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ARTICLE INFO ABSTRACT

In this report, we describe the synthesis and characterization of 1,3-bis(hexyloxy)propan-2-yl nitrate (NDHP), a
novel organic mono nitrate. Using purified xanthine oxidoreductase (XOR), chemiluminescence and electron
paramagnetic resonance (EPR) spectroscopy, we found that XOR catalyzes nitric oxide (NO) generation from
NDHP under anaerobic conditions, and that thiols are not involved or required in this process. Further
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;?tl:irtaence mechanistic studies revealed that NDHP could be reduced to NO at both the FAD and the molybdenum sites of
Nitrate XOR, but that the FAD site required an unoccupied molybdenum site. Conversely, the molybdenum site was able

to reduce NDHP independently of an active FAD site. Moreover, using isolated vessels in a myograph, we
demonstrate that NDHP dilates pre-constricted mesenteric arteries from rats and mice. These effects were
diminished when XOR was blocked using the selective inhibitor febuxostat. Finally, we demonstrate that NDHP,
in contrast to glyceryl trinitrate (GTN), is not subject to development of tolerance in isolated mesenteric arteries.

1. Introduction

Organic nitrates are a class of drugs widely used for treatment of
chronic heart failure and for symptomatic relief of ischemic heart
disease [1,2]. The prototypic organic nitrate, nitroglycerin, has been
used in the clinic for over a century [3].

Nitroglycerin is enzymatically converted by mitochondrial aldehyde
dehydrogenase (ALDH2) [4] to form nitric oxide (NO), which then
mediates vasodilation by activation of sGC/cGMP signaling. The
organic nitrates are believed to vasodilate preferentially venous vessels
thereby decreasing preload. However, at higher doses, organic nitrates
also dilate arteries, which may also result in unwanted side effects such
as headaches and with chronic use even endothelial dysfunction [5-7].
Moreover, organic nitrates are subject to tolerance [8,9], and therefore
the development of new compounds lacking these side effects are
warranted. Importantly, in addition to ALDH2, organic nitrates such as
nitroglycerin and isosorbide dinitrate can also generate NO in a
reaction catalyzed by xanthine oxidoreductase (XOR) [10,11], in
particular under low oxygen tensions [12]. Moreover, we and other
groups have demonstrated that XOR may switch function and generate
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NO instead of superoxide, by using inorganic nitrite or nitrate as
substrates [13,14]. Exploiting XOR-mediated NO formation may repre-
sent an alternative for development of a novel class of NO donors for
treatment of cardiovascular diseases.

In the current study, we synthesized and characterized a new
organic mono nitrate 1,3-bis (hexyloxy) propan-2-yl nitrate (NDHP),
and we provide experimental evidence showing that NDHP is reduced
to NO by XOR and exerts vasorelaxation in mesenteric arteries from
both rat and mouse, an effect that was partially blocked by the selective
XOR inhibitor febuxostat.

2. Material and methods
2.1. Synthesis of NDHP (1,3-bis (hexyloxy) propan-2-yl nitrate)

Firstly, 1,3-dichloropropan-2-ol (3) was obtained by reacting gly-
cerol (1) with HCI (). In brief, glycerol (200 g) was heated at 120 °C for
12h to remove moisture and then hydrochloric acid was bubbled
through a moisture-protected tubular system. Gaseous HCl was gener-
ated by dropping 100 mL of sulfuric acid (12 N) over slurry of sodium
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Fig. 1. Structural formulae and synthetic route for 1,3-bis (hexyloxy) propan-2-yl nitrate (NDHP). Panel A shown the structural formulae for NDHP. Panel B shows briefly the
synthetic approach used to obtain NDHP. The purity of NDHP was assessed by TLC, and IR, '"H NMR, and '*C NMR spectroscopy were used to identify and confirm the purity of the

compound obtained. The reaction yield was 83.2%.

