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ABSTRACT

Nitric oxide (NO) exerts a wide range of cellular effects in the cardiovascular system. NO is
short-lived, but S-nitrosoglutathione (GSNO) functions as a stable intracellular bioavailable NO
pool. Accordingly, increased levels can facilitate NO-mediated processes, and conversely,
catabolism of GSNO by the regulatory enzyme GSNO reductase (GSNOR) can impair these
processes. Because dysregulated GSNOR can interfere with processes relevant to cardiovascular
health, it follows that inhibition of GSNOR may be beneficial. However, the effect of GSNOR
inhibition on vascular activity is unknown. To study the effects of GSNOR inhibition on
endothelial function, we treated rats with a small-molecule inhibitor of GSNOR (N6338) that has
vasodilatory effects on isolated aortic rings and assessed effects on arterial flow-mediated
dilation (FMD), an NO-dependent process. GSNOR inhibition with a single i.v. dose of N6338
preserved FMD (15.3+5.4% vs. 14.2+6.3%, P=NS) under partial NOS inhibition that normally
reduces FMD by roughly 50% (14.1+2.9% vs.7.6+4.4%, P<0.05). In hypertensive rats, daily oral
administration of N6338 for 14 days reduced blood pressure (170.045.3/122.7+6.4 mmHg vs.
203.8+1.9/143.7+7.5 mmHg for vehicle, P<0.001) and vascular resistance index (1.5+0.4
mmHg-min/L vs. 3.2+1.0 mmHg-min/L for vehicle, P<0.001), and restored FMD from an
initially impaired state (7.4+1.7% day 0) to a level (13.0+3.1% day 14, P<0.001) similar to that
observed in normotensive rats. N6338 also reversed the pathological kidney changes exhibited
by the hypertensive rats. GSNOR inhibition preserves FMD under conditions of impaired NO
production and protects against both microvascular and conduit artery dysfunction in a model of
hypertension.

KEYWORDS-hypertension, flow-mediated vasodilation, nitric oxide, S-nitrosoglutathione, S-

nitrosoglutathione reductase
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Nitric oxide (NO) has emerged as a key player in the cardiovascular system, mediating diverse
physiological processes including vasodilation (31, 33, 41). Many effects of NO are mediated by
the transfer of an NO group to cysteine sulthydryls on proteins via S-nitrosylation (35), a process
that plays an important role in many NO-dependent cardiovascular processes (20) and causes
significant protein modification within endothelial cells (43). NO is short-lived, but exists
physiologically in other forms like nitrite, nitrate, and S-nitrosothiols (SNOs), which include S-
nitrosylated cysteine residues in serum proteins, and S-nitrosoglutathione (GSNO) in the
cytoplasm. In particular, GSNO is thought to serve as an important intracellular bioavailable NO
pool, which is in equilibrium with other intracellular SNOs that facilitate transnitrosylation (NO
transfer between proteins) (12, 18). Accordingly, increased levels of GSNO can facilitate NO-
mediated processes, and conversely, catabolism of GSNO by GSNO reductase (GSNOR), a
regulatory enzyme that degrades GSNO and is thought to be the main regulator of GSNO levels
in vivo (22), can impair these processes. This premise is supported by the observations that in
human asthma, GSNOR regulates airway SNO content and hyperresponsiveness (29, 30), and

GSNOR-deficient mice are protected from airway hyperresponsiveness in an asthma model (28).

Because dysregulated GSNOR can reduce levels of GSNO and can interfere with processes
relevant to cardiovascular health, it follows that GSNOR inhibition may be beneficial in certain
situations. GSNOR inhibition promotes vasorelaxation of isolated aortic rings (32) and genetic
deletion of GSNOR lowers systemic vascular resistance and improves post-infarction myocardial
perfusion (21, 23), although complete deletion also lowers cardiac contractility (4). Together,
these observations suggest that GSNOR is highly relevant to the cardiovascular system and that
inhibition under appropriate circumstances could provide therapeutic strategies for various forms

of cardiovascular disease.
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One effective way to assess vascular health in humans is to measure the vasodilation of
arteries in response to increased blood flow, a process called flow-mediated (vaso)dilation
(FMD) (6). Transient occlusion of the brachial artery with a blood pressure (BP) cuff and
subsequent release result in reactive hyperemia and vasodilation, which is measured by
ultrasound detection of arterial diameter before and after occlusion. The resulting FMD is
primarily NO-mediated (14), which is demonstrable through inhibition of NO synthase (NOS) by
inhibitors such as N°-monomethyl-L-arginine (L-NMMA)). This effect relies on functional
endothelium to sense fluid shear stress, activating endothelial NOS (eNOS) to produce NO,
which diffuses to and relaxes the underlying smooth muscle. FMD has become widely accepted

as a biomarker of endothelial function and cardiovascular health (2, 11, 40).

We developed an approach to measure FMD in the femoral artery of living rats that is
functionally analogous to brachial artery FMD measurement in humans (17). This system holds a
substantial advantage over measurement of vasorelaxation of isolated aortic segments because it
reflects intact physiology and is analogous to the clinically-measured effect. Using this system,
we show here that a novel small-molecule reversible inhibitor of GSNOR, N6338 (36), not only
preserves FMD in models of endothelial dysfunction, but also lowers BP and vascular resistance

in hypertensive rats.

