanting polyvinyl alcohol
sponges and administering 100 .M DETA/NO in phosphate buffered saline at 3 d intervals
[147]. After 6 days, the sponges were explanted and protein analysis of the wound fluid
revealed enhanced collagen production for the NO-treated wounds [147]. Li and colleagues
covered wounds with a poly(vinyl methyl ether-co-maleic anhydride) (PVMMA) and
poly(vinyl pyrrolidone) (PVP) hybrid polymer modified with S-nitrosothiolglutathione or
phytochelatin residues to diabetic rat wounds [148]. These nitrosated polymers released
approximately 50 nmol NO per mg of nanoparticles over 12 d at 37 °C in ambient light
[148]. As such, mol levels of NO were released into the wound bed subsequently
accelerating wound closure at 4, 7 and 10 d post-wound infliction as determined by a
decrease in wound area [148]. Despite these initial feasibility studies, much remains
unknown regarding the ideal NO release kinetics and amounts required to facilitate wound
healing.

Of note, the increased rate of infection in diabetic wounds make individuals with diabetes a
high-risk group for orthopedic infections [149]. By utilizing an NO-releasing orthopedic
implant similar to that discussed in section 3.5, complications associated with orthopedic
device infections in both diabetic and non-diabetic rats should be assessed. Overcoming
bacterial colonization in bone and the surrounding tissue through the release of NO may
reduce the rate of implant-associated infections, ultimately reducing failure rates and
increasing the quality of orthopedic care for diabetic patients.

5. Nitric oxide in tendon healing

Tendons are an integral part of the mammalian musculoskeletal system and act to transfer
force created by muscles to movement of bones [150]. Collagen is a major component of
these connective tissues, accounting for >70% of the tendon dry weight [150]. Injuries to
tendons due to overuse, termed tendinopathy, currently have limited treatment options [151].
Nitric oxide's role in tendon repair is based on the ability to promote collagen deposition and
strengthen this tissue. Several studies have shown that reduced NO production inhibits
tendon healing and collagen synthesis [152, 153]. Nitric oxide release from fibroblasts
promotes collagen synthesis, further highlighting the potential of NO-releasing therapies in
tendon repair [114, 117, 152]. For example, Murrell and coworkers reported that cultured
tendon cells treated with SNAP altered their collagen synthesis in a dose dependent manner
[154, 155]. Low concentrations of SNAP (<100 M) had no effect on collagen synthesis. In
contrast, much larger SNAP concentrations (800 M) impeded collagen synthesis [155].
Intermediate concentrations of SNAP (100 and 400 M) significantly promoted collagen
synthesis, emphasizing the importance of NO donor dose [155]. The mRNA expression
from cultured tenocytes for a number of proteins indicated that the most optimal healing
may be achieved by varying the dose of NO from a high initial concentration to a low
concentration over time [154]. Collectively, these studies highlight the potential of NO to
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treat tendon injury and show the need to control localized NO concentrations to promote and
not inhibit collagen deposition [154, 156].

5.1 Delivery of nitric oxide to tendons in vivo

A number of pre-clinical studies support the utility of exogenous NO to promote tendon
healing. Lin et al. reported a time-dependent upregulation of the three NOS isoforms (eNOS,
iNOS and nNOS) after wounding of the Achilles tendons in rats [157, 158]. Inhibition of the
NOS proteins during the healing of ruptured Achilles tendons in rats resulted in a reduced
cross-sectional area of the healing tendon [156]. Yuan et al. found that daily and localized
injection of NO-generating nitroflurbiprofen improved collagen organization and tendon
stress in rats with injured Achilles tendons 10 d post-injury relative to controls [159].
Similarly, the effect of injecting nitroparacetamol (48 mg kg1 per day) at wounded Achilles
tendons in rats had no significant effect on the failure load of the tendons, but the treatment
increased both collagen organization and content [160].

