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Abstract
This study determines the systemic and microvascular hemodynamic consequences of administering
a low dose sodium nitrite after fluid resuscitation from hemorrhagic shock. Hemodynamic responses
to hemorrhagic shock and resuscitation were studied in the hamster window chamber model.
Moderated hemorrhage was induced by arterial controlled bleeding of 50% of the blood volume (BV)
and the hypovolemic state was maintained for one hour. Volume restitution was performed by
infusion of 25% of BV using Hextend® (6% Hetastarch 670 kDa in lactated electrolyte solution) 10
min after fluid resuscitation 100μl of specific concentrations of sodium nitrite were infused. The
experimental groups were named based on the nitrite concentration used, namely: 0 μM, 10 μM and
50 μM. Systemic parameters, microvascular hemodynamics and capillary perfusion (functional
capillary density, FCD) were followed during entire protocol. Exogenous 10 μM nitrite maintained
systemic and microhemodynamic conditions post fluid resuscitation from hemorrhagic shock,
compared to 50 μM or no nitrite. A moderated increase in plasma nitrite during the early phase of
resuscitation reversed arteriolar vasoconstriction and increased capillary perfusion and venous return,
improving central cardiac function. Nitrite effects on resistance vessels, directly influenced
intravascular pressure redistribution, sustained blood flow, and prevented tissue ischemia. In
conclusion, increasing nitrite plasma bioavailability after fluid resuscitation from hemorrhagic shock
can be a potential therapy to enhance microvascular perfusion and to improve overall outcome.
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INTRODUCTION
Loss of a large intravascular volume of blood results in hemorrhagic shock, a state of
hypotension associated with hemodynamic abnormalities that lead to homeostatic imbalance.
1,2 In the microcirculation, hypovolemia induces capillary collapse due the decrease in mean
arterial pressure (MAP) and when cardiac output is accompanied by a significant decrease of
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functional capillary density (FCD), perfusion and tissue PO2.3-5 One of the hypotheses to
explain the hemorrhage-induced collapse is that the endothelium shear stress dependant nitric
oxide (NO) synthase (NOS) is significantly impaired, because of the reduced hematocrit (blood
viscosity) and blood flow.4 In such pathophysiological situations, the metabolic demand of the
tissues could give the signal to vasodilate, although, from a mechanistic viewpoint, a NOS
pathway is not optimal, since tissues are hypoxic and oxygen is a co-substrate for NO
production. In this respect, a NOS-independent pathway, especially nitrite reduction to NO
seems a more suitable and simple strategy to reverse hemorrhage-induced vasoconstriction.

The aim of the present study was to investigate whether, nitrite in physiologically relevant
concentrations; upon reaching a physiologically acidic milieu post hemorrhagic shock, would
act as a vasodilator, thus increasing microvascular perfusion during fluid resuscitation from
hemorrhagic shock. To achieve this objective, our experimental hamster model was subjected
to a hemorrhage of 50% of blood volume (BV), followed by one hour hypovolemic shock. The
resuscitation was implemented in two steps, the initial phase was 25% of BV of fluid
resuscitation and, ten minutes after, a small volume (100 μl) of sodium nitrite was provided.
The fluid resuscitation was implemented with Hextend® (Hospira; Lake Forest, IL, 6%
Hetastarch 670 kDa in Lactated Electrolyte Injection). Animals were divided in different
groups based on the concentration of nitrite infused, 0 μM, 10 μM and 50 μM. Systemic and
microvascular parameters were studied up to 90 min after resuscitation.

METHODS
Animal Preparation

Investigations were performed in 55 - 65 g male Golden Syrian Hamsters (Charles River
Laboratories, Boston, MA) fitted with a dorsal skinfold window chamber. Animal handling
and care followed the NIH Guide for the Care and Use of Laboratory Animals. The
experimental protocol was approved by the local animal care committee. The hamster window
chamber model is widely used for microvascular studies in the unanesthetized state, and the
complete surgical technique is described in detail elsewhere.6,7 Animals were anesthetized
again, and arterial and vein catheters filled with a heparinized saline solution (30 IU/ml) were
implanted. The microvasculature was examined 3 to 4 days after the initial surgery and only
animals with window chambers whose tissue did not present regions of low perfusion,
inflammation, and edema were entered into the study.8

Inclusion Criteria
Animals were suitable for the experiments if: 1) systemic parameters were within normal range,
namely, heart rate (HR) > 340 beat/min, mean arterial blood pressure (MAP) > 80 mmHg,
systemic Hct > 45%, and arterial oxygen partial pressure (PaO2) > 50 mmHg; and 2)
microscopic examination of the tissue in the chamber observed under a x650 magnification
did not reveal signs of edema or bleeding.

