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Background 

Critically ill patients include a wide range of patient groups sharing several 

frequently occurring complications, such as the development of hypovolemia and 

anemia. The course of developing hypovolemia and anemia, nevertheless, may 

differ according to the underlying condition. Effective volume therapy is the main 

therapeutic strategy to prevent inadequate tissue perfusion and disturbed oxygen 

delivery in patients undergoing hypovolemia. If hypovolemia and anemia are not 

corrected directly, this situation could be followed by shock, irreversible cell 

damage, organ failure and finally, death. In order to develop treatment strategies, the 

mechanisms underlying shock, resuscitation, and ischemia/reperfusion (I/R) injury 

should be well understood. In general, therapy of shock aims to correct the main 

pathology leading to shock, as well as to correct early the perfusion deficit at the 

cellular level and to provide adequate oxygen delivery to the cells. 

 

Oxygen transport to tissues 

Oxygen delivery to the tissues, in general, is simply calculated as the product of 

blood flow and arterial oxygen content. It is obvious that decreases in flow, arterial 

oxygen content (a decrease in red blood cell mass or hemoglobin oxygen saturation, 

or an inability to use the oxygen available in the circulation), and dissolved oxygen 

result in tissue hypoxia. If the decrease in oxygen-carrying capacity is more than 

compensatory mechanisms can handle, further decreases in oxygen delivery can lead 

to an increase in extraction ratio. Further decreases in oxygen delivery will result in 

decreases in oxygen consumption and leave the tissues hypoxic, and if not corrected 

this may lead to irreversible tissue damage and organ failure. If such a condition is 

imminent and decreases in systemic hemoglobin levels occur, the therapy of choice 

is the administration of blood transfusions. However, oxygen flux into the tissues 

and finally into the cells also depends on many other factors, such as blood flow 

distribution between organs and within the microcirculation, functional capillary 

density, red blood cell transit times, physical, rheological and functional properties 

of red blood cells, tissue diffusion coefficient, oxygen transport across the cell 

membrane, and finally mitochondrial function and oxygen requirement. 

The microcirculation is a vascular system that is comprised of the smallest 

blood vessels (i.e., diameter < 100 mm), where oxygen delivery to the tissues is 

accomplished. This network of small vessels consists of arterioles, capillaries, and 

venules and terminal lymphatic vessels. The main purpose of the microcirculatory 

function is to maintain tissue oxygenation and thus organ function and, additionally, 
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transporting nutrients to tissue cells and to expel metabolic products. The 

microcirculation also plays a central role in (regional) blood pressure/flow 

regulation and in providing adequate immunological function and delivering 

therapeutic drugs to target cells. The microcirculation has an oxygen-dependent 

regulatory system, which is connected to the systemic circulation, but is also able to 

regulate and direct blood flow to the tissues depending on the metabolic need of 

those tissues [1]. The flow of blood in the microcirculation, even under normal 

conditions, is highly heterogeneous, but by its heterogeneity ensures a homogenous 

distribution of oxygen in the tissues [2]. Therefore, in order to regulate 

microcirculatory blood flow and thereby oxygen transport to the microcirculation 

instantly, hypoxia-detecting mechanisms are required. Under normal physiological 

conditions, this finely regulated system of arterioles, capillaries, and venules can 

supply oxygen in excess of oxygen demand, so that the tissues can continue their 

function under changing metabolic demands. 

Besides the negligible amount of oxygen dissolved in plasma, red blood 

cells are the only cell group responsible for the transport of oxygen to and carbon 

dioxide from the tissues. In order to fulfill this role, red blood cells use hemoglobin 

molecules which they produce during their maturation process. In addition to their 

role in oxygen and carbon dioxide transport between organs and lungs, new 

functions of red blood cells have been found which have led to the idea that red 

blood cells also play an important role in vascular regulation. Increasing numbers of 

studies have demonstrated that red blood cells induce vasodilation in the presence of 

hypoxia and promote oxygen transport. Two important compounds have been 

proposed in relation to this function: ATP and nitric oxide [3-7]. It has been 

proposed that nitric oxide release during hypoxia is associated with the bioavailibity 

of S-nitrosothiol [8] and/or nitrate [9] and nitrite [5] in red blood cells, of which are 

able to donate nitric oxide under hypoxic condition [7]. Such hypoxia-induced, red 

blood cell-associated release of vasodilator substances is now regarded as an 

important vascular regulatory mechanism, ensuring an oxygen supply adequate for 

the needs of tissues. 

 

Anemia and hypovolemia in critical illness 

It was earlier shown that while other non-bleeding critically ill patients only exhibit 

a remarkable decrease in hemoglobin values in the first 3 days, hemoglobin values 

in septic critically ill patients kept on continuing to decrease even after 3 days [10-

12]. The etiology of anemia in critically ill patients is multifactorial. Among the 

many causes, blood loss due to bleeding (surgical procedures and gastrointestinal 



13 
 

bleeding) remains the main cause. Blood loss in critically ill patients occurs often 

due to emergency and traumas, surgeries and gastrointestinal bleedings [12]. 

Hemoglobin concentrations, however, may also decrease in non-bleeding critically 

ill patients. Under normal physiological conditions erythropoietin production is 

induced by hypoxia, as occurs in decreases in red blood cell mass and anemia, which 

in the end corrects the tissue hypoxia. In critically ill patients, however, the 

erythropoietin response to anemia is blunted due to cytokines and inflammatory 

response [13]. Furthermore, frequent blood sampling is another contributing factor 

to anemia [10, 11]. Additionally, increased blood volume secondary to vasodilation 

may cause a decrease in hematocrit, in the presence of constant RBC mass [14]. 

Finally, alterations in red blood cell rheology, leading to increased destruction of red 

blood cells by reticulo-endothelial system, are suggested to be another factor 

contributing to anemia in critically ill patients [15-17]. Red blood cell membrane 

alterations could occur due to the production of inflammatory mediators by white 

blood cells, by bacteria, or by the red blood cell membrane itself.  

 Another important clinical complication is capillary leakage; a medical 

condition characterized by leaking of intravascular fluids into the extravascular 

space, resulting in hypovolemia and consequent hypotension, tissue edema and 

finally multiple organ failure due to limited microvascular perfusion. This condition 

is observed in patients following shock, ischemia-reperfusion, toxemias, burns, low 

flow states and injuries. A diminished microvascular perfusion due to reduced 

intravascular volume associated with an increased interstitial fluid volume plays an 

important role in impairing tissue oxygenation and transport of metabolites and 

energy substrates. Ideal volume resuscitation therapy may successfully restore 

intravascular volume and microcirculatory perfusion. 

 

Brief history of blood transfusion practice 

The unique function of blood was known by many early civilizations long before the 

scientific era. It was believed to have a healing ability and to be associated with life, 

figuring in various beliefs and myths. The first known transfusion attempt was 

made, according to legend, in the 15th century, when the blood of three healthy boys 

was transfused into the veins of the then sick pope Innocentius VIII, unfortunately 

without success. Two centuries later a Frenchman, Jean-Baptiste Denis, transfused 

the blood of a calf into a man. However, up to the beginning of the 20th century 

more than a half of the transfused patients died, threatening the development of 

transfusion medicine. This changed as a result of the findings of Karl Landsteiner 

who, while investigating failed blood transfusions, identified different blood types, 
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resulting in the ABO and rhesus blood group systems. The development of cross-

matching strongly decreased adverse transfusion reactions. A second important 

development in blood transfusion practice was the introduction by Richard 

Lewisohn in 1915 of sodium citrate as an anticoagulant storage solution. This 

important development turned the transfusion of blood into a relatively safe and 

bearable procedure for both the donor and the patient. The rapidly evolving 

transfusion technology solved the problem of short storage time, which became an 

issue during the Second World War due to the need for large amounts of blood. The 

development of plastic containers eased the storage and transport of blood units. In 

the 1950s the separation of blood components, and in the last three decades the 

developments of additive solutions, rejuvenation and leukodepletion fuelled by the 

increasing demand for allogeneic red blood cell transfusions, significantly improved 

the quality of stored red blood cells.  

 

Red blood cell storage 

Continued developments in storage techniques have resulted in improved storage 

times as well as red blood cell quality. In this context we refer to ‘storage’ as liquid 

preservation, as this is the most common blood preservation technique currently in 

use. The increasing demand for allogeneic blood transfusions has resulted in 

millions of liquid-stored allogeneic red blood cell units being used annually for 

transfusions worldwide. This practice is based on the theoretical expectation that 

increasing the intravascular mass of red blood cells will increase oxygen delivery to 

the tissues. However, accumulating evidence is showing that this expectation may 

not be true, and that there is a negative relationship between the storage time and red 

blood cell viability and function.  

The increasing concerns about the efficacy of allogeneic blood transfusions 

forces the question about the impact of storage on red blood cell function and hence 

on their use for blood transfusion. First, however, the issue of how the physical and 

biochemical properties of red blood cells are altered under conditions of storage 

should be considered. Indeed, it has been shown that red blood cells undergo a 

number of changes during liquid storage that affect their viability and their ability to 

deliver oxygen to the tissues. We can classify the alterations in two major groups; 

biomechanical and biochemical. These alterations are known as storage lesion. One 

possible mechanism that may account for alterations in the oxygen transporting 

capabilities of transfused red blood cells is their ability to generate nitric oxide under 

acidic and hypoxic conditions. Nitric oxide and its products, besides many other 

roles in the organisms, can be regarded as being among the major compounds 
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accounting for vascular regulation due to their vasodilatory action on blood vessels. 

Recent studies have shown that red blood cells are able to release nitric oxide in the 

presence of hypoxia, and that this nitrite-mediated mechanism accounts for hypoxia-

induced vasodilation [8]. It could well be that this NO-mediated function of red 

blood cells may be affected during storage. 

 

Fluid therapy 

An alternative for blood transfusion is volume resuscitation using crystalloid and 

colloid solutions. Besides the oxygen-carrying properties of blood and its 

components, the condition of the microcirculation is a main determinant in 

achieving optimal tissue oxygenation. In this line, fluid resuscitation can be used for 

promoting microcirculatory function and tissue oxygenation. The main goal of fluid 

therapy is to reestablish an adequate circulation with sufficient arterial blood 

pressure and cardiac output, and ultimately to restore tissue perfusion and 

oxygenation [18]. Therefore, volume resuscitation therapy should focus not only on 

correcting systemic hemodynamics, but also on improving microcirculatory 

perfusion and oxygenation.  

The ideal solution is one which can replace blood volume losses rapidly, 

normalize microcirculatory flow and function, have a sufficiently long intravascular 

life, be free of side effects, particularly regarding infection, coagulation and 

anaphylactic reactions, improve hemorrheology, be readily metabolized and 

excreted, and be cost-effective. For fluid therapy to be effective, it is imperative that 

it reaches the microcirculation to promote tissue perfusion. The positive and 

negative effects of crystalloids and colloids have been discussed for a long time. The 

advantages of crystalloid solutions are that they are less allergic and more readily 

available on the market. On the other hand, colloids are more effective in 

resuscitation with lower volume and rarely cause peripheral edema. Several studies 

have shown that colloids are a more efficient regimen to ensure adequate 

microcirculatory flow than crystalloids [19, 20]. As such, hydroxyethyl starch (HES) 

solutions have been the most commonly used plasma substitutes among colloid 

solutions [21-23]. HES solutions have been introduced some three decades ago as an 

alternative to the traditional plasma expanders at that time (e.g. albumin and 

dextrans), and are increasingly being used for the prevention and treatment of 

hypovolemia in numerous clinical situations, such as surgical, trauma, burn and 

intensive-care patients. HES solutions are artificial colloid solutions that are 

modified natural polysaccharides with volume-expansion properties. Natural 

starches cannot be used as plasma substitutes because circulating amylase 
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hydrolyzes these unstable organic compounds rapidly. By substituting hydroxyethyl 

for hydroxyethyl groups, hydrolysis by amylase becomes delayed, thereby retarding 

its metabolic degradation and elimination from the circulation [24, 25]. 

HES solutions are characterized by their concentration, molecular weight, 

molar substitution ratio, degree of substitution and C2/C6 ratio. They are usually 

dissolved in 0.9% sodium chloride (NaCl). The molar substitution ratio expresses 

the molar ratio of the total number of hydroxyethyl groups to the total number of 

glucose molecules. Different molar substitution ratios, from 0.4 to 0.7, have been 

used. The degree of substitution is defined as the ratio of substituted glucose units to 

the total number of glucose units. The type of substitution is identified by the C2/C6 

hydroxyethylation ratio, which indicates the position of the hydroxyethyl groups on 

the glucose molecule (C2, C3 and C6). A higher hydroxyethylation ratio leads to 

slower breakdown of HES [26]. Hydroxyethylation takes place at positions 2, 3, and 

6 of carbon on the glucose units, but most frequently at positions C2 and C6, so that 

the C2/C6 ratio is generally given when referring to a particular type of HES 

compound [27]. The molar substitution ratio is one of the major determinant factors, 

besides molecular weight and C2/C6 ratio, to assess the pharmacodynamic behavior 

of HES. In vivo, the molecular weight of the HES compound is responsible for the 

colloidal activity. Therapeutic and side effects of each type of HES solution also 

depend on the molar substitution and the C2/C6 ratio. Higher values of these 

variables result in longer degradation half-life and prolonged volume-expansion 

effect [28] as well as increased side effects. 

Stable hemodynamics and improved rheology are considered as important 

benefits of hemodilution with HES infusions. Even though the fluids cannot carry 

oxygen, increased tissue oxygenation has been found in patients, which is used as a 

clinical indicator of improved oxygen availability at the microcirculatory and 

cellular level [29]. Tissue oxygen tension can be considered as reflecting the balance 

between oxygen delivery by microcirculatory perfusion and oxygen consumption in 

the tissue. New techniques are providing more precise insight into the properties and 

determinants of oxygen transport to tissue. In this way, oxygen-dependent 

quenching of phosphorescence of the Palladium (Pd) porphyrin technique has been 

effective in non-invasively measuring microcirculatory oxygenation within and 

between organ systems following hemodilution [30-33]. The effects of different 

volume-replacement strategies on tissue oxygenation are not clearly known, and are 

the subject of ongoing research.  
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The critically ill kidney 

As described above, anemia and hypovolemia are common complications in 

critically ill patient. In this respect, the kidney has been found to be highly 

susceptible to these conditions due to its complex morphological structure and high 

oxygen demand. As such, acute kidney injury (AKI) is a frequent and costly clinical 

complication in critically ill patients. Using the RIFLE criteria in 20,126 

hospitalized patients, Uchino et al. has found that 20% of the patients as having 

some degrees of acute renal impairment, and 3.7% of these patients had acute renal 

failure (ARF) [34]. Besides hypovolemia and anemia, ischemia/reperfusion (I/R) 

injury occurring during surgery and shock is one of the major causes of this 

condition in native and transplanted kidneys [34-38]. The pathogenesis and 

pathophysiology AKI is highly complex [37, 38]. In addition to hypoxic hit 

consequent to ischemia, the reperfusion phase (e.g., as a result of clamp release, 

fluid resuscitation, or blood transfusion) has been associated with additional renal 

injury. Shock- and I/R-induced activation of inflammatory pathways has been 

shown to worsen ARF [39-42]. Furthermore, increased production of radical oxygen 

species (ROS) and reactive nitrogen species (RNS) [43-46], and a regional 

imbalance between vasoactive mediators leading impaired microcirculatory 

perfusion and to cellular damage, apoptosis and irreversible kidney failure [37, 38]. 

Because the efficacy of blood transfusions are still a matter of debate and 

red blood cell units are relatively expensive, the first step in the correction of sepsis- 

and hemorrhage-induced hypotension and organ hypoperfusion is aggressive volume 

replacement therapy using fluids [47], which aims to increase the circulating 

intravascular volume, blood pressure, and organ perfusion [48, 49]. However, in 

contrast to blood, resuscitation fluids have poor oxygen transporting capacity and 

rheological properties. In addition, the fluids used for volume replacement therapy 

have been suggested to increase inflammation and disturb homeostasis and the acid-

base balance [50-53]. Over time, a variety of colloid and crystalloid solutions has 

been used, including isotonic saline and saline-based colloid solutions. Although 

saline-based solutions have been associated with disturbed acid-base balance due to 

non-physiological electrolyte composition and pH, these yet remain the most 

popular solutions for volume replacement therapy in peri-operative care [54-60]. 

With this in mind, it becomes more and more clear that adjuvant therapies, in 

addition to blood transfusion and fluid resuscitation should be used for optimal 

prevention and/or treatment of ARF.   
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“The art of medicine consists in amusing the patient while nature cures the disease. ” 

Voltaire 
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The research presented in this thesis has been conducted at the Department of 

Translational Physiology of the Academic Medical Center of the University of 

Amsterdam. The main aim of this department is to ‘translate’ clinical scenarios into 

(patho)physiological concepts (and vice versa) and to develop therapeutic strategies 

based on insights obtained in the clinic and in the lab.  

As discussed in the General Introduction, the concept of microcirculation 

and its essential role in both health and disease became evident in the last decennia. 

In this view, new treatment modalities are being developed which are aiming to 

prevent and/or treat impairments of microcirculatory oxygenation. The main 

emphasis of our lab research is particularly on the renal microcirculation and 

function. The kidney is highly sensitive to hypoxia and acute renal failure occurs 

frequently following compromised cardiovascular conditions in the critically ill. 

Acute renal failure has been shown to worsen clinical outcome in patients with 

shock. We focus on several clinically-relevant models of renal ischemia/reperfusion 

injury, hemorrhagic shock, and endotoxemic shock. In this thesis, which covers a 

wide range of pathophysiological models and therapeutic strategies, we have 

investigated the effects of blood transfusion, fluid resuscitation, and adjuvant drug 

therapies to protect the kidney from hypoxia and injury. 

The first step in this thesis, Chapter 1, was to gain more detailed insights 

into why blood transfusions using aged cells are not effective in restoring 

microcirculatory oxygenation as has been shown in earlier studies by our group. 

Therefore we investigated whether prolonged storage of RBCs would lead to 

alterations in nitrite reductase activity, hence in altered hypoxia-induced nitric oxide 

(NO) and methemoglobin formation. Subsequently, in Chapter 2, we tested whether 

fluid therapy could be used in order to resuscitate microcirculatory oxygenation. 

More specifically, we aimed to investigate the acute effects of acetate-balanced 

colloid and crystalloid resuscitation on renal oxygenation in a rat model of 

hemorrhagic shock. We hypothesized that acetate- balanced solutions would be 

superior in correcting impaired renal perfusion and oxygenation after severe 

hemorrhage compared to unbalanced solutions. In Chapter 3, we realized that in 

more complex scenarios, such as in sepsis, adjuvant therapies in addition to fluid 

resuscitation could be used and we decided to test the only clinically available drug 

which was approved for sepsis: recombinant human activated protein C (APC). We 

aimed to test whether continuous APC administration would be able to protect renal 

oxygenation and function during endotoxemia. In order to understand the 

pathophysiology of AKI better, in Chapter 4 we aimed to investigate whether a 

somewhat simpler model for induction of AKI, i.e., renal ischemia/reperfusion  

(I/R), leads to inducible NO synthase (iNOS)-dependent changes in renal 

oxygenation and we tested the potential benefit of iNOS inhibitors as a potential 



28 
 

renoprotective strategy. The underlying rationale behind this is that renal 

oxygenation depends on a balance between oxygen supply and consumption, with 

the nitric oxide (NO) as a major regulator of microvascular oxygen supply and 

oxygen consumption. And finally, in Chapter 5, we aimed to test another potential 

renoprotective agent in the context of renal I/R injury:  the organic vanadium salt bis 

maltolato oxovanadium (BMOV). We tested its effects on renal oxygenation and 

renal function in the acute phase of reperfusion. 
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Red blood cell storage increases hypoxia-induced nitric oxide bioavailability 
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Abstract 

 

Background: In this study we investigated whether storage of RBCs leads to 

alterations in nitrite reductase activity, hence in altered hypoxia-induced nitric oxide 

(NO) bioavailability and methemoglobin formation. 

 

Study Design and Methods: Hypoxia-induced NO bioavailability and 

methemoglobin formation were measured in vitro after nitrite administration to fresh 

(<1 week of storage) and aged (5-6 weeks of storage) human RBC units and in 

blood samples of hemodiluted rats subjected to hypoxic ventilation after transfusion 

with fresh or aged human RBCs.  

 

Results: In vitro, NO and methemoglobin levels 10 minutes after nitrite 

administration were lower in the fresh RBC samples as compared to  the aged RBC 

samples (p=0.026 and p=0.022, respectively). In vivo, NO bioavailability was also 

significantly lower in the rats  receiving fresh RBCs as compared to the group 

receiving aged RBCs (p=0.003) In line with NO bioavailability, methemoglobin 

levels were higher, albeit not significantly, in the group receiving aged RBCs 

compared to in the group receiving fresh RBCs (p=0.154). The difference in 

methemoglobin formation following nitrite administration between fresh and aged 

RBCs was only present under deoxygenated conditions and not under oxygenated 

conditions. There were no differences in methemoglobin reductase activity between 

fresh and aged RBCs. 

 

Conclusions: Storage of RBCs leads to an increased rate of hypoxia-induced nitrite 

reduction to NO and this is associated with increased methemoglobin formation. The 

increased methemoglobin formation and consequent decrease in oxygen delivery 

capacity might contribute to the storage-related impairment of aged RBCs to 

oxygenate the microcirculation. 
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Introduction 

 

Blood transfusions are frequently performed in anemic trauma, surgical, and 

intensive care patients with the ultimate aim of enhancing tissue oxygenation by 

delivering oxygen-rich red blood cells (RBCs) to the microcirculation. In the past 

decades, however, both preclinical and clinical studies have indicated that 

transfusion of RBCs was associated with higher morbidity and mortality.[1-5] 

Despite improved preservation procedures, storage duration is suggested to be 

independently associated with a worse outcome in clinical studies. It has also been 

suggested that blood storage has adverse effects on the physical and biochemical 

properties of RBCs,[6-10] ultimately leading to impaired oxygen delivery to 

tissues.[11-14] 

The discovery of the role of RBCs in the regulation of the microcirculatory 

perfusion by the release of vasoactive compounds under hypoxic conditions has 

added another potential mechanism to the list of storage-induced effects leading to 

decreased tissue oxygenation. Besides their important role as oxygen carriers, RBCs 

are capable of “sensing” hypoxia and regulating tissue perfusion by releasing 

vasodilator substances under hypoxic conditions. [15] As such, RBCs are able to 

produce nitric oxide (NO) and methemoglobin by reducing nitrite through the nitrite 

reductase activity of deoxyhemoglobin.[16-18] The nitrite reductase activity is 

allosterically modulated by hemoglobin (Hb) deoxygenation, which couples the 

oxygen sensing function of RBCs to nitrite reduction and ultimately to the 

stimulation of vasodilation under hypoxic conditions. 

Because our knowledge regarding the influence of storage duration on 

nitrite reductase activity and NO/methemoglobin metabolism is rather limited, it is 

not known whether extended storage negatively affects nitrite reductase activity and 

therefore impairs the above described regulatory role of RBCs in microcirculatory 

perfusion. We therefore investigated in this study whether aging of RBCs during 

storage leads to an altered nitrite reductase activity and hence altered hypoxia-

induced NO/methemoglobin production. To this end, we first measured hypoxia-

induced NO bioavailability and methemoglobin formation by nitrite reduction in 

fresh (0-1 week of storage) and aged (5-6 weeks of storage) human RBC units. NO 

and methemoglobin levels were also measured in whole blood samples of 

hemodiluted rats subjected to hypoxic ventilation after transfusion of fresh or aged 

human RBCs. Subsequently, to test the oxygenation dependency of the observed 

results, we measured rates of methemoglobin formation after nitrite administration 

in vitro in fully oxygenated and partially deoxygenated fresh and aged RBC 
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suspensions. To then exclude the role of differences in methemoglobin reductase 

activity between fresh and aged RBCs, we washed the RBC suspensions to remove 

the remaining nitrite and stop the nitrite-induced methemoglobin formation and 

measured the changes in methemoglobin concentration over time. 

 

Materials and methods 

 

Preparation of the human red blood cells 

Leukocyte-reduced human RBC concentrates were prepared according to the Dutch 

blood bank procedures, and stored in the standard storage medium saline-adenine-

glucose-mannitol (SAGM).  After preparation, RBC concentrates were stored at 2-6 

°C and used within 0-1 week of storage (fresh RBCs; 3.7±0.5 days) or 5-6 weeks 

days of storage (aged RBCs; 40.2±1.8 days). For in vitro experiments, the RBCs 

were suspended in SGT/sucrose/HCO3
-
 (134 mmol/L NaCl, 10 mmol/L glucose, 10 

mmol/L Tris-HCl, 40 mmol/L sucrose, and 25 mmol/L NaHCO3; pH 7.4) to a final 

hematocrit of 2.5% and incubated in closed tubes at 37C. For the in vivo 

experiments, prior to the infusion of the human RBC concentrates into the rat 

circulation, the RBC concentrates were washed three times by adding 

SGT/sucrose/NaHCO3
-
 followed by centrifuging at 2500 G for 5 minutes. After 

three washing procedures, the cells were again suspended in SGT/sucrose/ NaHCO3
-
 

to a final hematocrit of 30%. In a previous study we have demonstrated using 

standard cross-matching tests that this washing protocol is sufficient to avoid 

immunologic reactions upon infusion of the human RBCs into male Wistar rats. [19]  

 

In vitro protocols 

For the first series of in vitro experiments, fresh and aged RBC samples (n=6/group) 

were deoxygenated using a continuous flow of helium in a closed vessel. The cell 

suspension was stirred gently to allow efficient gas exchange. The flow of helium 

was not bubbled through the suspension itself to avoid hemolysis. Under these 

conditions, a hemoglobin saturation of 50% was reached within 10 minutes of 

helium exposure. After deoxygenation of the samples, 250 µM sodium nitrite was 

administered and stirring was discontinued. NO bioavailability was measured for a 

period of 10 minutes and 10 minutes after deoxygenation, samples were analyzed 

for methemoglobin levels. 
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 In a subsequent series of in vitro experiments we measured methemoglobin 

formation in fresh and aged RBC samples under oxygenated (exposure to ambient 

air) and deoxygenated (exposure to helium) conditions (n=6/group/condition) after 

nitrite administration. Additionally, we tested the methemoglobin reductase activity 

by washing off the nitrite and measuring the decrease in methemoglobin levels in 

time. 

