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Nitrite Anion Therapy Protects
Against Chronic Ischemic
Tissue Injury in db/db Diabetic
Mice in a NO/VEGF-Dependent

Manner

Nitrite anion has been demonstrated to be

a prodrug of nitric oxide (NO) with positive effects
on tissue ischemia/reperfusion injury,
cytoprotection, and vasodilation. However, effects
of nitrite anion therapy for ischemic tissue vascular
remodeling during diabetes remain unknown. We
examined whether sodium nitrite therapy altered
ischemic revascularization in BKS-Lepr®/?" mice
subjected to permanent unilateral femoral artery
ligation. Sodium nitrite therapy completely restored
ischemic hind limb blood flow compared with
nitrate or PBS therapy. Importantly, delayed nitrite
therapy 5 days after ischemia restored ischemic
limb blood flow in aged diabetic mice. Restoration
of blood flow was associated with increases in
ischemic tissue angiogenesis activity and cell
proliferation. Moreover, nitrite but not nitrate
therapy significantly prevented ischemia-mediated
tissue necrosis in aged mice. Nitrite therapy
significantly increased ischemic tissue vascular
endothelial growth factor (VEGF) protein
expression that was essential for nitrite-mediated

reperfusion of ischemic hind limbs. Nitrite
significantly increased ischemic tissue NO
bioavailability along with concomitant reduction of
superoxide formation. Lastly, nitrite treatment also
significantly stimulated hypoxic endothelial cell
proliferation and migration in the presence of high
glucose in an NO/VEGF-dependent manner. These
results demonstrate that nitrite therapy effectively
stimulates ischemic tissue vascular remodeling in
the setting of metabolic dysfunction that may be
clinically useful.
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Peripheral arterial disease (PAD) is a chronic arterial
occlusive disorder of the lower extremities due to ath-
erosclerosis and is characterized by high cardiovascular
morbidity and mortality (1). Patients with type 2 di-
abetes mellitus (DM) frequently present with PAD, and
the incidence continues to increase due to advancing
age and DM diagnosis (2). Type 2 DM enhances the
pathology of atherosclerosis, including endothelial
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dysfunction, glycosylation of extracellular matrix pro-
teins, and vascular denervation. Cellular and metabolic
dysfunction associated with atherosclerosis further
contributes to impaired ischemic vascular remodeling
and collateral formation due to vascular damage (3).
Moreover, diabetic PAD often progresses to critical limb
ischemia, a common cause of nontraumatic amputation
(2). Therapeutic angiogenesis leading to tissue cyto-
protection may be one of the best options for this
population of patients (4); however, effective
approaches to accomplish this remain unrealized. Nu-
merous mediators, including growth factors, transcrip-
tion factors, and signaling molecules, have been
reported to augment chronic ischemia-induced angio-
genesis in animal models (5). However, clinical trials
targeting these pathways for PAD/critical limb ischemia
have been disappointing, possibly due to secondary
complications found in DM patients that were not
present in preclinical models.

It is now clear that vascular remodeling involving an-
giogenesis, arteriogenesis, and vasculogenesis are all sig-
nificantly impaired during diabetic tissue ischemia (6-9).
Angiogenesis is also delayed in aged subjects as well as
those presenting with hypercholesterolemia (9,10). To
realize successful therapeutic revascularization approaches
in clinical settings, it is imperative that disease models
manifesting these complicating factors be employed to
identify new, effective therapeutic approaches.

Nitric oxide (NO) has been identified as a key regu-
lator of vascular health and remodeling responses;
however, NO production is impaired in disease models
such as diabetes and naturally diminishes with age,
leading to endothelial cell dysfunction (11,12). More-
over, nitrite (the oxidation product of NO) levels are
reduced in the plasma of patients with diabetic vascular
disease and are associated with poor arterial function
(13). Considering that NO plays a large role in angio-
genesis and arteriogenesis and that it is a very reactive
and short-lived molecule, a therapy to augment NO
levels in the form of a prodrug format may be beneficial
for diabetic ischemic vascular remodeling responses.
Previous work from our laboratory revealed that sodium
nitrite stimulates ischemic vascular remodeling in
healthy mice; however, its utility in diabetic animals is
unknown (14). In this study, we report the effect of
sodium nitrite therapy on ischemic vascular remodeling
with confounding conditions of metabolic dysfunction
and age.