METHODS

Animals
Unless otherwise indicated, Sprague-Dawley and Dahl-S rats (Charles River, Wilmington, MA)
were 12 or 9 weeks of age, respectively, at the initiation of N6338 treatment. Sprague-Dawley

rats were fed standard diet (Purina, Richmond, IA) while Dahl-S rats were fed low-salt (0.26%
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NaCl) or high-salt (4% NaCl) diet to induce a normotensive or hypertensive phenotype,
respectively. 9-week old Dahl-S rats were delivered to UCSF after 3 weeks on the high- or low-
salt diet. Dahl-S rats are normotensive on low salt diet and hypertensive on high salt diet, but a
minority will not become hypertensive on high salt so screening is a traditional step. Indeed, we
found that a small number of rats on low salt spontaneously became hypertensive. Therefore, an
excess of Dahl-S rats were fed the appropriate diets during the initial 3 week period. BP was
subsequently measured via tail cuff, and only those on high-salt with stable hypertension (n=14)
and those on low salt with stable normal BP (n=12) were randomized into drug or control groups
for further use on day 0 (DO0). The diets were maintained through the end of study (D14). For
another experiment, the rats were all delivered before the switch from low to high salt diet so that
baseline BP could be measured before switching all rats to high salt diet. BP was read again
after 3 weeks and any rats that had not converted to hypertension were removed. The remaining
rats were randomized into drug (n=10) or vehicle (n=7) groups, with the rats serving as their own
normotensive controls based on their baseline BP. Despite differences in the delivery schedule of
the rats in the two BP experiments, the two experiments did not differ with respect to the switch
from low- to high-salt and the treatment with the drug. All experiments were approved by the

UCSEF Institutional Animal Care and Use Committee.

GSNOR inhibition in vitro

N6338 (N30 Pharmaceuticals, Boulder, CO) and GSNOR (Emerald BioStructures, Bainbridge
Island, WA) were prepared as previously described (36). The potency of N6338 inhibition of
GSNOR activity was determined in vitro via determination of the N6338 concentration that

inhibited maximal GSNOR activity by 50% (ICso). Final assay conditions were 0.5 pg/mL
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GSNOR, 240 uM GSNO, and 300 uM NADH in 100 mM sodium phosphate buffer, pH 7.4 at
25°C. N6338 concentrations ranged from 0-2 uM. Reaction volumes were 300 uL ina UV
transparent 96-well plate (Costar 3635). The change in absorbance at 340 nm (from oxidation of
NADH to NAD") was followed for 3 min in a SpectraMax M2 plate reader. The initial linear
reaction rate (mAUs40/min) was plotted against inhibitor concentration and fit to a sigmoidal

dose-response model (variable slope) using GraphPad Prism 5 software.

GSNOR immunohistochemistry

Formalin fixed, paraffin embedded tissues from Dahl-S study rats (normal diet vehicle control
group) were stained with a rabbit polyclonal GSNOR antibody (11051-1-AP, Proteintech,
Chicago, IL). Commercially available human tissues (tissue source for Figure 1C,D from
Premier Laboratories, Longmont, CO; for 1E from Folio Biosciences, Columbus, OH) were
stained with a monoclonal anti-GSNOR antibody (N30-C3) raised in a rat immunized with full
length human GSNOR protein at ProMab Biotechnologies (Richmond, CA) for N30
Pharmaceuticals. Slides were deparaffinized in xylene and rehydrated to water though a series of
alcohol gradients. The slides were pretreated in a 95°C citrate pH 6.1 antigenic retrieval solution
(Dako, Carpinteria, CA). After allowing the slides to cool to room temperature, a 3% hydrogen
peroxide solution (EMD Chemicals, Gibbstown, NJ) was added to quench endogenous
peroxidase activity. Slides were preincubated with Serum Free Protein Block (Dako), followed
by incubation with the GSNOR antibody or a non-specific rat IgG control (AbD Serotec,
Raleigh, NC) or rabbit Ig fraction (Dako). Human tissue slides were then incubated with rabbit

anti rat immunoglobulin (Dako), and both human and rat tissues were labeled with a goat anti
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rabbit polymer (Dako). DAB+ (Dako) was used for detection and slides were counter-stained

with hematoxylin (Dako).

GSNOR activity

Hearts and aortas from male Sprague-Dawley rats (Harlan, Indianapolis, IN, 8-10 weeks of age,
weighing 250-300 g) were frozen in liquid nitrogen and stored at -70°C. Tissues were pulverized
to powder in liquid nitrogen and then homogenized in 50 mM Tris-HCI (pH 7.4), 250 mM Nac(l,
0.1 mM DTPA, 10 mM NEM, 1% igepal CA-630, with complete, EDTA-free, protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany). Homogenates were clarified by
centrifugation and total protein determined by the bicinchoninic acid method. Tissue
homogenates (4.4 mg/mL total protein) were diluted 10-fold into reaction buffer (100 mM
sodium phosphate pH 7.4 and 250 uM NADH). GSNO-dependent NADH depletion was
determined spectrophotometrically by measuring change in absorbance at 340 nm for 3 min at
20°C in the absence and presence of 250 uM GSNO. Additions of N6338 to reactions containing

GSNO were as indicated in the text.

Measurement of nitrosated species (SNOs)

Mouse embryonic fibroblast cells (a generous gift from Limin Liu, UCSF) were immortalized
with SV-40 T-antigen (Applied Biological Materials, Richmond, BC, Canada). The cells were
cultured in 6-well plates at 1-2x10° cells/well and grown overnight in DMEM supplemented with
10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM glutamine. Media was
replaced with fresh DMEM with 500 pM GSNO (N30 Pharmaceuticals) and either vehicle or 50

puM N6338 and incubated for 4 hours. Nitrosylated species were quantitated using the triiodide
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based chemiluminescence method as described (32) with the following modifications. Cells were
washed in PBS and collected into lysis buffer (50 mM NEM, 50 mM potassium phosphate pH
7.0, 5 mM DTPA, 0.2 mM neocuproine, 20 mM ferricyanide, and 1% Igepal CA-630). Cell
lysates were treated with 15% v/v of a sulfanilamide solution (5% w/v in 0.3 M HCI) and the

trilodide reaction was performed at room temperature using GSNO to generate a standard curve.

