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Abstract

Perfluorocarbon (PFC) emulsions can transport and release various gases based on concentration

gradients. The objective of this study was to determine the possibility of carrying and delivering

exogenous nitric oxide (NO) into the circulation by simply loading PFC emulsion with NO prior

infusion. PFC was equilibrated with room air (PFC) or 300 ppm NO (PFC-NO) at atmospheric

pressure. Isotonic saline solution was used as a volume control (Saline). PFC and PFC-NO were

infused at a dose of 3.5 mL/kg in the hamster window chamber model. Blood chemistry, and

systemic and microvascular hemodynamic response were measured. Infusion of PFC preloaded

with NO reduced blood pressure, induced microvascular vasodilation and increased capillary

perfusion; although these changes lasted less than 30 min post infusion. On the other hand,

infusion of PFC (without NO) produced vasoconstriction; however, the vasoconstriction was

followed by vasodilatation at 30 min post infusion. Plasma nitrite and nitrate increased 15 min

after infusion of NO preloaded PFC compared to PFC, 60 min after infusion nitrite and nitrate

were not different, and 90 min after infusion plasma S-nitrosothiols increased in both groups.

Infusion of NO preloaded PFC resulted in acute vascular relaxation, where as infusion of PFC

(without NO) produced vasoconstriction, potentially due to NO sequestration by the PFC micelles.

The late effects of PFC infusion are due to NO redistribution and plasma S-nitrosothiols. Gas

solubility in PFC can provide a tool to modulate plasma vasoactive NO forms availability and

improve microcirculatory function and promote increased blood flow.
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Introduction

Perfluorocarbons (PFC) are colourless liquids, and chemically inert synthetic molecules that

consist primarily of carbon and fluorine atoms.1, 2 They can dissolve gases including

oxygen, carbon dioxide, nitric oxide (NO), etc.3 PFCs are hydrophobic and not miscible

with water. Thus, they have to be emulsified for intravenous use by using a surface active

lipid. Stable perfluorocarbon emulsions with small droplet size (0.2 μm) can be prepared

Correspondence to: Pedro Cabrales, Ph.D. Bioengineering, University of California, San Diego, La Jolla, California 92093,
Telephone: (858) 534-2315, pcabrales@ucsd.edu.

Disclaimer: Author declares no competing financial interests by the results presented in this manuscript.

NIH Public Access
Author Manuscript
Biotechnol Prog. Author manuscript; available in PMC 2014 August 18.

Published in final edited form as:
Biotechnol Prog. 2013 ; 29(6): 1565–1572. doi:10.1002/btpr.1797.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



with a simple technology. Their intravascular half-life depends on their molecular weight

(MW), varying from hours for low MW to days for high MW.4 They are eliminated

unchanged by the lungs after passing through the reticuloendothelial system.4

Under normal conditions NO is produced by various types of cells. Endothelium-derived

NO plays a central role in vascular physiology, as a potent vasodilator molecule it maintains

basal vasomotor tone, mediates flow dependent vasodilation, inhibits platelet aggregation

and endothelium adhesion molecule expression.5 However, NO's ability to be transported by

blood is limited by NO reactions with oxygen, including NO dioxygenation reaction with

oxy-hemoglobin (oxy-Hb), which forms nitrate (NO3
−, inert) and methemoglobin (met-

Hb).6 In vitro, the reaction rate in aqueous solutions of NO with oxygen and Hb follows a

second-order kinetics, thus the rate of NO disappearance is proportional to the square of NO

concentration.7 At high concentrations (300 μM) in an aqueous solution, NO has been

reported to have an intravascular half-life of less than 1 second.8 While at lower

concentrations within the physiological range (0.01–1 μM), NO intravascular half-life has

been reported to be up to 500 s.8 Despite the rapid kinetics of the NO dioxygenation

reaction, the longer intravascular half-life at physiological concentrations has been explained

by the compartmentalization of Hb within the erythrocyte. This compartmentalization

reduces NO inactivation reaction rate by oxy-Hb by 1000-fold, thus allowing for NO to

regulate vascular tone despite the presence of red blood cells (RBC) in the intravascular

space.9 On the other hand, hemolysis will disrupt NO physiology signalling, as NO will be

rapidly scavenged by acellular Hb producing vasoconstriction.6

NO preferential partitioning into lipid membranes is an important regulator of its

physiological effects.10 NO solubility in lipid membranes is 8 times that in water, whereas

for oxygen is only 3 fold that in water. Therefore, NO gas can be preloaded in PFC

emulsions and intravascularly administered to deliver NO throughout the cardiovascular

system. Additionally, infusion of NO loaded PFC can accelerate the formation of bioactive

