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Chronic tissue ischemia due to defective vascular perfusion is a
hallmark feature of peripheral artery disease for which minimal
therapeutic options exist. We have reported that sodium nitrite
therapy exerts cytoprotective effects against acute ischemia/reper-
fusion injury in both heart and liver, consistent with the model of
bioactive NO formation from nitrite during ischemic stress. Here, we
test the hypothesis that chronic sodium nitrite therapy can selectively
augment angiogenic activity and tissue perfusion in the murine
hind-limb ischemia model. Various therapeutic doses (8.25–3,300
�g/kg) of sodium nitrite or PBS were administered. Sodium ni-
trite significantly restored ischemic hind-limb blood flow in a time-
dependent manner, with low-dose sodium nitrite being most effec-
tive. Nitrite therapy significantly increased ischemic limb vascular
density and stimulated endothelial cell proliferation. Remarkably, the
effects of sodium nitrite therapy were evident within 3 days of the
ischemic insult demonstrating the potency and efficacy of chronic
sodium nitrite therapy. Sodium nitrite therapy also increased ischemic
tissue nitrite and NO metabolites compared to nonischemic limbs. Use
of the NO scavenger carboxy PTIO completely abolished sodium
nitrite-dependent ischemic tissue blood flow and angiogenic activity
consistent with nitrite reduction to NO being the proangiogenic
mechanism. These data demonstrate that chronic sodium nitrite
therapy is a recently discovered therapeutic treatment for peripheral
artery disease and critical limb ischemia.
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Therapeutic angiogenesis remains an attractive treatment
modality for peripheral vascular disease and chronic tissue

ischemia. Numerous mediators, including growth factors, tran-
scription factors, and signaling molecules, have been reported to
augment chronic ischemia-induced angiogenesis in animal mod-
els (1). However, clinical trials of proangiogenic agents have
revealed little to no practical utility in patients suffering from
such disorders (2). Thus, there remains a clear need for better
interventions with which to induce therapeutic angiogenesis.

The signaling molecule nitric oxide (NO) has been shown to be
an important player in stimulating angiogenesis in a variety of
settings (3, 4). NO is an important signaling intermediate governing
VEGF-dependent angiogenesis (5–7). Multiple signaling pathways
within endothelial cells may be affected in response to NO gener-
ation, including Erk1/2, PKC, tyrosine kinases, and transcription
factors (4, 8, 9). Moreover, endothelial NO synthase (eNOS) has
been shown to be a critical player in modulating postnatal angio-
genesis activity, because genetic deficiency of this molecule dimin-
ishes ischemia-induced angiogenesis and pericyte recruitment (10,
11). Consistent with these observations, NO donors have been
shown to have cardioprotective effects including augmentation of
angiogenic responses in vitro and in vivo (9, 12–16). However, a
major limitation with the use of NO donors is that these agents are
nonselective and may induce undesired consequences, including

cellular injury to healthy tissue and systemic alterations in tissue
perfusion (17–19). Taken together, these observations indicate that
NO donor therapy would be very beneficial for therapeutic angio-
genesis, yet at present there are no effective means to selectively
deliver NO to ischemic tissues to promote angiogenesis.

Recent discoveries from several laboratories have revealed that
nitrite, a one-electron oxidation product of NO, can act as a
selective NO donor because of reduction back to NO by several
mechanisms, including, but not limited to, deoxyhemoglobin, de-
oxymyoglobin, xanthine oxidoreductase, acidic disproportionation,
and mitochondrial complex IV (20–26). Common among these
candidate nitrite-reducing transducers is that nitrite reduction will
become more significant as the oxygen tension is lowered, a
condition that exists in peripheral vascular disease (27, 28). More-
over, we and others have reported that sodium nitrite protects
against acute ischemia/reperfusion injury and other disease states
associated with acute tissue ischemia and NO deficiency (25, 29).
These data led us to hypothesize that sodium nitrite therapy may
also be beneficial during settings of chronic ischemia by augmenting
ischemic tissue angiogenesis. We found that prolonged nitrite
therapy robustly augmented ischemic tissue blood flow and angio-
genesis, which did not occur in nonischemic tissues. These data
provide compelling evidence that sodium nitrite therapy serves as
a tissue-selective NO donor that could be of great clinical utility for
peripheral vascular disease and critical tissue ischemic disorders.