chloride (100 g) and hydrochloric acid (36.5%, 2 mol). The reaction
was terminated when the absorption of HCI by glycerin was no longer
observed (typically, at the end absorption the volume is increased by
25% from initial volume). Fractional distillation at 174-176 °C was
used to purify the 1,3-dichloropropan-2-ol (3) obtained. Secondly,
sodium alkoxide (4) was prepared by adding sodium metal (2 mol,
finely cut) to a flask containing 1 mol of hexyl alcohol (2). The mixture
was vigorously stirred until the full consumption of added sodium. The
synthesis of oxyalcohol (5) was then carried out by reacting the sodium
alkoxide (4; 2 mol) obtained with purified 1,3-dichloropropan-2-ol (3;
1 mol), added dropwise under continuous stirring for 6 h. The resulting
mixture was distilled under vacuum at 185-190 °C, and then TLC and
NMR were used to evaluate the purity. The reaction yield at this step is
83%. Finally, the 1,3-bis (hexyloxy) propan-2-yl nitrate (NDHP) was
obtained by reacting the 0.5 mol of compound (5) with 0.6 moles of
acetic anhydride. Fuming HNO3; (0.6 mol) was added dropwise to
obtain the NDHP (Fig. 1A). The system was kept under constant stirring
and controlled temperature 5°C. The reaction was quenched with
100 mL of ice-cold distilled water and neutralized with sodium
bicarbonate. The water was separated from the organic phase, which
was solubilized in chloroform and dried with anhydrous sodium sulfate.
Chloroform was subsequently removed by rotoevaporation. The purity
of compound 1,3-bis (hexyloxy) propan-2-yl nitrate was assessed by
TLC using hexane:ethyl acetate (9:1). The reaction yield was 83.2% and
IR, 'H NMR, and '3C NMR spectroscopy were used to identify and
confirm purity of compound obtained: molecular formulae: C;5H3;NOs;
molar mass: 305,22 g/mol; C, 58.99%; H, 10.23%; N, 4.59%; O,
26.19%; 'H NMR (CDCl;, 500 MHz, § ppm): 5,32-5,22 (m, 1H, J =
5,27, H-8), 3,61-3,59 (d, 4H, J = 5,60, H-7,7"), 3,44-3,39 (t, 4H, J =
3,42, H-6,6"), 1,61-0,82 (m, s, d, 22H, H-5,5’, H-4,4’, H-3,3’, H-2,2’, H-
1,17); 13C NMR (CDCl;, 125 MHz, 8 ppm): 13,90 (C-1,1%), 22,55 (C-2,2"),
25,60 (C-3,3"), 29,40 (C-4,4"), 31,55 (C-5,5"), 67,94 (C-6,6"), 71,98 (C-
7,7%), 81,22 (C-8); IR (ATR, cm-1): 2927-2850 (C-H, sp3), 1631 e 1269
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(N-0), 1111 (C-0), 852 (N = O). The compound was synthetized in
batches and storage in the darkness at 5 °C throughout experiments.
After 45 days, the purity remains stable as confirmed by TLC and NMR
spectroscopy.

2.2. Assessment of XOR-mediated NO production from NDHP

We evaluated NO formation from NDHP in the presence of purified
XOR. In brief, a reactional buffer (PBS pH 7.4) containing purified XOR
(0.05 U/mL, Roche, Cat. no: 10110434001), NADH (1 mM, Sigma, Cat.
no: 10107735001), and NDHP (1 mM) was used. In specific experi-
ments, NADH was replaced by xanthine (Sigma, Cat. no: X0626) or 2,3-
dihydroxybenzaldehyde (DBA, sigma, Cat.no: 189839). A total of 1 mL
of reactional buffer was added into a chamber of an Oxygraph-2k
system (Oroboros instruments) at 37 °C. The Oxygraph chamber was
connected in line to a chemiluminescence NO analyzer device (Eco
Physics, Durnten, Switzerland), using nitrogen gas as carrier (400 mL/
min), as described in detail before [13]. After a period of equilibration
(approx. 5 min), NDHP, XOR, and electron donors NADH, xanthine, or
DBA were directly injected into the chamber using Hamilton syringes.
The NO production was recorded in real-time throughout the experi-
ments by using a data acquisition system (AcqKnowledge v3.9, Biopac
MP150, Goleta, CA, U.S.A.). NO production was recorded during 1 h
and, in a subset of experiments, the XOR inhibitor oxypurinol (100 pM),
the flavoprotein inhibitor DPI (50 uM), or r-cysteine (5 mM) was added
15 min prior to adding electron donors.