Acute hemorrhage resuscitation protocol
Acute hemorrhage was induced by withdrawing 50% of estimated total blood volume (BV)
via the carotid artery catheter within 5 min. Total BV was estimated as 7% of body weight.
One hour after hemorrhage induction, animals were received 25% of BV of fluid resuscitation
(200 μl/min) jugular venin catheter, implemented with Hextend® (Hospira; Lake Forest, IL,
6% Hetastarch 670 kDa in Lactated Electrolyte Injection). Ten minutes after fluid resuscitation,
a small volume 100 μl of sodium nitrite solution in normal saline was infused via carotid artery
catheter. Animals were divided in different groups, based on the concentration of nitrite
infused, 0 μM, 10 μM and 50 μM. Systemic and microvascular parameters were analyzed
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before hemorrhage (baseline), after hemorrhage (shock), and up to 90 min after volume
replacement (resuscitation).

Experimental groups
Animals were randomly divided into three experimental groups after fluid resuscitation, and
received a specific concentration of sodium nitrite infused: 1) 0μM, no nitrite only the vehicle;
2) 10μM, 10 μM of sodium nitrite (Sigma, St Louis, Mo, USA); 3) 50μM, 50 μM of sodium
nitrite. Absolute nitrite dose per animal were 0, 1 and 5 ηmoles, respectively. Eighteen animals
were entered into the study, they were randomly assigned to the following experimental groups:
0μM (n = 6); 10μM (n = 6); and 50μM (n = 6). Systemic data for baseline and shock were
obtained by combining all experimental groups.

Systemic Parameters
MAP and heart rate (HR) were recorded continuously (MP 150, Biopac System; Santa Barbara,
CA). Hct was measured from centrifuged arterial blood samples taken in heparinized capillary
tubes. Hb content was determined spectrophotometrically from a single drop of blood (B-
Hemoglobin, Hemocue, Stockholm, Sweden). Blood samples for viscosity and colloid osmotic
pressure measurements were quickly withdrawn from the animal into a heparinized syringe at
the end of the experiment. Viscosity was measured in a DV-II plus (Brookfield Engineering
Laboratories, Middleboro, MA) at a shear rate of 160/sec. Colloid osmotic pressure was
measured using a 4420 Colloid Osmometer (Wescor, Logan, UT).

Blood Chemistry and Biophysical Properties
Arterial blood was collected in heparinized glass capillaries (0.05 ml) and immediately
analyzed for PaO2, PaCO2, base excess (BE) and pH (Blood Chemistry Analyzer 248, Bayer,
Norwood, MA). The comparatively low PaO2 and high PaCO2 of these animals are a
consequence of their adaptation to a fossorial environment. However, microvascular PO2
distribution in the chamber window model is the same as in other rodents such as mice.9

Methemoglobin (MetHb) measurement
Blood is collected into microhematocrit tubes and MetHb determination was established
according to Winterbourn.10 Calibration is ensured using standard levels at 5.2%, 2.6% and
1.2% MetHb (RNA Medical, Bayer Diagnostics Medfield, MA).

Plasma nitrite
Blood samples were collected from carotid artery, and centrifuged to separate RBCs and
plasma. Plasma proteins were removed by adding equivolume of methanol, and centrifuged at
15000 rpm for 10 min. Concentrations of NOx in the supernatant were measured with a NOx
analyzer (ENO-20; Eicom, Kyoto, Japan). This analyzer combines Griess method and high-
performance liquid chromatography.

Microvascular Experimental Setup
The unanesthetized animal was placed in a restraining tube with a longitudinal slit from which
the window chamber protruded, then fixed to the microscopic stage of a transillumination
intravital microscope (BX51WI, Olympus, New Hyde Park, NY). The animals were given 20
min to adjust to the change in the tube environment before measurements. The tissue image
was projected onto a charge-coupled device camera (COHU 4815) connected to a videocassette
recorder and viewed on a monitor. Measurements were carried out using a 40X (LUMPFL-
WIR, numerical aperture 0.8, Olympus) water immersion objective. The same sites of study
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were followed throughout the experiment so comparisons could be made directly to baseline
levels.