Results
Chronic Sodium Nitrite Therapy Increases Ischemic Tissue Blood Flow.
A recent study by Dejam et al. (30) has demonstrated that contin-
uous infusion of sodium nitrite is safe and well tolerated in
non-human primates. In our study, we examined a range of sodium
nitrite doses from 8.25 to 3,300 �g/kg given via i.p. injection twice
per day. Fig. 1A shows that nitrite doses of 8.25, 16.5, 165, and 3,300
�g/kg all increased the percentage blood flow in ischemic hind
limbs by day 3 after ligation, which progressively increased by day
7. Interestingly, the 165-�g/kg sodium nitrite dose revealed optimal
efficacy compared to higher and lower doses, which is consistent
with maximum cardio and liver protection, as reported (29). Fig. 1B
reports that the NO scavenger cPTIO (1 mg/kg daily) significantly
attenuated the ability of sodium nitrite to restore ischemic limb
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blood flow. Fig. 1C demonstrates that injection of 165 �g/kg sodium
nitrite enhances blood flow in hind limbs that were ischemic for 24 h
compared to PBS injection (Fig. 1D). Importantly, neither PBS nor
sodium nitrite altered nonischemic hind limb blood flow after
injection [supporting information (SI) Fig. S1 A and B,
respectively].

Chronic Sodium Nitrite Therapy Selectively Increases Ischemia-In-
duced Angiogenesis. Successful reperfusion of ischemic tissues
depends on stimulation of angiogenic activity necessary for resto-
ration of tissue blood flow (27, 31). Fig. 2 A and B illustrate
endothelial cell CD31 staining in red with DAPI nuclear counter-
staining in blue of ischemic gastrocnemius muscle at day 7 from
animals treated with PBS or sodium nitrite (165 �g/kg), respec-
tively. Endothelial staining of CD31 was more abundant in ischemic
muscle tissue in mice receiving sodium nitrite as compared to PBS
or sodium nitrate controls. Quantitative analysis of vascular density
revealed that sodium nitrite (165 �g/kg) therapy significantly in-
creased vascular density at days 3 and 7 compared to control PBS
treatment (Fig. 2 C and D). Interestingly, high-dose sodium nitrite
(3,300 �g/kg) was less potent in augmenting ischemic tissue vascular
density compared to low-dose (165 �g/kg) nitrite, consistent with
observations of percentage blood flow changes in ischemic tissues
(Fig. S2 A and B). Importantly, sodium nitrite did not significantly
alter nonischemic tissue vascular density, highlighting the site-
specific activity of chronic nitrite therapy (Fig. S2C). Consistent
with changes in tissue blood flow, cPTIO cotreatment prevented
nitrite augmentation of angiogenesis in the ischemic hind limbs at
days 3 and 7 (Fig. 2 E and F).

Chronic Sodium Nitrite Therapy Increases Ischemic Endothelial Cell
Proliferation. An obligatory requirement for increased angiogenic
activity is endothelial cell proliferation. Fig. 3 A and B illustrate the
amount of endothelial cell proliferation as determined by Ki67
staining (green) of ischemic tissues along with endothelial cell
CD31 labeling (red) and DAPI nuclear staining (blue) from day 3
PBS or sodium nitrite (165 �g/kg) treatments, respectively. Fig. 3C
reports the amount of Ki67 colocalization with DAPI nuclear
counterstain at day 3, which revealed that sodium nitrite signifi-

cantly increases Ki67 nuclear localization in ischemic but not
nonischemic tissues that was blocked by cPTIO. Moreover, sodium
nitrite significantly increased Ki67 to CD31 colocalization in
ischemic tissues that was inhibited by cPTIO (Fig. 3D).