2.3. Electron paramagnetic resonance (EPR) spectroscopy

EPR studies were performed with the bench X-band spectrometer
MiniScope MS400 (Magnettech, Germany) and the recordings were
made at room temperature, and test samples were evaluated using
capillary tubes provided by Magnettech (Germany). The instrument
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Fig. 2. Assessment of NO formation from NDHP in the presence of XOR and different electron donors. NO formation was assessed in real-time using a chemiluminescence device
and nitrogen gas as the NO carrier. The experimental conditions were: 1 mL reactional buffer (PBS, pH 7.4) containing XOR (0.05 U/mL), NDHP (1 mM) and the substrate A) NADH
(1 mM), B) xanthine (20-500 pM), or D) 2,3-dihydroxybenzaldehyde (DBA, 500 pM). While only noise signals were detected in the presence of NDHP and XOR alone, adding NADH or
DBA induced a distinct increase in nitric oxide formation. Conversely, increasing concentrations of xanthine induced no XOR-mediated NO generation from NDHP (Panel B). Similarly, the
combination NDHP, XOR and xanthine (20 pM) induced no NO generation, but a later addition of nitrite (1 mM) to this mixture induced a distinct NO signal, which was inhibited by

oxypurinol (Panel C). The tracings are representative of 4-6 independent experiments.

settings were 10 mW of microwave power, 0.6 mT of amplitude
modulation, 100 kHz of modulation frequency, 12s of sweep time,
and 20 number of scans. The Fe(MGD), complex was freshly prepared
by adding 100 pL of 1.9 mM FeSO,7H,0, (prepared freshly by dissol-
ving 0.8 mg in 1000 uL. DPBS) and 100 pL of 18.4 mM of MGD
(prepared freshly by dissolving 5.4 mg in 1000 uL DPBS) as previously
described [15]. The DPBS was bubbled over one hour with nitrogen gas
to avoid dissolved oxygen. The reaction buffer contained XOR (0.05 U/
mL), NDHP (1 mM) and XOR substrate NADH (1 mM), xanthine
(500 uyM) or DBA (500 uM). The reaction buffer was kept at 37 °C
under nitrogen atmosphere and slow homogenization, as described
above. After 5 min of buffer equilibration, the Fe(MGD), complex was
injected using Hamilton syringes and the reaction was allowed for 1 h.
Afterwards, an aliquot was collected using capillary tubes and the
spectra were carry out.

2.4. Measurement of nitrate, nitrite and S-nitrosothiols

The reaction buffer cocktail containing XOR (0.05 U/mL), NADH
(1 mM), and increasing concentrations of NDHP (0.1, 1, and 10 mM)
was allowed to form NO during 1h in the presence or absence of 1-
cysteine (5 mM). NO production was monitored as described above and
after 1 h, the mixture was collected and the concentrations of nitrite,
nitrate, and nitrosothiols were evaluated. Nitrate and nitrite were
assessed using a dedicated high performance liquid chromatography
(HPLC) system (ENO-20; Eicom) as described in detail previously [16].

The method is based on the separation of nitrate by reverse-phase/ion
exchange chromatography, followed by in-line reduction of nitrate to
nitrite with cadmium and reduced copper. Derivatization of reduced
nitrite was performed with Griess reagent, and the level of diazo
compounds was measured at 540 nm. The samples were kept at 4 °C
throughout the analyses by a cooling device in the auto sampler. The
data were collected and analyzed using the PowerChrom software (V
2.7.9, eDAQ). S-nitrosothiols (RSNO) were analyzed in duplicate using
an ozone-based reductive chemiluminescence assay using copper/
ascorbic acid as reducing agent, as previously described [17]. In brief,
5 mL of PBS (pH 7.4) containing a large excess of ascorbic acid over
CuCl, (50mM vs. 0.2mM) was used and duplicate samples were
injected into purge vessel. A standard curve was constructed injecting
known amounts of S-nitrosoglutathione in duplicate. We used a CLD 77
NO chemiluminescence analyzer (Eco Physics, Durnten, Switzerland).
The sensitivity was set in D3 with the aspirating sample tube running at
300 mL per minute. The data signal was collected using the Chromato-
graphy Data System software Azur 5.0.10 (Datalys; Le Touvet, France).