RESEARCH DESIGN AND METHODS
Reagents

Ki67 antibody was obtained from Abcam. CD31 antibody
was obtained from BD Biosciences. Vectashield plus DAPI
was obtained from Vector Laboratories. All secondary
fluorophore-conjugated antibodies were obtained from
Jackson ImmunoResearch Laboratories. Vascular endo-
thelial growth factor (VEGF) ELISA kits were purchased
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from Bio-Rad, and BrdU reagents were purchased from
Calbiochem; both assays were performed according to
manufacturer’s instructions. Febuxostat was purchased
from Takeda Pharmaceuticals America, Inc.

Animals and Experimental Procedures

Three-month-old and nine-month-old BKS-Lepr™? male
mice were used for experiments in this study. Mice were
purchased from The Jackson Laboratory, housed at the
Association for Assessment and Accreditation of Labora-
tory Animal Care, an internationally accredited Louisiana
State University Health Sciences Center—Shreveport ani-
mal resource facility, and maintained in accordance with
the National Research Council’s Guide for Care and Use of
Laboratory Animals. All animal studies were approved by
the institutional animal care and use committee.

Mouse Hind Limb Ischemia Model and Treatment
Profiles

Chronic hind limb ischemia due to unilateral femoral ar-
tery ligation was induced in BKS-Lepr””® male mice as we
have previously reported (15,16). Mice were anesthetized
with inhaled isofluorane, and aseptic surgery was per-
formed by a linear incision in the left groin, then the left
common femoral artery ligated distal to the profunda
femoris artery was cut and excised to obtain severe hind
limb ischemia. Immediate pallor was observed in the distal
hind limb following ligation of the artery and vein using 5-0
silk. Following surgery, the mice were randomly assigned to
experimental groups and treated by an independent re-
searcher for 3 weeks. Groups included control (PBS), nitrite
(sodium nitrite; 165 wg/kg), or nitrate (sodium nitrate;
165 png/kg). Nitrite and nitrate were administered in-
traperitoneally twice daily until the end of the study.

Blood Chemistry

Blood was collected from the retro-orbital plexus two
times during the course of the study: prior to beginning
therapy and again at the end of the study. Collected
blood was sent to the Louisiana State University Health
Sciences Center clinical laboratory for blood glucose,
cholesterol, and triglyceride measurements. Body weights
were also recorded at these time points.

Laser Doppler Measurements

Laser Doppler blood flows were measured using a Vasa-
medics Laserflow BPM2 device as previously reported in
the gastrocnemius preligation, postligation, and on days
3,5,7,9,11, 13, 15, 17, 19, and 21 postligation (14,16).
Blood vessels visible through the skin were avoided to
limit signal noise. Measurements were recorded as mil-
liliter of blood flow per 100 g of tissue per minute.
Percent blood flows were calculated as:

a
—X
b 100

where a = ischemic limb average flow and b = nonischemic
limb average flow.
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Pedal Necrosis Assay

Gross examination of ischemic and nonischemic feet was
scored based on the following criteria (by number): 1, no
visible necrosis; 2, minor necrosis of nail bed; 3, necrosis
affecting all digits; 4, necrosis involving loss of at least
one digit; and 5, severe necrosis, loss of two or more
digits or significant foot necrosis.

Vascular Density Measurement

Vascular density measurements were performed as we
have previously reported (14,16). Gastrocnemius muscles
from ischemic and nonischemic hind limbs were removed,
dissected, and embedded in OCT freezing medium. Frozen
tissue blocks were cut into 5-pm sections and prepared for
immunohistochemistry. A primary antibody against
platelet endothelial cell adhesion molecule-1 was added at
37°C for 1 h followed with a Cy3-conjugated secondary
antibody added at room temperature for 1 h. Slides were
washed and mounted with coverslips using Vectashield
DAPI (Vector Laboratories). Images were captured using
a Nikon TE-2000 epifluorescence microscope (Nikon Cor-
poration, Tokyo, Japan) at X200 original magnification
for CD31 and DAPI staining. Simple PCI software version
6.0 (Hamamatsu Inc., Sewickly, PA) was used to measure
CD31 and DAPI area staining (angiogenesis index). Tissue
angiogenic index was determined as the ratio between
CD31-positive areas and DAPI-positive regions.

Cellular Proliferation Measurement

Immunofluorescent staining of the cell proliferation
protein Ki67 was used to identify proliferating cells (anti-
Ki67) from other cells (DAPI staining) as previously
reported (14,16). Images acquisition was performed as
described above. Cellular proliferation index was de-
termined as the ratio between regions positive for Ki67
and DAPI-positive areas (proliferation index).

