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Summary
In addition to vaso-occlusion by sickled erythrocytes, the pathophysiology of sickle cell disease
(SCD) is compounded by the diminished bioavailability of nitric oxide (NO), associated with
vasoconstriction, endothelial activation and cell adhesion. We tested the ability of sodium nitrite,
which can be converted to NO by deoxyhaemoglobin at acid pH and low oxygen tension, to improve
blood flow in patients with SCD. In a phase I/II clinical trial, sodium nitroprusside, NG-monomethyl-
L-arginine, and sodium nitrite were infused sequentially into the brachial artery in 14 patients at
steady state. In a dose-dependent manner, sodium nitrite infusion rates of 0·4, 4 and 40 µmol/min
into the brachial artery augmented mean venous plasma nitrite concentrations (P < 0·0001) and
stimulated forearm blood flow up to 77 ± 11% above baseline (P < 0·0001), measured by venous
occlusion strain gauge plethysmography. This nitrite response was blunted significantly compared
to controls without SCD, as previously seen with other NO donors. Sodium nitrite infusions were
well tolerated without hypotension, clinically significant methaemoglobinaemia or other untoward
events. The unique pharmacological properties of nitrite as a hypoxia-potentiated vasodilator and
cytoprotective agent in the setting of ischaemia-reperfusion injury make this anion a plausible NO
donor for future clinical trials in SCD.
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Red cell rigidity, microvascular obstruction, haemolysis, inflammation and infarction are well-
recognized pathophysiological mechanisms that lead to the debilitating clinical manifestations
of sickle cell disease (SCD) (Stuart & Nagel, 2004). However, recently identified additional
mechanisms, including cell free haemoglobin-mediated consumption of nitric oxide (NO),
oxidant stress, endothelial dysfunction and chronic ischaemia-reperfusion injury, add to our
understanding of the pathobiology of SCD (Belcher et al, 2003). Several lines of evidence
suggest that patients with SCD with particularly robust haemolysis accumulate haemoglobin
into the plasmatic compartment, resulting in impaired NO bioavailability. Cell-free plasma
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haemoglobin resulting from intravascular haemolysis in patients with SCD rapidly consumes
NO, causing a state of functional resistance to NO-dependent vasodilation (Kaul et al, 2000,
2004; Nath et al, 2000; Belhassen et al, 2001; Reiter et al, 2002; Eberhardt et al, 2003; de
Montalembert et al, 2007). Consistent with this model, in patients with the highest plasma
haemoglobin levels, the blood flow responses to the NO donor sodium nitroprusside (SNP)
are reduced. This consumption of NO is compounded by the limited capacity to increase NO
synthesis, a result of low plasma levels of L-arginine (the obligate substrate for NO synthases)
being depleted by arginase simultaneously released into blood plasma during intravascular
haemolysis (Morris et al, 2005). Chronic haemolysis produces a clinical syndrome of vascular
dysfunction that ultimately is associated with pulmonary hypertension, cutaneous ulceration
and priapism (Gladwin et al, 2004; Nolan et al, 2005a,b; Kato et al, 2006, 2007). As oxidized
haemoglobin cannot react with NO, therapeutic modalities based on the oxidation and
inactivation of the plasma cell-free haemoglobin might potentially restore regional NO-
dependent blood flow.

One potential candidate NO therapeutic agent is sodium nitrite, recently shown by our group
to induce vasodilation in healthy human subjects (Cosby et al, 2003). The nitrite anion, used
for close to a century at high concentrations as an antidote to cyanide poisoning, may act as a
vasodilator at low, physiological concentrations by generating NO in tissues with lower oxygen
tension and pH. The mechanism involves a novel physiological function of human
haemoglobin as an oxygen-and pH-dependent nitrite reductase (Huang et al, 2005; Isbell et
al, 2005; Crawford et al, 2006). As a result, nitrite may serve as a highly useful therapeutic
agent to generate NO along the physiological oxygen gradient known to exist in arterial blood,
accentuating vasodilation specifically in hypoxic tissue. In addition to vasodilation, nitrite
treatment significantly reduces liver, heart and brain ischaemia-reperfusion injury and
infarction in animal models, prevents cerebral vasospasm after subarachnoid haemorrhage in
primates and decreases pulmonary hypertension in hypoxic newborn sheep (Hunter et al,
2004; Webb et al, 2004; Duranski et al, 2005; Pluta et al, 2005; Hataishi et al, 2006; Jung et
al, 2006).