2.5. Mechanisms of NDHP activation

Next, mechanistic studies were performed in order to evaluate the
putative XOR sites involved in the reduction of NDHP to NO. We used
the same experimental setup described above, and exploited NO
production mediated by different XOR substrates NADH, xanthine,
and DBA, in the presence or absence of oxypurinol or DPI, a
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Fig. 3. Electron paramagnetic resonance (EPR) detection of NO formation from
NDHP in the presence of XOR and different electron donors. The EPR spectra (X-
band) of water-soluble complex NO-Fe(MGD), was recorded at room temperature. A total
of 1 mL reactional buffer (PBS, pH 7.4) contained NDHP (1 mM), XOR (0.05 U/mL), and
NADH (1 mM, a), xanthine (500 uM, b), or 2,3-dihydroxybenzaldehyde (DBA, 500 uM, c)
as electron donors. The short-lived nitric oxide donor DEA NONOate was used as positive
control (d). The parameters for the EPR device (MiniScope MS400, Magnettech) were
10 mW of microwave power, 0.6 mT of amplitude modulation, 100 kHz of modulation
frequency, 12 s of sweep time, and 20 number of scans. Traces are representative from 3
to 4 independent experiments.

Table 1

Levels of nitrite and nitrate accumulated in a reaction buffer after 60 min incubation of
XOR and the novel organic nitrate NDHP. The experimental conditions are as described in
Fig. 2 and NADH (1 mM) was used as the electron donor. (n 3-4 independent
experiments for each NDHP concentration tested).

NDHP 0.1 mM 1 mM 10 mM
Nitrite (uM) 7.13 £ (0.52) 28.87 (4.65) 53.70 (8.68)
Nitrate (UM) 9.33 (0.75) 26.42 (0.84) 104.7 (9.96)

Data are shown as mean = (S.E.M.)

molybdenum and FAD site inhibitors, respectively, as described before
[18].

2.6. Effects of NDHP on isolated mesenteric arteries

Multiwire myograph system (Model 620M, Danish Myo
Technology, Denmark) was used to evaluate the potential vascular
effects of NDHP. Rat superior mesenteric artery rings were isolated,
placed in Tyrode's solution, and all adhering tissue was removed in
order to obtained rings (1-2 mm), which were kept gassed with
carbogenic mixture (95% O, and 5% CO,) and maintained at 37 °C
and pH 7.4. Rings were mounted vertically on two A-shaped stainless
steel wires in a myograph chamber, connected to a tension transducer
(PowerLab™, ADInstruments, MA, U.S.A.), as previously described in
detail [19,20]. All rings were stabilized under 0.75 g resting tension for
1 h. Tissue viability was verified by the presence of a contraction to
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Fig. 4. Effect of thiols on XOR-catalyzed reduction of NDHP and nitroglycerin (GTN)
to NO. The presence of L-cysteine induced no changes in NO formation from either NDHP
or GIN. The experimental conditions were: 1 mL reactional buffer (PBS, pH 7.4)
containing XOR (0.05 U/mL), NDHP (1 mM) or GNT (1 mM), NADH (1 mM), in the
presence or absence of 1-cysteine (5 mM). Data are shown as mean = SEM. (n = 4).
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Fig. 5. Mechanism of NDHP activation. When NADH was used as a substrate, the FAD
inhibitor DPI completely blocked NO production from NDHP. Similarly, the molybdenum
site inhibitor oxypurinol also blunted NO formation from NDHP. Xanthine does not serve
as electron donor for NDHP reduction. When DBA was used as the substrate, NO
formation also was observed but pretreatment with DPI decreased NO production by
approximately 50% while oxypurinol completely blunted NO production. The experi-
mental conditions used were: 1 mL reactional buffer (PBS, pH 7.4) containing XOR
(0.05 U/mL), NDHP (1 mM) and the substrate NADH (1 mM), xanthine (500 uM) or DBA
(500 uM). The concentration used for the inhibitors were 100 uM for DPI and 50 pM for
oxypurinol. Data are shown as mean = SEM. (n = 4).