 

In vivo protocol 

The study design was reviewed and approved by the ethical committee for animal 

research of the Academic Medical Center at the University of Amsterdam. Care and 

handling of the animals were in accordance with the guidelines for National 

Institutes of Health guidelines and institutional animal care and use committees.  

Twelve male Wistar rats with a mean±SD body weight of 319±19 grams 

were anesthetized by intraperitoneal injection of a mixture of ketamine 90 mg/kg 

(Nimatek, Eurovet), 0.5 mg/kg medetomidine (Domitor, Pfizer) and 0.05 mg/kg 

atropine sulfate (Centrafarm). After performing a tracheotomy, rats were 

mechanically ventilated with a FiO2 of 40% and ventilation settings were adjusted to 

keep end-tidal pCO2 between 30 and 35 mmHg and arterial pCO2 between 35 and 40 

mmHg during surgery and during baseline. Body temperature was kept between 

36.5 and 37.5 °C. Four vessels were cannulated with polyethylene catheters (outer 

diameter 0.9 mm: Braun, Melsungen, Germany). The right carotid artery was 

cannulated for continuous monitoring of mean arterial blood pressure (MAP) and 

heart rate and the right jugular vein was cannulated for fluid support (15 mL/kg/hr) 

by Ringer’s lactate (Freeflex, Fresenius Kabi, Emmer Compascuum, The 

Netherlands) and maintenance of anesthesia. The right femoral artery was 

cannulated for blood withdrawal and arterial blood gas sampling, and the right 

femoral vein was cannulated for infusion of blood, fluids, and nitrite.  

After surgical preparation and 30 minutes of stabilization, the rats were 

subjected to isovolemic hemodilution until a hematocrit of 15% was achieved by 

withdrawal of blood from the femoral artery and simultaneously administering 

Voluven (Fresenius Kabi) through the femoral vein at the same rate. Withdrawal of 

blood and infusion of fluids were performed at 60 mL/kg/hr using a double syringe 

pump (Harvard 33 syringe pump, Harvard Apparatus, Holliston, MA). A hematocrit 

of 15% was confirmed in a blood sample withdrawn during hemodilution.  

Subsequently, the rats were allowed to stabilize for 30 minutes after which 

an isovolemic exchange transfusion was performed with fresh (storage for 3.7±0.5 
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days; n=6) and aged (storage for 40.2±1.8 days; n=6) washed human RBCs at 30 

mL/kg/hr.  Isovolemic exchange transfusion was followed by hypoxic ventilation 

with a FiO2 between 5 and 10%. This led to a decrease in arterial hemoglobin 

oxygen saturation to 50% as confirmed in another blood sample.  

After 10 minutes of hypoxic ventilation, 1.5 mmol/kg sodium nitrite 

dissolved in 1 mL of saline was given within 1 minute into the femoral vein. After 

another 10 minutes of hypoxic ventilation, a final blood sample was withdrawn for 

analysis of NO and methemoglobin levels. In most of the experiments, the animals 

presented hemodynamic instability at the end of second hypoxic phase. After 

withdrawal of the final blood sample, the experiments were terminated by infusion 

of 1 mL of a 3 mol/L KCl in the jugular vein, resulting in immediate cardiac arrest.  

 

NO measurements 

For the in vivo measurements heparinized blood samples (1U\ml) were immediately 

mixed with a ferricyanide based nitrite stabilization solution (potassium 

ferricyanide, N-ethylmaleimide (NEM) and NP-40) in a 1:5 ratio. Consequently 

samples were frozen in -80 until analysis. For analysis samples were thawed on ice 

and cold methanol (1:2 ratio) is added to frozen samples. Samples were vortex 

mixed. After centrifugation at 21000g at 4C and 15 min the nitrite level was 

determined in supernatants. During the entire set of experiments, the tested samples 

were kept in a closed system and the gas flow leaving the samples was guided to a 

NO chemoluminescence signal analyzer (Sievers 280i analyzer, GE Analytical 

Instruments) allowing the direct detection of NO. [20,21] Within the reaction vessel, 

NO reacted with ozone to generate oxygen and excited-state NO species, of which 

the decay is associated with the emission of weak near-infrared chemoluminescence. 

This signal is detected by a sensitive photodetector and converted to millivolts 

(mV). The area under the curve of the detected chemoluminescence (mV∙s) 

represents the amount of NO-ozone reactions in time and thus the amount of 

bioavailable NO in the tested samples. 

 

Methemoglobin measurements 

Methemoglobin levels in the tested samples were measured in a blood gas analyzer 

(ABL 505, Radiometer, Brønshøj, Denmark) and a hemoximeter (OSM3, 

Radiometer). 
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Data presentation and statistics  

Data plotting and analysis were performed using GraphPad Prism 5.0 (GraphPad 

Software, San Diego, CA). All values are reported as the mean±SD. Comparative 

analysis of data sets obtained in different groups and at different time points was 

performed using ANOVA with Bonferroni post-hoc tests and p-values of <0.05 were 

considered statistically significant.  

 

Results 

 

In the first series of in vitro experiments we measured hypoxia-induced NO 

bioavailability and methemoglobin formation in fresh (0-1 week of storage) and 

aged (5-6 weeks of storage) human RBC units after nitrite administration. We then 

measured hypoxia-induced NO bioavailability and methemoglobin formation after 

nitrite administration in whole blood samples of hemodiluted rats subjected to 

hypoxic ventilation after transfusion with fresh or aged human RBCs. The results of 

these in vitro and in vivo experiments are shown in Figure 1A and 1B, respectively. 

 

 

FIGURE  1. In vitro (A) and in vivo (B) methemoglobin (black columns) and nitric oxide 

(gray columns) formation after nitrite administration under deoxygenated conditions.  

 

We observed that both NO and methemoglobin formation were 

significantly increased upon prolonged storage of the RBC units (Figure 1A). Ten 

minutes after nitrite administration, NO levels were 1.6±0.7 mV∙s in the fresh RBC 

samples and 2.9±1.3 mV∙s in the aged RBC samples (p=0.026). Methemoglobin 

levels were 13.4±2.8% and 18.1±4.2% (p=0.022), respectively. 
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In vivo, NO and methemoglobin formation were measured at (1) baseline, 

(2) after isovolemic exchange transfusion and 10 minutes of hypoxic ventilation, 

prior to  nitrite administration; and (3) 10 minutes after nitrite administration. In 

samples of the first two time points, no differences between the groups receiving 

fresh and aged blood were observed: NO level was respectively 36±5 and 36±25 

mV∙s at baseline (p=0.787) and 100±10 and 98±13 mV∙s after blood transfusion and 

10 minutes of hypoxic ventilation (p=0.804). At the end of the protocol, 10 minutes 

after nitrite administration, NO bioavailability was significantly higher in the group 

receiving aged RBCs (320±24 mV∙s) compared to in the group receiving fresh RBCs 

(233±48 mV∙s; p=0.003). In line with NO bioavailability, methemoglobin levels 

were similar at baseline (0.2±0.1% and 0.4±0.2%; p=0.139) and  after blood 

transfusion and 10 minutes of hypoxic ventilation (0.9±0.2% and 0.8±0.2%; 

p=0.372) in group receiving fresh RBCs and the group receiving aged RBCs, 

respectively. At the end of the protocol, 10 minutes after nitrite administration, 

methemoglobin formation was higher, albeit not significantly, in the group receiving 

aged RBCs (23±6%) compared to in the group receiving fresh RBCs (18±6 %; 

p=0.154).  

In the second series of in vitro experiments we measured the rate of nitrite-

induced methemoglobin formation in fresh and aged RBCs under oxygenated and 

deoxygenated conditions. In Figure 2 it is shown that the difference in 

methemoglobin formation following nitrite administration between fresh and aged 

RBCs was only present under deoxygenated conditions (Figure 2B) and not under 

oxygenated conditions (Figure 2A).  

Finally, there were no significant differences in methemoglobin reductase 

activity between fresh and aged cells after washing off the nitrite as judged from the 

similar decrease in methemoglobin concentration over time (Figure 2C). 

 

 

 

FIGURE 2. In vitro nitrite-induced methemoglobin formation in fresh (0-1 week of storage) 

and aged (5-6 weeks of storage) blood under oxygenated (A) and deoxygenated (B) 

conditions and the decrease in methemoglobin after washing off the nitrite (C). 
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Discussion  

 

The aim of this study was to test the hypothesis that aging of RBCs during storage 

would lead to an altered nitrite reductase activity and hence altered hypoxia-induced 

NO and methemoglobin production. To this end, we performed a series of in vitro 

and in vivo experiments. We found that hypoxia-induced NO formation by nitrite 

reduction was increased in aged RBCs (5-6 weeks of storage) compared to in fresh 

RBCs (0-1 week of storage) both in vitro and in vivo and that this was accompanied 

by increased methemoglobin formation while methemoglobin reductase activity 

remained unchanged. The increased methemoglobin formation in aged RBC 

suspensions might explain our earlier findings of a decreased ability of stored RBCs 

to improve the microvascular oxygenation in anemic rats.[19,22,23] 

The discovery of the role of RBCs in regulation of microcirculatory 

perfusion by releasing vasoactive compounds under hypoxic conditions has 

increased the interest in RBC physiology, especially with regard to the “quality” of 

RBCs after storage. The role of RBC-released NO bioavailability has been shown to 

be essential for the physiologic regulation of regional hemodynamics.[24] Earlier 

studies have demonstrated biochemical, structural, and functional changes of RBCs 

induced by extended cold storage.[19,22,25-28] Despite lack of strong evidence, it is 

believed that depletion of NO bioavailability in relatively “aged” RBCs may provide 

an explanation for the functional loss of transfused aged RBCs. 

Several mechanisms have been described to explain such changes, such as 

depletion of S-nitrosohemoglobin or increasing amounts of cell-free Hb due to 

hemolysis during the storage process.[8,29,30] As the Hb molecule has a great 

affinity for NO, almost 1000 more than its affinity to O2, Hb forms a potent 

scavenger of NO.[31] Upon storage of RBC units, hemolysis can occur and the 

increased presence of free Hb may therefore lead to severe NO scavenging and 

disturbed microcirculatory perfusion in the subject receiving RBC transfusion. 

Indeed, Donadee and coworkers[30] showed that even low concentrations of Hb 

produced potent vasoconstriction when infused into the rat circulation. Infusions of 

methemoglobin and cyanomethemoglobin, which do not scavenge NO, had 

substantially less vasoconstrictor effects. Infusion of the plasma from stored human 

RBC units into the rat circulation also produced significant hemolysis-dependent 

vasoconstriction. However, in their study no RBCs were infused as was done in the 

present study. 

We observed here that hypoxia-induced NO bioavailability was even higher 

after transfusion of aged RBCs compared to after transfusion of fresh RBCs. Hence, 
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altered NO bioavailability does not seem to explain the reduced ability of aged 

RBCs to oxygenate the microcirculation of vital organs in states of anemia. That led 

us to a hypothesis that other mechanisms must explain the reduced capacity of aged 

RBCs to oxygenate tissues.[19,22,23] Under well-oxygenated conditions, 

oxyhemoglobin reacts with nitrite in the presence of hydrogen to form 

methemoglobin and nitrate.[16] Under less oxygenated conditions, 

deoxyhemoglobin reacts with nitrite to form methemoglobin, hydroxide and NO. 

Moreover, deoxyhemoglobin can react with NO to form iron-nitrosylated Hb. These 

reactions couple the regional oxygen tension to the release of NO by RBCs to 

promote vasodilation and thereby microvascular perfusion and oxygenation. Hence, 

although Hb is mostly known as an NO scavenger, [30] under hypoxic conditions 

deoxyhemoglobin has the potential to produce NO through reduction of nitrite. 

Under hypoxic conditions and in the presence of excess nitrite it is therefore 

possible that cell-free Hb might convert nitrite into NO and methemoglobin, thereby 

increasing NO bioactivity.[16] This process is pH dependent and its rate increases 

with decreases in intracellular pH.[27] Verhoeven and colleagues[27] observed that 

storage of RBCs leads to a decrease in intracellular pH; intracellular pH of 7-week-

stored human RBCs was as low as 6.36 while this was 6.83 in fresh human RBCs. 

This pH dependency might explain the differences between the hypoxia-induced NO 

formation rate in fresh and aged RBCs observed in this study. 

It is important to note that while interest on vasodilation molecules such as 

NO is increasing, methemoglobin receives relatively little attention. Under normal 

conditions, oxidation of Hb to methemoglobin, driven by the NADH cytochrome b5 

is cycled. Thus, in steady state, intracellular methemoglobin does not accumulate 

and remains below 1%. In the absence of oxygen, deoxygenated Hb acts as nitrite 

reductase and forms NO and methemoglobin.[16] The rate of this allosteric reaction 

increases as Hb is converted fromtheT- to the R-state under anaerobic 

conditions.[24,32-34] Reduction of nitrite by R-state Hb is much more rapid than 

that by T-state Hb.[18,32] This explains why the difference in NO and 

methemoglobin formation between fresh and aged RBCs was most pronounced 

under partially deoxygenated conditions. 

Increased methemoglobin levels decrease the oxygen-carrying capacity of 

blood and shift the oxygen dissociation curve to the left and reduce tissue 

oxygenation. Furthermore, methemoglobin is suggested to play a pivotal role in NO 

transport, storage, and  metabolism.[35] Methemoglobin production may also 

influence the processing of NO into S-nitrosohemoglobin, although this was not 

tested in this study.[36,37] In this study we have observed higher values of 

methemoglobin in aged RBC suspensions and in whole blood samples of anemic 

rats after transfusion of aged RBCs. This may contribute to the storage-related 
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impairment of aged RBCs to oxygenate the microcirculation as described 

previously.[19,22,38] 

Storage-related alterations of heme redox potential might provide an 

alternative explanation to the findings of this study. Such a decrease in heme redox 

potential would lead potentially to a higher tendency to bind nitrite and following 

reaction.[34,39] Several factors have been proposed to have an influence on heme 

redox potential,[34,40] such as the pH of the solution, the structure of heme 

molecule, and heme pocked geometry (binding of nitrite in heme pocket). Such an 

impairment has been suggested by others and may be caused by depletion of 2,3- 

diphosphoglycerate (2,3-DPG), which occurs during storage of RBCs.[35,41] In this 

study, however, 2,3-DPG and heme redox potential were not measured.  

Finally, the mechanism of NO, generated by nitrite reduction, escapes from 

the Hb and transported into the bloodstream forms a major controversy and is a 

subject of ongoing debate.[42,43] Two main views have arisen regarding the 

mechanism of this NO bioactivity. First that lowmolecular- weight S-nitrosothiols 

(SNOs) such as S-nitrosated Hb serve as stable storage form of NO bioactivity. 

There are several arguments supporting this view, such as that the short half-time 

ofNOaccounts for the fact that unprotected NO cannot be the ideal messenger and 

the more stable SNOs with NO-like effects might be the explanation. However, 

others suggest that using tri-iodide chemiluminescence or electron paramagnetic 

resonance spectroscopy, circulating SNOswere not detected in quantities thought to 

be sufficient for such hypoxic vasodilation. Furthermore, in human circulation no 

detectable arterial to venous gradient of S-nitrosated Hb is detected, which does not 

support its role as a messenger of hypoxic vasodilation. 

A second view suggests that nitrite serves as the substrate for NO 

bioactivity. Nitrite is stable in blood compared with NO and SNOs. Nitrite is 

relatively stable with oxygenated RBCs and taken up selectively by deoxygenated 

RBCs. Finally nitrite is reduced to NO by deoxygenated Hb. As such, in this view of 

NO bioactivity, nitrite is an ideal storage form for NO that is conserved under 

normoxic conditions and utilized under hypoxic conditions. 

This hypothesis was tested by Cosby and coworkers in 2003.[16] The 

authors observed vasodilation after nitrite infusion (supra- and near-physiologic 

concentrations) into the brachial artery of volunteers and also that nitrite levels as 

low as 500 nmol/L vasodilate rat aortic rings in the presence of deoxygenated cells. 

Nitrite infusions were found to be associated with formation of iron nitrosylated Hb 

and to a lesser extent S-nitrosohemoglobin. The results of this study have been 



41 
 

criticized by others due to the reproducibility and to the nitrite infusion above 

physiologic levels. 

While both hypotheses have believers, there are issues in both hypotheses 

that should yet be resolved. Nevertheless, regardless of the mechanism, we believe 

that the observed findings in our article with regard to the effects of RBC storage on 

NO metabolism are novel and provide new insights. 

We acknowledge that our study has some limitations. First, like many 

experimental studies, our model cannot be compared to clinical scenarios. With this 

study we aimed to improve our understanding of the storage induced alterations in 

RBC physiology, particularly its ability to regulate microcirculatory perfusion in 

response to hypoxia. Second, the experimental conditions in vitro and in vivo were 

not identical. Hct was lower in vitro than in vivo; the duration of hypoxia was longer 

in vitro than in vivo. Another limitation of our study may have been that the 

concentration of sodium nitrite administered in vivo was higher than in vitro, and it 

may have led to a supraphysiologic nitrite concentration. Our study, however, is 

meant as a pharmacologic proof-of-principle study and it is significant that we found 

similar effects of RBC storage with respect to hypoxia-induced nitrite reduction to 

NO and methemoglobin in vitro and in vivo. 

Furthermore, methemoglobin formation is believed to be coupled to the 

production of peroxide in an oxidation reaction in the presence of oxygen. 

Theoretically, in an oxygenated environment a preferred path may be production of 

peroxide, which eventually may inactivate NO. Unfortunately reactive oxygen 

species were not measured in our study. However, in this study we have shown that 

NO bioavailability and methemoglobin levels increased after transfusion of stored 

RBCs and consequent hypoxia compared to the transfusion of fresh RBCs. 

Therefore, we believe that formation of peroxide provides a limited explanation to 

the findings of the current study. 

In this study the chemiluminescence technique was utilized to detect NO 

bioavailability. This is the most widely used method for the detection of NO and its 

metabolites in biologic samples. Using this technique, the NO bioavailability in 

samples is carried by an inert gas to the detector where a chemiluminescence signal 

is produced. In the past decade this technique has been criticized due to several 

reasons. Purging samples with an inert gas may interfere with NO measurement by 

entrapping NO, while NO itself will not escape the heme molecules otherwise. 

Therefore, NO generation cannot be equated with the export of NO bioactivity. 

Furthermore, addition of nitrite preservation solutions that employ ferricyanide is 

suggested to interfere with the measurements. However, Wang and colleagues[44] 
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demonstrated that despite this theoretical concern, presence of ferricyanide did not 

interfere with the measurements. Tri-iodide– based chemiluminescence technique is 

still frequently used for this purpose, is extensively validated, and is a reliable 

tool.[45,46] 

In conclusion, storage of RBCs leads to an increased rate of hypoxia-

induced nitrite reduction to NO and this is associated with increased methemoglobin 

formation. This is most likely due to a decrease in intra- and extracellular pH during 

RBC storage and the more rapid reduction of nitrite by R-state Hb, which is formed 

under hypoxic conditions, compared to that of T-state Hb. The increased 

methemoglobin formation and consequent decrease in oxygen-carrying capacity 

might contribute to the storage related impairment of aged RBCs to oxygenate the 

microcirculation as has been documented previously. 
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Abstract 

 

Introduction: Fluid resuscitation therapy is the initial step of treatment for 

hemorrhagic shock. In the present study we aimed to investigate the acute effects of 

acetate-balanced colloid and crystalloid resuscitation on renal oxygenation in a rat 

model of hemorrhagic shock. We hypothesized that acetate-balanced solutions 

would be superior in correcting impaired renal perfusion and oxygenation after 

severe hemorrhage compared to unbalanced solutions.  

 

Methods: In anesthetized, mechanically ventilated rats, hemorrhagic shock was 

induced by withdrawing blood from the femoral artery until mean arterial pressure 

(MAP) was reduced to 30 mmHg. One hour later, animals were resuscitated with 

either hydroxyethyl starch (HES, 130/0.42 kDa) dissolved in saline (HES-NaCl; n = 

6) or a acetate-balanced Ringer’s solution (HES-RA; n = 6), as well as with acetated 

Ringer’s solution (RA; n = 6) or 0.9% NaCl alone (NaCl; n = 6) until a target MAP 

of 80 mmHg was reached. Oxygen tension in the renal cortex (C_PO2), outer 

medulla (M_PO2), and renal vein were measured using phosphorimetry. 

 

Results: Hemorrhagic shock (MAP=30 mmHg) significantly decreased renal 

oxygenation and oxygen consumption. Restoring the MAP to 80 mmHg required 

24.8±1.7 ml of NaCl, 21.7±1.4 ml of RA, 5.9±0.5 ml of HES-NaCl (p<0.05 vs NaCl 

and RA), and 6.0±0.4 ml of HES-RA (p<0.05 vs NaCl and RA). NaCl, RA, and 

HES-NaCl resuscitation led to hyperchloremic acidosis, while HES-RA 

resuscitation did not. Only HES-RA resuscitation could restore renal blood flow 

back to ~85% of baseline level (from 1.9±0.1 ml/min during shock to 5.1 ml±0.2 

ml/min 60 min after HES-RA resuscitation) which was associated with an improved 

renal oxygenation (CµPO2 increased from 24±2 mmHg during shock to 50±2 

mmHg 60 min after HES-RA resuscitation) albeit not to baseline level. At the end of 

the protocol, creatinine clearance was decreased in all groups with no differences 

between the different resuscitation groups.  

 

Conclusion: While resuscitation with the NaCl and RA (crystalloid solutions) and 

the  HES-NaCl (unbalanced colloid solution) led to hyperchloremic acidosis, 

resuscitation with the HES-RA (acetate-balanced colloid solution) did not. The 
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HES-RA was furthermore the only fluid restoring renal blood flow back to ~85% of 

baseline level and most prominently improved renal microvascular oxygenation. 
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Introduction 

 

Hemorrhagic shock is the major cause of mortality after major trauma and 

aggressive fluid resuscitation is often the initial step to restore the circulating 

intravascular volume to prevent organ hypoperfusion, organ failure, and eventually 

death [1,2]. Acute renal failure (ARF) is a serious complication contributing to the 

high mortality in these patients [35]. The use of conventional crystalloid solutions 

(e.g., isotonic saline) as initial resuscitation fluids is still implemented in emergency 

departments even though it is known that crystalloid solutions have poor plasma 

expander capacities and just 20% of the given volume remains contained in the 

intravascular space [3]. Hence, to restore perfusion, large volumes of crystalloid 

solutions are required. Additionally, hyperchloremic acidosis is a known risk in 

patients treated with isotonic saline. Hyperchloremia is suggested to cause afferent 

renal artery vasoconstriction in animal models, possibly leading to kidney 

dysfunction [29,38,39]. Hydroxyethyl starch (HES) solutions have been used 

clinically as a colloid solution, and have been shown to have superior plasma 

expanding capacities compared to traditional crystalloid solutions [4]. However, 

these HES solutions, in turn, have been suggested to have adverse effects on 

systemic coagulation properties and are potentially harmful for the kidney [5]. 

Consequently, new HES solutions (mean molecular weight: 130 kDa, degree of 

substitution: 0.4; HES 130/0.4) have been developed and have been shown to 

improve microvascular perfusion and reduce macromolecular leakage [6-9].   

Although effective in restoring systemic hemodynamic parameters, 

aggressive (i.e., large volume) fluid resuscitation introduces non-physiologic levels 

of plasma ions which depress microvascular function and organ perfusion [10]. The 

kidney is especially susceptible for this type of injury due to its complex 

microvascular structure and high oxygen dependency [11]. Over the past few years, 

research has therefore been focused on balancing fluids to optimally match 

physiological conditions and thereby prevent microvascular dysfunction and organ 

hypoperfusion [12-14]. Balanced fluids are suggested to have a more physiological 

electrolyte composition than conventional saline-based fluids.  

In the present study we aimed to investigate the acute effects of acetate-

balanced colloid and crystalloid resuscitation on renal oxygenation in a rat model of 

hemorrhagic shock. To this end, we examined the effects of resuscitation with 

different fluids: (1) 0.9% NaCl; (2) acetated Ringer’s solution; (3) 6% HES with a 

molecular weight of 130 kDa and molar substitution of 0.4 (HES 130/0.4) in 0.9% 

NaCl solution (HES-NaCl); and (4) 6% HES with a molecular weight of 130 kDa 
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and molar substitution of 0.42 (HES 130/0.42) in acetate-balanced Ringer’s solution 

(HES-RA). We hypothesized that acetated solutions would have superior 

resuscitation capacities compared to the other solutions with respect to improving 

renal oxygenation after severe hemorrhage.    

 

Materials and methods 

 

Animals 

All experiments in this study were approved by the institutional Animal 

Experimentation Committee of the Academic Medical Center of the University of 

Amsterdam. Care and handling of the animals were in accordance with the 

guidelines for Institutional and Animal Care and Use Committees. Experiments 

were performed on 30 Sprague-Dawley rats (Harlan, the Netherlands) with 

mean±SD body weight of 350±20 g. 

 

Surgical preparation 

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 

mg/kg ketamine (Nimatek
®

; Eurovet, Bladel, the Netherlands), 0.5 mg/kg 

medetomidine (Domitor; Pfizer, New York, NY), and 0.05 mg/kg atropine-sulfate 

(Centrafarm, Etten-Leur, the Netherlands). After tracheotomy, the animals were 

mechanically ventilated with an FiO2 of 0.4. Body temperature was maintained at 

37±0.5°C during the entire experiment by external warming. The ventilator settings 

were adjusted to maintain end-tidal PCO2 between 30 and 35 mmHg and arterial 

PCO2 between 35 and 40 mmHg. 