We therefore hypothesized that the therapeutic application of nitrite in patients with SCD and
other diseases associated with haemolysis and ischaemia-reperfusion injury could provide
selective vasodilation to those same vascular tissue beds at risk. This study was designed as a
phase I/II trial to address whether nitrite infusions will safely vasodilate the circulation and
improve regional forearm blood flow in patients with SCD during steady state, with limited
formation of methaemoglobin. We additionally hypothesized that nitrite infusion would
oxidize cell-free plasma haemoglobin, decrease NO scavenging, and increase SNP
vasodilatory response in patients with SCD.

Patients, materials and methods
Patients

The National Heart Lung and Blood Institute’s Institutional Review Board approved this
protocol. All subjects provided written informed consent. Patients at least 18 years of age with
either homozygous SCD or sickle β0-thalassaemia were eligible. Patients with SCD were
recruited to participate in the study while they were in steady state, defined as a normal baseline
status without acute pain requiring hospitalization.

Patients were excluded if they had Hb SC disease or potentially confounding sources of
vascular disease, including: uncontrolled diastolic hypertension (diastolic blood pressures >95
mmHg), hypercholesterolaemia [low density lipoprotein (LDL) > 3·38 mmol/l], diabetes
mellitus (fasting blood glucose >6·6 mmol/l), or known arteriosclerotic cardiovascular disease.
Patients who had glucose-6-phosphate dehydrogenase deficiency or a known diagnosis of
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cytochrome B-5 deficiency were also ineligible. Patients continued their chronic medications
including hydroxycarbamide and oral opioids. Any patient who received sildenafil, vardenafil,
tadalafil, inhaled NO, nitroglycerin, or any other NO-dependent drugs, such as arginine
therapy, within 14 d prior to the study date were also excluded. Patients were also asked to
refrain from non-steroidal anti-inflammatory drugs for 14 d and from smoking for at least 1
month before the study. Data from healthy control subjects treated with nitrite were obtained
from our previously published forearm blood flow study with 10% lower sodium nitrite dosing
(Cosby et al, 2003). These control subjects were of white ethnic background. Additional
comparison data were obtained from healthy African–American control subjects treated with
SNP in a contemporaneous study (C. Bereal, M. Rodrigo, R. F. Machado, C. F. Barnett, L. A.
Hunter, A. Chi, V. Sachdev, R. O. Cannon III and G. J. Kato, unpublished observations).
Characteristics of the 14 patients in this study with sickle cell disease are shown in Table I.
Eleven of the 14 patients were on chronic hydroxycarbamide therapy at the time of study, with
mean and median dosing of 19·5 and 16·8 mg/kg/d respectively.

Blood flow measurements
Forearm blood flow measurements were made by strain gauge venous occlusion
plethysmography, as previously described (Gladwin et al, 2003). Brachial artery and
antecubital vein catheters were placed in the forearm. The brachial venous line was used for
sampling of blood from the ipsilateral venous circulation. The brachial intra-arterial line was
connected to a pressure transducer for blood pressure monitoring and a 3-way stopcock for
sequential infusions of normal saline, SNP, L-N-Mono Methyl Arginine (L-NMMA, NO
synthase inhibitor) and sodium nitrite. Following arterial cannulation, normal saline (0·9%
sodium chloride) was first infused for a 20-min rest period at a rate of 1 ml/min. After the rest
period, a series of blood flow measurements were conducted using venous strain gauge
plethysmography. A series of seven blood flow measurements were averaged for each blood
flow determination.