Blood and Tissue Nitrite Levels from Chronic Nitrite Therapy. Recent
reports demonstrate that administration of nitrite results in rapid
accumulation of this anion in plasma and blood (32, 33). Fig. 4A
reports the concentration of blood nitrite levels from 165 �g/kg
sodium nitrite or PBS-treated animals over time. Interestingly,
blood levels of nitrite were significantly decreased over time in the
165-�g/kg sodium nitrite therapy and minimally altered with PBS
treatment. Fig. 4B reveals that nitrite therapy significantly increased
ischemic but not nonischemic tissue nitrite accumulation at day 3.
Conversely, Fig. 4C shows that day 7 tissue nitrite levels were not
significantly different between sodium nitrite and PBS treatments.
Together, these data demonstrate that chronic sodium nitrite
therapy results in preferential early tissue accumulation of nitrite in
ischemic versus nonischemic tissues.

Because of the interesting observation of decreased blood nitrite
levels in response to chronic sodium nitrite therapy, we examined
total eNOS protein levels in hind-limb muscle tissue from PBS or
165 �g/kg sodium nitrite therapy. Fig. 4D reveals that at day 3,
chronic sodium nitrite therapy significantly decreases eNOS protein
expression in ischemic hind-limb tissue without altering expression
in nonischemic hind-limb tissue. Fig. 4E reports day 7 eNOS protein
levels that show a clear trend for sodium nitrite inhibition of eNOS
expression in nonischemic tissue with no effect on ischemic tissue.
These data suggest that the decrease in blood nitrite levels could be
due to decreased eNOS protein expression in response to chronic
sodium nitrite therapy.

NO Tissue Metabolites and Tissue cGMP During Chronic Sodium Nitrite
Therapy. We have previously reported that nitrite therapy in the
setting of acute ischemia/reperfusion injury results in increased NO
metabolite production (29). Fig. 5 A and B illustrate tissue
SNO�XNO levels for 165 �g/kg sodium nitrite or PBS at day 3 and
7. Neither sodium nitrite (165 �g/kg) nor PBS significantly altered
tissue SNO�XNO levels at day 3. However, nitrite therapy signif-
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Fig. 1. Chronic sodium nitrite therapy restores ischemic hind limb blood flow in an NO-dependent manner. A shows the effect of various doses of chronic sodium
nitrite therapy on ischemic hind-limb blood flow over time compared to PBS control. B reports the effect of sodium nitrite therapy plus 1 mg/kg carboxy PTIO
treatment on ischemic hind-limb blood flow. C shows the effect of 165 �g/kg sodium nitrite injection on ischemic limb blood flow. D illustrates the effect of PBS
injection on ischemic limb blood flow. *, P � 0.01 vs. PBS control at each time point; #, P � 0.01 165 �g/kg sodium nitrite vs. 165 �g/kg sodium nitrite plus cPTIO
at each time point. n � 15 mice per treatment group.
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icantly increased SNO�XNO levels in ischemic tissue at day 7
compared to PBS. These data reveal a delayed effect of nitrite
therapy on tissue nitrosothiol, C-/N-nitroso compounds, and iron-
nitrosyl proteins and demonstrate preferential production of NO
containing intermediates in ischemic tissues.

NO activates soluble guanylate cyclase, resulting in elevated
cGMP levels that can augment ischemia-induced angiogenesis (31).
Therefore, we examined whether chronic sodium nitrite therapy
involved increased cGMP in augmenting ischemia-induced angio-
genesis. Fig. 5 C and D report that 165 �g/kg sodium nitrite or PBS
at day 3 or 7 did not significantly alter tissue cGMP levels.

Chronic Sodium Nitrite Therapy Augments Arteriogenesis and Acute
Changes in Ischemic Tissue Blood Flow. Stimulation of angiogenesis
alone during chronic ischemia is insufficient for restoring tissue
perfusion. Increased arteriogenesis through the recruitment and
differentiation of smaller arterioles is important to supply newly
formed microvasculature (34). Moreover, an acute increase in
vascular shear stress due to increased blood flow is a critical
mediator of arteriogenesis (35). We examined the effect of 165
�g/kg sodium nitrite on acute changes (30 sec) in ischemic and

