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ARTICLE INFO ABSTRACT

Cardiovascular disease is the leading cause of death and disability worldwide with increased oxidative stress and
reduced NO bioavailability serving as key risk factors. For decades, elevation in protein abundance and enzy-
matic activity of xanthine oxidoreductase (XOR) under hypoxic/inflammatory conditions has been associated
with organ damage and vascular dysfunction. Recent reports have challenged this dogma by identifying a
beneficial function for XOR, under similar hypoxic/acidic conditions, whereby XOR catalyzes the reduction of
nitrite (NO2") to nitric oxide (NO) through poorly defined mechanisms. We previously reported that hydrogen
sulfide (H,S/sulfide) confers significant vascular benefit under these same conditions via NO2™ mediated me-
chanisms independent of nitric oxide synthase (NOS). Here we report for the first time the convergence of H,S,
XOR, and nitrite to form a concerted triad for NO generation. Specifically, hypoxic endothelial cells show a dose-
dependent, sulfide and polysulfide (diallyl trisulfide (DATS)-induced, NOS-independent NO,™ reduction to NO
that is dependent upon the enzymatic activity of XOR. Interestingly, nitrite reduction to NO was found to be
slower and more sustained with DATS compared to H,S. Capacity for sulfide/polysulfide to produce an XOR-
dependent impact on NO generation translates to salutary actions in vivo as DATS administration in cystathio-
nine-y-lyase (CSE) knockout mice significantly improved hindlimb ischemia blood flow post ligation, while the
XOR-specific inhibitor, febuxostat (Febx), abrogated this benefit. Moreover, flow-mediated vasodilation (FMD)
in CSE knockout mice following administration of DATS resulted in greater than 4-fold enhancement in femoral
artery dilation while co-treatment with Febx completely completely abrogated this effect. Together, these results
identify XOR as a focal point of convergence between sulfide- and nitrite-mediated signaling, as well as affirm
the critical need to reexamine current dogma regarding inhibition of XOR in the context of vascular dysfunction.
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1. Introduction

Cardiovascular disease (CVD), a leading cause of death worldwide,
is becoming even more prevalent as modern life amplifies risks [1].
Several factors contribute to increased risk of CVD, including hy-
pertension, obesity, diabetes, and a sedentary lifestyle [2,3]. However,
a recently emerging predictor of obesity/diabetes and allied CVD issues
is hyperuricemia, which refers to elevated (above 6.0 mg/dL) circu-
lating uric acid (UA) [4,5]. While hyperuricemia is an accepted pre-
dictor for poor cardiovascular and metabolic outcomes, its role in
causation is yet to be established. Nonetheless, elevation in circulating
UA is indicative of enhanced xanthine oxidoreductase (XOR) activity,

the sole source of UA in mammals [6]. This is important as increased
XOR activity is also associated with cardiovascular disease due to its
capacity for oxidant production and subsequent contribution to en-
dothelial dysfunction, and loss of vascular homeostasis [7-9].
Xanthine oxidoreductase refers to both xanthine dehydrogenase
(XDH) and the xanthine oxidase (XO) form of the same enzyme. XOR is
transcribed from a single gene Xdh, which serves to oxidize hypox-
anthine to xanthine, and xanthine to UA while reducing NAD™* to
NADH. Under hypoxic/inflammatory conditions, XDH is post-transla-
tionally converted to XOR via limited proteolysis (irreversible) or oxi-
dation of critical cysteine residues (reversible) [10]. XOR also oxidizes
hypoxanthine and xanthine to UA; yet, its affinity for NAD™ is
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Fig. 1. Sulfide induces NO release from hypoxic endothelial cells. HUVECs (1 x 10° cells) were assessed for sulfide-mediated NO generation using enhanced
chemiluminescence. Buffer was exposed to 25, 50, 100 puM of nitrite (A) or Sulfide (B) in the NOA reaction chamber to establish a normoxic cell baseline; or under
hypoxia nitrite (C) or Sulfide (D). Quantitation of NO generation from cells exposed to 25 and 50 uM of Sulfide at various times of hypoxia (Oh, 3h, 4h and 5h) (E) NO
generation from cells exposed with 25, 50 and 100 uM of Sulfide at 4h normoxia or hypoxia (F). n = 6; *p = 0.000002, 0.000060 and 0.000183 respectively for

panel E; *p < 0.005 for panel F.