The SNP is an endothelium independent, exogenous NO donor that causes peripheral
vasodilation by direct action on venous and arteriolar smooth muscle. SNP was mixed in 1000
ml normal saline at a final concentration of 3·2 µg/ml and infused at 0·8, 1·6 and 3·2 µg/min
respectively, in order to test the vascular responsiveness to an NO donor. Forearm blood flow
was measured after 3 min of each infusion. The NO synthase inhibitor L-NMMA was mixed
in 100 ml of normal saline and infused at 0·5 and 1 ml/min to achieve infusion rates of 4 and
8 µmol/min respectively. L-NMMA was infused for 5 min at each dose and forearm blood
flow was measured after each dose. A 30-min rest period followed each SNP and L-NMMA
series of infusions.

Sodium nitrite was prepared with 2·76, 27·6 and 276 mg in 100 ml of normal saline to achieve
concentrations of 0·4, 4 and 40 mmol/l. Each solution was infused at a rate of 1 ml/min, which
delivers 0·4, 4 and 40 µmol/min. Each dose of sodium nitrite was infused for an initial period
of 5 min, and continued during subsequent blood sampling and forearm blood flow
measurements (approximately 8 min total infusion time at each concentration). Blood sampling
from the ipsilateral brachial venous line was obtained immediately before the first nitrite
infusion and immediately prior to completion of each infusion of sodium nitrite. After a 30-
min rest period with infusion of normal saline, SNP infusions were repeated. After another 30-
min rest period, L-NMMA infusions were repeated. The total dose of sodium nitrite in our
study participants was approximately 0·35 mmol (0·4, 4, and 40 µmol/min × 8 min each) or
approximately 25 mg, which is less than one-tenth of the dose accepted by the Food and Drug
Administration for emergency treatment of cyanide poisoning in humans. Echocardiography
was performed to determine tricuspid regurgitant jet velocity (TRV) as a measure of pulmonary
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artery pressure, prior to the infusion of sodium nitrite and again after the maximal dose of
sodium nitrite was infused.

Sodium nitrite infusions were performed in an intensive care setting, with continuous cardio-
respiratory and pulse oximetry monitoring. Heart rate and systemic systolic, diastolic and mean
arterial blood pressures were recorded after each drug infusion. Patient comfort was monitored
throughout the procedure to determine symptoms of any potential adverse effects.

Blood testing
Blood samples were collected and immediately processed at the bedside. Whole blood and
plasma nitrite measurements were performed according to previously established methods
(Dejam et al, 2005; Pelletier et al, 2006). Briefly, 8 ml of blood was collected into a 10 ml
syringe that contained 0·1 ml of 1:1000 concentration heparin. Approximately 5 ml of whole
blood was centrifuged and separated equally into RBC and plasma aliquots. The plasma
aliquots were immediately frozen on dry ice and thawed once prior to analysis (see below).
Approximately 200–300 µl supernatant from each plasma aliquot was injected into a solution
of acidified tri-iodide, purging with helium into a gas phase chemiluminescence NO analyzer
(Sievers, Boulder, CO, USA). The tri-iodide solution was prepared with 0·400 g potassium
iodide, 0·260 g of iodine and mixed with 8 ml of Millipore water. Acetic acid (28 ml) was then
added to this solution and 7–8 ml was then injected into the purge vessel. This solution reduced
nitrite, iron-nitrosyl heme and S-nitrosothiols to an NO gas that was detected by the NO
analyzer.

Clinical laboratory analyses were performed in the Department of Laboratory Medicine at the
Clinical Center of the National Institutes of Health, including complete blood counts and
standard serum chemistry and methaemoglobin assays.

Toxicity
A review of the literature indicated that sodium nitrite can cause nausea, vomiting, abdominal
pain, dizziness, flushing, cyanosis, hypotension and death in extreme cases. The side effects
are commonly a result of the generation of methaemoglobin after nitrite reacts with haem iron
in oxyhaemoglobin. If the levels of methaemoglobin rise above 30% a patient may appear
cyanotic and may experience dyspnea. If levels are above 50%, patients can experience
seizures, hypotension, coma and death.