Aortic ring relaxation assay

Aortic rings from male Sprague Dawley rats (Harlan) were mounted at isometric tension in a
small vessel wire myograph (DMT 610M, DMT-USA, Atlanta, GA) in Krebs bicarbonate buffer
containing 119 mM NaCl, 4.7 mM KCI, 1.2 mM MgSOy, 1.2 mM KH,PO4, 2.5 mMCaCl,, 25
mM NaHCOs3, 0.03 mM EDTA, and 5.5 mM glucose and continuously gassed with 95% O,: 5%
CO,. Rings were equilibrated at a resting tension of 2 g for one hour and then treated with 10 uM
1H-[1,2,4] oxadiazolo [4,3-a]quinoxalin-1-one (ODQ, a guanylate cyclase inhibitor), 100 uM
LS-monomethyl-arginine (L-NMMA, a NOS inhibitor), or 300 uM 2-(4-carboxyphenyl)-4,5-
dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide (carboxy PTIO; an NO scavenger) for
30 min. Control aortas were treated with vehicle (water). Aortas were then pre-contracted with
0.5 pM phenylephrine (EC85). After a plateau of phenylephrine effect was achieved, N6338 was
added in half-log cumulative doses ranging from 1 uM to 1 mM. Data was acquired and
analyzed using Powerlab software (ADInstruments, Colorado Springs, CO). Additional data
analyses were performed in GraphPad Prism. The amount of relaxation was reported as the

percent of maximum relaxation.
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Inhibition of GSNOR and NOS in vivo

Acute GSNOR inhibition in vivo was achieved by i.v. injection of N6338 (10 mg/kg in 0.1 ml
saline/100 g). Sub-chronic GSNOR inhibition in vivo was achieved by daily oral administration
of 10 mg/kg/day N6338 prepared in 0.5% wt/vol carboxymethylcellulose. Inhibition of NOS was

achieved by i.v. injection of L-NMMA (5 mg/kg in 0.1 ml saline/100 g).

Measurement of FMD

FMD was measured in living rats as described previously (17). Briefly, an arterial loop occluder
was surgically positioned upstream of the femoral artery and passed through 15 cm PE-90
tubing. After a 15 minute equilibration, the artery was occluded for 5 min followed by
reperfusion of the leg. Femoral artery diameter was measured with a 35 MHz ultrasound
transducer (Vevo660, VisualSonics, Toronto) over 3 min. Image analyses were performed offline

from recorded loops using an automated system (Brachial Analyzer 5, Medical Imaging

Applications, Coralville, IA) (17). Volumetric flow was calculated as T x (diameter/2)* x mean

flow velocity (V). V was calculated as velocity-time integral x duration of heart cycle. All
diameter readings were taken at diastole, and flow velocity represents the mean angle-corrected
Doppler-flow velocity. FMD was calculated as % change: (peak diameterpostischemia —
diameteryseline)/ diameteryaseiine X 100, and presented both as raw data and indexed to wall shear
rate (WSR) by calculating FMD/WSR. WSR was calculated as 4 x velocity/diameter at peak
response. We used WSR rather than wall shear stress, which also depends on blood viscosity,

under the assumption that blood viscosity was constant.

BP and vascular resistance index detection
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BP was measured using a noninvasive, computerized piezoplethysmography tail-cuff system
(ML125/R NIBP; ADInstruments, Colorado Springs, CO). The investigator taking BP
measurements was blinded to treatment, but not blinded to diet (high- vs. low-salt) for technical
reasons; the investigator measuring FMD and flow velocity was blinded to treatment and diet.

Because tail cuff methodology yields only approximations of diastolic BP based on systolic BP

measurements, vascular resistance was expressed as an index calculated as (diastolic pressure

approximation x systolic pressure) / volumetric blood flow (7).

Kidney histology
Kidneys and hearts were wet-weighed and snap-frozen in liquid nitrogen. Superficial renal
sections (10 microns) were stained with hematoxylin and eosin and examined histologically by a

blinded examiner.

Molecular assays in aortic extracts
cGMP was analyzed from homogenized aorta samples from the N6338- and vehicle-treated high-
salt groups using a colorimetric Enzyme Immunoassay cGMP kit (Cayman, Ann Arbor, MI)

according to the manufacturer’s instructions.

Statistics

For aortic ring relaxation, statistical analysis was performed using GraphPad Prism and
significant differences among groups were determined via two-way ANOVA with treatment and
dose as factors, followed by Bonferroni’s post-hoc correction for multiple comparisons.

Statistical analysis was performed using one-way ANOVA for weight comparisons, two-way

10
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ANOVA for aortic ring relaxation measurement, and two-way repeated measures ANOVA for
the acute FMD suppression study and for BP and FMD comparison in the chronic study with
GraphPad Prism, followed by Bonferroni post hoc correction with significance adjusted for
multiple comparisons where appropriate. Single comparison between all untreated (day 0) Dahl-
S rats on high salt vs. low salt in the chronic study was performed by Student’s t-test. For
vascular resistance index, a two-way repeated measures ANOVA was performed with main
factors salt level and treatment, and planned pairwise comparisons were tested using linear
contrast statements with significance determined using Bonferroni adjustment for multiple
comparisons. Analyses were performed using Statistica (v6.0, StatSoft, Inc). Statistical
significance was determined after adjusting for multiple comparisons to maintain the overall

alpha error rate of P<0.05.

RESULTS
N6338 is a GSNOR inhibitor
N6338 caused dose-dependent, potent inhibition of human GSNOR activity in vitro (Figure 1A),

and increased the level of SNOs in cultured mouse embryonic fibroblasts (Figure 1B).