significantly reduced (9-fold) compared to XDH, and thus XOR utilizes
molecular O, as an electron acceptor resulting in the production 0,®
and H,0, [11]. As such, under hypoxic/inflammatory conditions, XOR
is reported to be a significant source of oxidants that contribute to the
pathobiology of vascular disease processes [12-17]. In fact, since the
discovery of XOR-derived oxidants as central contributors to ischemia/
reperfusion injury in 1982, elevation in XOR activity has been dog-
matically associated with damage and dysfunction. This deleterious
role for XOR has been sustained over the past three decades by nu-
merous reports indicating benefit from XOR inhibition in inflammatory
disease processes [13,18-20]. However, this paradigm has been chal-
lenged by recent studies describing a novel salutary function for XOR
under the same conditions where inhibition would potentially be con-
sidered protective. Reports describe a nitrite reductase function,

whereby XOR catalyzes the one-electron reduction of NO,™ to generate
beneficial NO [21,22]. It has been proposed that the micro-environ-
mental conditions requisite for XOR-derived NO generation represent
the same hypoxic and acidic conditions that limit or uncouple eNOS
activity suggesting XOR as a surrogate source of NO in this milieu [10].

In addition to NO, another gaseous signaling molecule, hydrogen
sulfide (H,S), plays a key regulatory role in various physiological and
pathological processes [23-25]. A growing number of reports demon-
strate H,S and its enzymatic source, cystathionine y-lyase (CSE) to be
protective in the vasculature [26-30]. Similar to XOR, H,S, and allied
sulfide metabolites have been proposed to regulate NO metabolism
during hypoxia/inflammation, highlighting novel yet poorly under-
stood biochemical pathways to increase NO bioavailability for pro-
moting ischemic vascular remodeling [21]. Herein, we describe the
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Fig. 2. NO generation is independent of NOS. Exposure of hypoxic cells (HUVECs; 4h) to Sulfide (100 uM) (A) or DATS (50 uM) (B). Exposure of hypoxic cells
(HUVECS) to Sulfide (100 pM) and -NAME (200 uM) (C) or DATS (100 uM) and :-NAME (200 uM) (D). Exposure of hypoxic cells (HUVECs) to Sulfide (100 uM) and
Febx (10 nM) (E) or DATS (100 uM) and Febx (10 nM) (F). Average rate of NO production, quantitation from A-F for sulfide (G), *p = 0.001, and DATS (H),
*p = 0.0005, where n = 6.
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Fig. 3. Both Sulfide and DATS induce XO-catalyzed NO> reduction to NO.
Purified XO (20 mU) in HBSS was added to nitrite (100 pM) followed by sulfide
(100 pM Sulfide) or DATS (100 uM) (A). Data in A are representative profiles of
NO generation from the NOA reaction chamber. Total NO produced (nmol) by
sulfide and DATS quantified from panel A (B). Average rate of NO formation
induced by sulfide and DATS is presented (C). n = 4.

convergence of H,S/sulfide metabolites, XOR-catalyzed NO, reduction,
and NO signaling where H,S and sulfide metabolites amplify NO pro-
duction from XOR and NO, to protect against vascular ischemia.

2. Materials and methods
2.1. Chemicals and reagents

Chemicals and tissue culture reagents were obtained from Sigma
unless otherwise noted. Anhydrous sodium sulfide was purchased from
Alfa-Aesar Inc. Anti-CD31 antibody was from BD Biosciences (San Jose,
CA, USA), and anti-a-SMA antibody was obtained from Sigma-Aldrich.
Vectashield plus DAPI was from Vector Laboratories. All secondary
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fluorophore-labeled antibodies were obtained from Jackson
Immunoresearch Inc (West Grove, PA, USA). Human umbilical vein
endothelial cells (HUVECs) were from Lifeline Cell Technology, CA,
USA.