Vessels were cannulated with polyethylene catheters (outer diameter=0.9 

mm; Braun, Melsungen, Germany) for drug and fluid administration and 

hemodynamic monitoring. A catheter in the right carotid artery was connected to a 

pressure transducer to monitor mean arterial blood pressure (MAP) and heart rate. 

The right jugular vein was cannulated for continuous infusion of Ringer Lactate 

(Baxter, Utrecht, the Netherlands) at a rate of 15 ml/kg/hour. The right femoral 

artery was cannulated for blood shedding and the right femoral vein for fluid 

resuscitation. The left kidney was exposed, decapsulated, and immobilized in a 

Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via a 4 cm incision in the 
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left flank. Renal vessels were carefully separated under preservation of nerves and 

adrenal gland. A perivascular ultrasonic transient time flow probe was placed around 

the left renal artery (type 0.7 RB; Transonic Systems Inc., Ithaca, NY, USA) and 

connected to a flow meter (T206; Transonic Systems Inc.) to continuously measure 

renal blood flow (RBF). An estimation of the renal vascular resistance (RVR) was 

made as RVR [dynes.sec.cm
-5
]=(MAP/RBF)×100. The left ureter was isolated, 

ligated and cannulated with a polyethylene catheter for urine collection. The surgical 

field was covered with a humidified gauze compress throughout the entire 

experiment to prevent drying of the exposed tissue. 

After the surgical protocol (approximately 60 minutes) one optical fiber 

was placed 1 mm above the decapsulated kidney and another optical fiber 1 mm 

above the renal vein to measure oxygenation using a phosphorescence lifetime 

technique. A small piece of aluminum foil was placed on the dorsal site of the renal 

vein to prevent contribution of underlying tissue to the phosphorescence signal in 

the venous PO2 measurement. Oxyphor G2 (a two-layer glutamate dendrimer of 

tetra-(4-carboxy-phenyl) benzoporphyrin; Oxygen Enterprises Ltd, Philadelphia, 

PA, USA) was subsequently infused (6 mg/kg IV over 5 min) followed by a 30 

minute stabilization period. A short description of the phosphorescence quenching 

method is given below and a more detailed description of the technology has been 

previously described [15].  

 

Experimental protocol  

After stabilization, the animals in experimental groups were bled by the left femoral 

artery catheter at a rate of 1 ml/min using a syringe
 
pump (Harvard 33 syringe pump; 

Harvard Apparatus, South Natick,
 
MA) until a MAP of 30 mmHg was reached 

which was maintained for 1 hour by re-infusing or withdrawing blood. Coagulation 

of the shed blood was prevented by adding 200 UI of heparin in the syringe.  

At the end of the hemorrhage phase, the animals were randomized into 5 

groups for resuscitation until a target MAP of 80 mmHg was reached with: (1) 0.9% 

NaCl (NaCl; Na
+
 154 mmol·L

-1
, Cl

-
 154 mmol·L

-1
; pH=5.5; n=6); (2) Ringer’s 

Acetate (RA; Na
+
 130 mmol·L

-1
, Cl

-
 112 mmol·L

-1
, K

+
 5.4 mmol·L

-1
, Ca

+2
 0.9 

mmol·L
-1

, Mg
+2

 1.0 mmol·L
-1

, acetate
-
 27 mmol·L

-1
; pH=5.0-7.0; n=6); (3) 6% HES 

with a molecular weight of 130 kDa and molar substitution of 0.4 (HES 130/0.4) in 

0.9% NaCl solution (HES-NaCl; Voluven
®
, Fresenius Kabi, Bad Homburg, 

Germany; n=6); or (4) 6% HES with a molecular weight of 130 kDa and molar 

substitution of 0.42 (HES 130/0.42) in acetate-balanced Ringer’s solution (HES-RA; 

Plasma Volume
®
, Baxter, Germany; n=6). In addition, sham operated control 
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experiments were performed (n=6). The experiments were terminated by infusion of 

1 ml of 3 M potassium chloride (KCl). 

 

Blood gas parameters 

Arterial blood samples (0.5 ml) were taken from the femoral artery at time points: 1) 

baseline, (BL, t=0 min); 2) after hemorrhagic shock (HS, t=60 min); 3) 15 minutes 

after starting resuscitation (R15, t=75 min), and 4) at the end of the protocol (R60, 

t=120 min).  The blood samples were replaced by the same volume of test solution. 

The samples were used to determine blood gas parameters (ABL505 blood gas 

analyzer; Radiometer, Copenhagen, Denmark), hemoglobin concentration, and 

hemoglobin oxygen saturation (OSM 3, Radiometer).  

 

Renal microvascular and venous oxygenation 

Microvascular oxygen tension in the renal cortex (CµPO2), outer medulla (MµPO2), 

and renal venous oxygen tension (PrvO2) were measured by oxygen-dependent 

quenching of phosphorescence lifetimes of the systemically infused albumin-

targeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2 [15-

18]. Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin) has two excitation peaks (λexcitation1=440 nm, λexcitation2 =632 nm) and 

one emission peak (λ emission=800 nm) [18]. These optical properties allow (near) 

simultaneous lifetime measurements in microcirculation of the kidney cortex and the 

outer medulla due to different optical penetration depths of the excitation light [15]. 

For the measurement of renal venous PO2 (PrvO2), a mono-wavelength 

phosphorimeter was used [19]. Oxygen measurements based on phosphorescence 

lifetime techniques rely on the principle that phosphorescence can be quenched by 

energy transfer to oxygen resulting in shortening of the phosphorescence lifetime. A 

linear relationship between reciprocal phosphorescence lifetime and oxygen tension 

(given by the Stern-Volmer relation) allows quantitative measurement of PO2. 

Details of the technique have previously been published [15]. 

 

Renal oxygen delivery and consumption 

Arterial oxygen content (AOC) was calculated by 

(1.31×hemoglobin×SaO2)+(0.003×PaO2), where SaO2 is arterial oxygen saturation 

and PaO2 is arterial partial pressure of oxygen. Renal venous oxygen (RVOC) 



55 
 

content was calculated as (1.31×hemoglobin×SrvO2)+(0.003×PrvO2), where SrvO2 is 

venous oxygen saturation and PrvO2 is renal vein partial pressure of oxygen. Renal 

oxygen delivery was calculated as DO2 (ml/minute)=RBF×AOC. Renal oxygen 

consumption is calculated as VO2ren (ml/minute/g)=RBF×(AOC – RVOC). The renal 

oxygen extraction ratio was calculated as O2ERren (%)=VO2ren/DO2×100.  

 

Assessment of kidney function 

Creatinine clearance (Clearcrea, [ml/min]) was assessed as an index of the glomerular 

filtration rate. Calculation of the clearance was done using the standard formula: 

Clearcrea=(Ucrea×V)/Pcrea, where Ucrea is the concentration of creatinine in urine, V is 

the urine volume per unit time and Pcrea is the concentration of creatinine in plasma. 

Furthermore, all urine samples were analyzed for sodium (Na
+
) concentration. The 

renal energy efficiency for sodium transport (VO2ren/TNa+) was assessed using the 

ratio of the total amount of VO2ren over the total amount of sodium reabsorbed (TNa+, 

[mmol/min]). 

 

Statistical analysis 

Values are reported as the mean±SEM. The decay curves of phosphorescence 

intensity were analyzed using software programmed in Labview 6.1 (National 

Instruments, Austin, TX, USA). Statistical analysis was performed using GraphPad 

Prism version 4.0 for Windows (GraphPad Software, San Diego, CA, USA). Two-

way ANOVA with a Bonferroni post hoc test was used and a p-value of<0.05 was 

considered statistically significant. 

 

Results 

 

Fluid and electrolyte balance 

The amount of fluids given during resuscitation and the plasma chloride and sodium 

levels and plasma pH are presented in Table 1. Restoring the MAP from 30 mmHg 

(shock) to 80 mmHg required 24.8±1.7 ml of NaCl, 21.7±1.4 ml of RA, 5.9±0.5 ml 

of HES-NaCl (p<0.05 vs NaCl and RA), and 6.0±0.4 ml of HES-RA (p<0.05 vs 
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NaCl and RA). Plasma chloride levels were significantly increased (p<0.05 vs time 

control) after NaCl (119.6±6.1 mmol/l), RA (110.2±1.7 mmol/l), and HES-NaCl 

(112.4±3.5 mmol/l) resuscitation, but not after HES-RA (106.0±3.5 mmol/l) 

resuscitation. Similarly, plasma pH was significantly decreased (p<0.05 vs time 

control) after NaCl (7.10±0.03), RA (7.15±0.01), and HES-NaCl (7.20±0.02) 

resuscitation, but not after HES-RA (7.26±0.02) resuscitation. Hence, NaCl, RA, 

and HES-NaCl resuscitation led to hyperchloremic acidosis, while HES-RA 

resuscitation did not.  

 

Systemic and renal hemodynamics 

Systemic and renal hemodynamic variables are presented in Table 2. The baseline 

values measured in each group were found to be similar (p>0.05). In all groups, 

MAP, RBF decreased during hemorrhage without significant differences between 

groups.  

During resuscitation, MAP was consistently increased in all groups, though 

the target MAP of 80 mmHg was not successfully maintained after 60 min of 

resuscitation. In crystalloid treated groups, NaCl and RA, MAP was lower at the end 

of the protocol (44±4 and 48±3 mmHg, respectively) compared to in the colloid 

treated groups, HES-NaCl and HES RA (58±5 and 52±3 mmHg, respectively).  

Resuscitation improved RBF in all groups starting in the early phase of resuscitation 

(p<0.05). Improvement of RBF after 60 min of resuscitation was most pronounced 

in the HES-RA group (5.1± 0.2   ml/min; 85% of baseline value) and least in 0.9% 

NaCl group (2.4±0.5 ml/min; 42% of baseline value).  

 

Renal oxygenation 

Renal DO2, VO2, CµPO2, and MµPO2 are presented in Table 3. All these parameters 

decreased during hemorrhage without significant differences between groups. At the 

end of resuscitation, DO2 was improved compared to hemorrhagic shock. This 

increase was significant in the RA group (0.41±0.07 ml O2/min) and HES-RA group 

(0.39±0.06 ml O2/min) compared to HS control (p<0.05). VO2, however, could not 

be increased by fluid resuscitation (p>0.05 vs HS control).   

Resuscitation improved CµPO2 and MµPO2 albeit not to baseline level. At 

R60, CµPO2 was higher in the HES-RA group compared to other groups and 

significantly different comparing to the NaCl group (p<0.05).  
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 BL R60 

Amount of fluid 

required [ml]       

Time control       

HS control       

0.9 % NaCl    24.8 ± 1.7 

Ringer's Acetate    21.7 ± 1.4 

HES-NaCl    5.9 ± 0.5NR 

HES-RA    6.0 ± 0.4NR 

Cl- [mmol/l]   

Time control 104 ± 1 105 ± 2 

HS control 110.4 ± 1.1 119.5 ± 3.2 

0.9 % NaCl 87.2 ± 5.4 119.6 ± 6.1T 

Ringer's Acetate 105.6 ± 3.7 110.2 ± 1.7T 

HES-NaCl 97.6 ± 1.2 112.4 ± 3.5T 

HES-RA 102.4 ± 4.1 106 ± 3.5 

Na+ [mmol/l]       

Time control 142 ± 2 143 ± 2 

HS control 148.4 ± 2 149 ± 3.1 

0.9 % NaCl 141.8 ± 1.0 143.2 ± 0.8 

Ringer's Acetate 142.3 ± 1.2 144.2 ± 0.5 

HES-NaCl 143.2 ± 1.0 143.8 ± 0.6 

HES-RA 142.5 ± 0.9 143.8 ± 0.5 

pH       

Time control 7.31 ± 0.10 7.30 ± 0.10 

HS control 7.35 ± 0.01 7.11 ± 0.02 

0.9 % NaCl 7.27 ± 0.01 7.10 ± 0.03T 

Ringer's Acetate 7.31 ± 0.01 7.15 ± 0.01T 

HES-NaCl 7.29 ± 0.03 7.20 ± 0.02T 

HES-RA 7.31 ± 0.01 7.26 ± 0.02 

TABLE 1. Amount of resuscitation fluid required to increase the mean arterial pressure from 

30 to 80 mmHg and the plasma sodium (Na+) and chloride (Cl-) concentrations and plasma 

pH at baseline (BL) and after 60 min of resuscitation (R60). Tp<0.05 vs Time control; Np<0.05 

vs 0.9 % NaCl; Rp<0.05 vs Ringer’s Acetate. 
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Renal function  

Creatinine clearance and VO2/TNa+ are presented in Figure 1. There were no 

differences at baseline in creatinine clearance (not shown). During hemorrhagic 

shock urine production decreased dramatically. In the HS control group, all animals 

suffered from anuria at the end of the protocol. All groups had a lower creatinine 

clearance at the end of resuscitation (p<0.05 vs time control). The NaCl resuscitated 

group had the lowest creatinine clearance rate at R60. The VO2/TNa+ was found to be 

unaffected by fluid resuscitation. 

 

 BL HS R15 R60 

MAP [mmHg]             

Time control 102 ± 1 104 ± 2 99 ± 3 105 ± 4 

HS control 95 ± 9 30 ± 2 30 ± 3 30 ± 2 

0.9% NaCl 102 ± 2 31 ± 1 73 ± 8 44 ± 4 

Ringer's Acetate 101 ± 2 33 ± 1 57 ± 2 H 48 ± 3 

HES-NaCl 102 ± 3 31 ± 1 67 ± 6 58 ± 5 

HES-RA 101 ± 3 32 ± 2 62 ± 3 52 ± 3 

RBF [ml/min]             

Time control 5.6 ± 0.4 5.6 ± 1.1 5.8 ± 0.6 5.5 ± 1.0 

HS control 5.4 ± 0.2 1.2 ± 0.2 1.1 ± 0.3 0.9 ± 0.2 

0.9% NaCl 5.6 ± 0.3 1.4 ± 0.1 2.9 ± 0.6 H 2.4 ± 0.5 

Ringer's Acetate 5.6 ± 0.4 1.4 ± 0.2 3.8 ± 0.5 H 3.6 ± 0.4 H 

HES-NaCl 5.5 ± 0.2 1.7 ± 0.3 3.1 ± 0.3 H 3.4 ± 0.4 H 

HES-RA 5.9 ± 0.2 1.9 ± 0.1 4.9 ± 0.4 H 5.1 ± 0.2 HN 

RVR [dyn.s.sec-5]             

Time control 16.4 ± 1.1 15.1 ± 1.5 17.2 ± 1.2 16.9 ± 1.5 

HS control 17.5 ± 1.8 24.5 ± 5.2 27.6 ± 5.4 37.7 ± 5.6 

0.9% NaCl 18.6 ± 1.5 22.3 ± 1.8 29.3 ± 4.6 21.4 ± 3.5 

Ringer's Acetate 18.5 ± 1.5 20.8 ± 1.2 15.8 ± 2.5 14.2 ± 2.0 

HES-NaCl 18.6 ± 1.3 19.9 ± 3.0 21.4 ± 3.5 18.7 ± 2.7 

HES-RA 17.1 ± 1.0 17.6 ± 0.9 13.1 ± 1.0 10.2 ± 0.5 HN 

TABLE 2. Mean arterial pressure (MAP), renal blood flow (RBF), and renal vascular 

resistance (RVR) at baseline (BL), during hemorrhagic shock (HS), and after 15 and 60 min 

of resuscitation (R15 and R60, respectively). Hp<0.05 vs HS control; Np<0.05 vs 0.9 % NaCl. 
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 BL HS R15 R60 

DO2 [ml O2/min]             

Time control 1.30 ± 0.10 1.32 ± 0.15 1.27 ± 0.08 1.4 ± 0.01 

HS control 1.42 ± 0.11 0.19 ± 0.05 0.16 ± 0.05 0.13 ± 0.05 

0.9 % NaCl 1.36 ± 0.09 0.22 ± 0.01 0.33 ± 0.06 0.27 ± 0.06 

Ringer's Acetate 1.24 ± 0.03 0.22 ± 0.04 0.48 ± 0.08 H 0.41 ± 0.07 H 

HES-NaCl 1.39 ± 0.04 0.29 ± 0.09 0.4 ± 0.09 H 0.35 ± 0.05 H 

HES-RA 1.32 ± 0.08 0.2 ± 0.02 0.53 ± 0.09 H 0.39 ± 0.06 H 

VO2 [ml O2/min/g]             

Time control 0.20 ± 0.02 0.25 ± 0.01 0.24 ± 0.01 0.28 ± 0.02 

HS control 0.15 ± 0.08 0.07 ± 0.02 0.07 ± 0.02 0.06 ± 0.02 

0.9 % NaCl 0.19 ± 0.06 0.07 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 

Ringer's Acetate 0.10 ± 0.03 0.06 ± 0.02 0.1 ± 0.04 0.07 ± 0.03 

HES-NaCl 0.21 ± 0.03 0.11 ± 0.04 0.09 ± 0.03 0.07 ± 0.02 

HES-RA 0.15 ± 0.02 0.07 ± 0.01 0.11 ± 0.03 0.11 ± 0.02 

CµpO2 [mmHg]             

Time control 80 ± 2 78 ± 2 78 ± 2 76 ± 2 

HS control 83 ± 2 28 ± 6 22 ± 4 19 ± 5 

0.9 % NaCl 85 ± 4 20 ± 2 43 ± 3 33 ± 3 

Ringer's Acetate 75 ± 6 21 ± 3 40 ± 3 41 ± 2 

HES-NaCl 81 ± 7 27 ± 4 44 ± 3 45 ± 5 

HES-RA 85 ± 4 24 ± 2 53 ± 3R 50 ± 2N 

MµpO2 [mmHg]             

Time control 67 ± 2 66 ± 1 64 ± 1 64 ± 2 

HS control 62 ± 2 19 ± 6 15 ± 2 14 ± 2 

0.9 % NaCl 67 ± 3 9 ± 1 41 ± 2 30 ± 1 

Ringer's Acetate 61 ± 4 11 ± 3 31 ± 3 30 ± 1 

HES-NaCl 73 ± 1 16 ± 3 35 ± 2 30 ± 3 

HES-RA 67 ± 3 22 ± 3 39 ± 6 30 ± 4 

TABLE 3. Renal oxygen delivery (DO2), oxygen consumption (VO2) and microvascular 

oxygen tension in the renal cortex (CµpO2) and medulla (MµpO2) at baseline (BL), during 

hemorrhagic shock (HS), and after 15 and 60 min of resuscitation (R15 and R60, 

respectively).  Np<0.05 vs 0.9 % NaCl; Rp<0.05 vs Ringer’s Acetate. 
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Discussion 

 

In the present study, we examined the acute effects of acetate-balanced colloid and 

crystalloid resuscitation on renal oxygenation in a rat model of hemorrhagic shock. 

We tested the hypothesis that acetate-balanced solutions would be superior in 

correcting impaired renal perfusion and oxygenation after severe hemorrhage 

compared to unbalanced solutions. Our main findings were that: 1) hemorrhagic 

shock was associated with acute decreases in blood pressure, renal perfusion and 

oxygenation, and urine production; 2) volume replacement therapy with balanced 

and unbalanced crystalloid and colloid solutions partially corrected these 

parameters; and 3) the acetate-balanced colloid solution HES-RA was the only 

resuscitation fluid that could restore renal blood flow back to ~85% of baseline level 

which was associated with the most prominently improved renal oxygenation. 

 

 

FIGURE 1. Creatinine clearance and the ratio of the renal oxygen consumption (VO2) over 

the total amount of sodium reabsorbed (TNa+) after 60 min of resuscitation. Tp<0.05 vs Time 

control, Np<0.05 vs 0.9 % NaCl. 

 

Hemorrhagic shock is one of the major causes of acute renal failure due to 

decreased blood pressure and consequent hypoperfusion of the kidney. The presence 

of acute renal failure significantly increases morbidity and mortality [40]. The first 

step in the correction of hemorrhage-induced hypotension is aggressive volume 

replacement therapy [12] which aims to increase the circulating intravascular 

volume, blood pressure, and organ perfusion [9,34]. However, in contrast to blood, 

resuscitation fluids have poor oxygen transporting capacity and rheological 
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properties. In addition, the fluids used for volume replacement therapy have been 

suggested to increase inflammation and disturb homeostasis and the acid-base 

balance [41-44]. Over time, a variety of colloid and crystalloid solutions has been 

used, including isotonic saline and saline-based colloid solutions. Although saline-

based solutions have been associated with disturbed acid-base balance due to non-

physiological electrolyte composition and pH, these yet remain the most popular 

solutions for volume replacement therapy in peri-operative care [22-25,29,38,39]. 

With respect to the kidney, saline-based solutions are known to be more frequently 

associated with hyperchloremic acidosis, due to their high levels of chloride, 

resulting in renal vascular constriction and decreased renal perfusion [26a,27,45]. 

This we have confirmed in the present study. 

Balanced solutions, in contrast, provide an alternative with optimized 

physiological composition in terms of sodium, potassium, calcium, magnesium, and 

chloride levels, and their relative contributions regarding osmolality. Buffers such as 

acetate, gluconate, pyruvate, and lactate can be used in resuscitation fluids and are 

converted to bicarbonate in liver and raise the pH of the solution to normal blood pH 

(7.4). These solutions achieve a physiological acid-base balance with either 

bicarbonate or metabolizable anions and reduce of the risk of iatrogenic disruptions. 

In animal models of sepsis it has also been demonstrated that balanced solutions 

lead to less metabolic acidosis, reduced inflammatory cytokine levels, and longer 

survival compared to resuscitation with normal saline [26b,32]. Infusion of solutions 

containing lactate, however, has multiple side effects and, aside from those, lactate 

buffers require high levels of liver metabolism and oxygen consumption [28].  

In our model, as shown by others, hyperchloremia led to progressive renal 

vasoconstriction (increased RVR and decreased RBF) and a fall in glomerular 

filtration rate (decreased creatinine clearance). These phenomena have been shown 

to be independent of the renal nerve system and to be related to tubular chloride 

reabsorption and chloride-induced renal vasoconstriction [29]. Increased RVR and 

decreased creatinine clearance were most pronounced following NaCl resuscitation 

and were less pronounced in the HES-RA resuscitated group. Furthermore, HES-RA 

resuscitation was the only regime that could significantly increase renal DO2. This 

can be explained by the composition of the different fluids: where 0.9% NaCl has a 

chloride content of 154 mmol L
-1

, HES-RA has a chloride content of 112 mmol L
-1

. 

It should be pointed out, however, that the improved renal oxygenation in the HES-

RA group compared to the other groups is not directly associated with acetate-

balancing, per se; rather, it is probably due to less chloride infused in HES-RA in 

this MAP-targeted resuscitation protocol. Acetate itself does not correct 

hyperchloremic acidosis, lactic acidosis, and does not protect renal function. 

However, as HES-RA resuscitation prevented hyperchloremic acidosis, it also led to 
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avoiding microvascular constriction in renal cortex and medulla by which renal 

oxygenation was improved. Therefore, in essence, this study provided evidence that 

the excess chloride in resuscitation is toxic and disturbs both the acid-base balance 

and organ function. 

In this line, metabolic acidosis has been shown to be a common 

complication in critically ill patients and has been shown to serve as an independent 

predictor of outcome [56,57]. Furthermore, restricting chloride-rich fluids in 

intensive care has been shown significantly improve the acid-base status in critically 

ill patients [58]. However, although several animal studies, including the present 

study, suggest that hyperchloremic metabolic acidosis leads to renal vasoconstriction 

and potentially to kidney dysfunction, whether this also occurs in patients remains to 

be verified. 

The results from our study demonstrated once more the need for larger 

volumes of crystalloids to achieve similar systemic and microcirculatory goals, 

compared to colloids. Blood pressure increased the first 15-20 minutes of 

resuscitation and then gradually declined even though fluid infusion continued. 

Hence, the volume expansion effect of both crystalloids and colloids were 

temporary. Nonetheless, significantly lower volumes of colloids were required and 

the colloid solutions were also more effective in maintaining blood pressure after 

one hour of resuscitation. The low efficacy of the crystalloid solutions can be 

explained by the fact that only 20 % of their volume remains in the vascular lumen 

and 80 % leaks out, leading to tissue edema and consequent impaired tissue 

oxygenation.  

Excessive fluid overload leads to hemodilution which eventually may 

impair tissue oxygenation. In experimental studies it has been demonstrated that 

acute isovolemic hemodilution is associated with increases in red blood cell 

aggregation which triggers endothelium-dependent thrombogenic and pro-

inflammatory responses [52]. Animal studies have demonstrated the direct influence 

of hemodilution on microvascular flow and renal oxygen supply [53].  Johannes et 

al. have found that the renal microvascular oxygenation drops at very early stages of 

isovolemic hemodilution. It was also shown that the kidney is particularly 

vulnerable to decreases in oxygen delivery and that the critical hematocrit associated 

with a decrease in microvascular oxygenation is much higher for the kidney than for 

the heart or intestines [54]. This was underscored by a study demonstrating an 

increased risk of acute kidney injury in cardiopulmonary bypass-associated 

hemodilution [55]. The reasons for such a high sensitivity to hemodilution could 

involve endothelial dysfunction with an inflammatory component leading to tissue 

edema and increase of diffusion distance from microcirculation to the tissue cells.  



63 
 

Although earlier studies suggested negative effects of colloids on 

microcirculation, there is increasing evidence supporting the opposite [47]. 

Compared to crystalloid solutions, colloid solutions increase plasma viscosity. 

Elevating plasma viscosity in extreme hemodilution has been shown to increase 

microvascular flow through nitric oxide-mediated vasodilation [48]. Others have 

demonstrated the importance of sufficient blood viscosity with respect to functional 

capillary density and tissue oxygenation. Hence, during acute hemodilution as occur 

during aggressive fluid resuscitation, increasing plasma viscosity by administration 

of colloids may be beneficial for the microcirculation [49]. Indeed, the 

administration of hyperoncotic and hyperviscous solutions has been shown to be 

advantageous in hemorrhagic shock due to normalization of colloid osmotic pressure 

which leads to the recovery of microcirculatory perfusion and oxygenation [50]. 