(nitrite and S-nitrosothiols) and bioinactive (nitrate) NO forms within the PFC micelle, as

oxygen concentration in the micelle equilibrates with intravascular oxygen concentrations.11

The present study was designed to explore systemic and peripheral vascular effects of the

infusion of a NO preloaded PFC emulsion. To accomplish this objective, this study

compares the systemic and microvascular hemodynamic response in a hamster window

chamber model to a small hypervolemic volume infusion of PFC equilibrated with NO gas

(300 ppm balance nitrogen) over 90 min after infusion. NO preloaded PFC response was

compared to that of room air equilibrated PFC and saline (0.9% NaCl) without NO at an

identical infusion volumes.

Methods

PFC emulsion

The PFC emulsion is 58% weight/volume (%w/v) of perfluorooctyl bromide (CF3(CF2)7Br)

(Exfluor Research Corporation®, Round Rock, TX), soybean lecithin Epikuron 170, (Cargill

Company®, Hamburg, Germany) as an emulsifying surfactant, (+)-α-tocopherol (Sigma

Aldrich®, St. Louis, MO) as antioxidant. Dextrose 50% for osmolality equilibration, and

alginic acid sodium salt solution (Sigma Aldrich®, St. Louis, MO) as viscosity agent.
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Briefly, PFC, soybean lecithin and the continuous phase were first homogenized (Heidolph

SilentCrusher M®, Schwabach, Germany) and then emulsified (Microfluidizer M-110Y,

Microfluidics Corp ®, Newton, MA) until the mean particle size was below 250 nm. The

PFC emulsion was heat sterilized at 100 °C for 40 minutes and then stored at 4 °C. Some

physicochemical properties of the PFC emulsion are: i) Osmolality 252 ±7 mOsm/kg H2O;

ii) Mean particle size: 234±14 nm; and iii) pH: 7.34 ± 0.03

NO equilibrated PFC

PFC emulsion was degassed by bubbling pure nitrogen for 4 hours at room temperature,

cold on ice for 20 min (∼0 °C), and then equilibrated with NO gas (300 ppm, 583 10-9

molar at 25°C, purified from higher oxides by passing it through a 1 M KOH solution) for

15 min. All solutions were equilibrated immediately before in vivo use.

NO and O2 partitioning Coefficient

Water (Milli-Q grade) was deoxygenated by boiling and cooling under pure nitrogen. NO

equilibrated water solution was prepared in an airtight container by bubbling NO gas (300

ppm; AIRGAS, San Diego, CA), purified from higher oxides by passage through a 1 M

KOH solution until the concentration reached equilibrium. NO partition coefficient for PFC

was measured using the changes in NO concentrations in the NO equilibrated water (10 mL)

after adding different volumes of deoxygenated PFC in the presence of nitrogen in the head

space. The NO concentration was measured continuously using an ISO-NO Mark II NO

electrode (World Precision Instruments, Sarasota, FL). Oxygen partition coefficient for PFC

was measured by adding different volumes of deoxygenated PFC to 10 mL of water

equilibrated at atmospheric O2. The O2 concentrations were measured with a 5331 oxygen

electrode (YSI, Yellow Springs, OH).

Total NO in the PFC

Gaseous NO levels were measured using a Sievers 280i Chemiluminescence NO Analyzer.

Briefly, 200 mL of PFC-NO were added to Milli-Q grade water (5 ml), pH was balanced

using Trizma Base and Trizma HCI (Sigma-Aldrich). Solutions were continuously bubbled

with pure nitrogen (200 mL/min) and gas phase was analyzed by the NO analyzer.

Animal Preparation

In vivo experiments were performed using golden Syrian hamsters. Animal handling and

care were provided following the procedures outlined in the Guide for the Care and Use of

Laboratory Animals (National Research Council, 1996). The study was approved by the

local Animal Committee. The hamster window chamber model is widely used for

microvascular studies, complete surgical technique is described in detail elsewhere.12 Two

days after window chamber implantation, the animals were anesthetized and implanted with

arterial (carotid artery) and venous (jugular vein) catheters (PE-50) for monitoring and

infusion of test solutions. The experiments were performed one or two days after catheter

implantation without the use of anaesthetics.
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Inclusion Criteria

Animals were considered 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 hematocrit (Hct) > 45%, and arterial oxygen partial pressure (PaO2) >

50 mmHg13; and, 2) microscopic examination of the tissue in the window chamber observed

under ×650 magnification did not reveal signs of edema or bleeding.