2.2. Cell culture and treatments

Human umbilical vein endothelial cells (HUVECs) were purchased
from Lifeline Cell Technology (Cat. No. FC-0044) and cultured in
VasculLife® Basal Medium (Cat. No. LM-0002) supplemented with the
appropriate LifeFactors® Kit (No. LL-0003). All cells were grown in
tissue culture flasks under normoxic conditions at 37°C, 5% CO,, and
21% O,. Their media was changed every 2-3 days. The HUVECs were
starved 16h post-confluence in Endothelial Based Media (EBM) sup-
plemented with 0.5% FBS, nonessential amino acids, Pen Strep, and t-
glutamine. Then the HUVECs were incubated in the hypoxic chamber
(5% CO,, 37°C, 1% O5) for 4h. HUVECs from passages 2-4 were used in
the experiments.

2.3. Animals

Twelve-week-old male CSE knockout (CSE KO) mice were used in
this study as reported earlier [27]. Mice were housed at the Louisiana
State University Health Sciences Center-Shreveport animal resources
facility, which is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International. All animal
studies were approved by the LSU Institutional Animal Care and Use
Committee (LSU IACUC Protocol# P-08-021) and in accordance with
the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

2.4. Mouse hindlimb ischemia model and treatment routes

Chronic hindlimb ischemia was induced in 12-16-week-old CSE
knockout male mice, as we have reported previously [27]. After an-
esthesia with ketamine (100 mg/kg) and xylazine (10 mg/kg), the left
femoral artery was dissected, separated, ligated and excised distal to
profunda femoris artery to create the hindlimb ischemia model. Mice
were randomly assigned to different experimental groups by one in-
vestigator and were treated and evaluated by a second blinded in-
vestigator. Polysulfide donor, diallyl trisulfide (DATS; 200 ug/kg) was
administered in the retro-orbital capillary plexus with or without the
XOR-specific inhibitor, febuxostat (Febx) in drinking water (50 mg/L)
during the length of the study.

2.5. Novadaq SPY imaging analysis

The SPY imaging device (Novadaq Technologies) was used to
quantify collateral vessel perfusion, as we have previously described
[27]. Briefly, a bolus injection of 30 ul ICG (IC-Green, Akorn Pharma-
ceutical, Lake Forest, IL) was administered retro-orbitally, and angio-
grams were captured by an array of light-emitting diodes at a wave-
length of 806 nm and recorded for 1 min. Angiograms were taken
before and post-ligation on days 1, 3, and 7, and percent change in
blush rates were calculated as mentioned [27].

2.6. Nitrite reductase activity assay

A Sievers 280i NO analyzer was used to measure H,S mediated NO
production as we have reported [21]. Endothelial cells were exposed to
4h of either hypoxia (1% O-) or normoxia (21% O,), each with 5% CO,.
Cells were harvested, resuspended at 1 x 10° cells/mL in Hanks’ ba-
lanced salt solution (HBSS), and were added to the reaction chamber
containing deoxygenated HBSS at pH 7.4. Sodium sulfide (sulfide/H,S)
or DATS was injected into the chamber to form a 50 UM solution, and
NO production was measured over time. Separate experiments with
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Fig. 4. Dose-dependent effects of Sulfide and DATS on xanthine oxidation and NO, reduction. Purified XO (20 mU, dissolved in HBSS) was exposed to Sulfide
(0-50 uM), and both XOR-dependent oxidation of xanthine to UA (A = 295 nm) and XOR-dependent NO, reduction to NO were assessed (A). Total NOx was
determined in hypoxic HUVECs treated with or without xanthine (100 pM) and Sulfide or DATS (1-100 uM) (B). Average rate of NO formation induced by 10 pM or
100 pM sulfide (C) and DATS in the presence or absence of Zinc acetate and/or DTPA (D). For panel A, *p < 0.0001, #p < 0.05, n = 4, compared to group with 0 uyM

of Sulfide; for B-D *p = 0.006, **p = 0.0014, ***p = 0.0170; #p = 0.04; n = 4.

hypoxic endothelial cells plus nitrite and febuxostat were also per-
formed. Cell free purified protein experiments were performed with
purified XO (20 mU), which was then injected into the chamber with
100 uM nitrite. Sodium sulfide (final concentrations of 10 uM or
100 pM) or DATS (final concentrations of 10 uM or 100 uM) was then
injected into the chamber and NO production was determined over
time. NO production was determined by integrating the emission signal
over time calibrated to a standard curve of nitrite (0.1, 0.5, 1, 10, and
100 uM) reduced to NO in sodium iodide/glacial acetic acid. Rate of NO
production from either sulfide or DATS was calculated from known NO
release derived from standard curve of DETA NONOate. These values
were reported as pmols of NO release per minute.