Statistics
An a priori sample size calculation based on power calculations estimated that 10 patients with
SCD in steady state would be necessary to detect a significant difference in the forearm blood
flow responses after infusion of sodium nitrite. The sample size was adjusted to accrue a
minimum of 10 patients with abnormally blunted baseline vascular reactivity to SNP
administration, resulting in 14 enroled patients. The primary outcome measure of the study
was to determine if sodium nitrite infusions vasodilate the regional forearm circulation in
patients with SCD. Analysis of variance of the mean (ANOVA) with repeated measures, two-sided
P-values and Spearman correlations were used where indicated. Measurements shown
represent mean ± standard error of the mean (SEM). Analysis was performed with Prism
version 4·0 (GraphPad Software, San Diego, CA, USA). Significance tests were two-tailed and
statistical significance was assumed at P < 0·05.
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Results
Nitrite infusions induce regional vasodilation in patients with SCD

Baseline blood flow measurements were performed in each patient prior to the infusion of drug
(Fig 1). The baseline forearm blood flow in our 14 patients was 5·36 ± 0·49 ml/min/100 ml of
forearm tissue (mean ± SEM). Forearm blood flow in patients with SCD increased to 5·65 ±
0·43, 6·50 ± 0·58 and 9·04 ± 0·53 ml/min/100 ml of forearm tissue with infusions of 0·4, 4 and
40 µmol/min respectively (P < 0·0001, ANOVA with repeated measures) (Fig 2A). These values
yielded calculated nitrite-induced increase in blood flow over baseline by 7·9 ± 4·1, 25·1 ± 7·1
and 77·4 ± 11·2% respectively following infusions of 0·4, 4 and 40 µmol/min infusions of
sodium nitrite (P < 0·0001, ANOVA) (Fig 2A). Vascular responses were not significantly different
in patients on hydroxycarbamide compared to those who were not (data not shown). These
data indicate that sodium nitrite infusions produce significant vasodilation in the regional
circulation of the forearm in patients with SCD, the prospectively defined primary hypothesis
in this study.

Plasma nitrite levels in patients with SCD
The mean baseline plasma nitrite concentration sampled from the intravenous catheter in the
antecubital vein of the infused arm was 0·17 ± 0·02 µmol/l. The mean plasma nitrite
concentrations following the 0·4, 4 and 40 µmol/min infusions were 2·4 ± 0·36, 16·9 ± 3·6 and
132·2 ± 23 µmol/l respectively (P < 0·0001, ANOVA) (Fig 2B). The systemic mean plasma nitrite
level 5 min after the infusion of the maximal dose of sodium nitrite was 9·7 ± 3·5 µmol/l (Fig
2B). The venous mean plasma nitrite level in the infused arm 30 min after the maximum sodium
nitrite infusion was 5·3 ± 0·9 µmol/l (Fig 2B). The individual regional plasma nitrite levels
correlated with the dose of sodium nitrite administered (Spearman correlation r = 0·93, P <
0·0001) (Fig 2C).

Forearm blood flow is related to plasma nitrite
Forearm blood flow in patients with SCD, expressed as percentage increase over baseline,
correlated positively with the infused dose of sodium nitrite dose in µmol/kg (Spearman
correlation r = 0·70, P < 0·0001, Fig 3A). Absolute forearm blood flow, expressed as ml/min/
100 ml of forearm tissue, correlated positively with plasma nitrite levels achieved with the
infusions (Spearman correlation r = 0·51, P = 0·0003, Fig 3B). This relationship suggests that
sodium nitrite infusions induced vasodilation in patients with SCD in a concentration-
dependent fashion. There was no statistically significant correlation between baseline plasma
nitrite concentration and baseline forearm blood flow (data not shown).

Blunted nitrite response compared with controls
Vasodilatory responses in patients with SCD were blunted compared to control subjects, even
though the sickle cell patients received a 10% higher nitrite dose (data not shown). Mean arterial
pressures did not change significantly after nitrite infusion, which suggests that systemic nitrite
administration at these doses does not cause hypotension in patients with SCD. This systemic
blood pressure response was blunted compared to healthy controls (data not shown).