Furthermore, Lang et al. described that colloids improved microvascular perfusion 

and reduced endothelial tissue edema. In contrast, the authors showed that 

crystalloids leak rapidly into the interstitium, causing endothelial tissue swelling and 

consequently reducing capillary perfusion and increasing the oxygen diffusion 

distance [46]. The results from the present study confirm this as microvascular 

oxygenation in the renal cortex was lower in the crystalloid resuscitated groups 

compared to the colloid resuscitated groups. This was most marked when comparing 

the unbalanced crystalloid solution (NaCl) to the acetate-balanced colloid solution 

(HES-RA) and was also translated into a significantly higher creatinine clearance 

rate in the HES-RA group compared to the NaCl group.  

Our study has, however, some limitations which should be acknowledged. 

First, translation of the findings in our animal model to clinical scenarios should be 

done with utmost care. Here, we imitated major hemorrhage by withdrawing blood 

until mean arterial pressure was decreased to 30 mmHg. Most trauma patients, 

however, suffer from multiple injuries which may influence their inflammatory 

state, potentially interfering with the hemorrhage-induced hypovolemia and 

subsequent treatment. Moreover, this model does not reflect the challenges in 

treatment of a neurological trauma patient. Nonetheless, our model does demonstrate 

the efficacy of volume replacement therapy using different types of fluids on renal 

perfusion and oxygenation after severe hemorrhage. Second, the rather short follow-

up period after of hemorrhagic shock and resuscitation does not allow assessment of 

renal (dys)function and injury in the long-term. Third, blood lactate and base excess 

levels were not monitored in the experiments so the effects of the tested solutions on 

these parameters remain to be elucidated.  

In conclusion, while resuscitation with the NaCl and RA (crystalloid 

solutions) and the HES-NaCl (unbalanced colloid solution) led to hyperchloremic 

acidosis, resuscitation with the HES-RA (acetate-balanced colloid solution) did not. 
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The acetate-balanced colloid solution HES-RA was furthermore the only fluid 

restoring renal blood flow back to ~85% of baseline level and most prominently 

improved renal microvascular oxygenation. However, the long-term effects of HES-

RA resuscitation on renal function warrants further study. 

 

Acknowledgements 

 

This study was partially supported by the Dutch Kidney Foundation (Grant number 

C092.2290) and partially by a grant from Baxter Healthcare Corporation as part of 

an investigator-initiated investigation. Baxter Healthcare Corporation was not 

involved in the design, analysis, or interpretation of the study or in the decision to 

publish the data.   

 

References 

 

1. Coimbra R, Porcides R, Loomis W, Melbostad H, Lall R, Deree J, Wolf P, Hoyt DB 

(2006) HSPTX protects against hemorrhagic shock resuscitation-induced tissue 

injury: an attractive alternative to Ringer's lactate. J Trauma 60:41-51 

 

2. Liu LM, Ward JA, Dubick MA (2003) Effects of crystalloid and colloid 

resuscitation on hemorrhage-induced vascular hyporesponsiveness to 

norepinephrine in the rat. J Trauma 54:S159-168 

 

3. Svensen C, Hahn RG (1997) Volume kinetics of Ringer solution, dextran 70, and 

hypertonic saline in male volunteers. Anesthesiology 87:204-212 

 

4. Haisch G, Boldt J, Krebs C, Kumle B, Suttner S, Schulz A (2001) The influence of 

intravascular volume therapy with a new hydroxyethyl starch preparation (6% HES 

130/0.4) on coagulation in patients undergoing major abdominal surgery. Anesth 

Analg 92:565-571 

 

5. Warren BB, Durieux ME (1997) Hydroxyethyl starch: safe or not? Anesth Analg 

84:206-212 

 



65 
 

6. Boldt J, Muller M, Heesen M, Heyn O, Hempelmann G (1996) Influence of 

different volume therapies on platelet function in the critically ill. Intensive Care 

Med 22:1075-1081 

 

7. Boldt J, Ducke M, Kumle B, Papsdorf M, Zurmeyer EL (2004) Influence of 

different volume replacement strategies on inflammation and endothelial activation 

in the elderly undergoing major abdominal surgery. Intensive Care Med 30:416-422 

 

8. Nohe B, Johannes T, Reutershan J, Rothmund A, Haeberle HA, Ploppa A, 

Schroeder TH, Dieterich HJ (2005) Synthetic colloids attenuate leukocyte-

endothelial interactions by inhibition of integrin function. Anesthesiology 103:759-

767 

 

9. Hoffmann JN, Vollmar B, Laschke MW, Inthorn D, Schildberg FW, Menger MD 

(2002) Hydroxyethyl starch (130 kD), but not crystalloid volume support, improves 

microcirculation during normotensive endotoxemia. Anesthesiology 97:460-470 

 

10. Legrand M, Mik EG, Balestra GM, Lutter R, Pirracchio R, Payen D, Ince C (2010) 

Fluid resuscitation does not improve renal oxygenation during hemorrhagic shock 

in rats. Anesthesiology 112:119-127 

 

11. Evans RG, Gardiner BS, Smith DW, O'Connor PM (2008) Intrarenal oxygenation: 

unique challenges and the biophysical basis of homeostasis. Am J Physiol Renal 

Physiol 295:F1259-1270 

 

12. Spahn DR, Cerny V, Coats TJ, Duranteau J, Fernandez-Mondejar E, Gordini G, 

Stahel PF, Hunt BJ, Komadina R, Neugebauer E, Ozier Y, Riddez L, Schultz A, 

Vincent JL, Rossaint R (2007) Management of bleeding following major trauma: a 

European guideline. Crit Care 11:R17 

 

13. Stern SA (2001) Low-volume fluid resuscitation for presumed hemorrhagic shock: 

helpful or harmful? Curr Opin Crit Care 7:422-430 

 

14. Horstick G, Lauterbach M, Kempf T, Bhakdi S, Heimann A, Horstick M, Meyer J, 

Kempski O (2002) Early albumin infusion improves global and local 

hemodynamics and reduces inflammatory response in hemorrhagic shock. Crit Care 

Med 30:851-855 

 

15. Johannes T, Mik EG, Ince C (2006) Dual-wavelength phosphorimetry for 

determination of cortical and subcortical microvascular oxygenation in rat kidney. J 

Appl Physiol 100:1301-1310 

 

16. Mik EG, van Leeuwen TG, Raat NJ, Ince C (2004) Quantitative determination of 

localized tissue oxygen concentration in vivo by two-photon excitation 

phosphorescence lifetime measurements. J Appl Physiol 97:1962-1969 



66 
 

 

17. Vinogradov SA, Fernandez-Seara MA, Dupan BW, Wilson DF (2002) A method 

for measuring oxygen distributions in tissue using frequency domain 

phosphorometry. Comp Biochem Physiol A Mol Integr Physiol 132:147-152 

 

18. Dunphy I, Vinogradov SA, Wilson DF (2002) Oxyphor R2 and G2: phosphors for 

measuring oxygen by oxygen-dependent quenching of phosphorescence. Anal 

Biochem 310:191-198 

 

19. Mik EG, Johannes T, Ince C (2008) Monitoring of renal venous PO2 and kidney 

oxygen consumption in rats by a near-infrared phosphorescence lifetime technique. 

Am J Physiol Renal Physiol 294:F676-681 

 

20. Grocott MP, Hamilton MA (2002) Resuscitation fluids. Vox Sang 82:1-8 

 

21. Roche AM, James MF (2009) Colloids and crystalloids: does it matter to the 

kidney? Curr Opin Crit Care 15:520-524 

 

22. Scheingraber S, Rehm M, Sehmisch C, Finsterer U (1999) Rapid saline infusion 

produces hyperchloremic acidosis in patients undergoing gynecologic surgery. 

Anesthesiology 90:1265-1270 

 

23. Waters JH, Gottlieb A, Schoenwald P, Popovich MJ, Sprung J, Nelson DR (2001) 

Normal saline versus lactated Ringer's solution for intraoperative fluid management 

in patients undergoing abdominal aortic aneurysm repair: an outcome study. Anesth 

Analg 93:817-822 

 

24. Waters JH, Miller LR, Clack S, Kim JV (1999) Cause of metabolic acidosis in 

prolonged surgery. Crit Care Med 27:2142-2146 

 

25. Juca CA, Rey LC, Martins CV (2005) Comparison between normal saline and a 

polyelectrolyte solution for fluid resuscitation in severely dehydrated infants with 

acute diarrhoea. Ann Trop Paediatr 25:253-260 

 

26a. Kellum JA (2002) Saline-induced hyperchloremic metabolic acidosis. Crit Care 

Med 30:259-261 

 

26b. Kellum JA (2002) Fluid resuscitation and hyperchloremic acidosis in experimental 

sepsis: improved short-term survival and acid-base balance with Hextend compared 

with saline. Crit Care Med 30:300-305 

 

27. Brill SA, Stewart TR, Brundage SI, Schreiber MA (2002) Base deficit does not 

predict mortality when secondary to hyperchloremic acidosis. Shock 17:459-462 

 



67 
 

28. Zander R (2002) [Base excess and lactate concentration in infusion solutions and 

blood products]. Anasthesiol Intensivmed Notfallmed Schmerzther 37:359-363 

 

29. Wilcox CS (1983) Regulation of renal blood flow by plasma chloride. J Clin Invest 

71:726-735 

 

30. Oh MS, Carroll HJ, Goldstein DA, Fein IA (1978) Hyperchloremic acidosis during 

the recovery phase of diabetic ketosis. Ann Intern Med 89:925-927 

 

31. Oh MS, Banerji MA, Carroll HJ (1981) The mechanism of hyperchloremic acidosis 

during the recovery phase of diabetic ketoacidosis. Diabetes 30:310-313 

 

32. Kellum JA, Song M, Almasri E (2006) Hyperchloremic acidosis increases 

circulating inflammatory molecules in experimental sepsis. Chest 130:962-967 

 

33. Schaefer CF, Lerner MR, Biber B (1995) Oxygen metabolism changes and outcome 

in response to immediate colloid treatment in the endotoxaemic rat. Acta 

Anaesthesiol Scand 39:43-49 

 

34. Kemming GI, Meisner FG, Wojtczyk CJ, Packert KB, Minor T, Thiel M, Tillmanns 

J, Meier J, Bottino D, Keipert PE, Faithfull S, Habler OP (2005) Oxygent as a top 

load to colloid and hyperoxia is more effective in resuscitation from hemorrhagic 

shock than colloid and hyperoxia alone. Shock 24:245-254 

 

35. Morris JA, Mucha P, Ross SE et al (1991) Acute posttraumatic renal failure: a 

multicenter perspective. J Trauma 31:1584-1590 

 

36. Menashe PI, Ross SA, Gottlieb JE (1988) Acquired renal insufficiency in critically 

ill patients. Crit Care Med 16: 1106-1109 

 

37. Stene JK (1990) Renal failure in trauma patients. Crit Care Clin 6:111 

 

38. Bullivant EM, Wilcox CS, Welch WJ. (1989) Intrarenal vasoconstriction during 

hyperchloremia: role of thromboxane. Am J Physiol;256(1 Pt 2):F152-7. 

 

39. Wilcox CS, Peart WS. (1987) Release of renin and angiotensin II into plasma and 

lymph during hyperchloremia. Am J Physiol;253(4 Pt 2):F734-41. 

 

40.  Lindseth RE, Hamburger RJ, Szwed JJ, Kleit SA (1975) Acute renal failure 

following trauma J Bone Joint Surg Am ;57:830-835.    

 

41.  Xiao N, Wang XC, Diao YF, Liu R, Tian KL (2004) Effect of initial fluid 

resuscitation on subsequent treatment in uncontrolled hemorrhagic shock in rats. 

Shock; 21:276 – 80 

 



68 
 

42.  Crimi E, Zhang H, Han RN, Del Sorbo L, Ranieri VM, Slutsky AS (2006) Ischemia 

and reperfusion increases susceptibility to ventilator-induced lung injury in rats. Am 

J Respir Crit Care Med; 174:178 – 86 

 

43.  Santibanez-Gallerani AS, Barber AE, Williams SJ, Zhao BSY, Shires GT 

(2001)000 Improved survival with early fluid resuscitation following hemorrhagic 

shock. World J Surg; 25:592–7 

 

44.  Yada-Langui MM, Anjos-Valotta EA, Sannomiya P, Rocha e Silva M, Coimbra R 

(2004) Fluid resuscitation affects microcirculatory Polymorphonuclear Leukocyte 

Behavior After Hemorrhagic Shock: Role of Hypertonic Saline and Pentoxifylline 

Exp Biol Med (Maywood); 229 (7): 684-93 

 

45. Williams EL, Hildebrand KL, Mc Cormick SA, Bedel MJ (1999) The effect of 

intravenous lactated ringers solution versus 09% sodium chloride on serum 

osmolarity in human volunteers,Anesth Analge; 88: 999-1003 

 

46. Lang K, Boldt J Suttner S, Haisch G (2001) Colloids versus crystalloids and tissue 

oxygen tension in patients undergoing major abdominal surgery Anesth Analg; 93: 

405-409. 

 

47. Krieter H, Brückner UB, Kefalianakis F, Messmer K (1995) Does colloid-induced 

plasma hyperviscosity in haemodilution jeopardize perfusion and oxygenation of 

vital organs? Acta Anaesthesiol Scand;39(2):236-44. 

 

48. Tsai AG, Acero C, Nance R, Cabrales P, Frangos JA, Buerk DG, Intaglietta M 

(2005) Elevated plasma viscosity in extreme hemodilution increases perivascular 

nitric oxide concentration and microvascular perfusion  Am J Physiol Heart Circ 

Physiol 288:H1730-H1739 

 

49. Tsai AG, Intaglietta M (2001) High viscosity plasma expanders: Volume restitution 

fluids for lowering the transfusion trigger . Biorheology 38; 229–237 

 

50. Wettstein R, Erni D, Intaglietta M, Tsai AG (2006) Rapid Restoration Of 

Microcirculatory Blood Flow With Hyperviscous And Hyperoncotic Solutions 

Lowers The Transfusion Trigger In Resuscitation From Hemorrhagic Shock Shock, 

Vol. 25, No. 6, Pp. 641-646 

 

51. Neff TA, Fischler L, Mark M, Stocker R, Reinhart WH (2005) The Influence of 

Two Different Hydroxyethyl Starch Solutions (6% HES 130/0.4 and 200/0.5) on 

Blood Viscosity Anesth Analg;100:1773–80 

 

52. Morariu AM, Maathuis MH, Asgeirsdottir SA, Leuvenink HG, Boonstra PW, van 

Oeveren W, Ploeg RJ, Molema I, Rakhorst G (2006) Acute isovolemic 



69 
 

hemodilution triggers proinflammatory and procoagulatory endothelial activation in 

vital organs: Role of erythrocyte aggregation. Microcirculation; 13:397– 409 

 

53. Johannes T, Mik EG, Nohe B, Unertl KE, Ince C (2007) Acute decrease in renal 

microvascular PO2 during acute normovolemic hemodilution. Am J Physiol Renal 

Physiol; 292:F796 – 803 

 

54. van Bommel J, Siegemund M, Henny ChP, Ince C (2008) Heart, kidney and 

intestine have different tolerances for anemia. Transl Res; 151:110 –7 

 

55. Habib RH, Zacharias A, Schwann TA, Riordan CJ, Engoren M, Durham SJ, Shah A 

(2005) Role of hemodilutional anemia and transfusion during cardiopulmonary 

bypass in renal injury after coronary revascularization: Implications on operative 

outcome. Crit Care Med; 33:1749 –56 

 

56. Smith I, Kumar P, Molloy S, Rhodes A, Newman PJ, Grounds RM, Bennett ED 

(2001) Base excess and lactate as prognostic indicators for patients admitted to 

intensive care. Intensive Care Med; 27:74-83 

 

57.  Gunnerson KJ, Saul M, He S, Kellum JA (2006) Lactate versus non-lactate 

metabolic acidosis: a retrospective outcome evaluation of critically ill patients. Crit 

Care; 10:R22 

 

58.  Yunos NM, Kim IB, Bellomo R, Bailey M, Ho L, Story D, Gutteridge GA, Hart GK 

(2011) The biochemical effects of restricting chloride-rich fluids in intensive care. 

Crit Care Med; 39:2419-24 

 

  



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 
 

 

 

 

 

 
Based on: 

 

Activated protein C ameliorates impaired renal microvascular oxygenation and 

sodium reabsorption in endotoxemic rats 

Almac E, Johannes T, Bezemer R, Mik EG, Unertl KE, Groeneveld ABJ, Ince C 

Intensive Care Medicine Experimental 2013 1:5 

  



72 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 

Abstract 

 

Introduction: We aimed to test whether continuous recombinant human activated 

protein C (APC) administration would be able to protect renal oxygenation and 

function during endotoxemia in order to provide more insight into the role of 

coagulation and inflammation in the development of septic acute kidney injury. 

 

Methods: In anesthetized, mechanically ventilated Wistar rats, endotoxemia was 

induced by lipopolysaccharide administration (10 mg/kg i.v. over 30 min). One hour 

later, the rats received fluid resuscitation with 0 (LPS + FR group; n = 8), 10 

(APC10 group; n = 8), or 100 (APC100 group; n = 8) µg/kg/h APC for 2 h. Renal 

microvascular oxygenation in the cortex and medulla were measured using 

phosphorimetry, and renal creatinine clearance rate and sodium reabsorption were 

measured as indicators of renal function. Statistical significance of differences 

between groups was tested using two-way ANOVA with Bonferroni post hoc tests. 

 

Results: APC did not have notable effects on systemic and renal hemodynamic and 

oxygenation variables or creatinine clearance. The changes in renal microvascular 

oxygenation in both the cortex (r = 0.66; p < 0.001) and medulla (r = 0.80; p < 

0.001) were correlated to renal sodium reabsorption. 

 

Conclusion: Renal sodium reabsorption is closely correlated to renal microvascular 

oxygenation during endotoxemia. In this study, fluid resuscitation and APC 

supplementation were not significantly effective in protecting renal microvascular 

oxygenation and renal function. The specific mechanisms responsible for these 

effects of APC warrant further study. 
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Background 

  

The prevalence of acute kidney injury (AKI) in septic patients is high, 

approximately 20% to 50%, and the AKI-related mortality rate is 75% in septic 

shock compared to 45% without sepsis [1,2]. The pathogenesis and pathophysiology 

of sepsis-induced AKI is highly complex, and current treatment strategies are mainly 

supportive rather than curative [3]. There is a growing body of evidence that 

microcirculatory dysfunction accompanied by tissue dysoxia might play a key role 

in the development of septic organ damage [4,5]. Excessive release of pro-

inflammatory mediators and disturbances in the coagulation system are believed to 

be involved in the pathogenesis of sepsis; both leading to microcirculatory 

dysfunction and consequent organ failure [6,7]. 

Activated protein C (APC) is an important endogenous protein that 

modulates coagulation and inflammation by promoting fibrinolysis and inhibiting 

thrombosis and inflammation [8-10]. Different experimental and clinical studies 

could demonstrate that the administration of APC improved outcome of severe 

sepsis [11-15]. With respect to the protective effects of APC on the kidney during 

sepsis, especially the group of Gupta et al. has identified specific mechanisms of 

action of APC in rat models of experimentally induced septic AKI [16-19]. Another 

group, furthermore, showed that APC reduced ischemia/reperfusion (I/R)-induced 

renal injury in rats [20]. 

Besides its potentially beneficial effects, there are serious concerns 

regarding the safety and efficacy of APC treatment in critically ill septic patients 

[21]. These concerns led to discontinuation of all ongoing clinical trials using APC 

for treatment of severe sepsis. APC is no longer suggested for the treatment of 

severe sepsis or septic shock. Despite these developments, investigating the effects 

of APC in experimental studies may provide more insights into the development of 

septic AKI.  

The above mentioned studies have provided key insights into the beneficial 

effects of APC in sepsis; however, none of these studies have investigated the 

effects of APC on renal oxygenation and function in terms of tubular sodium 

reabsorption. In the present study, we tested whether continuous recombinant human 

APC administration would be able to protect renal oxygenation and function during 

the acute phase of endotoxemia and fluid resuscitation. 
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Materials and Methods  

 

All experiments in this study were approved by the institutional Animal 

Experimentation Committee of the Academic Medical Center of the University of 

Amsterdam (institutional protocol number: DFL 100404). Care and handling of the 

animals were in accordance with the guidelines for Institutional and Animal Care 

and Use Committees. The experiments were performed on 32 Wistar male rats 

(Harlan Laboratories, Inc., Boxmeer, The Netherlands) with mean ± SD body weight 

of 318 ± 15 g. 

 

Surgical preparation 

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 

mg/kg ketamine (Nimatek®, Eurovet, Bladel, The Netherlands), 0.5 mg/kg 

medetomidine (Domitor, Pfizer Inc., New York, NY, USA), and 0.05 mg/kg 

atropine sulfate (Centrafarm Pharmaceuticals B.V., Etten-Leur, The Netherlands). 

After tracheotomy, the animals were mechanically ventilated with a FiO2 of 0.4. 

Body temperature was maintained at 37°C ± 0.5°C during the entire experiment by 

external warming. The ventilator settings were adjusted to maintain end-tidal PCO2 

between 30 and 35 mmHg, and arterial PCO2 between 35 and 40 mmHg. 

The vessels were cannulated with polyethylene catheters (outer diameter = 

0.9 mm; B. Braun Melsungen AG, Melsungen, Germany) for drug and fluid 

administration and hemodynamic monitoring. A catheter in the right carotid artery 

was connected to a pressure transducer to monitor the mean arterial blood pressure 

(MAP) and heart rate. The right femoral artery was cannulated for blood sampling. 

The right femoral vein was cannulated for continuous infusion of Ringer's lactate 

(15 mL/kg/h; Baxter B.V., Utrecht, The Netherlands) and ketamine (50 mg/kg/h; 

Nimatek®; Eurovet). 

The left kidney was exposed, decapsulated, and immobilized in a Lucite 

kidney cup (K. Effenberger, Pfaffingen, Germany) via a 4-cm incision in the left 

flank. The renal vessels were carefully separated under preservation of nerves and 

adrenal gland. A perivascular ultrasonic transient time flow probe was placed around 

the left renal artery (type 0.7 RB; Transonic Systems Inc., Ithaca, NY, USA) and 

connected to a flow meter (T206; Transonic Systems Inc.) to continuously measure 

the renal blood flow (RBF). An estimation of the renal vascular resistance (RVR) 
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was made as RVR (dynes s−1 cm−5) = (MAP / RBF). The left ureter was isolated, 

ligated, and cannulated with a polyethylene catheter for urine collection. 

After the surgical protocol (approximately 60 min), one optical fiber was 

placed 1 mm above the decapsulated kidney and another optical fiber 1 mm above 

the renal vein to measure oxygenation in the renal microvasculature and renal vein, 

respectively, using phosphorimetry. [22-24]. A small piece of aluminum foil was 

placed on the dorsal site of the renal vein to prevent contribution of underlying 

tissue to the phosphorescence signal in the venous oxygenation measurement. 

Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin; Oxygen Enterprises Ltd., Philadelphia, PA, USA) was 

subsequently infused (6 mg/kg IV over 5 min) followed by a 30-min stabilization 

period. A short description of phosphorimetry is given below, and a more detailed 

description of the technology has been provided elsewhere [22,23]. 

 

Experimental protocol 

After baseline measurements were performed 30 min after Oxyphor G2 infusion, 

endotoxemic shock was induced in three groups of rats (n = 8/group) by a bolus of 

lipopolysaccharide (LPS, 10 mg/kg, serotype 0127:B8, Sigma-Aldrich, Zwijndrecht, 

The Netherlands). One hour after the LPS bolus, fluid resuscitation (5 mL/kg 

followed by 5 mL/kg/h; Voluven®, 6% HES 130/0.4; Fresenius Kabi, Schelle, 

Belgium) was started and continued for 2 h. In addition to the fluid resuscitation, 

one group received 10 µg/kg/h APC and one group received 100 µg/kg/h APC 

(recombinant human activated protein C; Drotrecogin Alpha, Xigris®, Eli Lilly and 

Company, Indianapolis, IN, USA). A fourth group of rats (n = 8) did not receive 

LPS or fluid resuscitation and served as a sham-operated time control group. All the 

rats, except for those in the time control group, received the same fluid volume. The 

experiments were terminated by infusion of 1 mL of 3 M potassium chloride (KCl), 

after which the kidneys were removed and weighted. 

 

Blood variables 

Arterial blood samples (0.5 mL) were taken from the femoral artery at the following 

time points: (1) baseline; (2) 1 h after the LPS bolus, before the start of fluid 

resuscitation; and (3) after 2 h of fluid resuscitation. The blood samples were 

replaced by the same volume of Voluven®. The samples were analyzed for blood 

gas values (ABL505 blood gas analyzer; Radiometer Medical ApS, Copenhagen, 
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Denmark), hemoglobin concentration, and hemoglobin oxygen saturation (OSM3; 

Radiometer Medical ApS). Additionally, plasma creatinine concentrations were 

determined in all the samples. 

 

Renal microvascular and venous oxygenation 

Microvascular oxygen tension in the renal cortex (CμPO2), outer medulla (MμPO2), 

and renal venous oxygen tension (PrvO2) were measured by oxygen-dependent 

quenching of phosphorescence lifetimes of the systemically infused albumin-

targeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2 [24]. 

Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin) has two excitation peaks (λexcitation1 = 440 nm, λexcitation2 = 

632 nm) and one emission peak (λemission = 800 nm). These optical properties 

allow (near) simultaneous lifetime measurements in microcirculation of the kidney 

cortex and the outer medulla due to different optical penetration depths of the 

excitation light [25]. For the measurement of renal venous PO2 (PrvO2), a mono-

wavelength phosphorimeter was used [26]. Oxygen measurements based on 

phosphorescence lifetime techniques rely on the principle that phosphorescence can 

be quenched by energy transfer to oxygen, resulting in shortening of the 

phosphorescence lifetime. A linear relationship between reciprocal phosphorescence 

lifetime and oxygen tension (given by the Stern-Volmer relation) allows quantitative 

measurement of PO2 [27]. 