2.7. XOR activity assay

XOR activity was evaluated by measuring uric acid production as
described previously [31]. Briefly, purified XO (Sigma Cat# X4500)
was added to a 200 pl reaction mixture containing 50mM potassium
phosphate buffer (pH 7.4) and 0.15mM xanthine solution (sigma Cat#
X-0626) at room temperature. The measurements were recorded at A
290 nm for 5min by a spectrophotometer. XOR activity (AA290 nm/
minute) was obtained by using the maximum linear absorbance from
both the test and blank. XOR activities were calculated by using mil-
limolar extinction coefficient of uric acid at 290 nm using the equation
below [31].

Units/mg protein = (AA/min x 1000)/(1.22 x 10* x mg mL*
reaction mixture); where, the molar absorption coefficient of uric acid
is 1.22 x 10* M'em™.

2.8. Flow mediated dilation (FMD)

Vascular function was determined by mouse FMD with modifica-
tions from the previously reported method [32]. Experimental cohorts
of Control (PBS), Febx (50 g/L in drinking water), DATS (200 pg/kg
retro-orbital) or Febx + DATS, were treated for 3 days, and subjected to
FMD. Briefly, mice were anesthetized with isoflurane and fur was re-
moved from the hindlimbs. The animals were then placed on a warmed
ultrasound table equipped with ECG. A vascular occluder (5 mm dia-
meter, Harvard Apparatus) was placed around the proximal hindlimb to
induce transient occlusion of the vessels of the distal hindlimb as an
ischemic trigger. The Doppler ultrasound probe (VEVO 3100, Vi-
sualSonics) was manually aligned over the femoral artery, distal to the
occluder, to take baseline recordings of the blood vessel for diameter (M
mode) and mean velocity (PW mode). The vascular occluder was in-
flated manually with an air-filled syringe for 1-min, and deflated.
Measurements of diameter and blood flow velocity were recorded for
180s at 30s intervals. The recorded loops were analyzed by Vevo LAB
analysis software.

2.9. Statistical analysis

Data were reported as mean * standard error of the mean (SEM)
for all groups. Statistical analysis was performed with GraphPad Prism
using Student’s t-test, one-way ANOVA and two-way ANOVA with
Tukey post-hoc test, Mann-Whitney or Kruskal-Wallis analysis of var-
iance with Dunn's multiple-comparison tests. A p-value of < 0.05 was
considered to be statistically significant.
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of nitrite (A). Purified XO (20 mU, dissolved in HBSS) plus NO,™ (100 pM) were exposed to either DPI and/or DCPIP (after/before addition of DATS) and NO release
was assessed (B) and quantified (C). The capacity for DATS to reduce the FAD of XOR was determined by following alterations in absorbance (A = 450 nm) of

purified XO in KPi pH 7.4 (D). n = 4; *p < 0.001.

3. Results
3.1. Sulfide mediates in vitro reduction of NO, to NO

XOR-catalyzed, nitrite-dependent NO release from HUVECs was
assessed. When normoxic or hypoxic HUVECs were placed in the NOA
reaction chamber, addition of increasing concentrations of nitrite (final
concentrations of 25, 50 and 100 uM) (Fig. 1A&C) showed no response,
indicating no change in NO production. However, addition of same
concentrations of sodium sulfide (sulfide/Na,S) induced significant NO
production, especially in hypoxic cells (Fig. 1B&D). Duration of hypoxia
treatment was also assessed for impact on abundance of NO generated
upon reaction with sulfide. Total NO generated by hypoxic HUVECs
increased with increasing doses of sulfide (final concentrations of 25
and 50 uM) at increasing times of hypoxia (0, 3, 4 and 5h) (Fig. 1E).
While time in hypoxia elevated NO generation, the relationship was not
linear; thus, a hypoxic time of 4h (unless specified) was chosen for the
remaining cell experiments. Generation of NO from hypoxic (4h) HU-
VECs increased with increasing doses of sulfide (final concentrations of
25, 50 and 100 pM) compared to corresponding normoxic controls
(Fig. 1F). The presence of sulfide or nitrite alone did not result in NO
production (Supplementary Fig. 1).