The nitrite levels in patients with SCD were comparable to healthy controls at baseline (0·16
± 0·02 µmol/l vs. 0·18 ± 0·17 µmol/l, P = 0·7) and after low dose nitrite infusions (2·4 ± 0·4
vs. 2·6 ± 0·5, P = 0·8). The patients with SCD demonstrated somewhat lower regional (132 ±
23 µmol/l vs. 221 ± 58 µmol/l, P = 0·2) and systemic (5·3 ± 0·9 µmol/l vs. 16 µmol/l) plasma
nitrite levels after the highest dose of sodium nitrite infused, but none of these differences were
statistically significant.
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SNP responsiveness in patients with SCD
Consistent with our previously published data (Gladwin et al, 2003), forearm blood flow
increase during infusions of the exogenous NO donor, SNP, in patients with SCD was blunted
in comparison to 10 African American healthy control subjects (data not shown). In the patients
with SCD, 30 min after the nitrite infusion, the level of forearm blood flow rose globally higher
during infusion of SNP at baseline (0), 0·8, 1·6 and 3·2 µg/min, compared to the SNP responses
prior to nitrite treatment (prenitrite 5·18 ± 0·48, 6·45 ± 0·60, 7·25 ± 0·48, 8·37 ± 0·44 ml/min/
100 ml vs. postnitrite 5·86 ± 0·59, 7·40 ± 0·69, 8·70 ± 0·77, 9·69 ± 0·77 ml/min/100 ml,
respectively, P < 0·0001, ANOVA with repeated measures) (Fig 4A). However, nitrite infusion did
not improve the SNP responsiveness, as indicated by percentage increase in forearm blood
flow (Fig 4B). The postnitrite global increase in forearm blood flow remained, but was smaller
and no longer statistically significant by approximately 90 min after the nitrite administration,
as seen during infusions of the NO synthase inhibitor L-NMMA at 0, 4 and 8 µmol/min,
compared to the prenitrite L-NMMA infusions (prenitrite 5·57 ± 0·52, 4·32 ± 0·45, 4·26 ± 0·39
ml/min/100 ml vs. postnitrite 5·75 ± 0·55, 4·70 ± 0·42, 4·62 ± 0·50 ml/min/100 ml, respectively,
n = 13, P = 0·2, ANOVA with repeated measures). The failure of NO synthase blockade to eliminate
this small trend toward globally increased blood flow suggests that the nitrite-induced increase
in blood flow is NOS-independent, but this is not conclusive.

At this 90-min time point, the percentage of blood flow that was NO synthase-dependent was
not changed significantly by nitrite, as assessed by L-NMMA infusion at 4 µmol/min (−21 ±
5% vs. −17 ± 4%), and 8 µmol/min (−21 ± 4% vs. −20 ± 3%). These results suggest that nitrite
globally increases regional blood flow, but it does not specifically decrease resistance to either
exogenous or endogenous NO.

The vasodilatory response to the maximal dose of SNP before the nitrite infusion correlated
strongly with the response to the maximal dose of nitrite (Spearman r = 0·75, P = 0·002) (Fig
4C). This indicates that those patients whose vascular response demonstrates resistance to SNP
manifest proportional resistance to sodium nitrite. This correlation is consistent with a model
in which sodium nitrite, like SNP, functions as an NO donor.

Toxicity assessment
The mean prenitrite methaemoglobin level was 1·2 ± 0·16%. The regional venous
methaemoglobin level was not significantly affected by the lowest dose of nitrite (1·3 ± 0·16%),
although small but statistically significant increases from baseline were induced by the infusion
of sodium nitrite at 4 µmol/min (1·7 ± 0·21%, P < 0·05). Regional methaemoglobin levels rose
further at 40 µmol/min (4·0 ± 0·40%, P < 0·001), which was significantly higher than control
subjects at a comparable dose (0·2%, P < 0·0001). The systemic methaemoglobin level,
measured from venous blood drawn from the contralateral arm, 5 min after infusion of the
maximal sodium nitrite dose was 1·8 ± 0·25%, trending slightly higher than the initial baseline
level (P = 0·06). The regional methaemoglobin level in the infused arm 30 min later was also
slightly above baseline, (1·95 ± 0·2%, P = 0·01) (data not shown). None of the patients
demonstrated clinical signs or symptoms related to elevated methaemoglobin levels (30–50%),
such as cyanosis or shortness of breath.