Systemic Parameters and Blood Chemistry

MAP and heart rate (HR) were recorded continuously (MP 150, Biopac System; Santa

Barbara, CA). Hematocrit (Hct) was measured by centrifugation. Hemoglobin (Hb) was

determined spectrophotometrically (B-Hemoglobin, Hemocue, Stockholm, Sweden). Met-

Hb level was measured via the cyanomethemoglobin method.14 Arterial blood gases were

measured using blood chemistry analyzer (248, Bayer, Norwood, MA).

Microhemodynamics

Arteriolar and venular blood flow velocities were measured on-line using the photodiode

cross-correlation method (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.15 A video image-shearing method was used to

measure vessel diameter (D). Blood flow (Q) was calculated from the measured values as Q

= π × V (D/2)2. 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%.15

Functional Capillary Density (FCD)

Functional capillaries are defined as those capillary segments with RBC transit of at least a

single cell in a 45s period. Each field had between two and five capillary segments with

RBC flow. FCD (cm-1), i.e., was estimated by measuring and adding the length of capillaries

with RBC transit in the field of view, and dividing it by the area of the observed field. The

relative change in FCD from baseline levels after each intervention is an indicative of the

extent of capillary perfusion.

Plasma nitrite/nitrate

Blood samples were collected from the carotid artery catheter and centrifuged to separate

RBCs and plasma. Plasma proteins were removed by adding equivolume of methanol, and

centrifuging at 15000 rpm for 10 min at 4°C. Concentration of nitrite and nitrate in the

supernatant were measured with a NO× analyzer (ENO-20; Eicom, Kyoto, Japan). This

analyzer combines the Griess method and high-performance liquid chromatography.

Chemiluminescent plasma S-nitrosothiols

Gas phase NO release from S-nitrosothiols was measured using a Sievers 280i

Chemiluminescence NO Analyzer (GE Healthcare, Boulder, CO). Calibration was

performed with air passed through a Sievers NO zero filter and 25 ppm NO (balance N2)

gas. Arterial blood samples were centrifuged to separate RBCs and plasma. A Copper(I) and
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cysteine (Cu(I)/Cys) solution (1 mM l-cysteine; 100 μM cuprous chloride in 400 ml distilled

water), prepared the day of the experiment and adjusted to pH 6.5 with sodium hydroxide,

was used to chelate S-nitroso groups.16 The solution was placed in a water-jacketed purge

vessel and maintained at 50°C using a circulating water bath. Then, 200 μL of plasma were

injected sparged with 50 mL/min of nitrogen. Additional, pure nitrogen was supplied to the

reaction vessel to match the instrument collection rate (200 mL/min). Plasma S-nitrosothiols

were only measured at the end of the experimental protocol.

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 tube environment before any measurement was

performed. The tissue image was projected onto a CCD camera (COHU 4815) connected to

a video recorder and viewed on a monitor. Measurements were carried out using a 40×

(LUMPFL-WIR, numerical aperture 0.8, Olympus) water immersion objective.

Microhemodynamic measurements were compared to baseline levels obtained before the

experimental procedure. The same vessels and functional capillary fields were followed

throughout the experiment so that direct comparisons to their baseline levels could be

performed allowing for more robust statistics for small sample populations.

Experimental groups

Animals were randomly divided into three experimental groups. Groups were labelled based

on the test material: PFC-NO (PFC equilibrated with 300 ppm of NO gas balanced

nitrogen), PFC (PFC equilibrated with room air), and Saline (0.9% NaCl, equilibrated with

room air).

Experimental protocol

Animals were characterized at baseline. Then, they were infused a volume of 3 mL/kg

(equivalent to 5% of the animal's blood volume) of test solution (defined in the experimental

groups) via the jugular vein catheter at a rate of 0.1 mL/min. Animals were observed for 90

min after infusion of test solution. At the end of this observation time, blood was collected

for viscosity and plasma S-nitrosthiols measurements.