3.2. Polysulfide is more potent than sulfide in stimulating NO, -dependent
NO generation by XOR

To explore characteristics of sulfide dependent nitrite reduction to

NO by XOR, we compared different sulfide donors Na,S (sulfide) versus
DATS polysulfide. A significant increase in NO formation by hypoxic
HUVECs was observed with addition of either 100 uM of Sulfide
(Fig. 2A) or DATS (Fig. 2B) in the NOA reaction chamber. However,
release of NO via sulfide addition was immediate, compared to slower
and more sustained NO release with DATS treatment. To determine
contributions of nitric oxide synthases (NOS) and investigate the role of
XOR as an important source of NO generation, hypoxic (4h) HUVECs
were exposed to the global NOS inhibitor :1-NAME (200 uM) or Febx
(10 nM) (Fig. 2C-F). The presence of i-NAME did not alter observed
levels of NO release (Fig. 2C&D); however, Febx completely abrogated
NO generation verifying XOR dependence (Fig. 2E&F). The average rate
of NO production was quantified from sulfide (Fig. 2G) and DATS
(Fig. 2H). To further confirm the role of sulfide(s) in XOR-catalyzed
nitrite reduction, purified XO (0.02 U) and NaNO, (100 uM) were
added to the reaction followed by sulfide or DATS (Fig. 3). A significant
increase in NO formation was observed with either 100 uM sulfide or
100 uM DATS (Fig. 3A). However, addition of DATS produced a 4-fold
greater amount of NO than sulfide; yet, at a slower and more sustained
rate (Fig. 3B&C).

3.3. Sulfide and xanthine regulate XOR-catalyzed reduction of NO5 to NO
in a concentration-dependent manner

Although NO production from XOR and NOy is enhanced with
greater concentrations of sulfide, XOR-catalyzed xanthine oxidation to
UA is initially increased and then reduced as sulfide concentration



S. Pardue, et al.

Redox Biology 34 (2020) 101447

A Post Day 7 B
& Febx -© DATS -7 Febx+DATS
w
=
8 100-
[9]
= 801
23
& 2 60
3 =2 c
£ @ S 40-
s
(]
('R 20-
F Ot T T T T
@ @ o N ) A
< O ) ) )
g T & PP
= Study Period
C 15001 D 8007  yex
— Q —~ *%
= S = 6004
© £1000- ST
Eo =0
8z - *# T Z 4004
o w T LR —1
3 500+ °35
F g [ 1
o % + % o & & > & &
€ & & F FEF v &
O N O O ¢ 9
s°+ < ‘0+ ,gc\(‘ \q,c’ .0‘\'
QQ' QQ) W {<0
S S
E I PBS A
T10- [ DATS
= % [] Febx+DATS
c 0 8
_g g - |:| Febx
I e 6 #
o S #
D
254
>
5 2
X 0-
30 60 300
Time (sec)

Fig. 6. In vitro effects of DATS on XOR-derived NO are operative in vivo. Representative images demonstrating restoration of ischemic limb blood flow from CSE KO
mice treated with DATS, Febx, or DATS + Febx (A) and quantification thereof (B). Total NO levels of Plasma (C) and ischemic and non-ischemic tissue of skeletal
muscle (D) Vessel dilation (% change) in femoral artery at 30, 60 and 300 s in PBS, DATS, Febx + DATS or Febx alone.n = 4 and * = p < 0.0001, # = p < 0.005,

ip = 0.007, & p = 0.0086.

increases, (Fig. 4A). The presence of xanthine (100 pM) did not affect
DATS (1 puM)-mediated XOR reduction of NO,; however, the same
concentration of xanthine significantly increased sulfide (1 pM)-in-
duced NO formation from XOR and NO,™ (Fig. 4B). Similar results were
observed with greater concentrations of DATS or sulfide (10 or
100 uM).

3.4. The influence of XOR metal centers on sulfide/polysulfide-stimulated,
XOR-catalyzed reduction of nitrite to NO

Diethylenetriamine pentaacetate (DTPA) was used to assess the
impact of Fe/S clusters in XOR. DTPA has a high affinity for divalent
cations such as Fe and was thus used to determine if blockade (by Fe
chelation) of the two Fe/S centers in XOR affects sulfide/polysulfide-
mediated stimulation of XOR-derived NO from NO,". The presence of
DTPA (100 uM) significantly diminished NO generation stimulated by
either 10 puM sulfide (Fig. 4C) or 10 uM DATS (Fig. 4D) indicating the
Fe/S centers are requisite for sulfide/polysulfide-mediated effects.

