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GENERAL INTRODUCTION

The microcirculation is a core element of humans and terrestrial mammals.

Microcirculation is a complex and heterogenous network comprising arterioles, capillaries, venules but also lymphatics. The main functions of the microcirculation are to ensure the delivery of oxygen to tissue and cells while providing nutrients and removal of the carbon dioxide produced by the cell metabolism, thus, to meet metabolic demands.

The regulatory mechanisms controlling the microcirculatory flow and perfusion are various, redundant and elaborated. The regulation of flow to and in the microcirculation is determined by: (i) at general level, organ perfusion pressure, cardiac pump output, and (ii) at a microscopic scale by myogenic responses to flow (strain and stress), metabolic demand and acid/base balance (local O2, CO2, H + and lactate levels) and neurohormonal responses. The microcirculatory blood flow is regulated using autocrine and paracrine interactions to meet the metabolic demand, mainly oxygen requirements of tissue cells. Thus, microcirculatory oxygen level is of critical importance.

From a pragmatic perspective, the structure of the microcirculation comprises three major components: the container defined by the different layers of the vascular wall, the contents representing the flowing plasma and its formed elements and the extraluminal surrounding tissue. In disease, each of these components can be altered separately or simultaneously. The endothelial cells form the interface between the content of the inner lumen of vessels and the surrounding environment. The endothelium is remarkably heterogenous in structure and function and differs from organ to organ. It plays a crucial role in the regulation of macromolecular trafficking, vasomotor tone, hemostasis, immunological functions, and the secretion of molecules by sensing through mechanotransductors, which subsequently initiate transcellular and intra-cellular signaling and activation. Endothelial cells are linked together by transcellular components, including gap junctions for electrical communication for upstream vascular regulation and intercellular tight junctions for maintaining vascular barriers. The glycocalyx is a thin layer lining the luminal membrane and contributes to microvascular permeability of the vascular wall. It is a highly interactive scaffold capable of sensing blood flow and houses many endothelial receptors that interacts with leukocytes and other formed elements. Although, the glycocalyx participates to vascular barrier permeability, its relative contribution to the transcapillary macromolecular and fluid escapes is incompletely elucidated.

Regarding the formed elements flowing in the microcirculation, red blood cells and leukocytes are among the most studied, mainly because their size allows readily identification with the help Chapter 1 1 of a handheld intravital microscope. However, the amount of oxygen carried out by red blood cells and released within the microcirculation cannot be assessed by this technique.

In many instances, the microcirculation can be altered or even jeopardized in critical settings. The kidney remains one of the most sensitive organs to injury, especially in case of circulatory shock, or ischemia/reperfusion conditions, leading to acute kidney injury, a leading cause of mortality and morbidity in critically ill patients. Therefore, our research is mainly focused on investigating the renal microcirculation, oxygenation and renal function. The objectives of this thesis were to: (i) provide an overview of the damages of the different components of the microcirculation in various settings such as hemorrhagic shock, sepsis, ischemia/reperfusion injury, (ii) depict the effects of past and current therapies on these constituents and (iii) assess new molecules having capabilities of carrying oxygen and antiinflammatory actions.

Chapter 2 and chapter 3 review the structural and functional mechanisms of the renal microcirculation in both states of healthy and sepsis. A comprehensive review of the complex regulatory mechanisms governing the microcirculation are presented.