 

Renal oxygen delivery and consumption 

Arterial oxygen content (AOC) was calculated by (1.31 × hemoglobin × SaO2) + 

(0.003 × PaO2), where SaO2 is the arterial oxygen saturation, and PaO2 is the 

arterial partial pressure of oxygen. Renal venous oxygen content (RVOC) was 

calculated as (1.31 × hemoglobin × SrvO2) + (0.003 × PrvO2), where SrvO2 is the 

venous oxygen saturation, and PrvO2 is the renal vein partial pressure of oxygen 

(measured using phosphorimetry). Renal oxygen delivery per gram of renal tissue 

was calculated as DO2 (mL/min/g) = RBF × AOC. Renal oxygen consumption per 

gram of renal tissue was calculated as VO2 (mL/min/g) = RBF × (AOC − RVOC). 

The renal oxygen extraction ratio was calculated as O2ER (%) = VO2/DO2 × 100. 
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Renal function 

For the analysis of urine volume, creatinine concentration, and sodium (Na+) 

concentration at the end of the protocol, urine samples from the left ureter were 

collected for 10 min. Creatinine clearance rate (CLcrea) per gram of renal tissue was 

calculated with standard formula: CLcrea (mL/min/g) = (U × V) / P, where U is the 

urine creatinine concentration, V is the urine volume per unit time, and P is the 

plasma creatinine concentration. Renal sodium reabsorption (TNa+, (mmol/min)) 

was calculated as TNa+ = (PNa+ × CCR) − (UNa+ × V), where UNa+ is the urine 

sodium concentration, and PNa+ is the plasma sodium concentration. The renal 

oxygen consumption efficiency for sodium transport (VO2/TNa+) was assessed as 

the ratio of the renal VO2 over the total amount of sodium reabsorbed (TNa+, 

(mmol/min)). 

 

Data analysis 

Statistical analysis was performed using GraphPad Prism version 5.0 for Windows 

(GraphPad Software Inc., San Diego, CA, USA). Data are presented as median 

(25% to 75% percentiles). The statistical significance of differences between groups 

was tested using two-way ANOVA with Bonferroni post hoc tests. P values < 0.05 

were considered significant. 

 

Results 

 

Table 1a and 1b shows the systemic and renal hemodynamic variables: mean arterial 

pressure (MAP), renal blood flow (RBF), renal vascular resistance (RVR), arterial 

hemoglobin level (Hb), renal oxygen delivery (DO2), renal oxygen consumption 

(VO2), and microvascular oxygen tensions in the renal cortex (CμPO2) and medulla 

(MμPO2) at baseline (BL); 1 h after the LPS bolus, before the start of fluid 

resuscitation (LPS); and after 2 h of fluid resuscitation (FR).  

Figure 1 shows the renal DO2 and VO2 and TNa+, renal oxygen handling 

efficacy (VO2/TNa+), and creatinine clearance rate at the end of the protocol. No 

differences in any of these variables between groups were present at baseline. 
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 BL (t = 0 min) LPS (t = 60 min) FR (t = 180 min) 

MAP (mmHg)       

Time control 99 (97-103) 99 (94-99) 90 (85-94) 

LPS + FR 102 (96-109) 77 (73-93)
 T
 68 (44-79)

 T
 

APC10 100 (99-102) 76 (69-84)
 T
 72 (59-78)

 T
 

APC100 102 (102-103) 78 (76-92)
 T
 81 (70-89)

 T
 

RBF (mL/min)       

Time control 6.2 (5.8-6.3) 5.9 (4.7-6.1) 5.1 (4.7-5.8) 

LPS + FR 6.8 (6.0-6.8) 3.1 (3.1-3.3)
 T
 4.6 (2.2-5.1)

 T
 

APC10 6.6 (5.0-7.1) 3.2 (1.7-4.5)
 T
 4.1 (2.8-5.1)

 T
 

APC100 6.0 (5.9-6.8) 3.2 (2.3-4.2)
 T
 4.2 (2.8-4.7)

 T
 

RVR (dyn s−1 cm−5)       

Time control 1,319 (1,251-1,373) 1,347 (1,301-1,579) 1,332 (1,280-1,558) 

LPS + FR 1,276 (1,183-1,407) 1,901 (1,620-2,673)
 T
 1,311 (828-2,314) 

APC10 1,267 (1,124-1,635) 2,086 (1,353-3,222)
 T
 1,371 (938-2,038) 

APC100 1,331 (1,203-1,407) 2,024 (1,761-2,743)
 T
 1,636 (1,383-1,864) 

TABLE 1a. Systemic and renal hemodynamic variables in the renal cortex and medulla at 

three sampling points. Data are presented as median (25% to 75% percentiles). MAP, mean 

arterial pressure; RBF, renal blood flow; RVR, renal vascular resistance. 

 

Systemic and renal hemodynamic variables 

The bolus of LPS (10 mg/kg) induced a significant drop in MAP and RBF, and a 

rise in RVR. One hour after LPS administration, all the rats received the same 

amount of Voluven® during the resuscitation protocol, i.e., a bolus of 5 mL/kg 

followed by 5 mL/kg/h for 2 h. Fluid resuscitation could not improve MAP, RBF, 

and RVR back to baseline level. No additional effects of APC supplementation (10 

or 100 µg/kg/h) on systemic and renal hemodynamic variables were observed. 
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 BL (t = 0 min) LPS (t = 60 min) FR (t = 180 min) 

Hb (g/dL)       

Time control 0.19 (0.18-0.20) 0.18 (0.17-0.20) 0.18 (0.15-0.19) 

LPS + FR 0.19 (0.17-0.20) 0.17 (0.17-0.18) 0.13 (0.12-0.14)
 T

 

APC10 0.19 (0.18-0.20) 0.19 (0.17-0.20) 0.13 (0.12-0.14)
 T

 

APC100 0.19 (0.18-0.19) 0.18 (0.17-0.19) 0.13 (0.11-0.14)
 T

 

DO2 (mL O2/min/g)       

Time control 0.90 (0.82-0.95) 0.80 (0.60-0.93) 0.69 (0.56-0.78) 

LPS + FR 0.87 (0.77-0.96) 0.39 (0.37-0.43)
 T
 0.46 (0.22-0.48)

 T
 

APC10 0.89 (0.81-0.99) 0.41 (0.26-0.63)
 T
 0.40 (0.25-0.52)

 T
 

APC100 0.85 (0.80-0.97) 0.45 (0.28-0.61)
 T
 0.37 (0.29-0.49)

 T
 

VO2 (mL O2/min/g)       

Time control 0.16 (0.12-0.20) 0.18 (0.08-0.26) 0.18 (0.16-0.19) 

LPS + FR 0.13 (0.12-0.17) 0.11 (0.08-0.15) 0.17 (0.11-0.18) 

APC10 0.18 (0.12-0.19) 0.13 (0.07-0.16) 0.14 (0.11-0.20) 

APC100 0.17 (0.13-0.24) 0.12 (0.10-0.17) 0.16 (0.14-0.21) 

CμPO2 (mmHg)       

Time control 86 (82-87) 85 (78-92) 71 (66-79) 

LPS + FR 83 (77-87) 69 (65-77)
 T
 49 (43-51)

 T
 

APC10 82 (81-87) 75 (65-83)
 T
 56 (49-59)

 T
 

APC100 80 (75-88) 67 (64-75)
 T
 68 (54-71) 

MμPO2 (mmHg)       

Time control 65 (59-66) 62 (57-67) 58 (53-60) 

LPS + FR 55 (51-66) 55 (50-57)
 T
 40 (35-44)

 T
 

APC10 62 (55-64) 53 (47-60)
 T
 45 (39-49)

 T
 

APC100 59 (55-69) 55 (49-59)
 T
 55 (49-58) 

TABLE 1b. Systemic and renal hemodynamic variables in the renal cortex and medulla at 

three sampling points. Hb, arterial hemoglobin level; DO2, renal oxygen delivery; VO2, renal 

oxygen consumption; CμPO2, microvascular oxygen tension in the renal cortex; 

microvascular oxygen tension in the medulla (MμPO2); BL, baseline (BL); LPS, 

lipopolysaccharide; FR, fluid resuscitation. Tp < 0.05 vs time control.) 
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Renal oxygenation variables 

In line with RBF, renal DO2 decreased after the LPS bolus in all groups. Fluid 

resuscitation led to a reduction in the arterial hemoglobin concentration, and 

therefore, in contrast to RBF, renal DO2 did not improve due to the hemodilution. 

At the end of the protocol, despite differences in MAP and RBF between the groups, 

there were no significant differences in DO2. The reduced renal DO2 was also 

reflected by the reduced microvascular oxygenation in the renal cortex and medulla 

in all groups. In the APC100 group, the cortical and medullar PO2 was slightly 

higher than those in other experimental groups; however, this difference was not 

statistically significant. Even though renal DO2 was decreased after LPS and fluid 

administration, renal VO2 was maintained throughout the entire protocol. No 

additional effects of APC supplementation on renal DO2 and VO2 were observed. 

 

 

FIGURE 1. DO2, VO2, TNa+, VO2 / TNa+, and creatinine clearance rate at the end of 

protocol. Data are presented as Whisker boxes and range. Tp < 0.05 vs time control; Fp < 

0.05 vs LPS + FR. Panel (A) renal oxygen delivery and consumption, panel (B) renal sodium 

reabsorption, panel(C) renal oxygen handling, and panel (D) renal creatinine clearance rate. 
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Renal function parameters 

At the end of the protocol, creatinine clearance rate and sodium reabsorption had 

decreased in all endotoxemic groups. Supplementation with APC improved both 

parameters, albeit not to baseline level. Renal oxygen handling efficacy, as 

expressed as the amount of oxygen consumed by the kidney per sodium reabsorbed 

(VO2/TNa+), was increased fourfold in the endotoxemic group receiving only fluids 

without APC and less than two-old in the groups receiving APC. Figure 2 shows 

that renal sodium reabsorption was closely correlated to renal microvascular 

oxygenation during endotoxemia and resuscitation, and APC supplementation 

partially protects both renal parameters. 

 

 

FIGURE 2. Renal sodium reabsorption (TNa+) versus the microvascular oxygenation. In the 

renal cortex (A) and medulla (B) at the end of the protocol in all groups. 

 

Discussion 

 

It has been shown in rat models of experimentally induced sepsis that APC has 

protective effects on the kidney [16-19]. These studies have provided important 

insights into both the pathophysiology of septic AKI and the potential role of APC 

in its prevention and/or treatment. In the present study, we aimed to test whether 

continuous recombinant human APC administration would be able to protect renal 

oxygenation and function during the acute phase of lipopolysaccharide-induced 

endotoxemia and fluid resuscitation. Although APC has been withdrawn from the 
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market, investigating its effects in studies like this is still very relevant as it might 

provide more insight into the development of septic AKI. 

In our model, endotoxemia and fluid resuscitation led to progressive renal 

vasoconstriction (increased RVR and decreased RBF) and a decrease in renal DO2 

and microvascular oxygenation, a fall in glomerular filtration rate (decreased 

creatinine clearance), and a fourfold rise in the amount of oxygen consumed by the 

kidney per sodium reabsorbed (VO2/TNa+). Our main findings regarding the effects 

of APC were that APC did not have significant effects on the systemic and renal 

hemodynamic and oxygenation variables or creatinine clearance. In the fluid 

resuscitation group, MAP was slightly lower than those in the other experimental 

groups, however not significant. Despite lower MAP values, RBF was higher than 

those in the APC10 and APC100 groups. There were no statistical differences in 

DO2 between groups at the end of the protocol. Particularly, in the APC100 group, 

both renal cortical and medullary microvascular oxygenation were better preserved 

than in fluid resuscitation alone. However, this difference was not statistically 

significant. In addition, sodium reabsorption and oxygen consumption per sodium 

reabsorbed (VO2/TNa+) were preserved in the APC10 and APC100 groups as 

compared to fluid resuscitation alone. Renal sodium reabsorption was closely 

correlated to renal microvascular oxygenation during endotoxemia and resuscitation, 

suggesting a better renal oxygen handling and less renal damage. Nevertheless, there 

was no assessment of cellular hypoxia or damage to confirm the suggestion above. 

Although the mechanisms underlying acute renal failure are not completely 

defined, in the early stage of sepsis, impairment of the renal microcirculation is 

believed to be a key complication potentially leading to renal failure [25,28-30]. In 

addition to an imbalance between physiological vasoactive compounds, it has been 

suggested that hypoxic microvascular areas might arise in the renal cortex in 

untreated endotoxemia [5]. These hypoxic areas are considered to reflect shunting of 

weak microcirculatory units [31,32]. In the present study, 100 µg/kg APC-treated 

rats had less reduction of microvascular oxygenation than that observed in the other 

groups. As mentioned above, this was not statistically significant due to small-sized 

groups. Also, MAP was slightly higher in APC-treated rats, compared to that with 

fluid resuscitation alone. It might be suggested that the changes in the renal 

microvascular oxygenation are related to those in systemic blood pressure. However, 

RBF and DO2 were not influenced by the mild changes in systemic blood pressure. 

Furthermore, APC treatment did not affect renal DO2 or VO2. This could 

also be explained by reduced microvascular shunting in the APC100 group: when 

blood is shunted from the microcirculation, the remaining microcirculatory blood 

would deoxygenate more rapidly, while venous oxygenation would be maintained as 
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this is mixed microcirculatory blood and shunted blood from the arterial side. It has 

been shown that serine protease protein C plays an important role in controlling 

thrombosis and inflammation and that it exhibits cytoprotective properties [26]. 

There is evidence that in septic patients, a reduced plasma level of protein C is 

prognostic for clinical outcome [33]. With respect to the protective effects of APC 

on the kidney during sepsis, especially, the group of Gupta et al. has identified 

specific mechanisms of action of APC in rat models of experimentally induced 

septic AKI [16,19]. In these studies, rats simultaneously received LPS and 10, 30, or 

100 µg/kg APC. In the present study, the rats first received an LPS bolus, and fluid 

resuscitation was started 1 h later with 0, 10, or 100 µg/kg/h APC. We did not 

investigate the direct acting mechanisms of APC in our present study but merely 

focused on the acute effects of APC-supplemented fluid resuscitation in the kidneys 

of endotoxemic rats. Mimicking the clinical use of APC, at a rate of 24 µg/kg/h for 

96 h was neither practical nor was our aim in this study. 

The increase in VO2/TNa+ following LPS and fluid resuscitation without 

APC could either indicate less efficient oxygen use for ATP production for Na+ 

reabsorption or that oxygen is used for other purposes than ATP production such as 

ROS generation. In a recently published review [34], we described that 

ischemia/reperfusion injury, also arises during hypotensive (septic) shock and 

resuscitation, is associated with intrarenal microcirculatory dysfunction caused by an 

imbalance between vasoconstrictors and vasodilators, endothelial damage and 

endothelium-leukocyte interactions [35-37], oxidative stress [38,39], and oxygen 

handling [40-42]. Alterations in oxygen transport pathways can result in cellular 

hypoxia and/or dysoxia [33]. This condition is associated with mitochondrial failure 

and/or activation of alternative pathways for oxygen consumption [34,43]. This 

could explain the observed rise in VO2/TNa+ here. 

Another explanation for the observed increase of VO2/TNa+ is the back 

leak phenomenon. Renal I/R injury is shown to cause derangements of the tubule 

cell cytoskeleton, altered integrity of tight junctions between cells and loss of 

epithelial polarity, ultimately providing a pathway for back leak of filtrate. These 

impairments are suggested to cause uncoupling of renal sodium transport and 

oxygen consumption, leading to inefficient sodium reabsorption. In this view, the 

above described results of this study might also be explained by prevention of I/R-

induced renal cell injury in APC-treated rats and protective effects of APC on 

cellular integrity and tight junction structure [44,45]. 

There is some evidence that traditional HES solutions can impair renal 

function and should be used with caution in patients with renal insufficiency [46]. In 

contrast, the latest generation of HES with low molecular weight and low degree of 
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substitution (such as HES 130/0.4) is suggested to have minimal influence on renal 

function and coagulation. In 2006, Johannes et al., using phosphorescence lifetime 

technique, studied the influence of fluid resuscitation and fluid of choice on renal 

microvascular oxygenation in a similar model of endotoxemia [47]. HES 130/0.4 

had least influence on renal VO2 and restored renal function. In this view, we have 

decided to choose HES 130/0.4 for fluid resuscitation during our study. 

We are aware that our study suffers from some limitations. First, no 

markers of systemic or renal inflammation or coagulation disorders or oxidative 

stress were measured. Instead, we merely focused on the acute physiological effects 

of APC-supplemented fluid resuscitation on renal oxygenation, oxygen handling, 

and function. Second, endotoxemic models may not reflect all the situations 

encountered in human sepsis and may lack relevance in gram-positive sepsis. 

However, it is a reproducible model of acute inflammation that involves similar 

pathways and thus allows us to study the pathophysiology and potential treatment of 

endotoxemia-induced AKI. Extrapolation of this model to clinical scenarios in terms 

of treatment strategies should be made with utmost caution. Instead, our study 

should be regarded as adding to our understanding of the factors contributing to 

renal microcirculatory failure and potential treatment strategies. Third, the present 

study only allows assessment of the acute effects of LPS, fluid resuscitation, and 

APC supplementation in this short-term rat model. APC was infused for 2 h, and the 

experiments only lasted 3 h in total which may be insufficient to see any 

hemodynamic effect. Fourth, the only drug specifically approved for sepsis 

(recombinant human APC) has been withdrawn from the market. However, 

investigating its effects in experimental studies is still very relevant as it potentially 

provides new insights into the development and treatment of septic AKI. 

 

Conclusions 

 

In conclusion, our data suggest that renal sodium reabsorption is closely correlated 

to renal microvascular oxygenation during experimentally induced endotoxemia. 

APC supplementation to standard resuscitation protocol partially protected both 

renal parameters. The specific mechanisms responsible for these protective effects of 

APC warrant further study. 
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L-NIL prevents renal microvascular hypoxia and increase of renal oxygen 

consumption after ischemia-reperfusion in rats 

Legrand M*, Almac E*, Mik EG, Johannes T, Kandil A, Bezemer R, Payen D, Ince 
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Abstract 

 

Even though renal hypoxia is believed to play a pivotal role in the development of 

acute kidney injury, no study has specifically addressed the alterations in renal 

oxygenation in the early onset of renal ischemia-reperfusion (I/R). Renal 

oxygenation depends on a balance between oxygen supply and consumption, with 

the nitric oxide (NO) as a major regulator of microvascular oxygen supply and 

oxygen consumption. The aim of this study was to investigate whether I/R induces 

inducible NO synthase (iNOS)-dependent early changes in renal oxygenation and 

the potential benefit of iNOS inhibitors on such alterations. Anesthetized Sprague-

Dawley rats underwent a 30-min suprarenal aortic clamping with or without either 

the nonselective NO synthase inhibitor N
ω
-nitro-L-arginine methyl ester (L-NAME) 

or the selective iNOS inhibitor L-N
6
-(1-iminoethyl)lysine hydrochloride (L-NIL). 

Cortical (CμPO2) and outer medullary (MμPO2) microvascular oxygen pressure 

(μPO2), renal oxygen delivery (DO2ren), renal oxygen consumption (V O2ren), and 

renal oxygen extraction (O2ER) were measured by oxygen-dependent quenching 

phosphorescence techniques throughout 2 h of reperfusion. During reperfusion renal 

arterial resistance and oxygen shunting increased, whereas renal blood flow, CμPO2, 

and MμPO2 (−70, −42, and −42%, respectively, P < 0.05), V O2ren, and 

DO2ren (−70%, P < 0.0001, and −28%, P < 0.05) dropped. Whereas L-NAME further 

decreased DO2ren, V O2ren, CμPO2, and MμPO2 and deteriorated renal function, L-

NIL partially prevented the drop of DO2ren and μPO2, increased O2ER, restored 

V O2ren and metabolic efficiency, and prevented deterioration of renal function. Our 

results demonstrate that renal I/R induces early iNOS-dependent microvascular 

hypoxia in disrupting the balance between microvascular oxygen supply and V O2ren, 

whereas endothelial NO synthase activity is compulsory for the maintenance of this 

balance. L-NIL can prevent ischemic-induced renal microvascular hypoxia. 
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Introduction 

 

Acute renal failure (ARF) is a major contributor to morbidity [24] and mortality [3] 

among hospitalized patients. Recent evidence shows that renal ischemia-reperfusion 

(I/R), as occurs during vascular surgery and shock, not only affects the renal tubules 

but in addition damages the renal microcirculation [8, 29, 34], preventing proper 

tissue reperfusion [4, 6]. The decrease in microvascular blood flow can then 

decrease renal oxygen supply and induce renal hypoxia. Dysoxia will originate from 

an imbalance between oxygen supply and oxygen requirements, which may turn out 

to be an important contributor to the pathogenesis of ARF after I/R [27]. The 

damaging effects of dysoxia can then be maximized by the decrease in the inability 

to handle oxygen at the mitochondrial level. However, this theory remains mainly 

speculative since no studies have specifically addressed the question whether 

alterations in renal oxygen pathways occur in the early onset of renal I/R and data 

regarding renal microvascular oxygen supply and oxygen consumption in this 

setting are lacking. 

Many regulatory factors contribute to the homeostasis of oxygen supply 

and consumption of the kidney [27]. Of these, nitric oxide (NO) is of prime 

importance because of its central regulatory role in intrarenal microcirculation (12) 

and V O2ren regulation [1,25]. NO synthesis is predominantly mediated by two 

enzymes: endothelial NO synthase (eNOS) and inducible NO synthase (iNOS). 

Whereas eNOS is present in endothelial cells of vasa recta, in inner medullary 

collecting duct and glomeruli, iNOS expression is upregulated in vascular smooth 

muscle cells, renal tubular cells, and in monocytes, macrophages, and neutrophils in 

inflammatory states such as I/R injury [12]. It has been demonstrated in several 

other organs system such as the myocardium and brain that I/R injury results in 

increased NO generation [17]. It is thought that this excess NO is iNOS derived and 

that it contributes to microcirculatory derangement [9]. This would occur via 

endothelial-leukocyte activation, peroxynitrite formation [10,17] with a potential 

oxygen radical-dependent renal vasoconstriction [2,28], and secondary inhibition of 

eNOS. Indeed, increase in iNOS-derived NO is suspected to inhibit eNOS activity 

and decrease eNOS-derived NO release, disrupting the paracrine counteracting 

vasodilatory effect of NO on vasoconstrictors at the microcirculatory level [17]. 

Furthermore, eNOS-derived NO, in contrast, has been shown to prevent platelet 

aggregation and leukocyte adhesion [26,32]. For instance, Jones et al. demonstrated 

that I/R injury in the mouse myocardium is enhanced in eNOS-deficient mice 

compared with wild-type [20a]. Therefore, eNOS-derived NO may participate in 

sustaining blood supply to the tissue after renal I/R injury. On the other hand, NO 

also has a direct influence on renal oxygen metabolism as shown the increase in 
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oxygen consumption and decrease in renal metabolism efficiency after infusion of a 

nonselective NOS inhibitor in healthy dogs [25]. Inhibition of mitochondrial 

respiration at the cytochrome oxidase level might be involved in this regulating 

function [11,16]. However, the role of iNOS on V O2ren after ischemia-reperfusion is 

unknown. 

Clinically applicable therapy directly aimed at protecting or curing the 

kidney from such injury remains lacking. Our focus, therefore, is on 

microcirculation and oxygenation-targeted protective therapies. The dual action of 

NO on microcirculation and oxygen metabolism make it a potential central player in 

matching oxygen supply to oxygen consumption during renal I/R. 

In this study, using a newly developed phosphorescence technique allowing 

measurement of microvascular PO2 and V O2ren in vivo, we investigated whether 

alteration in renal microcirculatory oxygenation and oxygen handling occurs during 

renal I/R and the role of NO in such alterations. In doing so, we tested the following 

hypotheses: 1) I/R induces renal microvascular hypoxia in the cortex and the outer 

medulla, 2) the renal I/R-induced microvascular hypoxia is iNOS dependent, and 3) 

I/R induces an iNOS-dependent decrease in V O2ren. We expect that this study will 

provide new insights into I/R-related ARF in identifying the central role of NO in 

renal oxygen transport pathways alterations during I/R. Furthermore, we expect to 

provide evidence for a protective role of the selective iNOS inhibitors L-NIL during 

renal I/R. 

 

Materials and methods 

 

Animals 

All experiments in this study were approved and reviewed by the Animal Research 

Committee of the Academic Medical Center at the University of Amsterdam. Care 

and handling of the animals were in accordance with the Institute for Laboratory 

Animal Research Guide for Care and Use of Laboratory Animals. Experiments were 

performed on 38 Sprague-Dawley rats (Harlan, Horst, The Netherlands) with body 

weight of 325 ± 6 g. 

 

Surgical Preparation 

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 

mg/kg ketamine (Nimatek
®

; Eurovet, Bladel, the Netherlands), 0.5 mg/kg 

medetomidine (Domitor; Pfizer, New York, NY), and 0.05 mg/kg atropine-sulfate 

(Centrafarm, Etten-Leur, the Netherlands). After tracheotomy, the animals were 

mechanically ventilated with a FiO2 of 0.4. Body temperature was maintained at 
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37±0.5°C during the entire experiment by external warming. The ventilator settings 

were adjusted to maintain end-tidal PCO2 between 30 and 35 mmHg and arterial 

PCO2 between 35 and 40 mmHg. 

 

Vessels were cannulated with polyethylene catheters (outer diameter=0.9 

mm; Braun, Melsungen, Germany) for drug and fluid administration and 

hemodynamic monitoring. A catheter in the right carotid artery was connected to a 

pressure transducer to monitor mean arterial blood pressure (MAP) and heart rate. 