nonischemic tissue perfusion. Fig. 6A illustrates that 165 �g/kg
sodium nitrite significantly enhances ischemic tissue blood flow by
92.3 � 18% within 30 sec of administration at day 1 after ligation.
The duration of increased blood flow after sodium nitrite injection
persisted �10 min (data not shown). The ability of nitrite to induce
large increases in acute blood flow was inversely proportional to the
duration of tissue ischemia, because animals receiving chronic
nitrite therapy showed a lesser, yet still significant, increase in acute
blood flow change at days 3 and 7. This observation could be
because significant angiogenic activity has occurred, thereby di-
minishing the degree of tissue ischemia. Moreover, Fig. 6B dem-
onstrates that sodium nitrite-dependent changes in acute tissue
blood flow involve NO, because cPTIO significantly blunted this
response at early time points.

To further evaluate arteriogenesis activity, we performed hind-
limb ligations distal to the profunda femoris and proximal to the
knee to more easily distinguish changes in the arterial supply (36).
Fig. 6C reports that sodium nitrite therapy significantly increased
the number of arterial branch points compared to PBS treatment
at day 7. Fig. 6D shows a representative example of an arterial cast
from a sodium nitrite-treated ischemic limb at day 7, whereas Fig.
6E illustrates an arterial cast of a PBS-treated ischemic limb at day
7. Numerous collateral vessels can be observed throughout the
tissue in response to nitrite therapy, indicating enhanced arterio-
genesis. Conversely, PBS treatment did not enhance arterial per-
fusion, and minimal collateral vessels are observed. Together, these
data demonstrate that chronic nitrite therapy augments
arteriogenesis activity in ischemic tissue.

Discussion
Clinically useful strategies for enhancing therapeutic angiogenesis
have largely been unrealized (2, 27). This is likely because stimu-
lation of angiogenesis involves multiple complex events such as
endothelial cell signal pathway activation, proliferation, directional
migration, remodeling of extracellular matrix, and vessel matura-
tion. As such, an ideal therapy for angiogenesis should augment as
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Fig. 2. Chronic sodium nitrite therapy increases ischemic tissue vascular
density in an NO-dependent manner. A and B show representative images of
CD31 (red) and DAPI nuclear (blue) staining from sodium nitrite and sodium
nitrate ischemic gastrocnemius muscle tissue at day 7. C and D report the
vascular density of ischemic gastrocnemius muscle tissue at days 3 and 7 for 165
�g/kg sodium nitrite and nitrate treatments, respectively. E and F demon-
strate the vascular density of ischemic gastrocnemius muscle tissue at days 3
and 7 from 165 �g/kg sodium nitrite plus carboxy PTIO. (Scale bar, 150 �m.) n �
10 mice per treatment group.
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many of these events as possible. NO has been shown to positively
regulate all of these endothelial cell responses, thereby identifying
this molecule as a prime agent with which to enhance angiogenesis
(1, 4). However, administration of NO can be problematic, with
concerns over cellular toxicity, systemic pressor effects, ensuring
tissue specificity, and delivery modalities being key conundrums
(17–19). Recent studies have developed the concept that nitrite may
act as a site-specific NO donor via mechanisms regulated by tissue
hypoxia (25, 26, 29). Specifically, the general model proposed
involves nitrite reduction by one electron to form NO, with this
process occurring predominantly during hypoxia. The identity of
the electron donor remains an active area of investigation, with
xanthine oxidoreductase, oxygen-binding heme proteins (hemoglo-

bin and myoglobin), mitochondrial heme proteins, and nitrite
disproportionation at acidic pH all being possible candidates (25).
We reasoned, therefore, that nitrite may represent a therapeutic
intervention that stimulates ischemic angiogenesis with high effi-
cacy and specificity by virtue of NO production localized primarily
at the site of ischemia.