The alterations of the different structural components considered as having a central role in the regulation microcapillary blood flow and vascular barrier permeability were investigated in the following chapters. Plasma viscosity is among one of the major shear stress-induced modulator of functional capillary density. In chapter 4, the impacts of 2 strategies of fluid resuscitation following hemorrhagic shock in pigs, on the plasma viscosity were evaluated. In this study, we demonstrated that plasma viscosity decreased regardless of the strategy used for fluid resuscitation (low volume and hypertonic colloids versus lactated ringer's). Moreover, no differences were found between the groups for other rheological variables, microcirculatory flow or tissue oxygen tension. In chapter 5 and chapter 6, we undertook a physiological integrative assessment of the contributive role of the glycocalyx to vascular barrier permeability in a rodent model following hemorrhagic shock resuscitation and severe hemodilution, respectively. The observed results challenged the contributive importance of glycocalyx to the vascular barrier permeability. Indeed, although the glycocalyx may be damaged in these settings, it did not impair vascular barrier competence but rather caused microcirculatory disturbances and vascular tone alterations probably through diminished mechanotransduction. Considered together these results stress the complexity of vascular barrier permeability regulation in the context of hemorrhagic shock and identify a gradation of vascular injury.
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To accurately determine the microcirculatory oxygen pressure within the cortical renal structure, a new LED-based device relying on time-resolved phosphorescence quenching method was developed and presented in chapter 7. This device has several advantages over previous flash lamps-based devices, which had a plasma glow that persists for tens of microseconds after the primary discharge. The benefits of using LEDs as a light excitation source are presented.

Various treatments have been considered to treat injured or compromised microcirculation due to a critical condition. Fluid therapy remains cornerstone of the management of shock states. Studies on comparative microcirculatory effects with regards to renal microcirculatory oxygen pressure are limited. In chapter 8, we investigated the role of bicarbonate precursors in balanced fluids, used in everyday practice, during hemorrhagic shock with and without compromised liver function A 70% partial liver resection was performed to mimic compromised liver function in a rat model. While the balanced fluids are widely used, no data was available on the fate of anions composing them. Interestingly, acetate-buffered balanced fluids showed superior buffering effects with improve compared with Ringer's lactate or saline, and that gluconate did not contribute to acid-base control.

Antioxidant therapies have been largely evaluated as microcirculatory resuscitation strategies. A large body of evidence is available regarding N-acetylcysteine (NAC) use and its antioxidant, vasodilatory and renal protective effects. In chapter 9, we studied the effect of NAC administration in conjunction with fluid resuscitation on renal oxygenation and function in a rat model of endotoxemia, hypothesizing that dampening inflammation within the kidney would improve the renal microcirculatory oxygenation and limit the onset of acute kidney injury. We showed that the addition of NAC improved renal oxygenation and attenuated microvascular dysfunction and acute kidney injury. The effects may be partially mediated by a decrease in renal nitric oxide and hyaluronic acid levels.

In the various models investigated, the renal microcirculatory oxygen pressure cannot be fully restored compared to control. Thus, there are still unmet needs regarding the resuscitation of the microcirculation. The so-called concept of "pink fluid resuscitation" emerged based on therapies that should combine a volume expander effect with antioxidant and oxygen carrying capacities. In this idea, new generation of hemoglobin-based oxygen carrier with additional antioxidant properties, such as PEGylated carboxyhemoglobin, is arguably a valuable option to investigate. In chapter 10, we investigated the effectiveness of this latter compound on the renal cortical microcirculatory oxygen pressure and the role of its embedded carbon monoxide Chapter 1

Introduction and outline 11 1 molecules on the mitigation of acute kidney injury during low volume resuscitation of hemorrhagic shock. Although, it could not compete against blood transfusion in terms of renal cortical oxygenation, the compound limited tubular damage while a lower volume was required to sustain macrocirculation. In chapter 11, on the contrary, resuscitation with PEGylated carboxyhemoglobin enhanced renal cortical oxygenation while restoring skeletal muscle microcirculatory flow in previously non-flowing capillaries in an endotoxemia murine model without dampening short term sepsis-induced acute kidney injury.

Introduction

Acute kidney injury (AKI) is among the most common organ failure observed in patients admitted or hospitalized in intensive care units. 1 The AKI morbidity and mortality remains high despite early identification and increasing ability to support organ function. 1,2 As opposed to previously thought, the occurrence of AKI in these patients not only increase their mortality rates, but they will sooner progress towards chronic kidney disease even after apparent fully recovery of the kidney function after the insult. 3,4 The pathophysiological mechanisms behind AKI in critically ill patients is still under investigation but it is now quite clear that it is much more complex than a simple decrease in renal blood flow subsequent to low cardiac output and/or hypotension. 5 The hallmark feature of AKI is a reduction in glomerular filtration rate (GFR) which implies an underlying impairment in hemodynamic regulation in the kidney. However, this hemodynamic "dysregulation" may occur at both, macro-and microcirculatory levels. In this review, we focus on the role of the macro-and microcirculatory changes in the pathophysiology of AKI. We discuss the respective role of renal blood flow (RBF) and the microcirculation and its interactions with inflammation.