The right femoral artery was cannulated for blood sampling. The right femoral vein 

was cannulated for continuous infusion of Ringer’s lactate (15mL/kg/h; Baxter, 

Utrecht, The Netherlands) and ketamine (50mg/kg/h; Nimatek
®
; Eurovet, Bladel, 

The Netherlands). The left kidney was exposed, decapsulated, and immobilized in a 

Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via a 4 cm incision in the 

left flank. Renal vessels were carefully separated under preservation of nerves and 

adrenal gland. A perivascular ultrasonic transient time flow probe was placed around 

the left renal artery (type 0.7 RB; Transonic Systems Inc., Ithaca, NY, USA) and 

connected to a flow meter (T206; Transonic Systems Inc.) to continuously measure 

renal blood flow (RBF). An estimation of the renal vascular resistance (RVR) was 

made as RVR [dynes.sec.cm
-5
] = (MAP/RBF) ×80. The left ureter was isolated, 

ligated and cannulated with a polyethylene catheter for urine collection.  

 

After the surgical protocol (approximately 60 minutes) one optical fiber 

was placed 1 mm above the decapsulated kidney and another optical fiber 1 mm 

above the renal vein to measure oxygenation in the renal microvasculature and renal 

vein, respectively, using phosphorimetry [20]. A small piece of aluminum foil was 

placed on the dorsal site of the renal vein to prevent contribution of underlying 

tissue to the phosphorescence signal in the venous oxygenation measurement. 

Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin; Oxygen Enterprises Ltd, Philadelphia, PA, USA) was subsequently 

infused (6 mg/kg IV over 5 min) followed by a 30 minute stabilization period. A 

short description of phosphorimetry is given below and a more detailed description 

of the technology has been provided elsewhere [20].  

 

The experiment was terminated by infusion of 1 ml of 3 M potassium 

chloride. Finally, the kidney was removed and weighed, and correct placement of 

the catheters was checked postmortem. 

 

Experimental Protocol 

The rats were divided into five groups (Figure 1): 1) a time-control group (n = 7). 2) 

An I/R group (n = 7); animals were subjected to renal ischemia for 30 min by 
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suprarenal aortic occlusion with a custom-made vascular occluder followed by 2 h 

of reperfusion. The vascular occluder was placed on the aorta above the renal 

arteries and beneath the mesenteric artery; 3) an I/R-treated group with N
ω
-nitro-L-

arginine methyl ester (L-NAME) (n = 7): a nonspecific inhibitor of NOS bolus was 

intravenously infused (10 mg/kg iv) 15 min before ischemia; 4) an I/R-treated group 

with L-N
6
-(1-iminoethyl)lysine hydrochloride (L-NIL) (n = 7): a specific inhibitor of 

iNOS (5), intravenously infused (3 mg/kg iv bolus 15 min before ischemia, followed 

by 0.3 mg·kg
−1
·h

−1
); and 5) a time-control group treated L-NAME (n = 4). 

 

Blood variables 

Arterial blood samples (0.5 ml) were taken from the carotid artery at three time 

points: 1) before aortic occlusion, (baseline, t0); 2) 15 min after reperfusion (initial 

reperfusion phase, t1); and 3) 120 min after reperfusion (late reperfusion phase, t2). 

The blood samples were replaced by the same volume of HES130/0.4 (Voluven, 6% 

HES 130/0.4; Fresenius Kabi Nederland, Schelle, Belgium). The samples were used 

for determination of blood-gas values (ABL505 blood-gas analyzer; Radiometer, 

Copenhagen, Denmark), as well as for determination of the hemoglobin 

concentration, hemoglobin oxygen saturation, and sodium and potassium 

concentrations (OSM 3; Radiometer). 

 

 

FIGURE 1. Schematic representation of the experimental protocol. US, urine sample. Time 

points were baseline (t0), 15 min after reperfusion (initial reperfusion phase, t1), and 120 min 

after reperfusion (late reperfusion phase, t2). 

 

Renal microvascular and venous oxygenation 

Microvascular oxygen tension in the renal cortex (CµPO2), outer medulla (MµPO2), 

and renal venous oxygen tension (PrvO2) were measured by oxygen-dependent 

http://ajprenal.physiology.org/content/296/5/F1109.long#ref-6
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quenching of phosphorescence lifetimes of the systemically infused albumin-

targeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2 

(14,35). Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin) has two excitation peaks (λexcitation1=440 nm, λexcitation2 =632 nm) and 

one emission peak (λ emission=800 nm). These optical properties allow (near) 

simultaneous lifetime measurements in microcirculation of the kidney cortex and the 

outer medulla due to different optical penetration depths of the excitation light. For 

the measurement of renal venous PO2 (PrvO2), a mono-wavelength phosphorimeter 

was used. Oxygen measurements based on phosphorescence lifetime techniques rely 

on the principle that phosphorescence can be quenched by energy transfer to oxygen 

resulting in shortening of the phosphorescence lifetime. A linear relationship 

between reciprocal phosphorescence lifetime and oxygen tension (given by the 

Stern-Volmer relation) allows quantitative measurement of PO2. 

 

Calculation of oxygenation parameters 

The equations used for calculation of the oxygenation parameters are listed in Table 

1. The renal venous O2 saturation (SrvO2) was calculated by using Hill's equation 

with P50 = 37 Torr (4.9 kPa) and Hill coefficient = 2.7. [Hb], hemoglobin 

concentration; SaO2, arterial O2 saturation; PaO2, arterial PO2; PrvO2, renal venous 

PO2; RBF, renal blood flow; MAP, mean arterial blood pressure. 

 

Variable Abbreviation Equation Units 

Arterial O2 content CaO2 1.31×[Hb]×SaO2+0.003×PaO2 ml O2/ml blood 

Venous O2 content CvO2 1.31×[Hb]×SrvO2*+0.003×PrvO2 ml O2/ml blood 

Renal O2 delivery DO2ren RBF×CaO2 ml O2·min·g
−1 

Renal O2 consumption V O2ren RBF ×(CaO2−CvO2) ml O2·min·g
−1 

Renal O2 extraction O2ERren (V O2ren/DO2ren)×100 % 

Microvascular O2(re)distribution ΔμPO2 CμPO2−MμPO2 mmHg 

Renal vascular resistance RVR (MAP/RBF)×100×80 dyn·s·cm−5 

TABLE 1. Calculation of oxygenation parameters. 

 

Renal function 

For analysis of urine volume, creatinine concentration, and sodium (Na
+
) 

concentration at the end of the protocol, urine samples from the left ureter were 
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collected for 10 min. Creatinine clearance rate (CLcrea) per gram of renal tissue was 

calculated with standard formula: CLcrea (mL/min/g) = (U×V)/P, where U is the 

urine creatinine concentration, V is the urine volume per unit time, and P is the 

plasma creatinine concentration. Renal sodium reabsorption (TNa+, [mmol/min]) was 

calculated as TNa+ = (PNa+×CCR)-(UNa+×V), where UNa+ is the urine sodium 

concentration and PNa+ is the plasma sodium concentration. The renal oxygen 

consumption efficiency for sodium transport (VO2/TNa+) was assessed as the ratio of 

the renal VO2 over the total amount of sodium reabsorbed (TNa+, [mmol/min]). 

 

iNOS and MPO Immunohistochemistry 

Kidney tissues were fixed in 10% formalin and embedded in paraffin. Kidney 

sections (5 μm) were deparaffinized with xylene and rehydrated with decreasing 

percentages of ethanol and finally with water. Antigen retrieval was accomplished 

by microwaving slides in citrate buffer (pH 6.0) for 10 min. Slides were left to cool 

for 20 min at room temperature and then rinsed with distilled water. Surroundings of 

the sections were marked with a PAP pen. The endogenous peroxidase activity was 

blocked with 3% H2O2 for 10 min at room temperature and later rinsed with distilled 

water and PBS. Blocking reagent (TA-125-UB, Lab Vision, Fremont, CA) was 

applied to each slide followed by 5 min incubation at room temperature in a humid 

chamber. Kidney sections were incubated for overnight at 4°C with rabbit anti-

mouse iNOS (iNOS rabbit Pab Neomarker, RB-1605-P, Fremont, CA) and 

incubated for 45 min at room temperature with anti-myeloperoxidase (MPO) 

antibodies (MPO rabbit RB-373-A Thermo Fisher Scientific). Antibodies were 

diluted in a large volume of UltrAb Diluent (Lab Vision, TA-125-UD) at 1:100. The 

sections were washed in PBS three times for 5 min each time and then incubated for 

30 min at room temperature with biotinylated goat anti-rabbit antibodies (Lab 

Vision, TR-125-BN) [13]. After slides were washed in PBS, the streptavidin 

peroxidase label reagent (Lab Vision, TS-125-HR) was applied for 30 min at room 

temperature in a humid chamber. The colored product was developed by incubation 

with AEC (Lab Vision, TA-007-HAC). The slides were counterstained with 

hematoxylin and mounted in glycerol gelatin after being washed in distilled water. 

Both the intensity and the distribution of specific iNOS and MPO staining were 

scored. For each sample, an histological score (HSCORE) value was derived by 

summing the percentages of cells that stained at each intensity multiplied by the 

weighted intensity of the staining [HSCORE = S Pi (i+1), where i is the intensity 

score and Pi is the corresponding percentage of the cells] [33]. We evaluated MPO 

reaction in the glomerulus from 30 selected glomeruli and in peritubular areas. We 

scored 1 if leukocytes could be seen in the glomerulus and 0 if not. 
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Statistical Analysis 

Values are reported as means ± SE. The decay curves of phosphorescent intensity 

were analyzed by use of software programmed in LabVIEW 6.1 (National 

Instruments, Austin, TX). Statistical analysis was performed with GraphPad Prism 

version 4.0 for Windows (GraphPad Software, San Diego, CA). Two-way ANOVA 

analysis for repeated measurements was used for intergroup and intragroup 

comparisons; post hoc analyses were used with the Bonferroni posttest when P < 

0.05. Intergroup comparisons for Clearcrea and EFNa+ were analyzed by the unpaired 

Student's t-test. For all analyses, P < 0.05 was considered significant. Three time 

points were used for statistical analysis: baseline (t0), 15 min after reperfusion 

(initial reperfusion phase, t1), and 120 min after reperfusion (late reperfusion 

phase, t2). Renal vascular resistances (RVR) were plotted vs. V O2renand were 

analyzed and quantified by the Spearman correlation test. 

 

Results 

 

Systemic hemodynamic parameters 

Systemic hemodynamic variables are presented in Table 2. The baseline values 

measured in each group were found to be similar. Whereas mean arterial pressure 

(MAP) remained stable throughout the entire experiment in the control group, MAP 

decreased (i.e., −16%) in the I/R group during the reperfusion period. Treatment 

with L-NAME resulted in an initial significant increase in MAP with respect of 

baseline values during the initial reperfusion phase at t1 followed by a progressive 

reduction in MAP at t2. L-NIL treatment restored MAP to baseline values. 

Administration of L-NAME in control rats induced an increase in MAP that returned 

to baseline at t2. 

 

Renal hemodynamic parameters 

RBF decreased slightly between t0 and t2 (i.e., −21%) in the control group, whereas 

in the I/R group a significant decrease was found (i.e., −70%) together with a 

significant increase in RVR (i.e., +192%). L-NAME significantly increased the drop 

of RBF and the RVR, whereas L-NIL restored the RBF and RVR to control group 

and baseline values. Treatment with L-NAME in nonischemic rats induced a 

sustained decrease in RBF, with increase in RVR (Table 2). 
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 t0 t1 t2 

Mean arterial pressure, mmHg          

    Control group 101 ± 5 103 ± 5 105 ± 5 

    I/R group 100 ± 3 114 ± 7 84 ± 10* 

    L-NAME group 107 ± 4 151 ± 4†*‡ 72 ± 4†* 

    L-NIL group 106 ± 4 142 ± 4†*‡ 91 ± 6 

    L-NAME control group 103 ± 6 157 ± 4*‡ 102 ± 7 

Renal blood flow, ml/min          

    Control group 4.0 ± 0.3 3.6 ± 0.3 3.2 ± 0.4† 

    I/R group 4.1 ± 0.2 2.3 ± 0.2†* 1.2 ± 0.1†* 

    L-NAME group 4.4 ± 0.3 2.2 ± 0.2†* 0.8 ± 0.1†*‡ 

    L-NIL group 4.5 ± 0.2 3.2 ± 0.3†‡ 3.4 ± 0.2†‡ 

    L-NAME control group 4.5 ± 0.1 2.9 ± 0.3 2.4 ± 0.2†‡ 

Renal vascular resistances, 

dyn·s·cm−5 

         

    Control group 2,079 ± 180 2,415 ± 247 2,872 ± 345† 

    I/R group 2,008 ± 162 4,067 ± 437† 5,659 ± 269†* 

    L-NAME group 1,947 ± 141 5,914 ± 534†* 8,381 ± 1,683†* 

    L-NIL group 1,924 ± 110 3,769 ± 357† 2,191 ± 147†‡ 

    L-NAME control group 1,846 ± 106 4,543 ± 622 3,354 ± 508‡ 

TABLE 2. Presentation of hemodynamic parameters at 3 time points: t0, t1, and t2. I/R, 

ischemia-reperfusion; L-NAME, Nω-nitro-L-arginine methyl ester; L-NIL, L-N6-(1-

iminoethyl)lysine hydrochloride. * P < 0.05 vs. control; † P < 0.05 vs. t0; ‡ P < 0.05% vs. I/R. 

 

Renal oxygen supply, consumption, and extraction 

 

At t0, V O2ren, DO2ren, and O2ER did not differ between groups (Table 3). DO2renand 

V O2ren both decreased after I/R at t2 (i.e., −70%, P < 0.0001, and −28%, P > 0.05, 

respectively). O2ER in the I/R group increased between t0 and t2 in the same 

proportion as in the control group (∼27%). Interestingly, V O2ren and O2ER both 

increased throughout the experiment in the control group. Whereas L-NAME further 
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decreased DO2ren, L-NIL restored DO2ren to the control group level (i.e., P< 0.01 vs. 

I/R) and significantly increased V O2ren above baseline values (P < 0.05), above 

group control values (P < 0.05 at t2) and I/R group values (P < 0.001 at t2). 

However, when the V O2ren was normalized by the Na
+
 reabsorption, the 

V O2ren remained stable in the control and L-NIL groups, whereas it increased in the 

I/R- and L-NAME-treated groups. Both nonselective and selective NOS inhibition 

further increased the O2ER (P < 0.05 vs. t0 for L-NAME, P < 0.0001 vs.t0 and P < 

0.05 vs. I/R for L-NIL, Figure 2). Treatment with L-NAME in control rats was 

associated with a decrease in DO2ren but an increase of V O2ren and O2ER. A 

significant correlation was found between postischemic RVR and V O2ren (Figure 2), 

suggesting a role in decrease of microvascular oxygen supply in the decrease of 

V O2ren, reinforced by the correlation found between DO2ren and V O2ren at t2. 

 

 

 t0 t1 t2 

DO2ren, ml·min·g−1          

    control group 0.80 ± 0.09 0.68 ± 0.09 0.63 ± 0.1† 

    I/R group 0.72 ± 0.04 0.39 ± 0.03*† 0.20 ± 0.02*† 

    L-NAME group 0.70 ± 0.09 0.35 ± 0.06*† 0.10 ± 0.01*† 

    L-NIL group 0.77 ± 0.07 0.52 ± 0.06† 0.54 ± 0.04†‡ 

    L-NAME control group 0.69 ± 0.02 0.46 ± 0.07 0.35 ± 0.04*† 

V O2ren, ml·min·g−1          

    control group 0.15 ± 0.02 0.21 ± 0.04 0.27 ± 0.04† 

    I/R group 0.15 ± 0.05 0.09 ± 0.02* 0.10 ± 0.01* 

    L-NAME group 0.12 ± 0.02 0.11 ± 0.03 0.07 ± 0.01* 

    L-NIL group 0.13 ± 0.01 0.13 ± 0.02 0.37 ± 0.04*†‡ 

    L-NAME control group 0.13 ± 0.01 0.34 ± 0.12‡ 0.40 ± 0.07†‡ 

O2ERren, %          

    control group 19 ± 2 30 ± 4 45 ± 7† 

    I/R group 21 ± 3 21 ± 5 50 ± 7† 

    L-NAME group 17 ± 2 40 ± 12 67 ± 6*† 

    L-NIL group 18 ± 3 26 ± 3 69 ± 3*†‡ 

    L-NAME control group 12 ± 1*‡ 45 ± 9*‡ 68 ± 9*‡ 

 
TABLE 3. Presentation of renal oxygenation parameters at 3 time points 
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Table 3 (continued). 

 t0 t1 t2 

CμPO2, mmHg          

    control group 67 ± 1.5 65 ± 1.9 62 ± 0.6 

    I/R group 68 ± 2.6 63 ± 4.1 39 ± 3.5*† 

    L-NAME group 69 ± 1.7 62 ± 7.6† 24 ± 3.4*†‡ 

    L-NIL group 70 ± 3.5 71 ± 2.5†* 53 ± 4†‡ 

    L-NAME control 

group 

67 ± 4.5 52 ± 3.6 41 ± 3*† 

MμPO2, mmHg          

    control group 53 ± 0.8 52 ± 1.3 47 ± 0.8 

    I/R group 52 ± 1.9 57 ± 3.2 30 ± 2.8*† 

    L-NAME group 53 ± 1.8 50 ± 5.7 16 ± 2.4*†‡ 

    L-NIL group 53 ± 2.2 55 ± 0.9 41 ± 1.8†‡ 

    L-NAME control 

group 

51 ± 3 40 ± 0.7‡ 31 ± 2.5* 

ΔμPO2, mmHg          

    control group 14 ± 0.9 13 ± 1.4 15 ± 0.5 

    I/R group 16 ± 1.8 7 ± 1.8† 10 ± 1.5 

    L-NAME group 16 ± 1.8 12 ± 2.5 7 ± 1.8*† 

    L-NIL group 16 ± 1.8 15 ± 2.8‡ 12 ± 2.6 

    L-NAME control 

group 

18 ± 4.2 12 ± 2.9 10 ± 0.8 

PrvO2, mmHg          

    control group 69 ± 5.3 58 ± 3.5† 42 ± 8.0† 

    I/R group 65 ± 4.1 68 ± 7.3 38 ± 4.6† 

    L-NAME group 71 ± 3.8 48 ± 9.6‡† 22 ± 3.1*† 

    L-NIL group 66 ± 3.9 57 ± 3.5 25 ± 3.7† 

    L-NAME control 

group 

72 ± 2.7 40 ± 5.5‡ 27 ± 4 

TABLE 3. Presentation of renal oxygenation parameters at 3 time points: t0, t1, and t2. CμPO2 

and MμPO2, cortical and outer medullary microvascular oxygen pressure, respectively. * P < 

0.05% vs. control; † P < 0.05% vs. baseline; ‡ P < 0.05% vs. I/R. 

 

Renal microvascular oxygenation 

During the ischemic period, both cortical (CμPO2) and outer medullary (MμPO2) 

microvascular PO2 decreased dramatically. Immediately after reperfusion both 
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parameters returned to baseline values, followed by a slow significant decrease over 

time between t1 and t2. L-NAME further increased the drop in μPO2 with respect to 

the I/R group, whereas μPO2 was partially restored with L-NIL (see Figures 3 and 

4). L-NAME in control rats induced a decrease in CμPO2 and MμPO2comparable to 

that in the I/R group. 

 

 

FIGURE 2. Left: correlation between renal vascular resistance (RVR, expressed in 

dyn·s·cm−5) and renal oxygen consumption (V O2ren, expressed in ml O2·min·g
−1). Right: 

correlation between V O2ren (expressed in ml O2·min·g
−1) and renal oxygen delivery (DO2ren, 

expressed in ml O2·min·g
−1) at t2. 

  

 

FIGURE 3. Typical example of improvement in microvascular oxygen pressure (μPO2) 

afterL-N6-(1-iminoethyl)lysine hydrochloride (L-NIL) infusion throughout the reperfusion 

(bottom) compared with without treatment (top). 
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Redistribution of oxygen between cortex and outer medulla occurred during 

reperfusion as demonstrated by changes in ΔμPO2 (CμPO2−MμPO2) (Figure 5). 

ΔμPO2decreased over time in the I/R group (P < 0.05 between t0 and t1). The drop in 

ΔμPO2 was significant at t2 in the L-NAME group (P < 0.01), because of a 

predominant decrease of CμPO2, whereas ΔμPO2 was similar in the L-NIL and 

control group, without redistribution occurring over time. 

 

Furthermore, we found evidence for intrarenal oxygen shunting during 

reperfusion in the I/R group as suggested by the PrvO2 values being higher or almost 

equal to the μPO2 (Figure 5). In the L-NIL group, in contrast, no evidence for 

intrarenal oxygen shunting was found. 

 

 

 

FIGURE 4. Changes in cortical (CμPO2) and outer medullary (MμPO2) μPO2(changes in % 

between t0 andt2) *P < 0.05% vs. control. ‡P < 0.05% vs. ischemia-reperfusion (I/R, IR). L-

NAME, Nω-nitro-L-arginine methyl ester. 

 

 

FIGURE 5. Evolution of intrarenal oxygen shunting expressed as the Δ[PvO2ren − CμPO2], 

where PvO2ren is renal venous PO2, in the 4 groups between t0, t1, and t2 (expressed in mmHg). 

*P< 0.05 vs. control. ‡P < 0.05 vs. t0. †P < 0.05 vs. I/R. Values are expressed in means ± SD. 
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Renal function 

Because of anuria in two animals in the L-NAME group and failure of ureteral 

cannulation in one animal of the I/R group, urine samples could not be obtained 

from these animals. The Clearcrea did not change over time in the control rats (Figure 

6, left). In the I/R group the averaged Clearcrea decreased ∼30% 

between t0 and t2(P = 0.054). The drop in Clearcrea was more extensive in the L-

NAME group (P < 0.05 vs. baseline and vs. control). Treatment with L-NIL restored 

Clearcrea to baseline value (Figure 6, left). EF Na
+
, used as marker of tubular 

function (Figure 6, right), increased from 2.5 ± 2 to 13 ± 4% between t0 and t2 (P < 

0.05 vs. control and baseline) upon I/R. L-NAME increased EFNa
+
, whereas L-NIL 

restored EFNa
+
 to the control group values (P < 0.05 vs. I/R). 

 

 

The oxygen cost of reabsorptive work 

Na
+
-reabsorptive work constitutes a major part of V  O2ren in the healthy kidney. The 

V  O2/Na
+
 reabsorption provides an indication of how much oxygen is effectively 

used for normal reabsorptive work. In the L-NIL group V  O2/Na
+
-reabsorption is 

found to be similar to the control group (Figure 7), suggesting an efficient use of 

oxygen for accomplishing the reabsorptive work. In contrast, we found a trend of 

increase in the V  O2/Na
+
 reabsorption in both the ischemic and the L-NAME groups, 

suggesting a diversion of oxygen consumption from Na
+
reabsorption to other 

oxygen-consuming pathways. 

 

 

FiIGURE 6. Evolution of creatine clearance (Clearcrea; ml/min; left) and excretion fraction of 

Na+ (EFNa+; %; right) between t0and t2 in the 4 groups. *P < 0.05 vs. control. †P < 0.05 vs.t0. 
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FIGURE 7. Evolution of V  O2ren/Na+transport 

(TNa+; ml·min·mmol−1)  between t0and t2 in 

the control, I/R, L-NAME, and L-NIL groups 

(*P < 0.01 vs. control and L-NIL groups). 

 

 

 

 

 

 

 

 

iNOS and MPO staining 

MPO activity has been reported to reflect the activation of infiltrative and 

inflammatory cells (polymorphonuclear cells but also monocytes and macrophages) 

(38). We found severe MPO reaction the glomerulus 15 min after reperfusion 

compared with baseline (0.36 ± 0.03 vs. 0.01 ± 0.009, respectively, P< 0.0001), 

indicating activation of inflammatory cells in the ischemic kidney. On the other 

hand, MPO staining was similar in the peritubular areas at baseline and 15 min after 

reperfusion. There was also an endogenous strong iNOS expression in the whole 

kidney, especially in the cytoplasm of tubular cells both at baseline and 15 min after 

reperfusion (328 ± 10 and 325 ± 16, respectively; not significant) (Figure 8). 

 

Discussion 

 

This study has shown for the first time that 1) I/R injury induces progressive 

microvascular hypoxia in the cortex and medulla following reperfusion, 2) these 

microcirculatory alterations are associated with a decrease in renal oxygen supply 

and an increase in intrarenal oxygen shunting, 3) these alterations in oxygen 

transport pathways were associated with a deterioration in renal function, 4) iNOS 

participates in such alterations, 5) additional inhibition of eNOS further 

compromised microvascular oxygenation and renal function highlighting the 

physiological role played by eNOS-derived NO at the microcirculatory level, and6) 

selective iNOS inhibition increased V O2ren and extraction but restored the oxygen 

cost of Na
+
 reabsorption after I/R underlining the pivotal role of iNOS-derived NO 

in regulating oxygen utilization in the ischemic kidney. 
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FIGURE 8. MPO (A) and inducible nitric oxide synthase (iNOS; B) immunostaining 15 min 

after reperfusion. Arrows in A show MPO reaction in the leukocytes. The dark brown 

coloration in Bindicates a very intense iNOS expression. GL, glomerulus; PT, proximal 

tubules. 

 

Our study has described ischemia-induced renal oxygen transport pathways 

alterations. Even though renal hypoxia is believed to play a critical role in ischemia-

induced renal injury, to the best of our knowledge, renal oxygenation alterations 

have never been described in the early stage of renal I/R. In our model, a decrease in 

renal oxygen supply, a decrease in cortical and medullary μPO2, an increase in renal 

shunting, along with a decrease in V  O2ren occurred throughout the reperfusion phase. 

Alteration of microvascular oxygenation and oxygen utilization might therefore 

promote renal damage leading to renal dysfunction. 