GSNOR expression in the vasculature

GSNOR protein expression was detected in vascular tissue by immunohistochemistry.
Antibodies against human (Figures 1D, E) or rat (Figure 1G) GSNOR demonstrated the presence
of GSNOR in small macrovessels in human and rat heart tissue sections. In both species,
arterioles and presumably small arteries showed prominent GSNOR immunostaining in smooth

muscle, but little, if any, staining in endothelium (Figure 1D, G). In a human venule, GSNOR

11
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staining was apparent in endothelium (Figure 1E). GSNOR was also prominently expressed in
human cardiomyocytes (Figure 1E). Consistent with the results in human tissue, faint staining
was observed in rat cardiomyocytes (Figure 1G). No staining was evident in human (Figure 1C)

or rat (Figure 1F) heart sections stained with the respective IgG negative control.

GSNOR activity in cardiovascular tissues

GSNOR enzyme activity was measured in rat heart and aorta homogenates to further identify the
presence of GSNOR in vascular tissue. GSNOR activity was detected in homogenates from both
rat aorta and heart (Figure 1H). N6338 inhibited this enzyme activity when added in vitro.
Specifically, N6338 decreased GSNOR activity by 73.3 + 8.5% (heart) and 85.3 + 17.7% (aorta)

at 1 puM N6338, and by 90.8 + 1.5% (heart) and 94.5 = 6. 2% (aorta) at 10 uM N6338.

N6338 causes relaxation of preconstricted aortic rings in vitro

To further demonstrate that GSNOR inhibition by N6338 can directly influence vascular tone,
the effects of N6338 were tested in isolated aortic rings. N6338 caused a dose-dependent
relaxation in rat aortic rings that had been precontracted with phenylephrine (Figure 11). To
determine whether this relaxation was NO-dependent, reagents affecting various pathways of
NO-mediated relaxation were added prior to the phenylephrine and N6338 additions. Incubation
of rings with either soluble guanylate cyclase inhibitor ODQ, NOS inhibitor L-NMMA, or NO
scavenger carboxy PTIO significantly attenuated N6338 (1 to 100 uM) relaxation compared to
vehicle-treated control rings, demonstrating the dependence of N6338’s effects on the classical

NO/cGMP mechanism for smooth muscle relaxation.

12
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GSNOR inhibition prevented impairment of FMD caused by partial inhibition of eNOS

We first determined whether a single dose of GSNOR inhibitor could preserve FMD under
conditions of partial NOS inhibition. Rats were injected i.v. with PBS (negative control) or
N6338 (10 mg/kg in 0.1 ml saline/100 g) followed by 300 pul PBS to flush the infusion system.
After 24 hours, we measured FMD and then administered 5 mg/kg of the NOS inhibitor L-
NMMA, a dose that we had previously determined to inhibit FMD by approximately 50% (Q.C.,
unpublished). FMD was measured again 10 min after L-NMMA. We used a cross-over design in
which rats were randomly split into two groups (n=7/group), with one group given N6338 and
the other group given PBS. After a 2 week wash-out period, the groups were reversed and
received the opposite treatment. As shown in Figure 2, FMD responses 24 h after treatment with
PBS or N6338, but before L-NMMA, were similar, indicating that GSNOR inhibition has little
or no effect on FMD in normal arteries. However, while L-NMMA significantly reduced FMD in
PBS-treated rats (14.1+2.9% vs. 7.6+4.4%, P<0.05), there was no significant difference in FMD
before and after L-NMMA in N6338-treated rats (15.3+£5.4% vs. 14.2+6.3%, P=NS). There was
also a significant difference between post-L-NMMA FMD in the PBS-treated vs. N6338-treated
rats (7.6+4.4% vs. 14.2+6.3%, P<0.05). Calculation of FMD relative to WSR (FMD indexed to
WSR) resulted in similar relationships. Femoral artery diameter was not significantly decreased
by L-NMMA before or after occlusion in each group (data not shown). These results
demonstrate that N6338 prevented the reduction in FMD that would have otherwise occurred

following administration of L-NMMA.

GSNOR inhibition reduced BP in Dahl-S hypertensive rats

We then asked if it is possible to recapitulate decreased FMD in an inflammation-based chronic

13
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hypertension model, the Dahl-S rat maintained on a high-salt diet, and whether inhibition of
GSNOR could reduce BP and restore FMD in this model. N6338 in a solubilization vehicle
(0.5% wt/vol carboxymethylcellulose) was delivered orally at 10 mg/kg/day once daily,
beginning at day 0; control groups received only vehicle. Hypertensive and normotensive rats

had been previously randomized to groups after the initial BP measurement.

As shown in Figure 3A and with exact values shown in Table 1 (due to the complexity of the
data), at DO, D4, D9, and D14, systolic BP and diastolic BP measured by tail cuff under
anesthesia did not differ between the low-salt groups treated with vehicle vs. drug, showing that
the GSNOR inhibitor did not affect BP in healthy animals. (Note that diastolic BP values
resulting from tail cuff measurements are approximations based on the systolic measurements,
but are presented for reference.) BP in the high-salt vehicle group was substantially higher than
BP in the low-salt groups (p<0.05 overall), confirming that this rat model of vascular disease

successfully manifested a disease state similar to that of hypertensive humans.