Experimental protocol during NO synthase inhibition

NO synthase inhibition was induced by continuous i.v infusion of 20mg/kg per hour of L-

NAME (L-NG-Nitroarginine methyl ester, Cayman Chemical, Ann Arbor, MI) dissolved in

saline. L-NAME infusion was maintained over the entire protocol. After 20 min from the

beginning of L-NAME infusion and when stable blood pressure effect was obtained, animals

were infused with PFC-NO (PFC equilibrated with 300 ppm of NO gas balanced nitrogen),

PFC (PFC equilibrated with room air) via the jugular vein at a rate of 0.1 mL/min. L-

NAME infusion was only stopped during test solution injection.
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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. 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

PFC emulsion partition coefficient

The NO partition coefficient for PFCs was calculated by the change in NO concentration in

the aqueous phase (563 ± 22 nM) after addition of 0.1, 0.5 and 1 mL of deoxygenated PFC

(558 ± 24; 487 ± 19; 454 ± 11 nM) or 0.1, 0.5 and 1 mL of deoxygenated water (548 ± 10;

553 ± 17; 533 ± 8 nM). PFC NO partition coefficient was calculated as the ratio of the

equilibrium concentrations between the aqueous and PFC phases. PFC NO partition

coefficient indicates that NO concentration in the PFC micelle is 2.4 ± 0.3 times higher than

in an aqueous solution. Oxygen partition coefficient for PFCs was calculated, based on the

changes in concentration in the aqueous phase (224 ± 14 μM) after addition of 0.1, 0.5 and 1

mL of deoxygenated PFC (223 ± 6; 210 ± 9; 189 ± 5 μM) or 0.1, 0.5 and 1 mL of

deoxygenated water (222 ± 4; 213 ± 7; 206 ± 8 μM). PFC oxygen partition coefficient is 1.6

± 0.2 times higher than in an aqueous solution. NO solubility in PFC was 11.6 times the

solubility of oxygen in PFC.

In vivo results

All animals tolerated the hypervolemic infusion and entire protocol without visible signs of

discomfort. The animals were randomly assigned to the experimental groups as follows:

Saline (n = 5; 68 ± 5 g); PFC (n = 5; 66 ± 7 g); PFC-NO (n = 5; 63 ± 6 g). Six additional

animals (66 ± 5 g) were used to obtain reference values for plasma NO forms (nitrite,

nitrate, S-nitrosothiols), plasma COP and blood rheology.

Systemic Parameters

The infusion of any solution did not significantly reduce Hct or Hb. All systemic parameters

remained in the physiological ranges. MAP was statistically significantly increased from

baseline 10 min after the infusion for the PFC group, whereas infusion of PFC-NO
decreased MAP (Figure 1.). Systemic parameters before and after infusion are presented in

Table 1.

Microhemodynamics

The changes in diameter and blood flow velocity for large feeding and small arterioles

(range 45 - 75 μm) and small collecting venules (range 50 - 76 μm) were measured. The

arteriolar and venular microhemodynamics parameters, including calculated volumetric

blood flow rate are presented in Figure 2, for all the groups. The arteriolar diameter

increased after infusion of PFC-NO, however, the vasodilation disappeared over time.

Infusion of PFC, initially produced vasoconstriction and then produced vasodilation
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especially in arterioles. Saline infusion did not produce any significant changes in blood

vessel diameter. Changes in the venular side were only significant 30 min after infusion for

the PFC-NO group relative to baseline but not to the other groups. Arterioles have

significant amounts of smooth muscle and rapidly responded to the changes in NO

availability produced by the PFC, thus supporting the idea that the systemic and

microvascular hemodynamics responses observed are due to release or uptake of NO by the

PFC in circulation.

Capillary Perfusion

FCD for all groups is presented in Figure 3. FCD increased from baseline for the PFC-NO
group at 10, 30 and 60 min after infusion. The PFC group showed and initial decrease in

capillary perfusion and then it presented an increase compared to baseline at 60 min after

infusion. Saline did not significantly change FCD over the entire observation time.

Plasma NO forms

Plasma bioactive (nitrite and S-nitrosothiols) and bioinactive (nitrate) NO forms

concentration are presented in Figure 4. Untreated hamster plasma nitrite and nitrate

concentrations were 477 ± 63 nM and 1.52 ± 0.24 μM, respectively. Plasma nitrite and

nitrate significantly increased 15 min after infusion of PFC-NO compared to PFC and

Saline, and then they decreased over time. Plasma nitrite and nitrate slowly increased in the

PFC group, to be no different compared to Saline or baseline. Plasma S-nitrosothiols

concentration measured at the end of the experiment were higher for PFC-NO and PFC
compared to Saline. Untreated hamster plasma S-nitrosothiols was determined to be 107 ±

25 nM.