To determine the cause for the alterations of DO2ren and μPO2 following 

I/R, one first needs to ask the question as to what extent changes in 

macrohemodynamics changes during the reperfusion could be responsible for the 

observed phenomena. The moderate decrease in MAP observed during reperfusion 

is an unlikely cause, since Brezis et al. [7] have previously shown that a moderate 

hypotension in healthy rats, similar to that found in our experiments, was associated 

with a significant increase in medullary PO2 together with a decrease in cortical PO2. 

This observation was suggested to be related to a decrease in medullary oxygen 

consumption due the reduction of Na
+
 tubular reabsorption associated with the 

decrease in renal blood flow. Recently our group has demonstrated that reduction of 

renal blood flow by partial ligation of the renal artery (and thus reduction of renal 



109 
 

perfusion pressure) was not associated with changes in μPO2 [20]. The significant 

increase in renal vascular resistances observed in our study strongly suggests that the 

alterations of oxygenation took place at the microcirculatory level and were not 

linked to macrohemodynamic changes. From these considerations it is unlikely that 

the moderate macrohemodynamic changes occurring after I/R could be the cause of 

the microcirculatory hypoxia found in the present study. 

Besides the decrease in DO2ren, I/R increased intrarenal oxygen shunting 

which could also account in part in the deterioration in renal μPO2 found in the 

reperfusion phase. Indeed, blood in the renal vein comes from two sources: 1) blood 

from the renal capillaries and 2) blood shunted from precapillary renal arteries to 

adjacent vein owing the vasculature arrangement of the kidney. Demonstration of 

the oxygen pressure of the venous effluent being higher than the microcirculatory 

PO2 has been accepted as evidence of the presence of oxygen shunting in previous 

studies (20, 37). The PrvO2 value being higher than the μPO2 after reperfusion in the 

I/R group suggests that there was a shunt of well-oxygenated blood to the renal vein 

bypassing the capillaries. 

This study provides new insights concerning the respective role of different 

NO synthesis and their contribution to renal oxygenation pathways and renal 

function in renal I/R. First, selective inhibition of iNOS using L-NIL was shown to 

prevent the decline in oxygen delivery, oxygen extraction and consumption, and 

decline in μPO2 during reperfusion. The protective effect of iNOS inhibition on 

renal microvascular oxygenation was present as soon as 15 min after reperfusion. 

The intense iNOS expression at baseline suggests a posttranscriptional regulation 

[23]. However, postischemic iNOS expression could also originate from infiltrative 

cells as suggested by the intense MPO staining in this time frame [21, 22] (Figure 

8). Secondly, and in contrast, additional inhibition of eNOS by the nonselective 

NOS inhibitor L-NAME clearly deteriorated renal oxygen delivery and 

microvascular oxygenation associated with glomerular and tubular dysfunction. 

Inhibition of iNOS expression or iNOS activity has previously been shown to reduce 

renal damage caused by I/R of the kidney. Chatterjee et al. [10] have shown that use 

of different selective iNOS inhibitors (i.e., L-NIL and AE-ITU) can reduce 

ischemic-induced kidney damage and prevent renal dysfunction. If reduction in 

nitrotyrosine and peroxynitrite formation could be one of protective pathway, 

mechanisms of such protection remain largely unknown. The present study provides 

important insights into the pathophysiology of ischemic-induced renal failure in 

underlining the deleterious role played by iNOS-derived NO on the renal 

oxygenation. Thus selective iNOS blockage may prevent ischemic-induced renal 

microvascular hypoxia by improving renal oxygen supply and decreasing oxygen 

shunting. Previous study from Ichihara et al. [19] showed that LPS-induced iNOS 
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activation impaired endothelium-dependent NO-induced vasodilation of afferent and 

efferent glomerular arterioles. Moreover, inhibition of iNOS has also been found to 

improve the microcirculation perfusion in skeletal muscle, as assessed by Zhang et 

al. [39] using intravital microscopic techniques. Taken together, these results 

suggest that iNOS induction plays a key pathophysiological role in ischemic-

induced (micro)circulatory hypoxia and may participate to the organ dysfunction by 

extending renal microvascular hypoxia way after the initial ischemia has been 

actually resolved. 

Both I/R and nonselective NOS inhibition increased V O2ren and decreased 

the metabolic oxygen efficiency. In contrast, selective iNOS inhibition increased the 

V O2ren but restored the metabolic oxygen efficiency to the control group values 

expressed as the ratio V O2ren/TNa
+
. Nonselective NOS inhibitors have already been 

shown to increase V O2ren in healthy dogs under physiological conditions [25]. 

Bateman and coworkers [4a] have shown an increase in local skeletal muscle tissue 

oxygen consumption in a rat sepsis model of cecal ligation and perforation. With our 

present study, we show that I/R increases V O2ren and that this depends on the iNOS 

activity. The increase in total oxygen consumption with selective iNOS inhibitors 

could be due to an increase in tissue renal oxygen supply, as suggested by the 

significant correlation between DO2ren and V O2renafter reperfusion (Figure 6). The 

increase of glomerular filtration and/or Na
+
 load leading to increase tubular 

reabsorption also participates in this increase. Therefore, after normalization to the 

renal Na
+
 transport, the V O2ren was found to be similar to that of the control group, 

indicating a decrease of the oxygen cost for the metabolic work of the kidney after 

iNOS inhibition. Furthermore, eNOS-derived NO is able to regulate cellular 

respiration at the mitochondrial level by reversibly inhibiting the complex IV of the 

mitochondrial electron transport chain [9]. NO thereby competes with oxygen at the 

cytochrome oxidase level, resulting in decrease in oxygen utilization. Therefore, 

iNOS-derived NO during I/R is believed to inhibit eNOS activity, thus shutting 

down the mitochondrial respiration and increasing oxygen utilization at the cellular 

level [9]. Future research should aim at defining what is the destiny of the oxygen 

being used. 

Whereas administration of selective iNOS inhibitors prior to a potential 

ischemic hit protected the kidneys from microvascular hypoxia, additional inhibition 

of eNOS by a nonselective NOS inhibitor further reduced DO2ren and μPO2. eNOS-

derived NO is well known for its role in vascular tone regulation by acting on the 

surrounding vascular smooth muscle cells to produce potent vasodilatation [23]. 

Furthermore, it could also act in a paracrine way preventing the endothelial injury in 

inhibiting platelet aggregation and preventing leukocyte activation [7]. The inability 



111 
 

of endothelial cells exposed to hypoxia to produce NO could then participate to the 

microvascular injury and the renal damage [18]. 

Our study has, however, some shortcomings. First of all, the 2-h 

measurement period postischemia, as applied here, might be considered too short for 

assessment of the actual impact of I/R injury on the kidney. However, the purpose of 

the study was first to focus on renal hemodynamics and oxygenation changes in the 

early stage of I/R. Furthermore, our results clearly demonstrate that initiation of 

renal dysfunction and (micro)vascular oxygenation changes occur within this time 

scale. Finally, we are fully aware than complete selectivity toward one NOS isoform 

cannot be completely achieved using pharmacological compound. Unfortunately, 

knockout mice were not suitable for the present model because of the size of the 

probes. However, L-NIL has been found to have ∼28-fold higher selectivity for 

iNOS than constitutive NOS (i.e., eNOS+nNOS) [30]. Furthermore, Rusai et al. [31] 

have shown that selective inhibition of nNOS has no effect on renal injury, 

underlining its marginal role in the pathophysiology of renal I/R. Then, we used 

creatinine clearance to assess glomerular filtration rate. This method can lead to 

imprecision due to backleak phenomena and slight tubular creatinine secretion. 

Likewise, using an in vivo model may lead to a misleading interpretation of the 

Na
+
 reabsorptive work, by underestimating the effective tubular reabsorption and not 

taking into account the backleak phenomena. Finally, the design of the study does 

not allow to draw conclusions regarding the respective contribution of oxygen 

supply, modulation of mitochondrial activity and oxygen shunting on the beneficial 

effect of selective iNOS inhibition after I/R. 

 

Conclusions 

 

Our results demonstrate renal I/R induces iNOS-dependent early alterations in renal 

oxygenation, in compromising renal oxygen supply and microvascular oxygenation, 

whereas eNOS is shown to participate in maintaining oxygen supply and 

microvascular PO2. Furthermore, I/R and iNOS activation dysregulate the V O2ren in 

increasing the metabolic cost of Na
+
 reabsorption. This study showed that selective 

iNOS inhibition may partially prevent renal hypoxia in favoring the balance between 

renal oxygen supply and consumption. The protective effect of selective iNOS 

inhibitors on renal microcirculation may be a major aspect in the protection against 

I/R-induced renal dysfunction. Future research should aim at confirming these 

results in the clinical setting and finding out whether the increase in eNOS activity 

may result in microcirculatory PO2 improvement. 
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Abstract  

Background: The aim of the present study was to test the potential protective effects 

of the organic vanadium salt bis (maltolato) oxovanadium (BMOV; 15 mg/kg) in the 

context of renal ischemia/reperfusion (30 min of ischemia) and its effects on renal 

oxygenation and renal function in the acute phase of reperfusion (up to 90 min post-

ischemia). 

Methods: Ischemia was established in anesthetized and mechanically ventilated 

male Wistar rats by renal artery clamping. Renal microvascular and venous 

oxygenation were measured using phosphorimetry. Creatinine clearance rate, 

sodium reabsorption, and renal oxygen handling efficiency were considered markers 

for renal function. 

Results: The main findings were that BMOV did not affect the systemic and renal 

hemodynamic and oxygenation variables and partially protected renal sodium 

reabsorption. 

Conclusions: Pretreatment with the organic vanadium compound BMOV did not 

protect the kidney from I/R injury. 
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Background 

Acute kidney injury (AKI) is a frequent and costly clinical complication in critically 

ill patients. Using the RIFLE criteria in 20,126 hospitalized patients, Uchino et al. 

has found that 20% of the patients had some degrees of acute renal impairment and 

3.7% of these patients had AKI [1]. Ischemia/reperfusion (I/R) injury occurring 

during surgery and shock is one of the major causes of this condition in native and 

transplanted kidneys [1-5]. The pathogenesis and pathophysiology of I/R-induced 

AKI is highly complex [4,5]. In addition to hypoxic hit consequent to ischemia, the 

reperfusion phase has been associated with additional renal injury. I/R-induced 

activation of inflammatory pathways has been shown to worsen AKI [6-9]. 

Furthermore, increased production of radical oxygen species (ROS) and reactive 

nitrogen species (RNS) [10-13] and a regional imbalance between vasoactive 

mediators are believed to be of great importance in the development of AKI by 

leading impaired microcirculatory perfusion and to cellular damage, apoptosis, and 

irreversible organ failure [4,5]. 

In this respect, vanadium compounds are promising in the prevention and 

treatment of ischemic AKI. Vanadium is an essential trace element in humans and 

plays variousroles through different pathways in metabolism [14,15]. Recent 

findings suggest that vanadium may play a pivotal role in the regulation of 

physiological cell growth, survival, and metabolism. Most biologically active forms 

of vanadium are the inorganic vanadate salt vanadyl sulfate (VOSO4) and the 

organic vanadium salt bis oxovanadium (BMOV). Especially, the organic BMOV 

can be used in vitro and in vivo for its beneficial regulatory metabolic roles without 

major side effects. BMOV and other vanadium compounds have demonstrated 

protective against ischemic cascades, apoptosis, and vascular endothelial 

dysfunction while supporting tissue repair in the heart and the brain [14-16]. In the 

present study, we therefore aimed to investigate the potential protective effects of 

BMOV in the acute phase of renal I/R and AKI. To this end, rats received 0 or 15 

mg/kg BMOV intravenously 30 min before renal artery clamping, and we measured 

renal oxygenation and renal function up to 90 min of reperfusion. 

 

Methods 

Animals 

All experiments in this study were approved by the Institutional Animal 

Experimentation Committee of the Academic Medical Center of the University of 

Amsterdam. Care and handling of the animals were in accordance with the EU 
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Directive 2010/63/EU for animal experiments and guidelines for Institutional and 

Animal Care and Use Committees. The study has been carried out in accordance 

with the National Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animals. Experiments were performed on 18 Wistar male rats (Harlan, 

the Netherlands) with mean ± SD body weight of 320 ± 30 g. 

 

Surgical preparation 

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 

mg/kg ketamine (Nimatek®, Eurovet, Bladel, the Netherlands), 0.5 mg/kg 

medetomidine (Domitor, Pfizer, New York, NY, USA), and 0.05 mg/kg atropine 

sulfate (Centrafarm, Etten-Leur, the Netherlands). After tracheotomy, the animals 

were mechanically ventilated with a FiO2 of 0.4. Body temperature was maintained 

at 37°C ± 0.5°C during the entire experiment by external warming. The ventilator 

settings were adjusted to maintain end-tidal PCO2 between 30 and 35 mmHg and 

arterial PCO2 between 35 and 40 mmHg.  

Vessels were cannulated with polyethylene catheters (outer diameter = 0.9 

mm; Braun, Melsungen, Germany) for drug and fluid administration and 

hemodynamic monitoring. A catheter in the right carotid artery was connected to a 

pressure transducer to monitor mean arterial blood pressure (MAP) and heart rate. 

The right femoral artery was cannulated for blood sampling. The right femoral vein 

was cannulated for continuous infusion of Ringer’s lactate (15 mL/kg/h; Baxter, 

Utrecht, the Netherlands) and ketamine (50 mg/kg/h; Nimatek®, Eurovet, Bladel, 

the Netherlands).  

The left kidney was exposed, decapsulated, and immobilized in a Lucite 

kidney cup (K. Effenberger, Pfaffingen, Germany) via a 4-cm incision in the left 

flank. Renal vessels were carefully separated under preservation of nerves and 

adrenal gland. A perivascular ultrasonic transit time flow probe was placed around 

the left renal artery (type 0.7 RB; Transonic Systems Inc., Ithaca, NY, USA) and 

connected to a flow meter (T206, Transonic Systems Inc.) to continuously measure 

renal blood flow (RBF). An estimation of the renal vascular resistance (RVR) was 

made as RVR [dynes/sec/cm5] =MAP/RBF. The left ureter was isolated, ligated, 

and cannulated with a polyethylene catheter for urine collection. 

After the surgical protocol (approximately 60 min), one optical fiber was 

placed 1 mm above the decapsulated kidney and another optical fiber 1 mm above 

the renal vein to measure oxygenation in the renal microvasculature and renal vein, 

respectively, using phosphorimetry. A small piece of aluminum foil was placed on 
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the dorsal site of the renal vein to prevent the contribution of underlying tissue to the 

phosphorescence signal in the venous oxygenation measurement. Oxyphor G2 (a 

two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) benzoporphyrin, Oxygen 

Enterprises Ltd., Philadelphia, PA, USA) was subsequently infused (6 mg/kg IV 

over 5 min) followed by a 30-min stabilization period. A short description of 

phosphorimetry is given below, and a more detailed description of the technology 

has been provided elsewhere [17-20]. 

Experimental protocol 

After baseline measurements were performed 30 min after Oxyphor G2 infusion, the 

rats were randomly assigned to one of the following groups: sham-operated time 

control (n = 6), I/R control (n = 6), and I/R with 15 mg/kg BMOV (n = 6). 

Considering this is the first study in which BMOV is being utilized in a model of 

renal I/R injury, we decided to use the recommended dosage (15 mg/kg) by CFM 

Pharma (Almere, the Netherlands). BMOV solutions were prepared in 2-mL isotonic 

saline, and infusion was initiated 30 min prior to renal ischemia at an infusion rate of 

2 mL/h. Control rats received the same volume of isotonic saline without BMOV. 

Renal ischemia was created by 30-min clamping of the renal artery, and following 

the release of the clamp, measurements were continued up to 90 min of reperfusion. 

The experiments were terminated by infusion of 1 mL of 3 M potassium chloride 

(KCl). 

 

Blood variables 

Arterial blood samples (0.5 mL) were taken from the femoral artery at baseline and 

15 and 90 min after reperfusion. The blood samples were replaced by the same 

volume of Voluven® (Fresenius Kabi Ltd., Runcom, UK). Samples were analyzed 

for blood gas values (ABL505 blood gas analyzer, Radiometer, Copenhagen, 

Denmark), hemoglobin concentration, and hemoglobin oxygen saturation (OSM3, 

Radiometer). Additionally, plasma creatinine concentrations were determined in all 

samples. 

 

Renal microvascular and venous oxygenation 

Microvascular oxygen tension in the renal cortex (CμPO2), outer medulla (MμPO2), 

and renal venous oxygen tension (PrvO2) were measured by oxygen-dependent 

quenching of phosphorescence lifetimes of the systemically infused albumin-



123 
 

targeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2. 

Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-phenyl) 

benzoporphyrin) has two excitation peaks (λexcitation1 = 440 nm, λexcitation2 = 

632 nm) and one emission peak (λemission = 800 nm). These optical properties 

allow (near) simultaneous lifetime measurements in microcirculation of the kidney 

cortex and the outer medulla due to different optical penetration depths of the 

excitation light. For the measurement of renal venous PO2 (PrvO2), a mono-

wavelength phosphorimeter was used. Oxygen measurements based on 

phosphorescence lifetime techniques rely on the principle that phosphorescence can 

be quenched by energy transfer to oxygen resulting in the shortening of the 

phosphorescence lifetime. A linear relationship between reciprocal phosphorescence 

lifetime and oxygen tension (given by the Stern-Volmer relation) allows quantitative 

measurement of PO2 [17-20]. 

 

Renal oxygen delivery and consumption 

Arterial oxygen content (AOC) was calculated by (1.31 × hemoglobin × SaO2) + 

(0.003× PaO2), where SaO2 is arterial oxygen saturation and PaO2 is arterial partial 

pressure of oxygen. Renal venous oxygen content (RVOC) was calculated as (1.31 × 

hemoglobin × SrvO2) + (0.003 × PrvO2), where SrvO2 is venous oxygen saturation 

and PrvO2 is renal vein partial pressure of oxygen (measured using 

phosphorimetry). Renal oxygen delivery per gram of renal tissue was calculated as 

DO2 (mL/min/g) = RBF × AOC. Renal oxygen consumption per gram of renal 

tissue was calculated as VO2 (mL/min/g) = RBF × (AOC − RVOC). The renal 

oxygen extraction ratio was calculated as O2 ER (%) = VO2/DO2× 100. 

 

Renal function 

For the analysis of urine volume, creatinine concentration, and sodium (Na+) 

concentration at the end of the protocol, urine samples from the left ureter were 

collected for 10 min. Creatinine clearance rate (CLcrea) per gram of renal tissue was 

calculated with the standard formula: CLcrea (mL/min/g) = (U × V)/P, where U is 

the urine creatinine concentration,V is the urine volume per unit time, and P is the 

plasma creatinine concentration. Renal oxygen consumption efficiency for sodium 

transport (VO2/TNa+) was assessed as the ratio of the renal VO2 over the total 

amount of sodium reabsorbed (TNa+, [mmol/min]). TNa+ was calculated according 

to the following: ((CLcrea × PNa+) − (UNa+ × V)), where PNa+ is the plasma 

concentration of sodium. 
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Data analysis 

Statistical analysis was performed using GraphPad Prism version 5.0 for Windows 

(GraphPad Software, San Diego, CA, USA). Data are presented as mean ± SD 

unless otherwise stated. Statistical significance of differences between groups was 

tested using one-way ANOVA with Bonferroni post hoc tests. P values <0.05 were 

considered significant. 

 

Results 

 

Table 1 shows the systemic and renal hemodynamic variables: MAP, RBF, RVR, 

DO2, VO2, CμpO2, and MμpO2 at baseline (BL), 15 min after reperfusion (R15), 

and 90 min after reperfusion (R90). Figure 1 shows the renal DO2 and VO2 and 

TNa+, renal oxygen handling efficacy (VO2/TNa+), and creatinine clearance rate at 

the end of the protocol.At baseline, there were no significant differences between 

groups in any of these variables.  

 

Systemic and renal hemodynamic and oxygenation variables  

Renal I/R did not significantly affect MAP, but decreased RBF and increased RVR, 

which was associated with decreases in both renal DO2 and VO2. BMOV did not 

affect any of these macrocirculatory hemodynamic and oxygenation variables. 

CμpO2 and MμpO2 were similar before and after reperfusion. At the end of the 

protocol, CμpO2 was significantly higher in the BMOV treated group compared to 

the I/R control group. 

Renal function parameters 

At the end of the protocol, renal DO2 and VO2 were decreased proportionally. 

Renal TNa+ was significantly reduced in the I/R control group, but in the group 

receiving BMOV, this decrease was not statistically significant. Renal creatinine 

clearance rate decreased after I/R, both with and without BMOV administration; 

however, it did not reach a level of significance in both groups. Similarly renal 

oxygen handling efficacy (VO2/TNa+) were maintained after I/R in both groups. 
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TABLE 1. Mean arterial pressure (MAP), renal blood flow (RBF), renal vascular resistance 

(RVR), renal oxygen delivery (DO2), renal oxygen consumption (VO2), and microvascular 

oxygen tensions in the renal cortex (CµpO2) and medulla (MµpO2) at baseline (BL); 15 min 

after reperfusion (R15); and 90 min after reperfusion (R90).  Tp<0.05 vs time control; Rp<0.05 

vs I/R. 

 

 BL (t=0 min) R15 (t=45 min) R90 (t=120 min) 

MAP [mmHg]            

Time control 104 ± 4 101 ± 4  99 ± 4  

I/R 108 ± 11 104 ± 7  90 ± 18 
 

I/R+BMOV 108 ± 13 102 ± 24  92 ± 12 
 

RBF [mL/min]            

Time control 4.7 ± 0.5 4.6 ± 0.6  4.6 ± 0.5  

I/R 4.6 ± 1.0 2.8 ± 0.5 T 3.3 ± 0.1 
T 

I/R+BMOV 4.2 ± 1.1 2.7 ± 0.4 T 3.4 ± 0.3 
T 

RVR [dyn.s/cm5]            

Time control 1777 ± 172 1793 ± 244  1735 ± 153  

I/R 2004 ± 672 3097 ± 451 T 2216 ± 502 
T 

I/R+BMOV 2190 ± 723 3217 ± 1251 T 2178 ± 240 
T 

DO2 [mL O2/min/g]           
 

Time control 1.21 ± 0.14 1.13 ± 0.14  1.18 ± 0.11 
 

I/R 1.10 ± 0.24 0.65 ± 0.13 T 0.72 ± 0.03 
T 

I/R+BMOV 1.05 ± 0.32 0.64 ± 0.14 T 0.77 ± 0.10 
T 

VO2 [mL O2/min/g]           
 

Time control 0.14 ± 0.07 0.13 ± 0.04  0.15 ± 0.02 
 

I/R 0.13 ± 0.10 0.10 ± 0.02 T 0.09 ± 0.01 
T 

I/R+BMOV 0.13 ± 0.07 0.11 ± 0.05  0.10 ± 0.04 
T 

CµpO2 [mmHg]           
 

Time control 65 ± 7 62 ± 7  60 ± 6 
 

I/R 63 ± 6 59 ± 9  54 ± 5 
 

I/R+BMOV 66 ± 2 61 ± 9  64 ± 6 
R 

MµpO2 [mmHg]           
 

Time control 52 ± 6 51 ± 9  49 ± 7 
 

I/R 54 ± 5 50 ± 5  49 ± 2 
 

I/R+BMOV 50 ± 5 50 ± 4  48 ± 3 
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FIGURE 1. DO2 and VO2 (A), TNa+ (B), VO2/TNa+ (C), and CLcrea (D) at the end of the 

protocol. 

 

Discussion  

 

The aim of the present study was to test the potential protective effects of BMOV 

(15 mg/kg) in the acute phase of renal I/R and its effects on renal oxygenation and 

renal function up to 90 min post-ischemia. The main findings were that (1) BMOV 

did not significantly affect the systemic or the renal hemodynamic and oxygenation 

variables and (2) BMOV partially protected TNa+ after I/R. Furthermore, we found 

that microcirculatory oxygenation in the renal cortex and medulla tended to decrease 

after I/R. In contrast to the non-treated animals, cortical microcirculatory 

oxygenation was preserved in the BMOV-treated animals, but no significant 

differences were seen in the renal medulla. 

To our knowledge, this is the first study investigating the effects of organic 

vanadium compound BMOV in the context of renal I/R injury. Inorganic vanadium 

compounds are documented to be nephrotoxic, particularly if used chronically [21], 

but organic vanadium compounds, such as BMOV, are known to have less side 
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effects. In experimental studies, both pre- and post-ischemic administrations of 

vanadium compounds have been shown to be cytoprotective. We believe that 

preventive strategies are essential in order to minimize I/R injury. Therefore, we 

administered BMOV 30 min before the onset of ischemia. The optimal dosage of 

BMOV in order to prevent renal I/R injury is unknown, but administration of 15 

mg/kg is recommended by the manufacturer, which is also comparable to the doses 

used in earlier studies [22]. 

Earlier studies investigating the beneficial effects of vanadium compounds 

after I/R injury in vivo have mainly been focused on the brain and on the heart. 

However, the type of vanadium, the type of administration, and the timing of 

administration varied significantly between studies. In the context of brain I/R, 

Kawano et al. showed in adult Mongolian gerbils that were subjected to 5-min 

forebrain ischemia that intraventricular injection of orthovanadate 30 min before 

ischemia blocked delayed neuronal death [23]. Hasegawa et al. demonstrated the 

neuroprotective effects of post-ischemic intraperitoneal administration of sodium 

orthovanadate in rats with transient middle cerebral artery occlusion 1 and 28 days 

after ischemia [24]. In a subsequent study, the authors determined the therapeutic 

time window (0, 45, and 90 min post-middle cerebral artery occlusion) and the 

neuroprotective dose (2 mL/kg and 12.5, 25, 37.5, and 50 mM) of sodium 

orthovanadate in rats [24]. Later, Shioda et al. found in a mouse model of transient 

middle cerebral artery occlusion that pre- and post-treatments with bis(1-oxy-2-

pyridinethiolato)oxovanadium(IV) significantly reduced infarct volume in a dose-

dependent manner and thereby provided neuroprotection in brain I/R injury [25]. 