Blood and Tissue Total Nitrite Measurement

Total NO bioavailability (NOx) levels were measured using
a chemiluminescent NO analyzer (GE Healthcare) as we have
previously published (14,16). Tissue and blood were then
added to a 500-pl solution containing 800 mmol/L potas-
sium ferricyanide, 17.6 mmol/L N-ethylmaleimide, and 6%
Nonidet P-40. Tissue was homogenized and lysates snap-
frozen in liquid nitrogen and stored at —80°C until analysis.

Measurement of Growth Factor Expression with Nitrite
Treatment

VEGEF protein levels were measured from gastrocnemius
tissues using an ELISA kit from R&D Biosciences. Briefly,
PBS- or nitrite-treated mice were killed at days 7, 11, and
15, and gastrocnemius muscle tissues were harvested.

Measurement of Superoxide-Specific 2-OH-Ethidium
Tissue superoxide production was measured using the
hydroethidine reverse-phase high-performance liquid
chromatography (HPLC) method, as we have previously
reported (15). On days 7 and 15 postischemia, mice were
injected i.p. with 300 pl of hydroethidine (1 pwg/nL). One
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hour after injection, blood was taken from the retro-
orbital sinus and the animals were killed to remove the
gastrocnemius muscle tissue from both hind limbs.
Blood was centrifuged for 5 min at 5,000 rpm to isolate
plasma. Protein was precipitated from the muscle tissue
using acidified methanol and 2-OH-ethidium (2-OH-E)*
enriched using a microcolumn preparation of Dowex
50WX-8 cation exchange resin and eluted with 10 N
HCl. 2-OH-E" product was measured using fluorescence
detection (excitation 490 nm; emission 567 nm) with
a Shimadzu HPLC system (Shimadzu Corporation).
2-OH-E*concentration was normalized to total protein
and reported as picomoles per milligram of protein for
tissue and nanomole concentrations for plasma.

Bromodeoxyuridine Endothelial Cell Proliferation
Assay

MS1 cells were incubated in 96-well plates in alfa-minimum
essential medium supplemented with 10% FBS at 37°C,
5% CO, and 21% O,, for 4 h and then either maintained
at these culture conditions or moved into hypoxic chamber
at 37°C, 1% O, and 5% CO, for 20 h. Endothelial cells
were exposed to either mannitol (25 mmol/L) osmotic
control or high glucose (30 mmol/L) during the incubation
period. Sodium nitrite (10 wmol/L) was then added to
certain wells and incubated under normoxic or hypoxic
conditions for 4 h. Bromodeoxyuridine (BrdU) in-
corporation over the 4-h period was measured using

a commercial ELISA kit.

Statistical Analysis

Statistical analysis was performed using one-way ANOVA
with Newman-Keuls posttest. A P < 0.05 value was used
to indicate significance. Statistics were performed using
GraphPad Prism 4.0 software. The n values per experi-
mental cohorts are reported in the figure legends.

RESULTS
Nitrite Therapy Has No Effect on Metabolic Parameters

Table 1 reports that sodium nitrite therapy did not sig-
nificantly alter blood glucose or body weight compared
with control PBS therapy in db/db diabetic mice. Plasma
triglyceride levels also remained unchanged; however,
total cholesterol levels were reduced at the end of the
treatment regimen for both PBS- and nitrite-treated
groups. These data indicate that nitrite therapy itself did
not alter metabolic function of db/db diabetic mice.

Nitrite Therapy Restores Blood Flow and Promotes
Health in Ischemic Limbs

Figure 1A shows the experimental model regimen using
young mice (3 months old) to evaluate the effect of nitrite
therapy on hind limb ischemia. Femoral artery ligation was
performed as described in the RESEARCH DESIGN AND METHODS
and either PBS or nitrite therapy began after the animals
had recovered from surgery. Light gray blocks depict days
that laser Doppler was performed and nitrite treatment was
administered twice daily for the duration of the study.
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Table 1—Effects of sodium nitrite therapy on blood glucose, body weight, cholesterol, and triglycerides compared with control
PBS therapy in db/db diabetic mice

Blood glucose (mg/dL) Body weight (g) Cholesterol (mg/dL) Triglyceride (mg/dL)
Control
Day 0 273.2 £ 19.8 65.8 = 1.8 250.8 = 21.4 99.5 = 16.7
Day 21 288.6 + 49.8 67.0 = 2.7 200.4 + 55.4* 88.9 = 37.2
Nitrite
Day 0 271.8 = 20.4 66.8 = 3.6 241.0 £ 21.7 96.2 = 17.9
Day 21 296.0 = 44.7 69.4 = 4.7 181.6 = 14.8* 94.2 = 31.9

*Data significant compared with pretreatment values (P < 0.05).