PFC effects during NO synthase inhibition

Six animals were randomly assigned to the experimental groups as follows: PFC (n = 3; 62

± 4 g); PFC-NO (n = 3; 65 ± 7 g). MAP was statistically increased from baseline by NO

synthase inhibition, infusion of PFC-NO statistically decreased MAP compared to the group

treated with PFC (Figure 5A). Changes in arteriolar diameter during NO synthase inhibition

and the effects of PFC and PFC-NO infusion are presented in Figure 5B. NO synthase

inhibition induced vasoconstriction. Infusion of PFC-NO produced significant vasodilation

compared to infusion of PFC, although the effects of PFC-NO only lasted for less than 30

min.

Discussion

The principal finding of the study is that the infusion of a PFC emulsion (3 mL/kg, 1 g/kg)

equilibrated with NO at atmospheric pressure causes vascular relaxation, increased blood

flow and decreased vascular hindrance for 30 min after administration. Whereas infusion of

a PFC emulsion alone (without NO) produced acute vasoconstriction and decreased blood

flow in the short term. However, these changes were transient and both groups infused with

PFC (with or without NO) presented similar hemodynamics 90 min after infusion. PFC-

induced vasoconstriction was not due to osmotic changes or volume effects (hypervolemia)

since PFC had physiological osmolarity and the rate of infusion was slow. PFC infusion
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during NO synthase inhibition did not affected blood pressure or arteriolar diameter,

confirming that initial vasoactive effects of PFC are related to NO. In addition, PFC with

NO infusion during NO synthase inhibition validates that PFC can be a tool to deliver NO to

the vasculature. Bioactive forms of NO (nitrite and S-nitrosothiols) are part of long term

PFC induced vascular changes. Plasma nitrite increased after infusion of PFC-NO and S-

nitrosothiols increased in all animals treated with PFC. In summary, the initial vasoactivity

(relaxation) of PFC-NO is due to NO release or an increase in plasma nitrite concentrations,

while the PFC vasoactivity (constriction) is due to capturing of NO by PFC micelles. Then,

the initial NO release and capture processes, are followed by hemodynamic responses due to

NO bioactive forms (nitrite and S-nitrosothiols) redistributing the effects of NO throughout

different regions of the cardiovascular system.

PFCs use as intravascular oxygen carriers, has suggested several advantageous properties in

the microcirculation.18-20 However, these studies dealt with conditions of extreme

hemodilution, hemorrhagic shock, and 100% oxygen inhalation. Therefore, the subtle effects

due to changes in NO levels along the circulation might have been masked. PFCs are well

tolerated in animals and humans, but their pulmonary and systemic hemodynamic effects

have limited their clinical use.21 At high doses, PFC use has been associated with

hypertension and decreased heart rate 22; in addition to beneficial anti-inflammatory and

antithrombotic effects 19, 20, which were solely associated to the PFC ability to transport

oxygen. This study shows that PFC are vasoactive in a bimodal way (Figure 6), an initial

vasoconstriction attributed to NO sequestering by the PFC followed by vasodilation caused

by NO redistribution, and that PFC can transport NO from zones with high NO to zones low

NO, as well as to promote the generation of nitrite and S-nitrosothiols.

Sequestration of NO by PFC differs from hemoglobin scavenging of NO, because PFC

preserves NO vasoactivity in other forms, such as nitrite and S-nitrosothiols, while

hemoglobin scavenging of NO produces nitrate and methemoglobin. Increased levels of

nitrite and S-nitrosothiols induced systemic hemodynamic effects in conduit and resistance

vessels and the reduction of circulating nitrite to NO alone is an important physiological

reaction aimed to increase vasodilation during hypoxia.23, 24 Increased NO reaction products

in plasma, nitrite and nitrate, can be recycled in blood and tissues to form again NO and

other bioactive nitrogen oxides with effects in vascular homestasis.25 The increase in S-

nitrosothiols by PFC and PFC-NO infusion can be due to the production of nitrated lipid

derivatives, which later react with thiols.26 In addition, NO reacts readily with oxygen

forming dinitrogen trioxide (N2O3), in a process called as NO autoxidation.27 N2O3 is

decomposed rapidly to nitrosonium ion (NO+) and nitrite, the nitrosonium ion is responsible

for the nitrosylation of thiols.27 Inside the perfluorocarbon micelle a high concentration of

NO and oxygen leads to NO autoxidation and formation of N2O3 (Figure 6).11 The rate of

autoxidation is mainly dependent on the concentrations of NO and oxygen, and it is

dramatically accelerated within lipid membranes.27 Therefore, oxygen and NO levels are

interestingly link to the mechanisms associated with PFC vasoactivity, in terms of

generation of bioactive NO and their vasoactivity. The rate of formation of N2O3 after

infusion of PFC without NO is high at the site of NO synthesis, as physiological

concentrations of oxygen are higher than NO in the circulation while, the infusion of NO
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preloaded PFC favors the formation of N2O3 in areas different than those of high enough

NO synthesis. In support of this concept, physiological levels of plasma S-nitrosothiols were

increased by the presence of PFC in circulation independent of the NO preload.