The same group also showed that i.p. administration of bis(1-oxy-2-pyridinethiolato) 

oxovanadium(IV) markedly enhanced brain ischemia-induced neurogenesis in the 

subgranular zone of the mouse hippocampus [26]. Additionally, they found that 

amelioration of cognitive dysfunction following brain ischemia was positively 

correlated with vanadium-induced neurogenesis. Li et al. found that 

bisperoxovanadium attenuated cellular apoptosis in developing rat brain rescued 

neurons from hypoxia-ischemia brain damage [27]. Liu et al., furthermore, showed 

that 4 weeks of administration of sodium orthovanadate in drinking water 

significantly improved the outcome in rats with streptozotocin-induced diabetes 

after cerebral ischemia and reperfusion in terms of neurobehavioral function [28]. In 

the context of myocardial I/R, Geraldes et al. showed in isolated perfused rat hearts 

that the presence of vanadate during ischemia resulted in attenuation of acidosis and 

reduced lactate accumulation [29]. In anesthetized rats, Liem et al. showed that 

intravenous infusion of BMOV in doses of 3.3, 7.5, and 15 mg/kg i.v. decreased 

myocardial infarct size dose-dependently when administered before occlusion [22]. 

Administration of the low dose during ischemia just before reperfusion was 

ineffective, but administration of the higher doses was equally cardioprotective as 
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compared with administration before occlusion. Bhuiyan et al. showed that post-

ischemic treatment with bis(1-oxy-2-pyridinethiolato)oxovanadium(IV) significantly 

reduced infarct size and improved cardiac function in a dose-dependent manner [16]. 

That same group also showed that post-treatment with vanadyl sulfate significantly 

reduced the infarct size and significantly decreased the elevated left ventricular end-

diastolic pressure, improved left ventricular developed pressure, and left ventricular 

contractility in a dose-dependent manner. Keyes et al. showed that the intravenous 

administration of bisperoxovanadium significantly reduced myocardial infarct size 

and improved cardiac function [30]. 

As demonstrated by many of the studies referenced above, vanadium 

compounds activate protein kinase B (Akt) signaling through inhibition of protein 

tyrosine phosphatases. Akt is an important signaling molecule that modulates many 

cellular processes such as cell growth, survival, and metabolism. Hence, by 

activating Akt signaling, vanadium compounds elicit cytoprotection in brain and 

myocardial I/R injuries. This would make vanadium also a potential candidate for 

reducing I/R injury in the kidney. 

It must be acknowledged that our study has some limitations. Investigation 

of the dose-dependent response to BMOV, a longer follow-up after I/R, the acting 

mechanisms of BMOV, and histological evaluation of the effects of I/R and BMOV 

are the important limitations of our study. Since the potential benefits of BMOV in 

the context of I/R were never studied before, we chose to perform a relatively 

simple, short-term study in which we mainly focused on the effects of BMOV on 

renal oxygenation and function. However, longer studies are required in which 

different doses of BMOV are given and more detailed analysis of the involved 

pathways is done, together with histological evaluation. Furthermore, we used 

creatinine clearance rate and sodium reabsorption as measures of renal function, but 

we admit that these methods can lead to imprecision due to back leak phenomena 

and slight tubular creatinine secretion. 

 

Conclusions 

 

In conclusion, pretreatment with the organic vanadium compound BMOV did not 

significantly affect the systemic or the renal hemodynamic and oxygenation 

variables and only partially protected renal sodium reabsorption after I/R. However, 

longer studies are required in which different doses of BMOV are given and more 

detailed analysis of the involved pathways is done, together with histological 
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evaluation to fully understand the potential protective role of BMOV in the context 

of renal I/R. 
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“Without music, life would be a mistake. ” 

Friedrich Nietzsche 
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The research presented in this thesis has been conducted at the Department of 

Translational Physiology of the Academic Medical Center of the University of 

Amsterdam. The main aim of this department is to ‘translate’ clinical scenarios into 

(patho) physiological concepts (and vice versa) and to develop therapeutic strategies 

based on insights obtained in the clinic and in the lab.  

 

In the last decennia, the concept of microcirculation and its essential role in 

both health and disease became evident. In this view, new treatment modalities are 

being developed which are aiming to prevent and/or treat impairments of 

microcirculatory oxygenation. The main emphasis of our lab research is particularly 

on the renal microcirculation and function. The kidney is highly sensitive to hypoxia 

and acute renal failure occurs frequently following compromised cardiovascular 

conditions in the critically ill and acute renal failure has been shown to worsen 

clinical outcome in patients with shock. We focus on several clinically-relevant 

models of acute renal failure including renal ischemia/reperfusion injury, 

hemorrhagic shock, and endotoxemic shock. 

 

The first step in this thesis, Chapter 1, was to gain more detailed insights 

into why blood transfusions using aged cells are not effective in restoring 

microcirculatory oxygenation as has been shown in earlier studies by our group.  

Therefore we investigated whether prolonged storage of RBCs would lead to 

alterations in nitrite reductase activity, hence in altered hypoxia-induced nitric oxide 

(NO) and methemoglobin formation. To this end, hypoxia-induced NO release and 

methemoglobin formation were measured in vitro after nitrite administration to fresh 

(<1 week of storage) and aged (5-6 weeks of storage) human RBC units. 

Subsequently, NO release and methemoglobin formation after nitrite administration 

were measured in whole blood samples of hemodiluted rats subjected to hypoxic 

ventilation after transfusion with fresh or aged human RBCs. Finally, rates of 

methemoglobin formation were measured in fresh and aged RBCs under oxygenated 

and deoxygenated conditions in vitro. We found that in vitro, NO and 

methemoglobin levels 10 minutes after nitrite administration were lower in the fresh 

RBC samples as compared to the aged RBC samples. In vivo we found that NO 

release was also significantly lower in the rats receiving fresh RBCs as compared to 

the group receiving aged RBCs. In line with NO release, methemoglobin levels were 

higher, albeit not significantly, in the group receiving aged RBCs compared to in the 

group receiving fresh RBCs. The difference in methemoglobin formation following 

nitrite administration between fresh and aged RBCs was only present under 

deoxygenated conditions and not under oxygenated conditions. We found no 

differences in methemoglobin reductase activity between fresh and aged RBCs. We 

concluded that storage of RBCs leads to an increased rate of hypoxia-induced nitrite 



136 
 

reduction to NO and this is associated with increased methemoglobin formation. The 

increased methemoglobin formation and consequent decrease in oxygen delivery 

capacity might contribute to the storage-related impairment of aged RBCs to 

oxygenate the microcirculation. 

 

Subsequently, in Chapter 2, we tested whether fluid therapy could be used 

in order to resuscitate microcirculatory oxygenation. More specifically, we aimed to 

investigate the acute effects of acetate-balanced colloid and crystalloid resuscitation 

on renal oxygenation in a rat model of hemorrhagic shock. We hypothesized that 

acetate- balanced solutions would be superior in correcting impaired renal perfusion 

and oxygenation after severe hemorrhage compared to unbalanced solutions. To this 

end, hemorrhagic shock was induced in anesthetized, mechanically ventilated rats by 

withdrawing blood from the femoral artery until mean arterial pressure (MAP) was 

reduced to 30 mmHg. One hour later, animals were resuscitated with either 

hydroxyethyl starch (HES, 130/0.42 kDa) dissolved in saline (HES-NaCl) or a 

acetate-balanced Ringer’s solution (HES-RA), as well as with acetated Ringer’s 

solution (RA) or 0.9% NaCl alone (NaCl) until a target MAP of 80 mmHg was 

reached. Oxygen tension in the renal cortex, outer medulla, and renal vein were 

measured using phosphorimetry. We found that hemorrhagic shock significantly 

decreased renal oxygenation and oxygen consumption. Restoring the MAP to 80 

mmHg required much less colloid solutions compared to crystalloid solution. NaCl, 

RA, and HES-NaCl resuscitation led to hyperchloremic acidosis, while HES-RA 

resuscitation did not. Only HES- RA resuscitation could restore renal blood flow 

back to ∼85% of baseline level, which was associated with an improved renal 

oxygenation. At the end of the protocol, creatinine clearance was decreased in all 

groups with no differences between the different resuscitation groups. We concluded 

that while resuscitation with the NaCl and RA (crystalloid solutions) and the HES-

NaCl (unbalanced colloid solution) led to hyperchloremic acidosis while 

resuscitation with the HES-RA (acetate-balanced colloid solution) did not. Among 

the fluids tested, HES-RA was furthermore the only fluid restoring renal blood flow 

back to ∼85% of baseline level and most notably improved renal microvascular 

oxygenation. 

 

In Chapter 3, we have chosen for a more complex scenario where adjuvant 

therapies in addition to fluid resuscitation could be used, namely sepsis. We decided 

to test the only clinically available drug which was approved for sepsis: recombinant 

human activated protein C (APC). We aimed to test whether continuous APC 

administration would be able to protect renal oxygenation and function during 

endotoxemia. To this end, endotoxemia was induced by lipopolysaccharide 

administration in anaesthetized, mechanically ventilated rats. One hour later, the rats 
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received fluid resuscitation with 0, 10, or 100 μg/kg/h APC for two hours. Renal 

microvascular oxygenation in the cortex and medulla were measured using 

phosphorimetry and renal creatinine clearance rate and sodium reabsorption were 

measured as indicators of renal function. We found that APC in combination with 

fluid therapy did not have notable effects on systemic and renal hemodynamic and 

oxygenation variables or creatinine clearance. Although in the group treated with 

high dose APC, both renal cortical and medullary microvascular oxygenation were 

better preserved than in fluid resuscitation alone, this difference was not statistically 

significant. Renal microvascular oxygenation in both the cortex and medulla was 

correlated to renal sodium reabsorption during endotoxemia and that resuscitation. 

 

In order to better understand the pathophysiology of AKI, in Chapter 4 we 

aimed to investigate whether a somewhat simpler model for induction of AKI, i.e., 

renal ischemia/reperfusion (I/R), leads to inducible NO synthase (iNOS)-dependent 

changes in renal oxygenation and we tested the potential benefit of iNOS inhibitors 

as a potential renoprotective strategy. The underlying rationale behind this is that 

renal oxygenation depends on a balance between oxygen supply and consumption, 

with the nitric oxide (NO) as a major regulator of microvascular oxygen supply and 

oxygen consumption. To test these hypotheses, anesthetized rats underwent a 30-

min suprarenal aortic clamping with or without either the nonselective NO synthase 

inhibitor N-nitro-L-arginine methyl ester (L-NAME) or the selective iNOS inhibitor 

L-N6-(1-iminoethyl)lysine hydrochloride (LNIL). Cortical (CμPO2) and outer 

medullary (MμPO2) microvascular oxygen pressure, renal oxygen delivery 

(DO2ren), renal oxygen consumption (VO2ren), and renal oxygen extraction 

(O2ER) were measured by oxygen-dependent quenching phosphorescence 

techniques throughout 2 h of reperfusion. We found that during reperfusion, renal 

arterial resistance and oxygen shunting increased, whereas renal blood flow, CμPO2, 

and MμPO2, VO2ren, and DO2ren dropped significantly. Whereas L-NAME further 

decreased DO2ren, VO2ren, CμPO2, and MμPO2 and deteriorated renal function, L-

NIL partially prevented the drop of DO2ren and μPO2, increased O2ER, and 

restored VO2ren and prevented deterioration of renal function. In this study we 

demonstrated that renal I/R induces early iNOS-dependent microvascular hypoxia 

by altering the balance between microvascular oxygen supply and VO2ren, whereas 

endothelial NO synthase activity (eNOS) is compulsory for the maintenance of this 

balance. We concluded that selective iNOS inhibitors such as L-NIL can be used to 

prevent I/R-induced renal microvascular hypoxia. 

 

Finally, in Chapter 5, we aimed to test another potential renoprotective 

agent in the context of renal I/R injury:  the organic vanadium salt bis maltolato 

oxovanadium (BMOV). We tested its effects on renal oxygenation and renal 
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function in the acute phase of reperfusion. To this end, renal ischemia was 

established in anesthetized and mechanically ventilated male rats by renal artery 

clamping. Renal microvascular and venous oxygenation were measured using 

phosphorimetry. Creatinine clearance rate, sodium reabsorption, and renal oxygen 

handling efficiency were considered markers for renal function. The main findings 

were that BMOV did not affect the systemic and renal hemodynamic and 

oxygenation variables; but protected renal sodium reabsorption.  

 

In this thesis, which covers a wide range of pathophysiological models and 

therapeutic strategies, we have investigated the effects of blood transfusion, fluid 

resuscitation, and adjuvant drug therapies to protect the kidney from hypoxia and 

injury. We have first shown that storage of RBCs leads to an increased rate of 

hypoxia-induced nitrite reduction to NO and this is associated with increased 

methemoglobin formation. The increased methemoglobin formation and consequent 

decrease in oxygen delivery capacity might contribute to the storage-related 

impairment of aged RBCs to oxygenate the microcirculation. Fluid resuscitation, on 

the other hand, also has its disadvantages. We have shown that resuscitation with 

crystalloid solutions and unbalanced colloid solutions leads to hyperchloremic 

acidosis. However, resuscitation with an acetate-balanced colloid solution did not. 

This solution could restore renal blood flow back to 85% of baseline level and most 

prominently improved renal microvascular oxygenation. Furthermore, we have 

shown that adjuvant therapies, such as iNOS inhibitors (L-NIL), and to a lesser 

extend organic vanadium salt BMOV supplementation and APC, may partially 

protect renal oxygenation and function during endotoxemia, and I/R injury.  
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 “All children are artists. The problem is how to remain an artist once he grows up. ” 

Pablo Picasso 
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Het onderzoek beschreven in dit proefschrift is uitgevoerd op de afdeling 

Translationele Fysiologie, Academisch Medisch Centrum, Universiteit van 

Amsterdam. Het doel van deze afdeling is het vertalen van klinische vraagstukken 

naar (patho) fysiologische concepten (en vice versa) en de ontwikkeling van 

therapeutische strategieën gebaseerd op inzichten vanuit de kliniek en het lab.  

In de afgelopen decennia zijn het concept van de microcirculatie en haar 

essentiële rol in zowel gezondheid als ziekte evident geworden. Met dit in gedachte 

zijn er nieuwe behandelingsstrategieën ontwikkeld met het doel het voorkomen 

en/of behandelen van verstoringen in microcirculaire oxygenatie. De focus van ons 

lab is op de renale microcirculatie en functie. De nier is zeer gevoelig voor hypoxie 

en acuut nierfalen komt veelvuldig voor na verstoorde cardiovasculaire respons bij 

patiënten in kritieke toestand. Het is aangetoond dat acuut nierfalen de prognose van 

patiënten met een septische shock verslechterd. Wij onderzochten een aantal klinisch 

relevante modellen van acuut nierfalen, zoals ischemie/reperfusie schade, 

hemorragische shock, en endotoxische shock.  

De eerste stap in dit proefschrift, Hoofdstuk 1, was om een gedetailleerder 

inzicht te krijgen in waarom bloedtransfusies met verouderde cellen niet effectief de 

microcirculaire oxygenatie herstelt zoals onze groep eerder heeft aangetoond. 

Daarom hebben wij onderzocht of langdurig opslaan van rode bloed cellen (RBCs) 

zou leiden tot veranderde nitriet reductase activiteit en dus in veranderde hypoxie-

geïnduceerde stikstofoxide (NO) en methemoglobine formatie. Met dit doel, zijn 

hypoxie-geïnduceerde NO en methemoglobine formatie in vitro gemeten na nitriet 

administratie in verse (<1 week opslag) en in verouderde (5-6 weken opslag) 

humane RBCs. Vervolgens zijn NO en methemoglobine formatie na nitriet 

administratie gemeten in bloedsamples van anemische ratten die bloedtransfusie 

gekregen hebben met verse of verouderde RBCs en daarna hypoxisch geventileerd 

werden. Tot slot is de snelheid van methemoglobine formatie in verse en verouderde 

RBCs onder normoxische en hypoxische omstandigheden in vitro gemeten. In vitro, 

vonden we dat NO en methemoglobine niveaus 10 minuten na nitriet administratie 

lager waren in verse RBC samples dan in verouderde RBC samples. In vivo, vonden 

we dat NO formatie ook significant lager was in ratten die verse RBCs kregen in 

vergelijking met ratten die verouderde RBCs kregen. In lijn met NO, waren 

methemoglobine niveaus hoger, hoewel niet significant, in de groep die verouderde 

RBCs kreeg in vergelijking met de groep die verse RBCs kreeg. Het verschil in 

methemoglobine formatie tussen verse en verouderde cellen was alleen aanwezig na 

nitriet toediening in hypoxische omstandigheden en niet onder normoxische 

omstandigheden. We hebben geen verschil in methemoglobine reductase activiteit 

gevonden. We concludeerden dat de opslag van RBCs leidt tot een verhoogde mate 

van hypoxie-geïnduceerde nitriet reductie naar NO wat geassocieerd is met 

verhoogde methemoglobine formatie. Deze verhoogde methemoglobine formatie en 
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consequente verlaagde zuurstofdragende capaciteit kan bijdragen aan opslag-

gerelateerde verslechtering van de effectiviteit van verouderde RBCs om de 

microcirculatie te oxygeneren.  

Vervolgens hebben we, in Hoofdstuk 2, getest of vloeistof therapie 

gebruikt kan worden om microcirculaire oxygenatie te verbeteren. Meer specifiek, 

ons doel was het onderzoeken van de effecten van acetaat-gebalanceerde colloïde en 

kristalloïde resuscitatie op renale oxygenatie in een ratmodel van hemorragische 

shock. Onze hypothese was dat acetaat-gebalanceerde oplossingen superieur zouden 

zijn in het verbeteren van de renale perfusie en oxygenatie na ernstige verbloeding 

vergeleken met ongebalanceerde oplossingen. We hebben hemorragische shock 

geïnduceerd in verdoofde, geventileerde ratten door verbloeding tot een gemiddelde 

arteriële bloeddruk van 30 mmHg. Een uur later werden de dieren geresusciteerd 

met hydroxyethyl starch (HES, 130/0.42 kDa) opgelost in saline (HES-NaCl) of een 

acetaat-gebalanceerde Ringer’s oplossing (HES-RA), alsmede met Ringer’s acetaat 

oplossing (RA) of 0.9% NaCl alleen (NaCl) totdat een gemiddelde arteriële 

bloeddruk van 80 mmHg was behaald. Zuurstofdruk in de renale cortex en medulla 

zijn gemeten met fosforimetrie. We hebben gevonden dat hemorragische shock 

leidde tot een significante daling van renale oxygenatie en zuurstof consumptie. Het 

terugbrengen van de bloeddruk tot 80 mmHg vereiste veel minder colloïde oplossing 

dan kristalloïde oplossing. De NaCl, RA, en HES-NaCl resuscitatie leidde tot 

hyperchloremische acidose, terwijl de HES-RA oplossing dat niet deed.  Alleen de 

HES-RA oplossing kon renale perfusie terugbrengen naar ~85% van baseline,wat 

gepaard ging met een verbeterde renale oxygenatie. Aan het eind van het protocol 

was de kreatinine klaring verlaagd in alle groepen zonder statistisch significante 

verschillen tussen de groepen. Onze conclusie was dat terwijl resuscitatie met de 

NaCl en RA (kristalloïde) oplossingen en met de HES-NaCl (ongebalanceerde 

colloïde) oplossingen leidde tot hyperchloremische acidose, resuscitatie met HES-

RA (gebalanceerde colloïde) oplossing dat niet deed. De HES-RA oplossing was 

verder de enige oplossing die renale perfusie teruggebracht naar ~85% van baseline 

wat gepaard ging met een opmerkelijk consistente verbetering van de renale 

microvasculaire oxygenatie. 

In Hoofdstuk 3, realiseerden we ons dat in meer complexe scenario’s, 

zoals in sepsis, additionele therapieën naast de vloeistoffen gebruikt kunnen worden. 

Daarom besloten we de enige beschikbare drug die goedgekeurd was voor klinisch 

gebruik in sepsis te testen: recombinante humane geactiveerde proteïne C (APC). 

Ons doel was het testen of de behandeling met APC de renale oxygenatie en functie 

kon beschermen in endotoxemische ratten. Met dit doel hebben we endotoxemie 

geïnduceerd door lipopolysaccharide in verdoofde, geventileerde ratten toe te 

dienen. Een uur later kregen ratten in toevoeging op vloeistofresuscitatie een 

continue infusie van 0, 10, 100 μg/kg/uur APC voor twee uur lang. Renale 
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microvasculaire oxygenatie in de cortex en medulla zijn gemeten met fosforimetrie. 

Kreatinine klaring en reabsorptie van natrium zijn gemeten als maat voor de renale 

functie. We vonden dat APC geen duidelijk effect had op de systemische en renale 

hemodynamiek, oxygenatie en kreatinine klaring. Hoewel microvasculaire 

oxygenatie beter beschermd was in de APC groep ten opzichte van 

vloeistofresuscitatie alleen, het verschil was niet statistisch significant. We vonden 

ook dat de renale microvasculaire oxygenatie en reabsorptie van natrium aan elkaar 

gecorreleerd waren tijdens endotoxine-geïnduceerde nierfalen en resuscitatie.  

Om beter de pathofysiologie van acuut nierfalen (AKI) te begrijpen hebben 

we in Hoofdstuk 4 in een wat minder complex model voor AKI, renale 

ischemie/reperfusie (I/R) schade, onderzocht of I/R leidt tot inducible NO synthase 

(iNOS)-afhankelijke veranderingen in renale oxygenatie en hebben we getest wat de 

effecten zijn van iNOS onderdrukkers als een nier-beschermende strategie. De 

gedachte hierachter is dat de renale oxygenatie afhankelijk is van de balans tussen 

zuurstof aanvoer en consumptie met stikstofoxide (NO) als een belangrijke regulator 

van microvasculaire zuurstof aanvoer. Om dit te testen hebben we in verdoofde, 

geventileerde ratten 30 minuten de aorta afgeklemd vlak boven de renale arteriën en 

ze behandeld met of een non-selectieve NO synthase onderdrukker (L-NAME) of de 

selectieve iNOS onderdrukker (L-NIL). Renale microvasculaire oxygenatie, renale 

zuurstofaanvoer, zuurstofconsumptie, en zuurstofextractie zijn gemeten met 

fosforimetrie gedurende twee uur reperfusie. We vonden dat tijdens reperfusie, de 

renale vasculaire weerstand en zuurstof-shunting verhoogd waren en de renale 

perfusie en oxygenatie als ook de zuurstofconsumptie, significant daalden. L-NAME 

versterkte deze negatieve effecten en L-NIL kon gedeeltelijk de verlaging in de 

renale zuurstofaanvoer en microvasculaire oxygenatie voorkomen. L-NIL verhoogde 

de zuurstofextractie en normaliseerde de zuurstofconsumptie en renale functie. We 

concludeerden dat renale I/R vroege iNOS-afhankelijke microvasculaire hypoxie 

induceert door het verstoren van de balans tussen microvasculaire zuurstofaanvoer 

en renale zuurstofconsumptie. Doordat non-selectieve NOS onderdrukking leidde tot 

verslechtering van de nier concludeerden we ook dat endothelial NOS (eNOS) 

waarschijnlijk erg belangrijk is voor het behoud van deze balans en dat L-NIL de 

nier kan beschermen tegen I/R schade.  

Tot slot, in Hoofdstuk 5, hebben we een andere experimentele medicijn 

getest voor de bescherming van de nier tijdens I/R: organisch vanadium zout 

(BMOV). We hebben de effecten van BMOV getest op de renale oxygenatie en 

renale functie in de acute fase van I/R. Met dit doel is I/R geïnduceerd door de 

renale arterie af te klemmen in verdoofde, geventileerde ratten. Renale 

microvasculaire oxygenatie is gemeten met fosforimetrie. Kreatinine klaring, 

reabsorptie van natrium, en de efficiëntie van renaal zuurstofverbruik zijn gemeten 

als maat voor de renale functie. De belangrijkste vindingen waren dat BMOV de 
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systemische hemodynamische en oxygenatie parameters niet beïnvloedde, maar wel 

gedeeltelijk de reabsorptie van natrium beschermde.  

Samengevat, in dit proefschrift, wat een groot aantal aan pathofysiologische 

modellen en behandelingsstrategieën omvat, hebben we de effecten van 

bloedtransfusie, vloeistofresuscitatie, en additionele therapieën ter bescherming van 

de renale oxygenatie en functie onderzocht. We hebben eerst aangetoond dat opslag 

van RBCs leidt tot een verhoogde hypoxie-geïnduceerde nitriet reductie tot NO en 

dat dit geassocieerd is met een verhoogde mate van methemoglobine formatie. Deze 

verhoogde methemoglobine formatie en de consequente verlaging van 

zuurstofdragende capaciteit van de RBCs kunnen verantwoordelijk zijn voor het 

geobserveerde beperkte vermogen van verouderde cellen om de microcirculatie te 

oxygeneren in anemische condities. Vloeistofresuscitatie, aan de andere kant, heeft 

ook zo zijn nadelen. We hebben aangetoond dat resuscitatie met kristalloïde 

oplossingen en ongebalanceerde colloïde oplossingen leidt tot hyperchloremische 

acidose. Echter, dit gebeurde niet met een acetaat gebalanceerde colloïde oplossing. 

Deze laatste kon de renale perfusie terug brengen naar ~85% van baseline niveau en 

verbeterde het meest belangrijke, de renale microvasculaire oxygenatie. Verder 

hebben wij aangetoond dat additionele therapieën, zoals iNOS onderdrukkers, en in 

minder mate organisch vanadium zout (BMOV) en APC administratie, de renale 

oxygenatie en functie gedeeltelijk kunnen beschermen tijdens endotoxemie en I/R. 
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 “The whole problem with the world is that fools and fanatics are always so certain 

of themselves, and wiser people so full of doubts. ” 

Bertrand Russell 
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“Science is a way of thinking much more than it is a body of knowledge. ” 

Carl Sagan 
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