While the overall F-test was significant, specific inter-group comparisons failed to retain
significance after adjusting the alpha error rate for multiple comparisons in the anesthetized
animals. For this reason, and because anesthetized conditions result in abnormally low BP
especially as measured with tail cuff methodology, we performed a similar experiment in which
BP was measured in conscious Dahl-S rats acclimated to the procedure with exact values shown
in Table 2. Notably, in the high-salt drug group, BP was initially high, but decreased
significantly over time and was substantially lower by D9 and D14; demonstrating a BP-
lowering effect of the GSNOR inhibitor in hypertensive, but not normotensive, Dahl-S rats
(Figure 3B). (The subsequent results presented below derive from the rats in which BP had been

measured under anesthesia.)

14
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GSNOR inhibition reduced vascular resistance in Dahl-S hypertensive rats

Measuring vascular resistance provides a more reliable indication of microvascular tone than
assessing BP alone. To determine if GSNOR inhibition protects microvascular function in Dahl-
S hypertensive rats, we calculated a vascular resistance index using the systolic BP
measurements and the diastolic BP approximations (see Methods) at both baseline (i.e., prior to
femoral artery occlusion) and at peak blood flow during reactive hyperemia. This provides an
indication of the extent to which chronic GSNOR inhibition impacts microvascular tone at "rest"
and under near maximal dilatory conditions in a disease state with increased microvascular

resistance.

As shown in Figure 4, in general, post-occlusion vascular resistance relationships mirrored
pre-occlusion relationships, but significance was stronger for the post-occlusion numbers, and
strongest at D14. At D0, post-occlusion vascular resistance index trended higher in the high-salt
groups than in the low-salt groups (vehicle groups at 3.7£1.8 vs. 1.6+0.4 mmHg-min/L, P=0.03;
drug groups at 3.4£2.1 vs. 1.7£0.9 mmHg-min/L, P=0.06). Before treatment began (D0), there
were no statistical differences in vascular resistance index between the high-salt vehicle and
high-salt drug groups (pre-occlusion 3.2+3.1 vs. 3.0£1.7 mmHg-min/L, P=0.83; post-occlusion
3.7£1.8 vs. 3.4£2.1 mmHg'min/L, P=0.78). In contrast, in the high-salt groups after 14 days of
treatment, post-occlusion vascular resistance index in the drug-treated group was reduced by
roughly 50% compared to the vehicle-treated group (1.5+0.4 vs. 3.2+1.0 mmHg-min/L,
P=0.0003), with a similar reduction in pre-occlusion vascular resistance index (1.5+0.7 vs.
3.2+1.7 mmHg-'min/L, P=0.008). Notably, in the high-salt drug group, there was a significant

decrease in post-occlusion vascular resistance index from DO to D14 (3.4+2.1 vs. 1.5+0.4
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mmHg-min/L, P=0.003), again with a similar trend in pre-occlusion values (3.0+1.7 vs. 1.5+0.7
mmHg-min/L, P=0.04). Thus, the reduction in BP in hypertensive rats treated with GSNOR

inhibitor was accompanied by a reduction in vascular resistance.

GSNOR inhibition restored FMD of Dahl-S hypertensive rats to the level of normotensive rats
To assess the effects of GSNOR inhibition on endothelial function in the hypertensive rats, FMD
was measured at DO, D1, and D14 (Figure 5). The coefficient of variation for the low-salt vehicle
group over time (calculated for individual rats over time and averaged) was 0.207. Similar to the
BP results described above, FMD was normal in both low-salt groups, and impaired in the high-
salt vehicle group (13.9+£3.3% and 13.1+4.4% vs. 7.6+£3.0%, P<0.05). Pairwise differences
between groups on any given day did not reach significance, but FMD of all high-salt rats was
significantly lower than that of all low-salt rats on DO, before treatment commenced (p=0.0027),
confirming that FMD is impaired in Dahl-S rats on a high-salt diet. While GSNOR inhibitor
treatment had no effect on FMD in the low-salt groups, it progressively and completely restored
FMD to normal levels in the high-salt group between DO and D14 (7.4+1.7% vs. 13.0+£3.1%,
P<0.001). No significant difference was observed between femoral artery basal diameters in the
N6338 and vehicle high-salt groups (not shown). Furthermore, there were no differences in
either aorta cGMP or plasma nitrite levels between N6338 and vehicle high-salt groups (not
shown). Indexing of FMD to WSR reduced the level of significance but preserved the main
effect, confirming that despite the functional defect in the microvasculature of the high-salt rats
and its reversal by GSNOR inhibition, the conduit artery response to hyperemia was similarly

impaired in the high-salt groups and reversed by GSNOR inhibition.
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GSNOR inhibition prevented renal damage observed in hypertensive rats

At the end of the experiment, the rats were euthanized and the heart and kidneys from each rat
were weighed. As shown in Fig. 6A, kidney weights were increased in the high-salt vehicle
group (3.3+0.3 g) compared to weights in both low-salt groups (2.7+0.1 g and 2.6+0.2 g,
P<0.001). GSNOR inhibition caused a trend toward lower kidney weights (2.9+0.3 g in the high-
salt drug group vs. 3.3+0.3 g in the high-salt vehicle group, P<0.05). In contrast, there were no

significant differences in heart weights (Fig. 6B) or body weights (not shown) among groups.

Histological assessment of kidneys showed that both low-salt groups had kidneys with
normal glomerular and tubular architecture (Fig. 6C,D). Kidneys of high-salt rats showed
significant tubular defects, whereas the glomeruli were mostly unaffected. All of these
pathological conditions were substantially reduced in rats treated with N6338 as compared with
vehicle (Fig. 6E,F), demonstrating that reversal of the pathological consequences of the Dahl-S

hypertensive rat model by GSNOR inhibition was not limited to the cardiovascular system.