Investigation of tendon healing in human patients has focused on topical administration of
NO donors, a treatment that is much simpler and less likely to disrupt surrounding tissue.
FDA-approved nitroglycerin patches have been tested on human patients and proven useful
due to their analgesic effects for painful tendon injuries [161]. In addition to pain reduction,
the nitroglycerin patches improved the likelihood of complete healing after six months of
treatment [162-164]. A three-year follow-up study of nitroglycerin patch treatment of
chronic noninsertional Achilles tendinopathy reported that patients who used the NO-
producing patches for six months were more asymptomatic than those receiving placebos,
providing evidence of the benefits of NO on long-term healing of tendons [165]. Though
these results appear promising, other studies have found no differences between NO
treatment and control groups in similar short-term studies and long-term follow-ups [166-
168]. For example, an eight-week study by Paolini et al. examined the dose-dependence of
topical nitroglycerin for the treatment of chronic lateral epicondylosis, but the only observed
effect was a reduction in elbow pain for one dosage of nitroglycerin [168]. Of note,
treatments that were previously successful were based on the use of nitroglycerin patches
and a longer treatment period in conjunction with physical therapy [162, 168]. While the use
of nitroglycerin patches is convenient due to their FDA status, it would be useful to test
other NO donors as nitroglycerin has adverse side effects (e.g., headaches) that cause non-
compliance [162-164]. Furthermore, prolonged use of organic nitrates may lead to
tolerance, diminishing treatment benefits. Further studies must determine the role of NO
administration and amount of NO release on tendon healing. Clearly, the importance of
physical therapy on tendon healing with and in the absence of NO should be ascertained.
Additionally, the amount of actual NO delivery must be more carefully reported since NO-
donor concentrations alone rarely correlate with NO release kinetics and lifetimes across
NO-donor chemical structures.

6. Conclusion and outlook

To limit complex signaling cascades that may convolute data and provide undesirable side
effects during treatment, localizing delivery of NO has proven essential for a number of
biological applications, especially considering its short half-life and limited sphere of
influence. Thus far, the primary strategies utilized for treatment of bones with NO involve
systemic transdermal uptake of organic nitrates or implantation of NO donors at the site of
injury. A number of examples have also appeared describing localized NO release from the
surfaces of bone plates and screws in vivo (e.g., NO-releasing xerogels), though the use of
an implantable material limits treatment to applications requiring surgery. Surgical
procedures may be avoided with the use of targeted NO release achieved with NO-releasing
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bisphosphonates. Additional studies utilizing such NO donors in vivo will contribute needed
evidence for their efficacy in bone healing.

Wound healing models have implemented a wide range of NO donor types and
concentrations. The advantages of NO release in wound healing have been shown in several
instances, but little work has focused on the topical treatment of burns or diabetic wounds.
These two types of wounds represent slow-healing chronic challenges that may benefit
greatly from NO's accelerated healing attributes. To date, most research in these areas has
utilized NO-releasing nanoparticles or potentially pro-inflammatory sources of NO (e.g.,
nitrite gels) that ultimately may negatively impact the overall tissue response. Future studies
should carefully consider the NO donor used, specifically elucidating the role that NO-
release kinetics may have on wound healing.

Examples of applying NO donors to tendons have exclusively focused on the use of organic
nitrates. These molecules provide some advantages, but the potential of forming tolerance
and undesirable side effects may preclude their clinical utility. The need to assess the
efficacy of other NO donor molecules that may circumvent the problems of organic nitrates
while maintaining suitable biocompatibility is great. Such NO donors would likely be
administered by direct injection or via a transdermal patch to maximize delivery of NO to
the injury site. Furthermore, a connection between NO delivery and physical therapy should
be explored as it may prove to be an important factor in the efficacy of NO treatment for
tendon injuries.

In closing, a number of questions remain regarding the optimal dose of NO necessary to
modulate the repair of bone, skin, and tendon tissues. Most in vivo studies to date have
employed organic nitrates, an inherently challenging NO donor to work with due to a non-
spontaneous NO release mechanism, as well as undesirable side effects and evolving
tolerance. Studies utilizing NO donors that release NO by more spontaneous mechanisms
(e.g., N-diazeniumdiolates and S-nitrosothiols) should be more carefully considered to better
evaluate controlled, localized delivery of NO as a therapy. Appropriate testing of such
donors should be undertaken both in vitro and in vivo to ascertain the role of NO-release
kinetics and NO flux on bone, skin, and tendon healing. The most promising materials
should then be evaluated clinically.
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Abbreviations