The vasoactivity of PFC generated NO bioactive forms dependes on oxygen levels, as nitrite

reductase activity depends on erythrocytic oxyhemoglobin saturation.28 The rate of nitrite

reduction to NO by hemoglobin is determined by a balance between hemoglobin hemes in

the oxygenated and dexoxygenated conformation. Thus resulting in a maximal nitrite

reduction rate when hemoglobin saturation is near 50% (near the Hb P50), an ideal set point

for hypoxia-responsive NO generation.28 S-nitrosothiols release of NO is variable and

dependent on temperature, pH, the presence of transition metals, and the presence of oxygen

and reactive oxygen species.29 This study was performed in hamsters which are fossorials

animals with low systemic arterial oxygen tension compared to other rodents. Their low

arterial oxygen concentration and low oxygen saturation may favour central vasodilatory

responses and the infusion of PFC may exacerbate this condition. Further experimentation is

required to test this hypothesis, as well as experimentation with non-fossorial species to

evaluate if systemic changes with NO preloaded PFC depend on arterial oxygen content.

However, the responses observed are expected to be preserved in the microcirculation across

species, since the oxygen tensions in the hamster window chamber model are similar to the

oxygen tensions in the mice window chamber model.30

PFC captures NO and oxygen from the aqueous phase and accelerates NO oxidation to

nitrite, nitrate and S-nitrosothiols (Figure 4). According to the theory of micellar catalysis,

the rate of NO oxidation and S-nitrosothiols formation depends on the volume of the

hydrophobic phase. Larger amounts of PFC could be progressively less effective producing

S-nitrosothiols 11. Notably, the administration of a large dose of PFC caused extensive

vasoconstriction, reduction of erythrocyte velocity in postcapillary venules and increased

venular leukocyte sticking, which is probably due to rapid sequestration of NO.31

Conversely, a small dose of PFCs, as used in the present study, induced long-lasting

vascular relaxation.

Clinically, NO gas is used as an inhalable drug. However, inhaled NO increases MetHb

levels.32 MetHb does not transport oxygen and is potentially cytotoxic due to heme and

heme-derived iron oxidative reaction.32 Inhaled NO therapy works for limited periods and in

controls scenarios, but its cost and potential toxicity have generated interest in alternatives.

Synthetic agents that release NO spontaneously or after enzymatic cleavage have been

proposed.33 Few NO releasing molecules (NO donors) are clinically used, with the

exception of nitroglycerine. PFC can be loaded with a finite amount of NO, and it can

transport and release NO exerting vasoactive effects, preventing toxicity due to over

exposure by inhalation or NO donors. The current limitations of NO delivery systems have

stimulated an extraordinary interest in the development of compounds that delivery NO in a

controlled and sustained manner. We have developed and evaluated NO releasing

nanoparticles based on hydrogel matrix that when exposed to moisture slowly releases

therapeutic levels of NO, previously trapped within the dry particles.34 Based on the

observed physiological effects of PFC in circulation, it will be interesting to explore the

therapeutic potential of NO releasing nanoparticles and PFC together, since the
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nanoparticles can increase circulating NO levels and the PFC can promote the formation of

bioactive NO forms, via N2O3, nitrite and S-nitrosothiols. Future studies with NO preloaded

PFC should explore other signalling pathways were NO is involved including coagulation

and vascular inflammation.

The use of NO loaded PFCs could have an important therapeutic use to treat temporal

alterations in NO signalling to restore microvascular function, prevent organ damage and

resolve acute disruption vascular homeostasis.2 For example, PFC micelles are

approximately 30 times smaller than erythrocytes, NO preloaded micelles will reach

critically ischemic tissue flowing through stenotic vessels where only plasma flow is

maintained and promoting local vasodilation and increased blood flow. In summary, the

present study shows that PFC emulsions act as NO carriers and releasers with acute direct

beneficial effects on microvascular function. Our study confirms the possible use of PFC as

plasma bioactive NO forms regulator and presents some of the systemic and microvascular

hemodynamic response of PFC infusion. NO preloaded PFC and PFC (without NO) can

provide a pharmacological approach to regulate NO bioactivity in the circulation.
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Figure 1. Changes in mean arterial blood pressure and heart rate
PFC-NO, PFC preloaded with NO; (solid square); PFC, PFC without NO (hollow square);

and Saline, volume control without NO (hollow circle). †, P<0.05 compared to saline. ‡,