DISCUSSION

This study shows that the GSNOR inhibitor, N6338, preserves FMD under partial NOS
inhibition, reduces BP and vascular resistance in hypertensive rats, and restores FMD in
hypertensive rats from a substantially impaired state to that of normotensive rats. These results
suggest that N6338 protects against both microvascular and conduit artery vasoactive
dysfunction in a model of vascular inflammation and hypertension (27, 46), and that GSNOR
inhibition may provide a strategy to increase bioavailable NO as a therapy for a number of
vascular disorders (19). As NO has typically been linked to endothelial function through eNOS

activity (e.g. FMD and eNOS are both impaired by cigarette smoke exposure in humans (3) and
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eNOS gene therapy increases NO bioavailability and lowers BP in hypertensive rats (1, 44)), it is
notable that FMD and BP can be altered by direct manipulation of NO storage pools rather than

NO synthesis.

FMD measurement has been applied as a diagnostic tool in a range of physiological studies
including vascular effects of intrinsic health factors and of environmental and behavioral
influences on cardiovascular health (5, 13, 15, 16). The NO-dependency of FMD is demonstrable
through inhibition of NOS (37). In our recently-developed rat FMD model, 8 mg/kg of L-
NMMA was used to completely suppress FMD (17). In the present study, we have shown that 5
mg/kg L-NMMA induces acute partial suppression of FMD, which can be preserved if rats are

pre-treated with N6338.

It is not clear why acutely depressed FMD, a process that requires active synthesis of NO by
eNOS, was improved by N6338, which likely increased levels of pre-existing stores of NO. It is
possible that under normal conditions, some of the NO generated acutely during reactive
hyperemia is immediately consumed by processes other than those directly involved with
relaxation of the affected artery. The FMD normally observed, therefore, may reflect the effect
of residual acutely-generated NO. Because bioavailable NO is in equilibrium with both short-
term NO-consuming processes and NO storage pools, including GSNO, increasing basal GSNO
levels prior to eliciting FMD may pre-load the normal NO sinks that would otherwise consume
NO generated acutely in response to reactive hyperemia. Hence, a higher net level of
bioavailable NO may result during reactive hyperemia in the face of GSNOR inhibition than
during normal GSNOR activity. The fact that N6338 did not increase FMD in the absence of L-
NMMA may indicate that the NO pulse normally elicited by reactive hyperemia in our protocol

elicits maximal artery dilation and further increasing bioavailable NO via GSNOR inhibition has
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no effect. By contrast, the L-NMMA dose selected for our acute rat studies depressed hyperemia-
induced NO below the level required to generate a maximal dilation response. Under this
condition, GSNOR inhibition may increase bioavailable NO sufficiently to fully restore FMD
despite co-existing partial inhibition of eNOS, as was observed. Our observation that L-NMMA
inhibited the N6338-induced relaxation of pre-constricted aortic rings at only the lower N6338
concentrations tested further supports the importance of the stoichiometry between acutely-
produced NO and the bioavailable NO pool. It is also notable that we observed substantial
presence of GSNOR in the smooth muscle of arterioles and small arteries, suggesting that
downstream elevation of bioavailable NO directly in the smooth muscle of arteries by GSNOR

inhibition may compensate for possibly lower upstream production of NO by the endothelium.

Of perhaps greater importance is the observation that a probable chronic elevation of
bioavailable NO, secondary to GSNOR inhibition, restores the magnitude of FMD in the Dahl-S
hypertensive rat. This finding is consistent with reports that eNOS expression and endothelial-
dependent relaxation are impaired in conduit arteries isolated from hypertensive Dahl-S rats (27,
45). Arterial B-adrenergic responsiveness is also decreased (34). Moreover, the high-salt diet
may impair FMD directly, as even in healthy humans, a high-salt meal has been shown to reduce
FMD in 30 minutes (10). Thus, FMD in hypertensive Dahl-S rats may be disrupted via intrinsic
defects in conduit artery endothelial signaling that would otherwise lead to smooth muscle

relaxation.

Sub-chronic GSNOR inhibition decreased femoral artery vascular resistance in high-salt
Dahl-S rats compared to resistance in vehicle control high-salt rats under baseline conditions
(pre-occlusion) and during reactive hyperemia (post-occlusion). Both of these observations have

clinical relevance. Baseline vascular resistance primarily reflects basal microvascular tone, a
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primary determinant of BP at rest. Our pre-occlusion vascular resistance data are consistent with
the effects of chronic GSNOR inhibition on BP, which was substantially reduced. In contrast,
peak reactive hyperemia is an index of maximum vasodilatory reserve, a functional parameter of
importance to the brain and heart that normally operate at high oxygen extraction ratios. The
capacity of these organs to respond to increased oxygen demand is highly dependent on
increasing blood flow. Vasodilatory reserve indicates the upper limit of blood flow potentially
available to these organs. Whereas reductions in vascular resistance primarily reflect the
response of the femoral microvasculature to GSNOR inhibition, improvement in FMD reflects

the conduit artery response to GSNOR inhibition.

The renin—angiotensin—aldosterone system and NADPH oxidase (39) within the kidney play
important roles in the overall pathophysiology of renal disease through NF-kB-mediated
upregulation of TGF-B (8, 46), MCP-1, and TNF-a (38, 46). These biochemical signals manifest
as renal leukocyte recruitment, glomerular sclerosis, medullary fibrosis, poor renal
hemodynamics, elevated BP, and proteinuria (38, 39). Pharmacological inhibition of NADPH
oxidase results in decreased monocyte/macrophage infiltration and glomerular injury, and
improved renal hemodynamics. Notably, GSNOR inhibition has been shown to inhibit NF-xB
activation (32). Inhibition of NF-xB signaling has been observed upon treatment with NO donors
such as sodium nitroprusside and GSNO, both which inhibit p65 binding to DNA promoter
regions in cultured cells, resulting in down-regulation of NF-xB dependent gene expression (26).
In other cell-based experiments, nitrosylation of the p50 subunit by the NO donor S-
nitrosocysteine (the NO-bearing functional component of GSNO) also leads to inhibition of NF-
kB DNA binding (24). GSNOR inhibitors of the same chemotype as N6338 cause both

nitrosylation of the p65 subunit and decreased DNA binding activity (G.J.R. and S.C.M,
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unpublished). Thus, prevention of kidney weight increase and damage by N6338 may be
attributable, at least partly, to anti-inflammatory activity. Notably, moderately-old eNOS knock-
out mice suffer from hypertension and renal injury that are exacerbated by high-salt diet (9),

underscoring the connection between bioavailable NO and the control of these conditions.