The venous plasma nitrite levels correlated positively with the venous methaemoglobin level,
sampled at the corresponding time point in the study (r = 0·62, P < 0·0001). This indicates that
blood methaemoglobin levels are a reasonable proxy for plasma nitrite levels. One patient
reported transient nausea at the highest dose of nitrite, with no other apparent ill effects. No
other symptoms were reported by the patients.
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Discussion
This study is the first to test the safety and therapeutic effect of intravascular sodium nitrite in
a human disease. Our results demonstrated that sodium nitrite vasodilates the regional
circulation of the forearm in patients with SCD, the planned primary outcome measure of the
study. This result was consistent with previously published data indicating that sodium nitrite
increases regional blood flow in healthy volunteers; however, patients with SCD exhibit a
reduced vasodilatory sensitivity to nitrite than the healthy volunteers without SCD (Cosby et
al, 2003). This may be partly due to the lower plasma nitrite regional concentrations attained
in the SCD patients, presumably because of dilution by the rapid blood flow seen in anaemic
patients. However, the relative resistance to nitrite, a putative NO donor, is also consistent with
the diminished response to other NO donors seen in mice and humans with SCD, and also
observed in the blunted SNP response in this study (Reiter et al, 2002; Eberhardt et al, 2003;
Gladwin et al, 2003; Kaul et al, 2004). The mechanism of resistance is closely related to NO
consumption by plasma cell-free haemoglobin for NO donors, such as SNP and others (Hsu
et al, 2007) although we did not assess this directly in this nitrite study. Likewise, the degree
of resistance to nitrite and nitroprusside correlated very highly in this study, further implicating
NO generation as the mechanism of nitrite activity in vasodilation. Previously published data
from our group and others have identified biochemical mechanisms by which nitrite can be
metabolized by haem proteins, such as haemoglobin into NO (Huang et al, 2005). Nitrite
appears to act as an NO donor in a dose-dependent fashion to promote regional blood flow in
patients with SCD, albeit as predicted, to a reduced degree compared to healthy control
subjects.

We did not find evidence to support our second hypothesis that nitrite would improve vascular
reactivity to exogenous and endogenous NO, assessed by the percentage change in blood flow
induced by the endothelium independent NO donor SNP and the NOS inhibitor L-NMMA.
Although nitrite significantly boosted both baseline and SNP-induced absolute blood flow
additively, nitrite did not synergistically increase the SNP responsiveness from that slightly
increased baseline. The nitrite-induced trend toward increased forearm blood flow persisted
during NOS inhibition, consistent with the previous model in which NOS was not involved in
NO generation from nitrite, although this should be interpreted with caution, because the
changes were not statistically significant. An open question remains whether sodium nitrite
might improve responsiveness to endothelium dependent vasodilators, which were not assessed
in this study.

Our results provide important pharmacological and toxicity data in humans with SCD treated
with doses of sodium nitrite nearly adequate to provide small detectable changes in systemic
plasma nitrite levels. Sodium nitrite dosing (expressed as µmol/kg) correlates closely with the
corresponding venous plasma nitrite level indicating the precise doses necessary to achieve
specific ‘therapeutic’ nitrite levels in patients with SCD. This is the one of the first studies of
systemic administration of nitrite in a human disease to determine potential dosing for
therapeutic indications, however further detailed pharmacokinetic studies are needed. Patients
who participated in the study did not develop significant methaemoglobinaemia, shortness of
breath, nor did they experience significant drops in blood pressure with the infusions of sodium
nitrite. This pilot experience of nitrite therapy in SCD provides both a biological basis and
preliminary pharmacological safety data to facilitate future protocol development investigating
the potential clinical utility of nitrite in patients with SCD.