P<0.05 compared to PFC.
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Figure 2. Microvascular vessel diameter and blood flow after infusion of PFC preloaded with
NO
PFC-NO, PFC preloaded with NO; (solid square); PFC, PFC without NO (hollow square);

and Saline, volume control without NO (hollow circle). †, P<0.05 compared to saline. ‡,

P<0.05 compared to PFC. Diameters (μm, mean ± SD) at baseline (BL) in each animal

group were as follows: PFC (arterioles (A): 59.2 ± 6.3, n = 34; venules (V): 62.5 ± 7.3, n =

28). PFC-NO (A: 57.6 ± 5.8, n = 32; V: 62.6 ± 6.5, n = 38). Saline (A: 56.4 ± 7.1, n = 33,

V: 65.0 ± 7.3, n = 32). n = number of vessels studied. RBC velocities (mm/s, mean ± SD) at

baseline in each animal group were as follows: PFC (A: 4.4 ± 1.2; V: 2.3 ± 0.8); PFC-NO
(A: 4.2 ± 0.9; V: 2.4 ± 0.9); Saline (A: 4.5 ± 0.7; V: 2.1 ± 0.8). Flow (nl/s, mean ± SD) at

baseline in each animal group were as follows: PFC (A: 12.2 ± 2.8; V: 6.7 ± 2.4); PFC-NO
(A: 11.7 ± 3.0, V: 7.3 ± 2.6); Saline (A: 11.4 ± 3.2; V: 7.1 ± 2.8).
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Figure 3. Functional capillary density (FCD) after infusion of PFC preloaded with NO
PFC-NO, PFC preloaded with NO; (solid square); PFC, PFC without NO (hollow square);

and Saline, volume control without NO (hollow circle). †, P<0.05 compared to saline. ‡,

P<0.05 compared to PFC. FCD (cm-1) at baseline for each group were as follows: PFC (107

± 11); PFC-NO (112 ± 10); and Saline (102 ± 7).
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Figure 4. Plasma levels of nitrite, nitrate and S-nitrosothiols
Baseline (BL) levels values were obtained from a different group of animals (n = 6). PFC-
NO, PFC preloaded with NO; (solid square); PFC, PFC without NO (hollow square); and

Saline, volume control without NO (hollow circle). †, P<0.05 compared to saline. ‡, P<0.05

compared to PFC. S-nitrosothiols were only measured at the end of the experiments. †,

P<0.05 compared to saline. ‡, P<0.05 compared to PFC.
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Figure 5. Changes in mean arterial blood pressure microvascular vessel diameter during NO
synthase inhibition after infusion of PFC preloaded with NO
PFC-NO, PFC preloaded with NO; (solid square) and PFC, PFC without NO (hollow

square). The solid horizontal bar indicated the perdios of L-Name infusion and the hashed

bar indicates the time after the hypervolemic infusion of the test solutions. ‡, P<0.05

compared to PFC. L-NAME was infused at 20 mg/kg per hour over the entire observation

period. PFC with or without NO were infused when L-NAME induced an steady state (∼20

min). Mean arterial pressure (MAP, mmHg, mean ± SD) at baseline (BL) in each animal

group were as follows: PFC (109 ± 7, n = 3) and PFC-NO (A: 107 ± 8, n = 3). Arterioles

diameters (μm, mean ± SD) at baseline (BL) in each animal group were as follows: PFC
((56.8 ± 7.1, n = 14) and PFC-NO (59.1 ± 6.2, n = 12).
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Figure 6. Mechanism of NO regulation by PFC emulsion
PFC-NO transported NO in a bimodal way, 1) PFC-NO releases NO (relaxing smooth

muscle and produces vasodilation) and 2) PFC traps the NO produced by endothelial cells

throw endothelial NO synthase (eNOS) (preventing relaxation of smooth muscle and

produces vasoconstriction). Sequestration of NO by PFC in the presence of oxygen,

facilitates the reactions of NO with oxygen, which results in the formation of dinitrogen

trioxide (N2O3), a strong thiol nitrosating agent that increases S-nitrosothiols.