It has recently been reported that complete absence of GSNOR in knock-out mice results in
deficient DNA repair and increased propensity for tumorigenesis (25, 42). While there is a
substantial difference between pharmacological inhibition of an enzyme and the life-long total
absence of the protein, these results should be taken into consideration in the planning of initial

clinical studies to ensure that such effects are prevented at the dosage used.

A limitation of this study is that the direct detection of N6338-induced changes in GSNOR
activity in vivo is impractical because N6338 reversibly inhibits GSNOR. Therefore, disruption
of tissues destroys the microenvironment within the cell and dilutes cellular contents, resulting in
substantial dissociation of the inhibitor and restoration of enzymatic activity. Furthermore, direct
measurement of endogenous GSNO levels is challenging and generally below levels of detection
by current methods. However, GSNOR knock-out mice have demonstrated increased
bioavailable NO as measured by heme-bound NO (22). By addition of GSNO to a cell-based
SNO assay to increase SNO levels to within detectable range, we confirmed that N6338
increases SNOs in cultured cells, implicating GSNO preservation as a primary mechanism of
N6338’s effects in a biological system. Taken together, the in vivo effects of treatment with
GSNOR inhibitor N6338, paired with evidence of GSNOR inhibition from our in vitro
experiments, strongly suggest that GSNOR inhibition led to an increase in NO-mediated
signaling that cumulatively improved cardiovascular hemodynamics and renal pathology in this

study.
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In summary, using an approach that we developed to measure FMD in living rats, we have
shown that a small molecule inhibitor of GSNOR improves FMD and lowers BP and vascular
resistance in rat models of vascular disease. GSNOR inhibition, by this or other small molecules,
may therefore hold potential for clinical treatment of disease states characterized by vascular and

renal inflammation and endothelial dysfunction.
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FIGURE LEGENDS:

Fig. 1. GSNOR inhibition, localization, and activity. (A) N6338 caused dose-dependent and
potent inhibition of human GSNOR activity in vitro. Graph represents one experiment using
duplicate samples at each dose tested. (B) N6338 increased SNO levels in mouse embryonic
fibroblasts. Mean SNO levels + SEM are shown (n=12 independent wells per group; P<0.0001,
two-tailed t-test). (C-G) GSNOR protein was evident in human and rat cardiovascular tissue by
immunohistochemistry: (C) IgG negative control or (D) human-specific GSNOR antibody
staining predominantly in the smooth muscle of a myocardial arteriole or small artery in human
heart, and (E) predominantly in the endothelium of a human myocardial venule; (F) IgG negative
control or (G) rat-specific GSNOR antibody staining predominantly in the smooth muscle of an
arteriole in rat heart. In all micrographs, scale bars = 50 um, asterisks denote vessel lumens, blue
arrows show smooth muscle, and red arrows show endothelium. (H) GSNOR activity was
present in rat heart and aorta, and inhibited by N6338 when this compound was added in vitro.
Activity was measured in the absence (white bars) or presence of 1 uM (gray bars) or 10 uM
(black bars) N6338. Bars are mean+SD of tissues from 4 rats. (I) N6338 caused dose-dependent
relaxation in rat aortic rings precontracted with phenylephrine. This relaxation by N6338 was
significantly attenuated by pretreatment of rings with 10 uM ODQ, 100 pM L-NMMA, or 300
uM carboxy PTIO for 30 min prior to N6338 administration. Values are mean+=SEM of 4

rings/group.

Fig. 2. Effect of GSNOR inhibitor on acute impairment of FMD. Pilot experiments showed that

roughly half-maximal inhibition of FMD occurs 15 min after 5 mg/kg, i.v. L-NMMA. We
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pretreated rats with this dose of L-NMMA before eliciting FMD responses. Prior treatment (24 h,
i.v.) with 10 mg/kg N6338 (n=7), but not PBS (n=7), preserved FMD in L-NMMA-treated rats in
a cross-over study design. FMD is shown both as raw data and indexed to WSR. Values are

mean+SD.

Fig. 3. Effect of GSNOR inhibitor on BP in hypertensive rats. (A) BP measurements in
anesthetized rats. n=6 for each normotensive group; n=7 for each hypertensive group; P<0.05 for
overall effect. (B) BP measurements in conscious rats. N6338 reversed an increase in BP in the
hypertensive rats (n=10). *p<0.001 high-salt vehicle (n=7) vs. high-salt drug (n=10). Values are
mean+SD. Note that diastolic BP measurements by tail-cuff methodology are approximations

and are included here for reference, while systolic values represent true measurements.

Fig. 4. Effect of GSNOR inhibitor on vascular resistance. Vascular resistance index was
increased with high-salt diet, and N6338 reduced the vascular resistance index after two weeks
of treatment. Values are mean+SD. * = significant at adjusted alpha error rate of 0.0041 for

multiple comparisons.