Figure 1B illustrates ischemic hind limb blood flow changes  fact that clinical presentation of peripheral vascular dis-
using young db/db diabetic mice. Nitrite therapy (165 g/  ease typically occurs after the onset of tissue ischemia. The
kg) significantly prevented a loss of hind limb blood flow gray blocks depict days that laser Doppler was performed,

compared with PBS treatment. Figure 1C shows the ex- whereas black bars indicate nitrite administration regi-
perimental design for delayed nitrite therapy studies using  mens. Ligation of 9-month-old db/db mice resulted in
9-month-old db/db mice, which were used for the re- a more severe loss of hind limb blood flow (Fig. 1D).
mainder of experiments described in the study. Nitrite Nonetheless, delayed nitrite therapy (165 pg/kg) stimu-

therapy was begun on day 5 postligation to emulate the lated a significant restoration of blood flow just 2 days
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Figure 1—Sodium nitrite therapy increases diabetic ischemic hind limb blood flow. A: Panel shows the protocol schematic for acute
sodium nitrite therapy in 3-month-old diabetic mice. B: Panel reports hind limb blood flow data following induction of ischemia and nitrite
treatment protocol illustrated in panel A. C: Panel illustrates the protocol schematic for delayed sodium nitrite therapy in 9-month-old
diabetic mice. D: Panel represents hind limb blood flow data following induction of ischemia and nitrite treatment protocol illustrated in
panel C. n = 6/cohort. *P < 0.05.
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after beginning therapy that progressively restored ische-
mic hind limb blood flow to 100% by day 21 postligation
(day 16 after beginning treatment). These data demon-
strate that nitrite therapy is effective in both immediate
and delayed therapeutic modalities.

Importantly, pedal necrosis was evident in aged di-
abetic mice due to unilateral femoral artery ligation and
subsequent limb ischemia. Figure 2 shows representative
images of tissue necrosis between delayed PBS and nitrite
therapy groups. Figure 2A illustrates the effect of PBS
control therapy on ischemic and nonischemic limb foot
necrosis. Figure 2B shows the effect of delayed nitrite
therapy (165 pg/kg) on ischemic and nonischemic limb
foot necrosis. A pedal necrosis index (1-5: none to se-
vere) was established in order to objectively evaluate for
differences in tissue necrosis between PBS and nitrite
therapy as shown in Fig. 2C. Figure 2D demonstrates
that pedal necrosis was significantly prevented in delayed
nitrite-treated animals compared with delayed PBS
therapy. Together, data in Figs. 1 and 2 clearly demon-
strate that sodium nitrite therapy is effective in restoring
blood flow and preserving tissue viability in ischemic
limbs of diabetic mice.

Nitrite Therapy Stimulates Ischemic Tissue
Angiogenesis and Cell Proliferation

Revascularization in patients with diabetes complicated
by PAD could mean the difference between amputation
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and the restoration of healthy limb function. Our gross
examination of the limbs of treated animals demon-
strated that sodium nitrite therapy was successful in
restoring ischemic tissue blood flow and preventing is-
chemic tissue necrosis. We next performed immunohis-
tochemical measurement of ischemic tissue vascular
density in the gastrocnemius muscles of treated animals
as we have previously reported (15,16). Figure 3A shows
that nitrite therapy significantly enhances CD31/DAPI
tissue vascular density ratios 14 days following ischemia
in the young diabetic mouse model. This increase in
vascular density is concomitant with an increase in cel-
lular proliferation (Ki67/DAPI ratio) (Fig. 3B). Figure 3C
further illustrates that delayed nitrite therapy in aged
diabetic mice also enhances vascular density 21 days
following ischemia, which was also associated with a sig-
nificant increase in ischemic tissue cellular proliferation
(Fig. 3D). These data demonstrate that enhanced ische-
mic tissue blood flow of nitrite-treated animals and the
decrease in visible necrosis is associated with enhanced
vascular density and cellular proliferation.