phenylephrine (PHE, 10 uM) added to the bath, and successful removal
of the endothelium was verified by the absence of a response to
acetylcholine (ACH; 10 uM), as previously described. For denuded
vessels, vasorelaxation less than 90% were considered as without
endothelium. The mesenteric artery rings were pre-constricted using
PHE (1 uM) until the contraction plateau was reached, then NDHP
(1072-10 "3 mol/L) was added to the organ bath in order to build a
concentration-response curve. Similarly, second-order branch of me-
senteric resistance vessels (200-250 um in diameter) from C57BL6 mice
(weight of 28-32 g) were isolated and dissected in ice-cold Krebs
solution (composition in mmol/L: NaCl 119; KCI 4.7; CaCl, 1.6; KH,PO,
1.2; MgS0O,7H20 1.2; NaHCO3 25.1; glucose 5.5; EDTA 0.026). Arterial
segments (1-2 mm) were mounted on 25 um tungsten wires in the
multi-wire myograph system. After mounting, stabilization and wash-
out protocols (as described above), 1 uM PHE was used to preconstrict
the arterial rings to obtain a basal tone of approximately 50% of its
diameter. When the constriction reached a steady-state plateau, NDHP
(107°-10"3 mol/L) was cumulatively added to the chambers [21].
Cumulative concentration-responses were studied with or without
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Fig. 6. NDHP-mediated vasorelaxation and the role of XOR. Panel A shows
concentration-response curves of NDHP (107210 °mol/L) in superior mesenteric
arteries from rats. NDHP induced a concentration-dependent vasorelaxation in both
intact and denuded-endothelium vessel segments (n = 6 and 10, respectively). Panel B
shows the effect of the selective XOR inhibitor febuxostat on vasorelaxation effects of
NDHP in 3nd order branch mesenteric arteries from mice. Intact-endothelium vessels
were pre-incubated with vehicle or febuxostat (500 nM, n = 6 and 10, respectively) for
15 min before the concentration-response to NDHP (10~ °-10~> mol/L). The responses
are expressed as percentage of vasorelaxation in phenylephrine pre-constricted vessels in
both sets of experiments. No significant differences were found when comparing intact
versus denuded-endothelium (P > 0.05, A) *P < 0.05 versus Vehicle (B). Data are shown
as mean * S.E.M.

pretreatment (15 min) with febuxostat (500 nM). The responses are
expressed as percentage of vasorelaxation in PHE pre-constricted
vessels and the potency (pD-) and maximum relaxation effect (Epay)
were calculated using GraphPad Prism v. 5.0. The experimental
protocols were approved by Institutional Animal Care and Use Com-
mittee (IACUC) from Karolinska Institute in Stockholm, Sweden, and
performed according to the National Institutes of Health guidelines for
the conduct of experiments in animals.

2.7. Induction of tolerance in mesenteric artery

Mesenteric artery rings without functional endothelium were pre-
incubated with nitroglycerin (GTN, 100 uM) or NDHP (1 mM) for
30 min; then the physiological solution was successively changed ten
times for complete removal of the drugs previously used. A new
stabilization period (60 min) was then performed with the exchange
of the nutrient solution every 15 min. At the end of the stabilization
period a new contraction was induced with phenylephrine (PHE, 1 uM),
and after plateau was reached, GTN (107210 "*M) or NDHP
(1072103 M) was added to the bath in increasing and cumulative
concentrations. The potency (pD,) and maximum relaxation effect
(Emax) were calculated as described above.

Redox Biology 13 (2017) 163-169

2.8. Drugs and solutions

All drugs and reagents used were purchased from Sigma Chemical
Co. (St Louis, MO, USA), except the spin trapping N-(Dithiocarbamoyl)-
N-methyl-D-glucamine sodium (FGD), which was bought from Enzo
Life Sciences (Cat.no: ALX-400-014). All drugs were dissolved immedi-
ately before use.

2.9. Statistical analysis

The results are expressed as means = S.E.M. The comparisons
between groups were assessed by t-tests or one-way analysis of variance
followed by Dunnett's multiple comparison tests. Vasodilatory re-
sponses to NDHP were analyzed by two-way repeated measures
ANOVA followed by Sidak post-hoc test. Statistical analyses were
carried out using the software GraphPad Prism v. 5.0. A P-value <
0.05 was considered significant.