Likewise, the presence of zinc acetate diminished sulfide/polysulfide-
mediated effects suggesting the Mo-co is also required for this process
to be operative (Fig. 4C&D).

3.5. The effects of electron flux on XOR reduction of nitrite

Electron flux between the FAD and the Mo-co domains of XOR is
illustrated in Fig. 5A. Dichlorophenolindophenol (DCPIP) and diphe-
nyleneiodonium (DPI) were used to evaluate electron flux near the Mo-
co and the FAD, respectfully. DCPIP can intercept electrons between the
Mo-co and the first Fe/S center whereas DPI is a global flavin inhibitor.
Both DCPIP and DPI inhibited XOR-catalyzed NO formation from NO5”
stimulated by xanthine whereas DPI did not alter DATS-mediated XOR-
dependent NO generation (Fig. 5B and C). Moreover, and interestingly,
the presence of DATS does not result in the reduction of the FAD to
FADH, (Fig. 5D), whereas oxidation of XOR is significantly reduced
upon dithionite addition (Fig. 5D).
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3.6. Sulfide-mediated stimulation of XOR-catalyzed reduction of NO5 in
vivo regulates vascular function

To examine the impact of sulfide-mediated stimulation of XOR-de-
rived NO generation in vivo, a murine chronic ischemia model of FAL
was used. Administration of DATS (0.5 mg/kg twice per day) sig-
nificantly restored ischemic hindlimb blood flow by seven days post
ligation (Fig. 6A&B). Conversely, treatment with the polysulfide donor
DATS and the XOR inhibitor Febx did not significantly alter the blood
flow in ischemic hindlimbs compared to the Febx group (Fig. 6B). We
measured the formation of mature vessel density in CSE KO mice by
dual staining with anti-CD31 and anti a-SMA antibodies, and DAPI
counterstaining. Representative images of ischemic muscle tissues from
CSE KO mice (PBS, DATS, Febx alone and DATS + Febx) showing
vessel densities in Supplementary Fig. 2A. Angiogenic and arteriogen-
esis indices were significantly increased in DATS-treated CSE KO is-
chemic tissue compared to PBS or Febx alone controls (Supplementary
Fig. 2B&C). Additionally, co-treatment of Febx with DATS significantly
reduced the ischemic angiogenesis index compared to DATS alone
treatment. We next examined the effects of Febx with DATS in the FAL
model to understand the role of XOR on NO availability. Fig. 6C&D
report plasma, ischemic, and non-ischemic tissue levels of NOx (NOy”
+ NO3) in CSE knockout mice treated with DATS, Febx, or both
(DATS + Febx). Febx significantly inhibited both DATS-induced is-
chemic angiogenesis and NOx bioavailability indicating XOR is im-
portant for DATS-induced NO formation.

Lastly, we assessed the role of XOR on DATS dependent vascular
reactivity with Febx treatment using a non-invasive flow mediated
vasodilation (FMD) model (similar to human assessment) in CSE KO
mice [33]. In this FMD model, transient hindlimb ischemia (1 min) with
a pressure cuff in CSE KO mice did not induce femoral artery vasodi-
lation upon reperfusion (Fig. 6E). Notably, this was corrected by DATS
with an increase in FMD (8% dilation) compared to PBS treatment.
However, Febx treatment completely blunted DATS mediated femoral
artery dilation in the FMD model. Together, these results demonstrate
that Febx inhibits DATS-induced increases in NO bioavailability, the
ability of DATS to restore flow-mediated vasodilation and reduces
blood flow restoration in ischemic hindlimbs.