To confirm the nitrite-dependent endothelial cell
proliferation effects observed in Fig. 3 could occur with
endothelial cells, in vitro BrdU cell proliferation assays
were performed under both normoxic (21% oxygen) and
hypoxic (1% oxygen) conditions with or without high
glucose (30 mmol/L). Supplementary Fig. 1A illustrates
endothelial cell proliferation under normoxic conditions

Delayed PBS Therapy
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Limb Limb
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Figure 2—Nitrite therapy prevents diabetic ischemic tissue necrosis. A: The panels illustrate representative limb necrosis in both ischemic
and corresponding nonischemic limbs from delayed PBS therapy. The darkened toes of the ischemic limbs are indicative of necrosis.
B: The delayed nitrite therapy panels illustrate ischemic limbs and the corresponding nonischemic limbs. C: The panel provides a visual
scoring system for the pedal necrosis measurement described in the RESEARCH DESIGN AND METHODS. D: The panel is a graphical repre-
sentation of necrosis severity index of diabetic hind limbs from PBS and sodium nitrite-treated cohorts. n = 6/cohort. *P < 0.05.
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Figure 3—Quantitative measurement of sodium nitrite—-mediated vascular density and cell proliferation. A: The panel reports quantitative
measurement of the angiogenic index (CD31/DAPI ratio) from gastrocnemius muscle of ischemic (Isch) and nonischemic (NI) control
(PBS)- and sodium nitrite (Nitrite)-treated diabetic mice from Fig. 1A, protocol schematic. B: The panel shows the quantitative mea-
surement of the proliferation index (Ki67/DAPI ratio) from gastrocnemius muscle of Isch and NI control (PBS)- and sodium nitrite (Nitrite)—
treated diabetic mice from Fig. 1A, protocol schematic. C: The panel reports the angiogenic index (CD31/DAPI ratio) from gastrocnemius
muscle of Isch and NI control (PBS)- and sodium nitrite (Nitrite)-treated diabetic mice from Fig. 1C, protocol schematic. D: The panel
illustrates the proliferation index (Ki67/DAPI ratio) from gastrocnemius muscle of Isch and NI control (PBS)- and sodium nitrite (Nitrite)—
treated diabetic mice from Fig. 1C, protocol schematic. n = 10/cohort. *P < 0.05.

in response to control, mannitol (25 mmol/L) osmotic
control, high glucose, 10 pmol/L sodium nitrite, or so-
dium nitrite plus high glucose. High glucose or nitrite
treatments alone blunted basal endothelial cell pro-
liferation; however, the combination of hyperglycemia
plus nitrite stimulated a small but significant increase in
endothelial cell proliferation. Supplementary Fig. 1B
shows the effect of the various treatment conditions on
endothelial cell proliferation under hypoxic conditions.
Hypoxia significantly increased basal endothelial cell
proliferation compared with normoxia, which was blunted
by high glucose. However, nitrite treatment signifi-
cantly increased endothelial cell proliferation, which was
not prevented by high glucose conditions (Supplemen-
tary Fig. 1C and D). Likewise, nitrite therapy also sig-
nificantly increased endothelial cell migration in the
hypoxic condition, which was not prevented by high

glucose (Supplementary Fig. 1E and F). Importantly,
use of the NO scavenger carboxy-2-phenyl-4,4,5,5,
-tetramethylimidazoline-1-oxyl 3-oxide or VEGF;¢4
aptamer inhibited nitrite-mediated endothelial cell pro-
liferation and migration. These data demonstrate that
nitrite therapy can significantly increase hypoxic endo-
thelial cell proliferation under hyperglycemic conditions.
Reports have suggested that nitrate anion (a one-
electron oxidation product of nitrite) could increase
plasma nitrite levels through the enterosalivary pathway,
thus serving as another modality to modulate plasma and
tissue nitrite levels (17). Therefore, we compared nitrite
(165 pg/kg) versus nitrate (165 pg/kg) therapy in aged
diabetic animals beginning immediately after femoral artery
ligation. Supplementary Fig. 2 illustrates that sodium nitrate
therapy was unable to significantly restore ischemic limb
blood flow in diabetic animals (Supplementary Fig. 2A).
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Additionally, nitrate therapy was unable to confer protection
against pedal necrosis or stimulate increases in ischemic
vascular density or cellular proliferation (Supplementary Fig.
2B-D). These data show that only nitrite therapy is effective
at restoring diabetic ischemic tissue perfusion and viability
versus nitrate therapy.