Our study demonstrates that continuous nitrite therapy is a very
potent intervention for stimulating angiogenesis and reperfusion of
chronically ischemic tissue. Previous studies have shown that res-
toration of tissue blood flow and angiogenic stimulation in the
murine ischemic hind limb model typically require several weeks
(10, 37, 38). We found that chronic nitrite therapy rapidly restored
ischemic tissue blood flow and vascular density within 3–7 days.
Moreover, we found that sodium nitrite therapy may acutely
increase ischemic limb blood flow after injection indicative of a
hypoxic vasodilator response, as suggested by Maher et al. (39) and
Cosby et al. (40). However, direct intravital microscopy observation
of ischemic arteriole dilation is necessary to firmly identify sodium
nitrite as a hypoxic vasodilator. The profound effect of sodium
nitrite on ischemic tissue reperfusion is likely because NO enhances
many aspects of endothelial cell activity during angiogenesis, which
was confirmed by the NO scavenger cPTIO, which blunted the
effects of nitrite therapy. An alternative explanation could be that
nitrite therapy increases recruitment of collateral circulation in the
ischemic limb, thereby limiting tissue damage. However, the ana-
tomical location and severity of the ligation minimize the number
of collaterals available, and our endothelial cell proliferation data
further indicate that nitrite therapy positively stimulates angiogenic
activity.

Mechanisms of tissue uptake and distribution of nitrite remain
poorly understood (32). However, we found distinct differences in
blood and tissue nitrite levels in response to sodium nitrite therapy.
A significant decrease in blood nitrite levels was observed over time,
which could be related to changes in metabolic regulation and/or
tissue uptake. This hypothesis is supported by the finding that tissue
nitrite accumulation increased specifically in ischemic tissue. Inter-
estingly, nitrite tissue uptake occurs early within 3 days, which was
not sustained at 7 days even though blood nitrite levels continually
decreased. Although this may be unexpected, this result could be
due to differential nitrite uptake in other organs or increased
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excretion rates. Another possible explanation for decreased blood
nitrite levels could be due to feedback inhibition of endogenous
nitrite generators such as eNOS. Recent studies have shown that in
vivo nitrite levels are predominantly governed by eNOS expression
and that inhaled NO therapy can decrease tissue eNOS protein
expression (41, 42). We discovered that chronic nitrite therapy
significantly decreased total eNOS protein expression with an early
influence on ischemic tissue and a later effect on nonischemic
tissue. These data reinforce the notion of an endocrine function of
nitrite in regulating tissue steady state levels of NO (43). Future
studies will be necessary to understand the dynamic nature of
sodium nitrite uptake and consumption during ischemia and its role
in regulating tissue eNOS expression.

NO interacts with several intracellular targets to form various
NO-containing species including S-nitrosothiols, C- or N-S-nitroso
compounds, and nitrosylheme adducts. Moreover, these nitroso-
products may serve as a biological reservoir for NO, which can be
liberated under certain conditions (43, 44). We have reported that
sodium nitrite therapy during acute ischemia/reperfusion injury
increases tissue SNO and XNO formation (29). Interestingly,
sodium nitrite therapy did not increase SNO�XNO formation at
day 3 but did at day 7. These findings demonstrate that nitrite
therapy is effective in generating a NO reservoir in tissues with
greater metabolic demand and that this depot effect is temporally
delayed compared to nitrite uptake. Last, the amount of nitrite
required for therapeutic benefit and changes in tissue NO reservoir
function is small, which is advantageous for dosing regimens and
diminishing the potential for undesired side effects.

We have recently reported that increasing intracellular cGMP
through the inhibition of phosphodiesterase 5 significantly en-
hances ischemia induced angiogenesis through a phosphoglycerate
kinase pathway (31). However, we found that nitrite therapy did not
sustain a significant increase in ischemic tissue cGMP levels. These
data indicate that chronic sodium nitrite treatment modulates
angiogenic activity through other signaling pathways, although we
acknowledge that biological responses (i.e., angiogenic activity)
may be more sensitive than experimental detection of very small
changes in cGMP. It is important to reiterate that the molecular
mechanism of augmenting ischemic angiogenesis, endothelial cell
proliferation, and restoration of tissue blood flow requires NO
production. NO has been shown to modulate several endothelial
cell signaling pathways such as Erk1/2, PKC, and others (4, 8, 9). It
is likely that chronic nitrite therapy involves one or more of these

pathways, and future studies are necessary to precisely determine
key signaling mechanisms.