Functional Capillary Density (FCD)
Functional capillaries, defined as those capillary segments that have RBC transit of at least one
RBC in a 60s period in 10 successive microscopic fields were assessed, totaling a region of
0.46 mm2. Each field had between two and five capillary segments with RBC flow. FCD
(cm−1), i.e., total length of RBC perfused capillaries divided by the area of the microscopic
field of view, was evaluated by measuring and adding the length of capillaries that had RBC
transit in the field of view.11,12

Microhemodynamics
Arteriolar and venular blood flow velocities were measured online by using the photodiode
cross-correlation method 13 (Photo Diode/Velocity Tracker Model 102B, Vista Electronics,
San Diego, CA). The measured centerline velocity (V) was corrected according to vessel size
to obtain the mean RBC velocity.14 A video image-shearing method was used to measure vessel
diameter (D).15 Blood flow (Q) was calculated from the measured values as Q = π × V (D/
2)2. Changes in arteriolar and venular diameter from baseline were used as indicators of a
change in vascular tone. This calculation assumes a parabolic velocity profile and has been
found to be applicable to tubes of 15 - 80 μm internal diameters and for Hcts in the range of 6
- 60%.14

Data analysis
Results are presented as mean ± standard deviation. Data within each group were analyzed
using analysis of variance for repeated measurements (ANOVA, Kruskal-Wallis test). When
appropriate, post hoc analyses were performed with the Dunns multiple comparison test.
Microhemodynamic measurements were compared to baseline levels obtained before the
experimental procedure. All statistics were calculated using GraphPad Prism 4.01 (GraphPad
Software, Inc., San Diego, CA). Changes were considered statistically significant if P < 0.05.

RESULTS
Systemic response to hemorrhage resuscitation

Systemic hemodynamic and blood parameters are presented in detail on Table 1. All animals
tolerated the entire hemorrhage shock resuscitation protocol without visible signs of
discomfort. Hemorrhage and shock reduced Hct and Hb from baseline. Fluid resuscitation
decreased Hct and Hb further from baseline. Prolonged volume expansion of the colloid was
observed between 60 and 90 min after of resuscitation. No changes in Hct or Hb were
introduced by the nitrite. Fluid resuscitation followed by 10 μM or 50 μM nitrite produced an
increase in MetHb at 60 and 90 min after resuscitation. Whole blood and plasma viscosity, and
plasma COP were statistically reduced for all groups (compared to baseline blood viscosity).
Baseline rheological properties and COP were obtained from the blood of hamsters that did
not undergo the shock protocol.

Hemorrhagic shock decreased arterial pH and pCO2, significantly compromising acid based
balance relative to baseline. Resuscitation partially recovered all blood gas parameters. Arterial
pO2 remained higher than baseline for all groups during shock and resuscitation. 60 min after
resuscitation pCO2, pH was significantly lower for 0 μM and 50 μM nitrite compare to baseline,
and 90 min after resuscitation, only animals not treated with nitrite after resuscitation remained
different from baseline. Plasma nitrite 90 min after resuscitation was different from baseline
for all the groups, however not different among groups.
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Hemorrhage and shock decreased MAP from baseline (P<0.05). Changes in MAP during the
hemorrhagic shock resuscitation protocol for all experimental groups are presented in Figure
1. Fluid resuscitation partially restored MAP from the shock in all groups. Blood pressure was
significantly lower than baseline at all time points. No differences between groups were
observed prior to nitrite treatment. Infusion of 50 μM of nitrite decreased MAP compared to
0 μM and remained lower during the observation time. Infusion 10 μM of nitrite had a
significantly lower effect in MAP than 50 μM during the first hour, although no difference was
observed 90 min after resuscitation. Heart rate during shock was not different during shock
and after fluid resuscitation for all groups compared to baseline. Infusion of 50 μM of nitrite
produced an increase in heart rate compared to 0 μM. Differences in heart rate between groups
disappeared within the initial 60 min after resuscitation.

Microvascular responses to hemorrhage resuscitation
Microvascular arteriolar diameter and blood flow are presented in Figure 2. Arterioles were
significantly constricted from baseline during hemorrhagic shock. Nitrite infusion, 10 μM and
50 μM, restored arterial vascular tone and produced arteriolar vasodilation, respectively.
Arteriolar tone differences remained significant up to 60 min after resuscitation, and 90 min
after resuscitation, arteriole diameters for all groups were not different among groups.