Nitrite Therapy Augments Ischemic Limb Blood Flow in
a Xanthine Oxidase-Dependent Manner

Nitrite reduction back to NO can occur through various
mechanisms including acidic disproportionation,
heme-dependent pathways, and xanthine oxidoreductase
(XO) activity (17). Importantly, oxidative stress involving
XO expression and activity has been implicated during
diabetes (18,19). Experiments were performed using the
XO inhibitor febuxostat in conjunction with nitrite
therapy. Figure 4A shows that XO inhibition prevented
nitrite-mediated restoration of ischemic limb reperfu-
sion. Additionally, Fig. 4B and C illustrate that XO in-
hibition also prevented nitrite-mediated ischemic tissue
angiogenesis and cellular proliferation. Together, these
data demonstrate that XO activity is important for ni-
trite beneficial effects on ischemic tissue protection in

aged db/db diabetic animals.

Nitrite Therapy Augments NOx

Having observed significant results in the delayed nitrite
therapy of aged diabetic mice, we next examined the
effect of sodium nitrite therapy on NOx in diabetic
plasma and tissue. Figure 5A illustrates that steady-state
plasma total NOx levels were unchanged in the nitrite-
treated group at day 7 (2 days after beginning therapy).
However, Fig. 5B shows that nitrosothiol and nitro-
soheme (SNO/XNO) levels were enhanced in non-
ischemic limb of the nitrite-treated animal at day 7,
supporting previous reports of endocrine nitrite/NO
pathways (16,20). Our previous studies found that nitrite
production from nonischemic tissue significantly effects
distal ischemic tissue function and revascularization in
the same animal (16,20). In our present study, we have
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found that nitrite levels increased in nonischemic tissue
(right limb) during nitrite therapy, suggesting a possible
repletion of nonischemic tissue nitrite endocrine func-
tion as revealed in our previous studies. Importantly,
Fig. 5C shows a significant increase in ischemic tissue
nitrite levels compared with PBS therapy at day 7. NOx
was also examined at day 15 (10 days after beginning
nitrite therapy). Figure 5D shows a significant increase
in plasma NOx at day 15. Tissue SNO/XNO levels were
markedly depleted in the PBS treatment group, whereas
nitrite therapy significantly elevated SNO/XNO levels in
ischemic and nonischemic limb tissue (Fig. 5E). In-
terestingly, tissue nitrite levels were significantly re-
duced in ischemic limbs of nitrite-treated animals but
not PBS treatment. These data clearly reveal that nitrite
therapy progressively modulates NO metabolism, stim-
ulating an early increase in ischemic tissue nitrite levels
that is subsequently followed by later increases in
plasma total NO levels and ischemic tissue SNO/XNO
levels.

Nitrite Therapy Blunts Diabetic Oxidative Stress

Montenegro et al. (21) have reported that sodium nitrite
therapy is capable of attenuating hypertension in a rat
model by decreasing NADPH oxidase activity and sub-
sequent oxidative stress. Moreover, diabetic endothelial
dysfunction is predominantly due to increased reactive
oxygen species and decreased NOx (22). Thus, we next
examined whether delayed nitrite therapy in the aged di-
abetic db/db animals altered plasma and tissue superoxide
levels. Figures 6A and B show that at day 7 postischemia
(2 days after beginning nitrite therapy), plasma and tissue
superoxide levels were significantly reduced in nitrite-
treated animals compared with PBS therapy. Importantly,
continued nitrite therapy at day 15 (10 days postnitrite
therapy) still significantly decreased plasma and ischemic
tissue superoxide levels (Fig. 6C and D). These data clearly
demonstrate that sodium nitrite therapy quickly reduces
diabetic tissue superoxide levels and oxidative stress that
is maintained over time.
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Figure 4—XO inhibition blunts nitrite-dependent restoration of diabetic ischemic tissue perfusion. A: The panel reports the effect of

febuxostat treatment on nitrite-dependent ischemic hind limb blood flow over time. B: The panel shows the effect of febuxostat (Febux) on
sodium nitrite-mediated angiogenic index of ischemic gastrocnemius tissue. C: The panel illustrates the effect of Febux on sodium nitrite—
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vs. nitrite therapy.
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chemia and 2 days after beginning therapy in Isch and NI limbs. D: The panel shows the levels of NOx in plasma 15 days after ischemia
and 10 days after beginning therapy. E: The panel shows the SNO and XNO tissue levels in Isch- and NlI-treated limbs 15 days after
ischemia and 10 days after beginning therapy. F: The panel illustrates tissue nitrite levels 15 days after ischemia and 10 days after be-
ginning therapy in Isch and NI limbs. n = 6/cohort. *P < 0.05 nitrite compared with PBS in panel D, *P < 0.05 NI compared with Isch, #P <
0.05 PBS Isch compared with Nitrite Isch for panels B, C, E, and F.