The macrocirculation of the kidney

The kidney is the most vascularized organ of the body. The arteriolar system is rich, tightly regulated and supplies 2 different types of microcirculation in the cortex and in the medulla, each one exerting different functions. 6 The kidneys receive about 20 to 25% of the cardiac output, which in adults is equivalent to 1000 to 1200 ml of blood per minute. Twenty percent of the plasma flow -approximately 120 to 140 ml/minute -is filtered at the glomerulus in the cortex and passes into the Bowman capsule. The remaining 80% (about 480 ml/minute) of plasma flows through the efferent arterioles to the peritubular capillaries in the medulla to ensure solute exchange and water resorption. It is estimated that only 5-15% of total RBF is directed to the medulla, with the outer medulla having higher blood flow (130-340 mL/100 g tissue/min) than the inner medulla (22-69 mL/100 g tissue/min). 7,8 In the kidney, a local mechanism of autoregulation keeps fairly constant the glomerular perfusion and therefore the GFR over a wide range of arterial pressures between 80 to 180 Chapter 2

Macro-and microcirculation of the kidney 16 mmHg. Intravascular volume and mean arterial pressure vary along the day as a result of physiological adaptation to the environment without affecting much the GFR. Pressure in the glomeruli will remain stable by the means of the activation of various regulatory process. The RBF is regulated by intrinsic autoregulatory mechanisms, neural regulation such as the renal sympathetic nerve activation (RSNA), and hormonal regulation such as the renin-angiotensinaldosterone system (RAAS).

Autoregulation of renal blood flow in physiology

The vascular tone of afferent and efferent arterioles of the glomeruli is able to change to preserve GFR and to prevent fluctuations in systemic arterial pressure from being transmitted to glomerular capillaries, reducing the alterations in solute and water excretion.

Several components are involved in this autoregulatory response in the kidney. The myogenic response is one of the primary and most responsive mechanisms. This mechanism mainly concerns the afferent artery and is driven by the stretch on arteriolar smooth muscle.

When arterial pressure increases, the stretch also increases, and the arteriole constricts causing a decrease in glomerular perfusion. Conversely, when the arterial pressure drops, the stretch is less important, and the arteriole relaxes to increase glomerular pressure. It has been shown that the afferent arteriole exhibits a very short delay in activation (200-300 ms) and rapid constriction kinetics when exposed to a sudden elevation of blood pressure and the renal vasculature responds passively to pressure signals presented at rates exceeding the myogenic operating frequency (0.2-0.3 Hz). 9 The tubuloglomerular feedback (TGF) is the second mechanism involved for keeping GFR constant. Briefly, the macula densa cells in the distal tubule sense the increasing or decreasing amounts of filtered sodium. When the sodium filtration decreases for instance, the macula densa cells drive afferent arteriolar vasodilation in the glomeruli to increase GFR. The vascular tone changes are also themselves under influence of nitric oxide release, adenosine triphosphate and prostaglandin E2 mediators.

Renal Sympathetic Nerve Activation (RSNA)

The diameter of arterioles of the kidney is also regulated by the sympathetic system (adrenergic/noradrenergic fibers). Both afferent and efferent arterioles are richly innervated.