Microvascular flow was significantly decreased from baseline after hemorrhage and during
shock. Microvascular flow was increased, proportional to the concentration of nitrite infused,
during the initial 30 min after resuscitation. Blood flows were not different for all groups, 90
min after resuscitation. Changes in the number of capillary perfused with RBCs during the
protocol are presented in Figure 3. FCD was significantly reduced after hemorrhage and shock.
Resuscitation partially restored FCD in all groups. Statistical changes in FCD were observed
after 10 μM nitrite, post nitrite infusion and after 60 and 90 min compared to other groups,
respectively.

Calculated vascular resistance (MAP normalized microvascular flow) is presented in Figure
4. Peripheral vascular resistance increased after hemorrhagic shock (2.3 times the resistance
at baseline), and decreased after fluid resuscitation (1.6 times the resistance at baseline). Nitrite
infusion decreased vascular resistance proportional to the concentration, and these changes
remained over the entire observation time. 50μM nitrite decreased vascular resistance to
baseline level.

DISCUSSION
The principal finding of the study is that appropriated fluid resuscitation from hemorrhagic
shock can be complemented with a low concentration of nitrite to obtain a superior systemic
and microvascular hemodynamic condition. The importance of exogenous nitrite, during
anemic, hypoxic, and hypovolemic conditions is mostly evidenced by the resulting decrease
in vascular resistance and an increase in perivascular perfusion. Restoration of blood pressure
with incomplete recovery of perfusion after resuscitation prevents the reversal of the
microvascular collapse. Low dose nitrite supplementation after fluid resuscitation improves
microvascular perfusion through peripheral vasodilatation, without decreasing blood pressure.

Several mechanisms for the nitrite-mediated vasodilation during hypoxia have been proposed,
these are essentially based on non-enzymatic or enzymatic reduction of nitrite to NO, both
facilitated by acidic conditions.16 A pure pH-dependent non-enzymatic nitrite reduction to NO
has been reported for the gastric lumen, however, such strongly acidic conditions never occur
during ischemic/hypoxic tissues.17 The one electron reduction to convert nitrite into NO can
be catalyzed by heme-containing molecules (xanthine oxidase, cytochrome P-450,
hemoglobin, myoglobin and neuroglobin) and further enhanced by local acidic pH.18-20 Our
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data from previously published study, indicates that normal hamster window tissue pH is 7.24,
and that 10 min after resuscitation with hydroxyethyl starch (same protocol and solution used
in this study), it decreases to 6.90.9 The present study demonstrates that when the surrounding
tissue pH is reduced, a small dose of nitrite induces a pronounced microvascular vasodilation.
In view of the close chemical connection between nitrite and NO, it is tempting to assume that
nitrite acts as a source of NO when functioning as a vasodilator. Independently of the
mechanism of production of NO from nitrite, the supplementation of nitrite after resuscitation
induced vasodilation, decreased blood pressure, increased perfusion and decreased vascular
resistance.

Clinical application of fluid resuscitation, in combination with vasoactive support, can be
effective restoring the microcirculation, although its effect on the microcirculation cannot be
concluded based on the measurement of systemic variables alone. Orthogonal polarization
spectral (OPS) imaging, and side-stream dark-field imaging were recently developed for non-
invasive visualization of the microcirculation in tissues protected by a thin epithelial layer on
humans.21,22 Recent clinical studies have demonstrated the coexistence of microcirculatory
and macrocirculatory alterations, and that microvascular blood flow alterations influence
systemic factors 23, similar to the experimental result presented in the current manuscript. Study
of patients with severe sepsis and septic shock, on the sublingual microcirculation using the
OPS technique, presented severe microcirculatory dysfunction and hypoperfusion, and did not
correlate to arterial pressure or cardiac index.24,25 Additionally, these investigations presented
that the local microvascular alterations observed, were reversible by topical application of a
high dose of acetylcholine, explaining why vasodilators may be of value to treat shock.24

Vasodilator therapy by administration of nitroglycerin with adequate volume support,
reinstated capillary flow and restored sublingual microcirculation; unfortunately, it also
induced a marked hypotension.26