Ortiz et al. Page 18

Biotechnol Prog. Author manuscript; available in PMC 2014 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ortiz et al. Page 19

T
ab

le
 1

Sy
st

em
ic

 h
em

od
yn

am
ic

s 
an

d 
bl

oo
d 

ch
em

is
tr

y.

C
on

tr
ol

 (
n 

= 
6)

B
as

el
in

e 
(n

 =
 1

5)
1h

 A
ft

er
 in

fu
si

on

Sa
lin

e 
(n

 =
 5

)
P

F
C

-N
O

 (
n 

= 
5)

P
F

C
 (

n 
= 

5)

Sy
st

em
ic

 H
em

od
yn

am
ic

s

M
A

P
m

m
H

g
10

4 
±

 7
10

5 
±

 5
10

3 
±

 5
98

 ±
 6

95
 ±

 5

H
R

bp
m

42
4 

±
 3

0
42

8 
±

 2
2

43
8 

±
 3

4
42

8 
±

 2
6

41
6 

±
 2

8

L
ab

or
at

or
y 

P
ar

am
et

er
s

A
rt

er
ia

l p
H

7.
36

 ±
 0

.0
2

7.
36

 ±
 0

.0
1

7.
35

 ±
 0

.0
3

7.
37

 ±
 0

.0
2

7.
36

 ±
 0

.0
3 

'

Pa
O

2
m

m
H

g
55

.8
 ±

 5
.3

57
.6

 ±
 4

.8
56

.3
 ±

 4
.6

59
.3

 ±
 5

.4
58

.8
 ±

 4
.7

Pa
C

O
2

m
m

H
g

49
.4

 ±
 5

.0
50

.2
 ±

 4
.8

51
.4

 ±
 5

.0
51

.9
 ±

 4
.9

53
.9

 ±
 4

.6

H
ct

%
49

.3
 ±

 1
.8

48
.8

 ±
 0

.8
49

.0
 ±

 1
.3

48
.1

 ±
 1

.4
48

.2
 ±

 1
.5

H
b

g/
dL

14
.7

 ±
 0

.6
14

.8
 ±

 0
.3

14
.8

 ±
 0

.6
14

.8
 ±

 0
.7

14
.4

 ±
 0

.8

Fc
t

%
- 

-
- 

-
- 

-
1.

7 
±

 0
.5

 +
1.

6 
±

 0
.4

 +

M
et

H
b

%
- 

-
- 

-
- 

-
2.

6 
±

 1
.0

- 
-

B
lo

od
 R

he
ol

og
y 

an
d 

C
O

P

V
is

co
si

ty
 B

lo
od

cP
4.

2 
±

 0
.2

4.
2 

±
 0

.3
4.

3 
±

 0
.3

4.
4 

±
 0

.3

Pl
as

m
a 

V
is

cs
ity

cP
1.

2 
±

 0
.1

1.
2 

±
 0

.2
1.

4 
±

 0
.3

1.
4 

±
 0

.2

C
O

P
m

m
H

g
17

.8
 ±

 0
.7

18
.2

 ±
 0

.5
17

.6
 ±

 0
.5

17
.4

 ±
0.

6

V
al

ue
s 

ar
e 

m
ea

ns
 ±

 S
D

. B
as

el
in

e 
in

cl
ud

ed
 th

re
e 

ex
pe

ri
m

en
ta

l g
ro

up
s.

 N
o 

si
gn

if
ic

an
t d

if
fe

re
nc

es
 w

er
e 

de
te

ct
ed

 b
et

w
ee

n 
th

e 
ba

se
lin

e 
va

lu
es

 o
f 

ea
ch

 g
ro

up
. H

ct
, s

ys
te

m
ic

 h
em

at
oc

ri
t; 

H
b,

 h
em

og
lo

bi
n 

co
nt

en
t

of
 b

lo
od

; M
A

P,
 m

ea
n 

ar
te

ri
al

 b
lo

od
 p

re
ss

ur
e;

 P
aO

2,
 a

rt
er

ia
l p

ar
tia

l O
2 

pr
es

su
re

; P
aC

O
2,

 a
rt

er
ia

l p
ar

tia
l p

re
ss

ur
e 

of
 C

O
2;

 F
ct

, f
lu

or
oc

ri
t; 

M
et

H
b,

 m
et

he
m

og
lo

bi
n.

† P<
0.

05
 c

om
pa

re
d 

to
 b

as
el

in
e;

‡ P<
0.

05
 c

om
pa

re
d 

to
 P

FC
.

Biotechnol Prog. Author manuscript; available in PMC 2014 August 18.