4. Discussion

Xanthine oxidoreductase (XOR) is a ubiquitously expressed mo-
lybdoflavin enzyme that catalyzes the terminal two steps of purine
catabolism in primates. Upregulation of XOR under hypoxic/in-
flammatory conditions has been associated with deleterious outcomes
for decades, especially in the vascular compartment where XOR-derived
oxidants and UA are thought to mediate vascular dysfunction and end
organ damage [17,34]. Hypoxia inducible factor-la (HIF-1a) has been
implicated in upregulation genes implicated in regulation of metabo-
lism and angiogenesis, including Xdh [35,36]. However, the mechan-
isms of oxygen-mediated effects on XO-XDH has been elusive. Recent
reports have identified a salutary function for XOR in this same hy-
poxic/inflammatory milieu as a source of NO [10,21,37,38]. It has been
convincingly demonstrated that XOR (both XO and XDH) can catalyze
the reduction of NO,™ to NO under hypoxic/acidic conditions similar to
those that favor NOS uncoupling and thus diminish NOS-catalyzed NO
production. We and others have also established that sulfide demon-
strates significant vascular benefit/protection under these same hypoxic
conditions via NO,-mediated mechanisms independent of NOS
[21,27,39].

Previous work from our group and others has reported that hy-
poxia/ischemia significantly enhances endothelial XOR mRNA and
protein expression, and activity [7,21,35,40]. In the present work, we
used hypoxic cells (HUVECs), to observe a dose-dependent, sulfide-in-
duced, NOS independent NO,™ reduction to NO (Figs. 1 and 2). Inter-
estingly, we also found the polysulfide, DATS to mediate NO generation
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from NO, (Fig. 3) in a manner that was more sustained than with
sulfide. Furthermore, both sulfide and DATS-mediated NO generation
from NO, was dependent upon the enzymatic activity of XOR (Fig. 4A).
These in vitro data mechanistically elucidate our previous observations
of febuxostat-mediated inhibition of H,S-induced blood flow recovery
in a murine model of chronic ischemia [21].

The driving molecular effect of sulfide/polysulfide on the capacity
of XOR to reduce NO, must be reduction of XOR as the oxidized en-
zyme is incapable of catalyzing reduction reactions. For example, re-
duction of NO, occurs at the Mo-co domain, when the valence of the
Mo is either Mo(V) or Mo(IV) [41]. It has also been reported that hypo/
xanthine (directly reduces Mo-co) and NADH (reduces Mo-co via ret-
rograde electron flow from FAD) can be used to achieve the reduction
of the Mo-co and subsequent NO generation in the presence of NO,". In
the experiments described in Figs. 1-3, there was no XOR reducing
substrate (hypo/xanthine or NADH) present and thus the required re-
duction (Mo(IV)) or partial reduction (Mo(V)) of the enzyme must be
provided by sulfide or DATS. If this is the case, then the presence of
sulfide should be manifest in alteration of XOR-catalyzed oxidation of
xanthine to UA as this two-electron oxidation process is frustrated if the
enzyme is partially (Mo(V)) or fully (Mo(IV)) reduced. Indeed, Sulfide
(1-50 uM), diminishes UA formation from xanthine while con-
comitantly enhancing NO formation (Fig. 4A). However, this same
phenomenon was not realized with DATS as there was no difference in
NO generation in the presence or absence of xanthine (Fig. 4B). This
may indicate that DATS is capable of greater XOR reduction (e.g.
greater Mo(IV)) and thus inhibits the reaction with xanthine and thus,
xanthine has no observable impact on subsequent NO generation from
NO,". Likewise, this may explain why there is only a partial effect of
xanthine in the presence of sulfide if indeed sulfide only solicits a
partial reduction of the Mo-co to Mo(V); a valence state capable of
reducing NOy™ to NO [41]. However, it does not readily explain why
lower levels of sulfide (0.05 pM, Fig. 4A) enhance XOR-catalyzed oxi-
dation of xanthine to UA. We postulate that these levels of sulfide may
induce subtle turnover of XOR sufficient to consume all residual O,; the
presence of which inhibits XOR-catalyzed NO,™ reduction. While these
hypotheses are plausible, only extensive low-temperature electron
paramagnetic resonance (EPR) experiments will be able to provide
evidence of their validity.