Several effects of nitrite make it a very appealing drug for further clinical investigation in SCD.
Patients with SCD have impaired blood flow associated with rigid erythrocytes, endothelial
adhesion molecule expression, haemostatic activation, impaired vasodilation due to impaired
NO bioavailability, and consequent tissue infarction that contributes to pain and organ
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dysfunction. Our data indicate that nitrite can safely promote blood flow in patients with SCD,
in a dose-dependent manner consistent with production of NO, which in a variety of model
systems also can decrease adhesion molecule expression and haemostatic activation (Walford
& Loscalzo, 2003). The evidence in animal models that nitrite can reduce tissue infarction
suggests even more interesting potential benefit in SCD. The systemic peak plasma nitrite level
that is optimal to reduce tissue infarction in experimental animals (approximately 10 µmol/l)
is comparable to the systemic level achieved without toxicity in the SCD patients in this study.
These data will aid in the development of trials to test the potential clinical efficacy of nitrite
in patients with SCD.
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Fig 1.
Schematic diagram of forearm blood flow study. Upper boxes indicate timing of arterial
infusions of sodium nitroprusside (SNP), the NO synthase inhibitor L-NMMA, and sodium
nitrite. Lower boxes indicate timing of blood sampling and echocardiography. Venous
occlusion plethysmography measurements of forearm blood flow were made prior to each set
of infusions and immediately following each infusion.
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Fig 2.
Sodium nitrite infusions increase regional blood flow and venous plasma nitrite levels as a
function of nitrite dosing. (A) Sodium nitrite infusions into the brachial artery of patients with
SCD increases forearm blood flow in a dose-dependent manner (P < 0·0001). Values represent
means ± SEM. (B) Mean venous plasma concentrations increase from baseline in a dose-
dependent manner. The systemic mean venous plasma nitrite concentration is from the
contralateral arm 5 min after maximal nitrite infusion. The last bar represents the mean venous
plasma nitrite concentration 30 min after the maximal nitrite infusion dose. Bars represent
mean ± SEM. *P < 0·05; **P < 0·001, paired t-test compared to baseline. (C) Sodium nitrite
dosing controlled for weight and expressed as µmol/kg, correlates positively with the
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corresponding venous plasma nitrite concentration sampled from the ipsilateral vein after
arterial infusions (Spearman r = 0·93, P < 0·0001). The solid line represents the regression line,
and the dashed lines the 95% confidence limits.
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Fig 3.
Sodium nitrite dosing and venous plasma nitrite concentrations correlate positively with
regional forearm blood flow in patients with sickle cell disease. (A) Sodium nitrite infusions,
expressed as µmol/kg, correlate positively with percentage increase over baseline forearm
blood flow in patients with SCD in steady state (Spearman r = 0·70, P < 0·0001). (B) The
corresponding venous plasma nitrite concentrations positively correlated with the regional
forearm blood flow circulation, expressed in standard units of ml/min/100 ml of forearm tissue
(Spearman r = 0·51, P = 0·003). The solid lines represent the regression line, and the dashed
lines the 95% confidence limits.
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Fig 4.
Interaction of nitrite and nitroprusside on regional blood flow. (A) Baseline and nitroprusside-
induced absolute blood flow (dashed line) is enhanced globally following sodium nitrite
infusion (solid line, P < 0·001, two-way ANOVA with repeated measures), although (B) the degree
of vasodilation above baseline is not changed. (C) The vasodilatory response to the maximal
dose nitroprusside correlates highly with the response to the maximal nitrite dose (Pearson
correlation, r = 0·75, P = 0·002). Solid line indicates the regression line, and dotted lines indicate
95% confidence limits.
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Table I
Clinical characteristics of patients with sickle cell disease.Total, 14 patients (nine males, five females).

Mean Ranges

Age 34·1 24–48
Weight 70·1 45·4–85·8
Leucocyte count, ×109/l 9·11 4·7–16
Haemoglobin, g/l 82·9 61–113
Mean corpuscular volume, fl 105·1 83·4–129
Platelet count, ×109/l 363 128–749
Reticulocyte count, % 11·2 5·81–18·6
Absolute reticulocyte count, ×103/µl 254 119–594
Alanine tranaminase, IU/l 27 12–42
Aspartate transaminase, IU/l 47 18–97
Total bilirubin, µmol/l 56 17–102
Direct bilirubin, µmol/l 9 3·82–26
Creatinine, µmol/l 80 37·2–334
Lactate dehydrogenase, IU/l 350 199–563
Haemoglobin F, % 10·5 1·1–17·9
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