Nitrite Therapy Enhances VEGF Production in Ischemic
Tissue

It is well-understood that VEGF production is stimulated
in an NO-dependent manner (23). Therefore, we mea-
sured tissue VEGF levels at days 7, 11, and 15 following
ligation corresponding to days 2, 6, and 10 following
nitrite treatment to determine the involvement of is-
chemic tissue VEGF induction. VEGF protein expression
was significantly increased in ischemic limbs of nitrite-
treated animals compared with PBS treatment at day 7
(Fig. 7A). At day 11, VEGF levels had substantially
dropped but were still significantly greater than non-
ischemic limb tissue of nitrite-treated mice (Fig. 7B). By
day 15, tissue VEGF levels reached steady-state levels and
were not significantly different among any treatment
cohort (Fig. 7C). To determine the importance of nitrite-
mediated ischemic tissue VEGF expression, we used the
VEGF;¢4 aptamer to selectively neutralize this isoform,
as we have previously reported (24). Figure 7D shows
that with nitrite therapy, the VEGF g4 aptamer signifi-
cantly abrogated nitrite restoration of ischemic hind
limb blood flow previously noted compared with the

heat-inactivated denatured VEGF;44 aptamer. Our in
vitro studies support our in vivo findings in which VEGF
expression was increased in endothelial cells by nitrite
therapy in high-glucose and hypoxic conditions, yet
blunted by VEGF aptamer and/or carboxy-2-phenyl-
4,4,5,5,-tetramethylimidazoline-1-oxyl 3-oxide (NO in-
hibitor) (Supplementary Fig. 1A and B). These data
demonstrate that induction of VEGF expression during
nitrite therapy is important for the restoration of is-
chemic hind limb perfusion.

DISCUSSION

Historically, PAD has been diagnosed in the elderly
population; however, disease incidence in younger
patients is increasing and associated with diabetes (25).
Patients unresponsive to current treatment such as sur-
gical revascularization are prime candidates for thera-
peutic angiogenesis. However, clinically beneficial
strategies for medical revascularization remain un-
realized due to the poorly understood complexities of
this process in healthy and diseased tissues (26). These
complexities involve stimulation of endothelial cell signal



278

Nitrite Therapy Rescues Tissue Ischemia

—

#

1

PBS

Nitrite

#

PBS

Nitrite

Day 15

o1

w

2-OH-E
(pmol/mg)
N

-

Diabetes Volume 63, January 2014

ol |

NI Isch NI Isch
Control Nitrite
D
*
54
_ #
wg "
=
o093 — ——
& E
£ 24
14
0
NI Isch NI Isch

Control

Nitrite

Figure 6 —Sodium nitrite therapy effects on diabetic plasma and tissue oxidative stress. A: The panel shows the levels of superoxide
measured in plasma 7 days after ischemia and 2 days after beginning treatment. B: The panel shows values of superoxide measured in
ischemic (Isch) and nonischemic (NI) gastrocnemius tissues taken from control and nitrite-treated animals 7-days postligation (2 days after
beginning therapy). C: The panel shows the difference in superoxide levels in the plasma of animals 21-days postligation and 16 days after
beginning therapy. D: The panel shows the levels of superoxide measured in Isch and NI gastrocnemius tissue taken from control and
nitrite-treated animals 21 days after ligation and 16 days after beginning treatment. n = 4/cohort. #P < 0.05 decreased superoxide be-
tween nitrite vs. PBS treatment in panels A and C, +P < 0.05 NI limb comparisons between nitrite vs. PBS treatment in panel B, #P < 0.05
nitrite ischemic limb decreased compared with PBS ischemic limb in panels B and D, *P < 0.05 PBS Isch compared with PBS NI in

panel D.

pathway activation, proliferation, extracellular matrix
remodeling, and vessel maturation. Thus, there is clear
need for new therapeutic approaches that can augment
as many of these events as possible. NO has been
reported to modulate all of these events, suggesting that
NO-based therapy could be a unique and effective
modality.