Fig. 5. Effect of GSNOR inhibitor on FMD in hypertensive rats. FMD was substantially
impaired in the hypertensive rats. N6338 fully restored FMD over the two-week treatment period
to levels seen in normotensive control rats. FMD is shown both as raw data and indexed to WSR.
The comparisons between individual groups did not reach significance, although significance
was reached for the overall effect with p<0.05. The difference in FMD in all high-salt rats vs. all

low-salt rats at DO was significant (p=0.0027, t-test). The change from DO to D14 in the high-salt

30



703

704

705

706

707

708

709

710

711

712

713

714

JAPPL-01302-2012R1 Corrected Fig 3 legend 1-12-13

drug group was significant in both analyses (*p<0.001 DO vs. D14). Values are mean+SD.

Fig. 6. Effect of GSNOR inhibitor on the kidneys. (A) At D14, kidney weights were increased in
the high-salt vehicle group, while weights in the high-salt drug group trended lower. Values are
mean+SD. (B) There were no significant differences in heart weights among treatments. (C)
Low-salt vehicle and (D) low-salt drug groups: Histology of renal cortex shows normal
glomerular (arrows) and tubular architecture (arrowheads) with back-to-back tubules, no
interstitial edema, and intact tubular basement membrane; with no detectable difference between
these low-salt groups. (E) High-salt vehicle group: In contrast, histology of renal cortices shows
significant tubular swelling and dilation (asterisk), interstitial edema, loss of tubular brush
borders, and basement membrane disruption (arrowheads), all of which were substantially

reduced in rats treated with N6338 (F). Scale bar = 50 um.
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Table 1. Exact BP measurements corresponding to Figure 3A (isoflurane anesthesia)

Treatment day

Group DO D4 D9 D14
Low-salt vehicle 83.9+7.8/ 87.8+£3.1/ 86.8+3.1/ 86.7+£5.4/
65.2+4.9 67.1£3.1 66.6+2.7 64.3+5.3
Low-salt drug 86.0+£5.4/ 84.9+7.0/ 84.4+3.5/ 85.6+4.2/
66.2+4.2 65.7£5.9 65.3+2.5 64.6+3.5
High-salt vehicle ~ 112.2+12.9/ 117.9+16.8/ 122.8+16.5/ 125.0+14.6/
88.5+10.9 93.8+15.7 100.1£16.2 98.4+13.7
High-salt drug 121.7+14.7/ 108.3+18.7/ 98.3+6.7/ 97.4+6.0/
103.2+15.3 87.6£19.4 77.5+£7.2 75.8+8.1

Values are systolic/diastolic BP (mmHg) expressed as mean+SD.
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Table 2. Exact BP measurements corresponding to Figure 3B (conscious)

JAPPL-01302-2012R1 Corrected Fig 3 legend 1-12-13

Treatment
Low Salt High Salt
Group DO D4 D9 D14
Vehicle 129.84+4.0/ 197.9+£3.5/ 197.8+3.4/ 199.6+4.9/ 203.8+1.9/
85.1+4.6 142.6+£2.6 148.1+4.0 141.2+£2.8 143.7£7.5
Drug 123.9+4.2/ 200.8+6.6/ 184.4+6.7/ 171.8+5.0/ 170.0+5.3/
87.8+4.0 141.8+£5.8 126.8+5.2 124.4+2.6 122.7+6.4

Values are systolic/diastolic BP (mmHg) expressed as mean+SD.

33



N B
S S

® o
S o

IS
S

201 ICs=70nM

GSNOR Activity (mAU/min)
@
3

0
0.001 0.01 0.1 1
[N6338] uM

I

(nmol/min/mg)
S o

GSNO-Dependent NADH
Consumption Rate
N

o
n
]
8
3

o
=1
S

RSNO (pmol/mg)

[ 0 uM N6338
3 1 uM N6338
I 10 uM N6338

Heart

Relaxation (%)

204

60

80

1004

O Control

A L-NMMA
V Carboxy PTIO

Figure 1

i 1o 100
N6338 (uM)

T
1000



P=0.06

P<0.05

25

P<0.05

20

=)

(%) and

Figure 2



>

Systolic BP (Anesthetized)
(mmHg)
2

S > * o\v
—_ P<0.001 Drug DO vs. D4,9,14
g 220 ————
. * * *
tm’ 200
e
180
82
% £ 160
L
° 140
2
3
>
@ 120—F T T T T
- o Y >
‘eae\ S S @
N Treatment
High salt

(mmHg)
3 3

Diastolic BP (Anesthetized)
8

(mmHg)
g 8 B 2

Diastolic BP (Conscious)
3

v

Figure 3

-@- Low salt vehicle
- Low salt drug
—&— High salt vehicle
-¥ High salt drug

00
9

=&~ Vehicle
=¥ Drug

P<0.001 Drug DO vs. D4,9,14

———

&

* *
F}
T T T T T
- o » >
& Q

3 e

Treatment
High salt




Pre-occlusion
Vascular Resistance Index

(mmHgemin/l)

=3

~

N

P=0.83

P=0.04
P=0.008

P=0.10 P=0.13
—

P=0.004* P=0.89
~— —

Post-occlusion
Vascular Resistance Index
(mmHgemin/l)

Figure 4

[ Low salt vehicle
Il High salt vehicle
E3 Low saltdrug
E= High saltdrug

P=0.003*

P=0.78

—
P=0.03 P=0.06

P=0.0003*
—

P=0.0004* P=0.76
— ~—




0.25

0.20¢

0.15

0.10:

0.05

T
D14

-@- Low saltvehicle
-© Low saltdrug
=k~ High saltvehicle
¢ High saltdrug

FMD Indexed to WSR (%)

0.00¢

Figure 5

DO D1 D14



1l

l

L) e 0
< p

(B) 3yBrap ey

i

S o

1

(6) yubram Aoupry

<

Figure 6



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