CBC-NONOate N-diazeniumdiolate-functionalized chitosan

cGMP cyclic guanosine monophosphate

DETA/NO 1- N-(aminoethyl)- V-(2-ammonioethyl)amino] diazen-1-ium-1,2-
diolate

DFU diabetic foot ulcer

eNOS endothelial nitric oxide synthase

GSNO S-nitrosoglutathione

iNOS inducible nitric oxide synthase

L-NAME L-AC-nitroarginine methyl ester
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L-NMMA NC-monomethyl-L-arginine
mtALDH mitochondrial aldehyde dehydrogenase
NO nitric oxide
nNOS neuronal nitric oxide synthase
NOS nitric oxide synthase
NPR potassium nitrosylpentachlororuthenate
NSAID nonsteroidal anti-inflammatory drug
OoDQ 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one
OPG osteoprotegerin
PAPA/NO (2)-1-[ M-(3-aminopropyl)- A-(n-propyl)amino]diazen-1-ium-1,2-
diolate
PEIC-NO N-diazeniumdiolated polyethyleneimine cellulose
PVMMA poly(vinyl methyl ether-comaleic anhydride)
PVP poly(vinyl pyrrolidone)
RANKL receptor activator of nuclear factor kappa-B ligand
SIN-1 morpholino-sydnonimine
SNAP S-nitroso- A-acetyl-penicillamine
SNO-BSA S-nitrosobovine serum albumin
SNP sodium nitroprusside
IL-1 interleukin-1
TNF tumor necrosis factor
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Figure 1.
Primary NO-release mechanisms for three major classes of NO donors (A-

diazeniumdiolates, S-nitrosothiols, and organic nitrates).
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Figure 2.

Structures of NO donors used to supply NO exogenously in biological studies.
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Figure 3.

Nitric oxide-release half-lives from parent donor species predict release rate. Donor (b) has a
half-life 5 times greater than donor (a). Assuming first order kinetics and equal donor
concentrations, sustained NO-release durations will be longer for compound (b), but
maximum NO concentrations will be higher for compound (a).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Nichols et al.

Figure 4.

OH

..‘\‘\\\ PO(OH)2

\/\/\N PO(OH),

Ibandronate

o} OH

\PO(OH),

o} (o} PO(OH),

[ Nitrobisphosphonate ]

| OH
%NM\PO(OH)Z
PO(OH),

R
R = CH,, CONH,

[Furoxan bisphosphonath

Page 27

Structures of a clinical bisphosphonate, ibandronate, along with a nitrobisphosphonates

synthesized by Lazzarato et al. [83]. The bisphosphonate functionality along with the
hydroxyl group allow the bisphosphonate to bind effectively to bone while the organic

nitrate functionality confers NO release.
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A. Fixation pins B. NO-releasing fixation pins

1. Foreign microbes
migrate into pin tract

3. Microbes that insert
themselves into the pin
tract are killed by NO,
thus reducing the
incidence of infection

2. Infection ensues as
microbes proliferate

Figure 5.
External fixation pins coated with NO-releasing xerogels impart antimicrobial action to pin
surfaces, thus acting as a biocide against microbes that migrate into the pin tract.
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Figure 6.
Release of NO from SIN-1, the hepatic product of molsidomine, occurs via this proposed
mechanism [144].
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Nitric oxide release data from NO donors.

Table 1

NO donor Donor type NO release half-life Experimental parameters Total NO (mol mg™)
PROLI/NO N-diazeniumdiolate 1.8s[16] pH7.4,37°C 7.97%
DETA/NO N-diazeniumdiolate 20 h [16] pH 7.4,37°C 12,25‘3
PAPA/NO N-diazeniumdiolate 15 min [16] pH 7.4, 37 °C 11.352
CBC-NO N-diazeniumdiolate 31 min? [47] pH7.4,37°C 0.05 [47]
PEIC-NO N-diazeniumdiolate 16 h [128] pH 7.4,37°C 0.0685 [128]
SNAP S-nitrosothiol 1.7 h [169] pH 7, 37 °C, 50 mM tris-HCI, 10 mM, in dark 4542
GSNO Snitrosothiol 3h°[170] pH 7.4, 37 °C, in dark 2972
SNO-BSA S-nitrosothiol 5h[91] pH 7.4,37 °C, 0.3 mM, in dark 0.227 [171]
Nitroglycerin Organic nitrate N/Ad 13217
Nitroparacetamol Organic nitrate N/Ad 357%
Nitroflurbiprofen Organic nitrate N/Ad 2.77%
Nitronaproxen Organic nitrate N/Ad 2.88%
SNP Metal nitrosyl N/Ad 3827
NPR Metal nitrosyl N 2507

a . .
Theoretical total NO release based on chemical structure

bApproximated by assuming first-order kinetics and 6 half-lives (95% decay)

cCaIcuIated from second order rate constant with 5 mM GSNO

a - . I
Organic nitrates and metal nitrosyls do not spontaneously release NO at physiological pH and temperature
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