Exogenous nitrite has the ability to increase perfusion when administered after fluid
resuscitation from hemorrhagic shock, making it a promising therapeutic agent.27,28 In
conditions of low oxygen and pH, vasodilator effects, derived from nitrite supplementation,
suggest broader therapeutic application for nitrite, compared to other NO donors. Nitroglycerin
is an organic nitrate, and the NO released undoubtedly involves specific enzymes and reducing
agents.29,30 In other donors, the NO is bound to a nucleophile adduct, that spontaneous
decomposes liberating NO at physiological pH and temperature.31 The premature release of
NO is prevented by preparation and dilution in alkaline solutions. NO release by nitroglycerin
and NO donors is not determined by the local conditions, resulting in harmful or ineffective
NO levels, as their optimal dose is difficult to determine. Nitrite, on the other hand, acts as a
stable endocrine pool of NO that is selectively reduced to NO, through heme-mediated
reduction in ischemic conditions, and has different limitations. In the current study, nitrite
infusion’s only minor, negative side effect was the formation of metHb, which can potentially
decrease oxygenation. Mild methemoglobinemia was untreated in the study, although If
treatment is needed methylene blue is an effective antidote (1 to 2 mg/kg) infused
intravenously. Methylene blue reduces MetHb levels by acting as a cofactor to increase the
activity of NADPH-metHb reductase.1 Notably, after the discovery of NO as an important
regulator of vascular tone, the role of NO and NO adducts (e.g. nitrite) during shock, was
assumed to be negative, and NOS inhibitors were evaluated to prevent, revert, or at least
minimize hypotension induced during shock, with negative outcome.32,33

In summary, current findings suggest that nitrite infusion post fluid resuscitation reverted
arteriolar constriction, decreased blood pressure, and peripheral vascular resistance. Nitrite’s
effect on resistance vessels directly influences pressure redistribution in the circulation,
sustaining blood flow and preventing tissue ischemia. Furthermore, results show that the
principal factor in ensuring hemodynamic restoration by nitrite is not related to a volume effect,
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since Hcts were not different between groups. Based on previous studies during hypovolemic
shock, microvascular dysfunctions observed in the hamster window model reflect the
conditions of major organs, due to its anatomical location and circulatory regulation
mechanism.34 Even after successful volume restoration, a de-compensatory phase is
characterized by an inability to maintain blood pressure and restore microvascular perfusion.
Low dose nitrite supplementation after fluid resuscitation relaxes blood vessels and improves
microvascular conditions. The major limitation for the therapeutic use of nitrite, is a potential
contributor to MetHb levels by reacting rapidly with OxyHb, which could potentially hinder
oxygen transport.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relative changes in mean arterial pressure (MAP) and heart rate (HR) during hemorrhagic
shock resuscitation for all groups. Mean arterial pressure (mmHg, mean ± SD) in each animal
group were as follows: Baseline: 0μM (106 ± 9, n = 6); 10μM (A: 109 ± 8, n = 6); 50μM (A:
107 ± 9, n = 6). Heart rate (bpm, mean ± SD) in each animal group were as follows: Baseline:
0μM (436 ± 26, n = 6); 10μM (A: 429 ± 25, n = 6); 50μM (A: 447 ± 29, n = 6). n = number of
vessels studied. Broken line represents baseline level. **, P<0.05, 50μM compared to 0μM
and 10μM; *, P<0.05, 50μM compared to 0μM.
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Figure 2.
Relative changes in arteriolar diameter and blood flow during the hemorrhagic shock
resuscitation for all groups. Diameters (μm, mean ± SD) in each animal group were as follows:
Baseline: 0μM (arterioles (A): 61 ± 9, n = 44); 10μM (A: 60 ± 8, n = 45); 50μM (A: 63 ± 9, n
= 44). n = number of vessels studied. RBC velocities (mm/s, mean ± SD) for each animal group
were as follows: Baseline: 0μM (A: 4.5 ± 0.9); 10μM (A: 4.4 ± 0.8); 50μM (A: 4.4 ± 0.7).
Calculated flows (nl/s, mean ± SD) were as follows: Baseline: 0μM (A: 13 ± 4); 10μM (A: 12
± 3); 50 μM (A: 12 ± 4). Broken line represents baseline level. **, P<0.05, 50μM compared
to 0μM and 10μM.
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Figure 3.
Changes in functional capillary density (FCD) during hemorrhagic shock resuscitation for all
groups. FCD (cm−1) at baseline was 0μM (113 ± 11); 10μM (102 ± 10); 50 μM (98 ± 8). Broken
line represents baseline level. Broken line represents baseline level. Broken line represents
baseline level. †z, P<0.05, 10μM compared to 0μM and 50μM.
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Figure 4.
Calculated vascular resistance (MAP/blood flow) relative to baseline during hemorrhagic
shock and resuscitation for all groups. Broken line represents baseline level. **, P<0.05,
50μM compared to 0μM and 0 μM; *, P<0.05, 50μM compared to 0μM.
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