Decreased NOx during diabetes is well-known and
contributes to cardiovascular and endothelial cell dys-
function. Moreover, loss of bioavailable NO also results
in increased oxidative stress due to decreased NO-
dependent free radical scavenging and antioxidant func-
tions (27). We and others (14,17) have reported that
nitrite anion acts as a novel prodrug, undergoing one-
electron reduction back to NO under selective conditions
such as tissue ischemia. Our results clearly demonstrate
that sodium nitrite therapy significantly increases plasma
and ischemic tissue NO metabolite accumulation over
time in a dynamic fashion. In particular, nitrite therapy
significantly increased ischemic tissue nitrite levels while
also increasing nonischemic tissue S-SNO/XNO levels.
These findings indicate that nitrite therapy works rapidly
(within 2 days) to alleviate endogenous NO metabolite
deficiency that occurs during diabetes. Sustained nitrite
therapy over many days subsequently increased plasma
NOx and increased ischemic tissue S-SNO/XNO levels
preferentially in ischemic tissue with a concomitant re-
duction in free nitrite levels. This observation indicates
that nitrite therapy works to increase both NO-mediated

signaling and repletion of NO biochemical storage forms.
Additionally, nitrite-mediated NO repletion was associ-
ated with significant inhibition of both plasma and is-
chemic tissue superoxide levels, unequivocally
demonstrating that nitrite decreases diabetic oxidative
stress. These findings are important given the clear im-
balance between diabetic NOx and oxidative stress,
highlighting the utility of nitrite-based therapy.
Ischemic revascularization is significantly impaired in
diabetic subjects and in diabetic animal models due to
hyperglycemia, hypercholesterolemia, aging, and oxida-
tive stress due to loss of NO (27,28). Therefore, we used
aged db/db diabetic mice that exhibit many key patho-
logical conditions associated with metabolic dysfunction
impairment of vascular remodeling. We found that so-
dium nitrite therapy stimulated ischemic vascular pro-
liferation in young animals that immediately received
therapy and older animals that received delayed therapy
5-days postischemia. The beneficial effect of nitrite
therapy in both models is important, as it suggests that
this modality might be beneficial for subjects across
a spectrum of diabetes severity. Moreover, nitrite ther-
apy significantly conveyed tissue cytoprotection and
proliferation, as seen by prevention of ischemic necrosis
and increased Ki67 staining. These observations are
consistent with the fact that nitrite selectively upregu-
lated ischemic tissue VEGF levels, which is known to be
deficient and dysfunctional in db/db diabetic ischemic
tissue (29-32). However, it is important to consider
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possible side effects of nitrite therapy such as diabetic
retinopathy, in which VEGF expression is associated
with retinopathy development (33). It is known that in
diabetic conditions, VEGF expression is paradoxically
increased in the retina but decreased in peripheral
tissues due to hypoxia. However, diabetic endothelial
NO synthase knockout mice readily develop retinopa-
thy, suggesting that loss of NOx may be a contributing
factor to retinopathy (34). Additional studies will be
needed to see whether nitrite therapy alters patho-
logical VEGF expression or function during diabetic
retinopathy.

As mentioned previously, nitrite reduction back to NO
can occur through various different mechanisms (17).
Additionally, XO-dependent nitrite reduction to NO has
been suggested to be biologically important, and our data
confirm this (35). Our observation that XO inhibition by
febuxostat prevents nitrite-mediated benefits for ische-
mic limb reperfusion and ischemic vascular remodeling
indicates that nitrite therapy effects involve XO-dependent
metabolism. We also observed that sodium nitrate ther-
apy was not effective in stimulating diabetic ischemic
vascular remodeling compared with sodium nitrite.

This may be because we did not administer enough

nitrate to significantly elevate nitrite levels through the
enterosalivary pathway, as larger amounts of nitrate
consumption are needed to achieve increases in plasma
NO metabolites compared with nitrite (36). Nonetheless,
using a comparable dosing regimen over the same time
course, we did not observe beneficial effects of nitrate
therapy. It may also be that nitrate therapy is not ef-
fective under diabetic conditions, as a recent study by
Gilchrist et al. (37) revealed that nitrate therapy was
unable to alter blood pressure or affect endothelial cell
dysfunction as measured by flow-mediated dilation
responses in diabetic patients. Our findings are consis-
tent with a companion study by Mohler et al. (38), in-
dicating that sodium nitrite therapy is effective at
augmenting diabetic endothelial cell dysfunction and
flow-mediated dilation responses.

In conclusion, our data demonstrate that sodium ni-
trite therapy stimulates ischemic vascular growth and
tissue cytoprotection in db/db diabetic mice using two
different models of tissue ischemia. Rescue of diabetic
tissue ischemia involved nitrite augmentation of NO
metabolites with concomitant reduction of oxidative
stress and ischemic tissue reperfusion in a VEGF-
dependent manner. These data highlight the potential
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utility of nitrite therapy as a useful modality for diabetic
peripheral vascular disease.
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