3. Results and discussion
3.1. XOR catalyzes the reduction of NDHP to NO

XOR has been widely implicated in the bioactivation of inorganic
nitrite, nitrate, and organic nitrates, via reduction steps to form NO
[10,11,22]. We evaluated if XOR would be able to reduce NHDP to NO
using chemiluminescence detection, and exploited different XOR sub-
strates as electron donors. NDHP alone or in association with XOR was
unable to induce any NO generation (Fig. 2A). However, addition of
NADH promptly induced a robust NO signal (Fig. 2A), which remained
stable until it started to decay at around 1h after NADH addition.
Surprisingly, when xanthine was used as the electron donor instead of
NADH, NO generation was not observed, even when high concentra-
tions of xanthine were tested (Fig. 2B). Xanthine is a purine base that is
difficult to dissolve in water, and typically alkaline solutions and
ultrasound sonication are needed. In our experiments, stock solutions
of xanthine were prepared in NaOH (10 mM), which could possibly
affect XOR/X activity. However, even after association of NDHP, XOR
and high concentration of xanthine (500 pM), an NO signal was not
detected, but NADH was still able to trigger NO generation (Fig. 2B).
Correspondingly, using the same experimental conditions and using
xanthine concentrations as low as 20 uM, inorganic nitrite induced high
levels of NO generation (Fig. 2C). These results confirm that both XOR
and xanthine solutions were entirely viable in our experimental
conditions, and suggest that xanthine is not an electron donor for the
XOR-mediated bioactivation of NDHP. Furthermore, similarly to
NADH, DBA also induced a robust NO signal (Fig. 2D). We confirmed
XOR-mediated reduction of NDHP to NO by using EPR spectroscopy
and Fe?*-MGD, which traps NO. Again, when NADH or DBA were used
as electron donors, a characteristic triplet spectrum from NO-Fe(MGD),
was detected (Fig. 3, spectrum a and c, respectively), but no signal was
observed when xanthine was used (Fig. 3, spectrum b). Finally, the NO
formation from NDHP was followed of accumulation of nitrite and
nitrate in the reaction buffer (Table 1).

3.2. Effect of thiols on XOR-catalyzed reduction of NDHP

Thiols have been implicated in the biotransformation of organic
nitrates such as glyceryl trinitrate, isosorbide dinitrate, and pentaery-
thritol tetranitrate [11,23], although conflicting observations have been
reported [3]. Similarly, the role of thiols in XOR-mediated NO forma-
tion from organic nitrates is still controversial. Using experimental
conditions similar to ours, Millar et al. [10] reported XOR-mediated NO
formation from nitroglycerin independently of thiols [10], while Li
et al. [11] showed that thiols are required for XOR-dependent NO
formation from both nitroglycerin and isosorbide dinitrate [11]. We
tested if thiols were involved in NO generation from NDHP, and if the
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Fig. 7. NDHP does not induce tolerance in mesenteric arteries. Panels A and C show concentration-response curves for GTN and NDHP (107'2-10 2 mol/L), respectively, in
endothelium-denuded superior mesenteric arteries from rats. GTN induced a concentration-dependent vasorelaxation in arterial rings (A). When the ring vessels were pre-treated for
30 min in GTN (100 pM), the potency (pD,) and maximum relaxation effects (Enay) were significantly reduced (B). Conversely, NDHP pretreatment induced no significant changes either
pD> or Enax (D) suggesting that in opposition to GTN, NDHP is not subjected to development of tolerance in mesenteric arteries. N = 6-7 per group. N.S. = non-significant. Data are

shown as mean + S.E.M.

NO nitrosothiols would be formed. Using the same experimental
settings described above with NADH as the electron donor and in the
presence or absence of 1-cysteine, NO generation was monitored for
60 min. At the end of experiment the reaction buffer was collected for
assessment of nitrosothiol content. The presence of 1-cysteine induced
no change in the NO generation from NDHP (Fig. 4) suggesting that
NDHP does not require sulfhydryl (SH-) to generate NO. Similar results
were found for nitroglycerin in line with results from Millar et al. [10]
Additionally, nitrosothiol formation was not found in the reaction
buffer at the end of experiments (data not shown), suggesting that
nitrosothiols are not an intermediate source of the NO formed from
NDHP.

3.3. Mechanisms for NDHP activation by XOR

Next we evaluated the potential sites on XOR that could be involved
in the reduction of NDHP to NO. XOR has two reducing sites (FAD and a
molybdenum) that have been implicated in nitrite, nitrate, and organic
nitrate bioactivation to NO [11]. When NADH was used as a substrate,
the selective inhibitor of the FAD site DPI completely blocked NO
production from NDHP (Fig. 5). Surprisingly, the molybdenum site
inhibitor oxypurinol also blunted NO formation from NDHP. Whereas
NADH acts as an electron donor only at the FAD site, these findings
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suggest that the FAD site of XOR requires an unoccupied molybdenum
site for NDHP bioactivation. When DBA was used as the substrate, NO
formation also was observed (Fig. 5). Pretreatment with DPI, a FAD
blocker, decreased NO production by approximately 50%. Interestingly,
DBA has been described as an electron donor at the molybdenum site
[11] and as expected, oxypurinol completely blunted NO production
(Fig. 5). These results suggest that DBA is not a selective electron donor
for the molybdenum site of XOR, but donates electrons at both the FAD
and molybdenum sites albeit with some preferences for the molybde-
num site. Altogether, these findings suggest that NDHP may be reduced
to NO at both sites of XOR, FAD and molybdenum, but the FAD site of
XOR requires an unoccupied molybdenum site for NDHP bioactivation.