The RSNA is mediated through feedback from systemic baroreceptor such as from the carotid Chapter 2

Macro-and microcirculation of the kidney 17 2 artery or aortic arch. When the baroreflex is activated, a vasoconstriction of the afferent arterioles through activation of α1-adrenoreceptors occurs. Subsequent decrease in GFR will lead to a decreased water and salt excretion boosting the increase in blood volume. Thus, blood pressure will be increased. Electrical stimulation of the renal nerves has been shown to decrease single nephron GFR. 10,11 Other physiological or pathophysiological conditions can trigger the RSNA such as exercise or hypoxia. Severe hypoxia, apart from stimulating hypoxia inducible factor and erythropoietin production, mediates the activation of chemoreceptors of the carotid arteries and decreases RBF by means of RSNA. 12 Renin-Angiotensin-Aldosterone System (RAAS)

The RAAS is a major hormonal regulator of RBF by increasing sodium reabsorption and causing a subsequent rise in arterial blood pressure. The TGF is also activated by the RAAS. 13 Increased levels of angiotensin-2 (Ang-2) leads to a reduction in GFR by causing vasoconstriction of the afferent and efferent arterioles in the glomerulus. The activation of TGF then decreases hydrostatic pressure in the glomerulus and reduces the GFR.

Renin is an enzyme formed and stored in granular cells of the afferent arterioles of the juxta-glomerular apparatus. A decreased blood pressure in the afferent arterioles, a RSNA with stimulation of β-adrenergic receptors on the juxtaglomerular cells, a decreased sodium concentration in the distal convoluted tubule, and a release of prostaglandins are considered triggers for the release of renin. The renin mediates angiotensin-1 (Ang-1) and in the presence of the angiotensin converting enzyme (ACE), Ang-1 converts to Ang-2 to stimulate aldosterone (in the adrenal cortex). Aldosterone causes an increase in sodium reabsorption in the collecting ducts, loop of Henle and in the distal tubules and also stimulates the anti-diuretic hormone.

The renal blood flow and the GFR are tightly regulated parameters with numerous, complex, and redundant physiological systems to ensure a relative independency of the GFR to the local and systemic environment. Of course, these systems can be overwhelmed, leading to a dysregulated TGF and inappropriate secretions and may contribute to the occurrence of AKI.

The renal microcirculation

The renal microcirculation is complex and plays a major role in the oxygen supply to the kidney and ensures plasma filtration, electrolyte exchange and water reabsorption. Renal microcirculation involves two capillary systems: the glomerular capillary system and peritubular capillary system. The glomerular capillary system is found within the glomerulus that responsible for the glomerular filtration (GFR) which is driven by the filtration pressure (within the Bowman's capsule and hydrostatic pressure). The glomerular capillary system ends with the efferent arteriole. The peritubular capillary bed emerges from this arteriole and surrounds all the tubules. In the medulla, it becomes the vasa recta in order to create the counter-current exchange system along with the parallel positioned Henle loop. The role of counter-current exchange system is to maintain the cortico-medullary osmotic gradient for concentrating the ultrafiltrate (Figure 1A-B). 

Renal tissue oxygenation

To achieve all its complex functions, the kidney needs an adequate amount of the oxygen to maintain oxygen-dependent adenosine triphosphate (ATP) production. Both oxygen delivery (DO2) and consumption (VO2) determine renal tissue oxygenation, which is not only necessary for cell survival and function but also function of Na/K ATPase pumps. There are two mechanisms to maintain normal renal function in case of renal hypoxia; (i) the increment of DO2 acts to increase tissue oxygenation, (ii) reduced VO2 that may protect tissues from hypoxia during moderate to severe arterial hypoxemia. Evans et al., demonstrated that even 55% reduction of arterial oxygen content did not lead to significant impairment of VO2 because of the adaptive reduction of oxygen demand following the decrease in tubular sodium reabsorption. 8 Thus, prevailing experimental evidence supports the concept that renal VO2 is relatively stable in the face of hypoxemia unless RBF is also altered.