Whereas the Mo-co is the recognized site of NO,™ reduction, electron
donation to the enzyme and subsequent electron flux to the Mo-co
domain can be achieved via reduction of the FAD or Fe/S centers. To
establish the impact of sulfide/polysulfide on electron flux in XOR,
experiments were designed to either inhibit the capacity of the Fe/S
centers (Fe chelation via DTPA) to transfer electrons or the Mo-co (zinc
acetate) to accept electrons. As seen in Fig. 5, both inhibition of the Fe/
S centers and the Mo-co results in diminution of XOR-catalyzed NO,
reduction indicating these two redox centers of enzyme are requisite for
sulfide/polysulfide-mediated effects. Likewise, experiments were de-
signed to determine if an operational FAD is required for sulfide/
polysulfide-mediated stimulation of NO generation (Fig. 5C). The pre-
sence of DPI, a global Flavin inhibitor, frustrated xanthine-driven NO
generation from XOR and NO, as seen previously [42]; however,
blockade of the FAD did not impact DATS-induced NO generation by
XOR suggesting the FAD is not required for DATS-mediated effects. This
observation is validated by experiments demonstrating incapacity of
DATS to reduce the FAD to FADH, (Fig. 5D). Importantly, oxidized XOR
was reduced by dithionite confirming Fe-S centers were responsive.
Furthermore, experiments whereby electrons are “stolen” from the
enzyme between the Mo-co and the first adjacent Fe/S cluster confers
loss of NO,™ reductase activity indicating electron flux between this Fe/
S center and the Mo-co is requisite for sulfide/polysulfide-stimulated
XOR-derived NO generation from NO,". Again, while these experiments
are indicative of required/contributory electron transfer, low-tem-
perature EPR will be required for definitive confirmation.

While the mechanistic details defining sulfide/polysulfide-driven,
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XOR-dependent NO generation are crucial to understanding the micro-
environmental conditions where this process may be operational, the
capacity for sulfide or DATS to produce an XOR-dependent impact on
NO generation that translates to salutary actions in vivo is both unique
and biologically important. As we have previously reported, DATS
significantly improved blood flow in a chronic ischemia model of FAL,
whereas the presence of Febx abrogated this benefit suggesting XOR
activity is required to mediate salutary actions associated with DATS in
this setting. Although we observed a significant increase in angiogen-
esis with DATS (Supplementary Fig. 2), Febx co-treatment did sig-
nificantly inhibit DATS-mediated angiogenesis, indicating a beneficial
role of XOR for NO-mediated angiogenesis. Further, XOR inhibition also
blunted vasoreactivity as Febx inhibited DATS-mediated vasodilation,
as assessed by FMD (Fig. 6E). Additionally, DATS-treated mice de-
monstrate elevated NOx in their plasma and skeletal muscle which is
diminished by co-administration of Febx confirming an important role
for XOR. These in vivo results affirm the critical need for reexamination
of dogma regarding inhibition of XOR in the context of vascular dys-
function. For example, analysis of data derived from the recent CARES
study revealed that febuxostat increased the risk for all-cause mortality
in hyperuricemic patients with preexisting cardiovascular conditions
when compared to allopurinol [43]. If this conclusion is indeed valid,
then a potential contributor to enhanced risk may be the superior ef-
ficacy of febuxostat for inhibiting XOR bound to the glycocalyx of the
vascular endothelium, a common occurrence in patients with cardio-
vascular disease [44]. In conjunction with our current findings, it is
possible that XOR may provide some pathophysiological benefit via
reduction of NO,™ to NO, and that irreversible inhibition of this pathway
via Febx would be detrimental. Thus, alternative approaches that blunt
XOR uric acid formation while increasing nitrite reduction to NO may
be more therapeutically ideal.

In summary, we report a sulfide/polysulfide-induced XOR-depen-
dent reduction of NO,™ to NO. This process requires neither the com-
monly XOR-associated reducing substrates hypo/xanthine or NADH nor
the reduction of the FAD cofactor whereas it does involve electron flux
between the Mo-co and proximal Fe/S center. Administration of a
polysulfide (DATS) to mice with experimental hindlimb ischemia elicits
improved blood perfusion in CSE/H,S deficient mice, in an XOR-de-
pendent manner suggesting in vitro results reported herein are operative
in vivo. Moreover, vasodilation mediated by DATS was completely in-
hibited upon simultaneous treatment with Febx, indicating that sulfide
mediated vascular function is XOR-dependent (Fig. 6D). Together, these
results serve to identify XOR as a focal point of convergence between
sulfide- and nitrite-mediated signaling in the vasculature.
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