Successful reperfusion of chronically ischemic tissue depends not
only on stimulation of angiogenic activity but also on arteriogenesis
(45). Stimulation of arteriogenesis through recruitment and differ-
entiation of existing collateral vessels is essential in delivering blood
flow to newly formed microvasculature. An acute increase in
vascular shear stress due to increased blood flow is a key stimulant
for arteriogenesis (35). Moreover, NO plays an important role in
facilitating the process of arteriogenesis (46, 47). We found that
chronic sodium nitrite therapy preferentially increased ischemic
tissue blood flow after injection, which persisted for several min-
utes. This response was directly proportional to the duration of
tissue ischemia and mediated by NO. These findings demonstrate
that arteriogenesis is involved in sodium nitrite-mediated restora-
tion of ischemic tissue perfusion.

In conclusion, we demonstrate that continuous sodium nitrite
therapy is a highly potent and effective modality for selectively
restoring perfusion to chronically ischemic tissues. This is because
sodium nitrite stimulates multiple aspects of vascular remodeling
such as angiogenesis and arteriogenesis in an NO-dependent man-
ner. The well established safety profile of nitrite, along with its
inexpensive nature, further emphasizes its therapeutic potential for
disorders involving ischemia such as peripheral vascular disease and
critical ischemic tissue disease. Future studies are required to
evaluate and confirm the efficacy of nitrite therapy in other organs
and disease states.

Materials and Methods
Animals and Reagents. Male wild-type (C57BL/6J) mice weighing 20–25 gm and
age 2–3 months were used. All experimental protocols were approved by the
Louisiana State University Institutional Animal Care and Use Committee. Sodium
nitrite, sodium nitrate, PBS, and all other chemicals were purchased from Sigma.

Hind-Limb Ischemia Model. Hind-limb ischemia was induced in wild-type mice, as
we have reported by ligating the left common femoral artery proximal to origin
of profunda femoris artery (31).

Vascular Casting. Hind-limb vascular casting of ischemic limbs was performed by
using Microfil silicone injection MV120 as reported (38). Hind-limb muscle tissue
was cleared in graded glycerol solutions of 40%, 60%, 80%, and 100% for 24 h
each.
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Laser Doppler Measurements of Tissue Blood Flow. The Vasamedics Laserflo
BPM2 deep-tissue-penetrating laser Doppler device was used to measure hind-
limb blood flow, as we have reported (31). Daily blood flow measurements were
taken before the initial nitrite or PBS injection of a 24-h period to obtain
representative steady-state changes in perfusion.

Vascular Density Measurement. Determination of the vascular density of muscle
tissue was performed as we have reported (31). Briefly, ischemic (left) and
nonischemic (right) tissues were stained with anti-CD31 (PECAM-1) and mounted
by using Vectashield DAPI (4�,6-diamidine-2�-phenylindole dihydrochloride) nu-
clear counterstain. Vascular density was measured as the ratio between CD31
pixel density divided by DAPI pixel density.

Measurement of Nitrite, NO Metabolite, Tissue cGMP, and eNOS Protein Levels.
Nitrite and tissue NO metabolite levels were measured by using chemilumines-
cence techniques as we have reported (42). Gastrocnemius muscle tissue cGMP
levels were determined by using the cGMP ELISA from Cayman Chemical accord-

ing to the manufacturer’s directions. Specimens were collected within 2 min after
injection of either PBS or sodium nitrite. Total eNOS protein levels in hind-limb
tissue were determined by Western blot analysis, as we have reported (48).

Statistical Analysis. Blood flow, vascular density, endothelial cell proliferation,
tissue nitrate and NO metabolites, cGMP, and eNOS expression data were ana-
lyzed by using Student’s t test (unpaired) between sodium nitrite or sodium
nitrate vs. PBS control groups with a minimum of P � 0.05 necessary for signifi-
cance. Blood nitrite measurements and acute changes in blood flow from exper-
imental groups were compared against PBS controls and day 0 time points,
respectively, by using one-way ANOVA with Bonferroni’s posttest with a mini-
mum of P � 0.05 necessary for significance. Statistics were done with GraphPad
Prism 4.0 software. The number of mice used per reported experiment is desig-
nated in the legends for Figs. 1–6.
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