Chapter 2

Macro-and microcirculation of the kidney 22 Under normal conditions, oxygen partial pressure measured by oxygen-dependent phosphorescence quenching methods was found to be 50-80 mmHg and 20-45 mmHg in the rat kidney cortex and medulla respectively. 8,36 Thus, there is a gradient in oxygen concentration in parallel to the countercurrent exchange system. The largest part of renal oxygen consumption is used to drive Na/K ATPase in the proximal tubules and medullary thick ascending limp. 37 Various clinical conditions may lead to decreased renal oxygenation, such as hemodilution, 38 sepsis induced microcirculatory heterogeneity, 39 mismatch between oxygen consumption and delivery, hypoxemia or severe hypotension. 8, 40 A protective mechanism that maintains the global oxygenation homeostasis and functions as an anti-oxidant defense mechanism through arterial-to-venous (AV) oxygen shunting in the renal cortex and shunting of oxygen from descending to ascending vasa recta in the renal medulla exists. 41,42 The renal endothelium

The endothelium of the kidney is remarkably heterogeneous in structure and function and varies according to the type of microcirculation (glomerular and peritubular). 6,7 Indeed, various endothelial cells arrangements grant different permeability properties. In the glomeruli, the capillaries are lined by fenestrated endothelial cells and covered by specialized epithelial cells known as podocytes. In the cortex, the endothelium is exposed to almost normal oxygen partial pressure (PO2) and osmolarity whereas the one in the medullar microcirculation functions in an osmolarity of up to 1,200 mosmol.L -1 and a PO2 as low as 20 mmHg. Glomerular endothelial cells are unusually thin; around capillary loops, and present large fenestrated areas constituting 20-50% of the entire endothelial surface. Glomerular microcirculation functions via continuous and fenestrated endothelium with no diaphragm, whereas it is more continuous and nonfenestrated in the descending vasa recta in peritubular microcirculation. Because of their different role in the microcirculation, these endothelial cells are dissimilarly sensitive to injury.

The glycocalyx

Endothelial cells are lined by a gel-like thin layer, the glycocalyx which comprises glycoproteins, glycosylated glycoproteins and proteoglycans. The glycocalyx contributes to vascular barrier permeability however it is not clear to what extent. This highly interactive scaffold is capable of sensing blood flow and facilitating protein interactions with their receptors Chapter 2

Macro-and microcirculation of the kidney 23 2 or other proteins, and it houses many EC receptors and compounds important for maintaining hemostasis (antithrombotic properties), homeostasis and providing anti-inflammatory defense to the parenchymal cells. 2 vessels) while others have normal or high blood flow (hyperdynamic). 61 In a septic sheep model, while the cortical perfusion and oxygenation were preserved, renal medullary hypoxia caused by intrarenal blood flow redistribution may contribute to the development of septic acute kidney injury. 62 In addition, the authors found that treatment with norepinephrine led to further reduction of the medullary perfusion and oxygenation with a sustained renal and systemic hemodynamics. 62 In dogs, Gullichsen et al. also reported that endotoxemia is associated with renal hypoperfusion and hypoxia in the renal cortex despite an increase in venous PO2. 63 Thus, it has been suggested that oxygen shunts may also contribute to kidney hypoxia during sepsis.

Besides the systemic hypotension, the increase in renal vascular resistance in sepsis was associated with global and regional blood flow in kidney impairment and a decrease in renal cortical and medullary microvascular oxygenation. 64,65 Johannes et al. demonstrated that sepsisinduced AKI was associated with renal cortical and medullar perfusion heterogeneity and overexpression of iNOS. 66 Increase in renal vascular resistance which is suggested an important macrohemodynamic factor to induce AKI, can be induced by arteriolar vasoconstriction, microcirculatory disturbances such as a leaky endothelium, tissue edema, leukocyte adhesion and microthrombosis. 67 Finally, in a rat model of endotoxemia, Legrand et al. demonstrated that early fluid resuscitation partially improved intrarenal perfusion besides reducing renal inflammation but could not prevent reduced renal microvascular oxygenation. 68 In sepsis, activation of the RAAS is often part of host response with high levels of Ang II and vasopressin. Although it has been suggested that afferent arteriole dilatation cause a loss of intraglomerular filtration pressure resulting a decrease in GFR, 69 local production of Ang II was found to lead to a reduction in the GFR due to vasoconstriction of the glomerular afferent and efferent arterioles.