3.4. Vasorelaxation effects of NDHP in mesenteric arteries and role of XOR

Functional studies revealed that NDHP induces vasorelaxation of
mesenteric resistance arteries from rats in a concentration-dependent
manner (Fig. 6A). The presence or absence of an endothelium had no
impact on the vasodilatory responses to NDHP (pD2 = 6.3 = 0.10 and
Emax = 92 = 7% for intact endothelium; pD2 = 6.6 = 0.07 and E,,x =
109 + 4% for denuded endothelium, P > 0.05), demonstrating en-
dothelium-independent vasorelaxation. Further, we evaluated NDHP-
mediated vasorelaxation in resistance mesenteric arteries from mice.
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Similarly, NDHP induced vasorelaxation in a concentration-dependent
manner, and these properties were significantly attenuated when the
vessels were pre- incubated with febuxostat (P < 0.05, Fig. 6B).
Together, these results show that NDHP is a vasodilator that acts
independently of the endothelium, and that a part of its vasorelaxation
properties is mediated by XOR.

Oxidative stress and NO deficiency are considered to contribute to
the development or progression of cardiovascular disorders, including
coronary heart disease, cerebrovascular disease, peripheral arterial
disease [24]. Increased XOR-mediated superoxide and hydrogen per-
oxide generation may contribute to endothelial dysfunction, metabolic
and functional impairment, inflammatory activation, and other features
of cardiovascular pathophysiology [25]. In this regard, we have been
developing novel organic nitrates with the aim of finding compounds
that lack tolerance development and can be reduced to NO by XOR,
thus reducing oxidative stress that is associated with altered XOR
function in the vasculature [19,26]. The novel organic nitrate NDHP
may have dual benefits by switching the function of XOR from
generating superoxide to instead produce NO.

3.5. NDHP does not induce tolerance in mesenteric arteries

Organic nitrates are subjected to development of tolerance [8,9]. In
this regard, we evaluated the ability of NDHP to induce tolerance in
mesenteric arteries and used nitroglycerin (GTN) as standard. As
expected, GTN induced a concentration-dependent vasorelaxation
(Fig. 7A). However, pre-incubation of mesenteric rings for 30 min in
GTN (100 puM) induced a significant shift to the right of vasorelaxation
curves (Fig. 7A and B; pDy = 9.1 + 0.10 versus pD, = 7.9 + 0.10, for
vehicle- and GTN-treated vessels, respectively; P < 0.001). In addition,
GTN pretreatment also decreased the maximum relaxation values
(Fig. 7B; Epax = 124 = 4% and E,.x = 100 + 3% for vehicle- and
GTN-treated vessels, respectively; P < 0.001). Conversely, NDHP pre-
treatment induced no significant changes on pD, (Fig. 7D; pD,
6.8 £ 0.08 and 6.5 = 0.20, for vehicle- and NDHP-treated vessels,
respectively; P > 0.05) or En.y (Fig. 7D; Epax = 124 = 4% and Ejay
100 + 3% for vehicle- and NDHP-treated vessels, respectively;
P > 0.05). Altogether, these data suggest that in opposition to GTN,
NDHP does not induce tolerance in mesenteric arteries. However, GTN
still exhibit higher potency than NDHP, which is compatible with the
number of nitrate groups each molecule, three for GTN versus one in
NDHP.

In summary, this study describes the synthesis and characterization
of a novel organic nitrate NDHP, which can be reduced to NO by XOR
and induces vasorelaxation of mesenteric arteries from rats and mice. In
addition, our in vitro findings suggests that NDHP does not induce
tolerance as is the case with the prototypic nitrovasodilator GTN.
Further studies in vivo will reveal the therapeutic value of NDHP in
models of cardiovascular disease, by investigating tolerance formation,
endothelial function and blood pressure lowering effects following
chronic treatment, as well as its effects on XOR-mediated oxidative
stress.
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