Microvascular dysfunction also involves imbalance between the endothelium-dependent vasorelaxation and overresponses to vasoconstrictive agents. NO plays an important role to regulate the vascular tone and is a major contributor to endothelial dysfunction. For instance, lack of the eNOS activity is directly related to the organ perfusion. Indeed, it was shown that while blocking of eNOS activity exacerbate organ ischemia, high eNOS expression may improve sepsis-induced AKI. 70 Moreover, Schwartz et al. pointed out that loss of the renal function is due to local inhibition of eNOS by elevated iNOS activation, possibly via NO autoinhibition. 71 Recently, a study found that expression of all NOS subtypes is significantly increased in the renal cortex but decreased in the medulla in a sheep model of sepsis-induced AKI. 26 The authors Chapter 2

Macro-and microcirculation of the kidney 28 hypothesized that overexpression of NOS isoforms in the cortex may induce a shunt from the medulla to the cortex, leading to medullary ischemia. 26 Sepsis-induced endothelial leukocyte transmigration, together with the activated coagulation system, endothelial swelling, and enhanced vasoconstriction of the arterioles, also results in a compromised renal microcirculation. 72 In this case, the upregulation of endothelial adhesion molecules, production of cytokines, chemokines and NO gives rise to increase in endothelial-leukocyte interactions causing leukocyte transmigration toward renal interstitial area, further enhancing epithelial inflammation and vascular endothelial barrier dysfunction through the production of cytokines, reactive oxygen (ROS) and nitrogen species (RNS). During ischemic AKI, compromise of the endothelial cell-cell junctions and changes in the endothelial glycocalyx increase microvascular permeability and contribute to microcirculatory dysfunction. 73 In case of septic AKI, diabetic nephropathy, or AKI following ischemia/reperfusion injury, the glycocalyx is disrupted, leading to vascular hyperpermeability and albuminuria. 74,75 

Renal microvascular hypoxia during AKI

The occurrence of hypoxia plays also a central role in the development of AKI and is directly linked to microcirculatory alterations. After shock or ischemia/reperfusion injury, persistent oxygen extraction deficit may persist despite the apparent adequate recovery of systemic hemodynamic and oxygen-derived variables. 76 Hypoxic inducible factor (HIF) is widely expressed in renal epithelial cells, endothelial cells, and renal interstitial fibroblast-like cells and plays crucial role in the hypoxic adaptation through the extracellular formation of adenosine. 77 Adenosine signals through binding to 1 of the 4 adenosine receptors of which are expressed by activated immune cells 78 and nephron segments, including the glomerular epithelium, renal vasculature, proximal tubules, and collecting ducts. 79 Hemodilution or anemia, in addition to their hemorheological effects, cause a reduction in the oxygen carrier capacity of blood and in organ perfusion and oxygenation. Recently, Koning et al. investigated the effects of hemodilution with or without cardiopulmonary bypass (CPB) in which they concluded that despite transient impairment of microcirculation after hemodilution alone, hemodilution with CPB may cause a further impairment of renal microcirculation, inflammation and renal injury in rat. 80 Moreover, another study showed that CPB impairs renal oxygenation and perfusion due to renal vasoconstriction, hemodilution and redistribution of Chapter 2

Macro-and microcirculation of the kidney 29 2 blood flow away from the kidney during and after cardiopulmonary bypass, accompanied by decreased renal oxygen delivery, increased oxygen extraction and release of a tubular injury marker. 81 Results from experimental studies showed that acute normovolemic hemodilution (ANH) led to a reduction of perfused vessel density, 82 increased endothelial activation, 83 renal edema and impaired renal oxygenation. 84 In addition, an increase in hematocrit by red blood cell transfusions during CPB improved microcirculatory perfusion in cardiosurgical patients, 85,86 It has been suggested that the renal oxygen supply of the kidney became critical already in an early stage of ANH causing an increase in intrarenal oxygen shunts that contribute to the development of renal hypoxia. 38 During the hemorrhagic shock and reperfusion are reported a reduction of systemic perfusion and local perfusion that can lead to multiple-organ failure, including AKI because of ischemia and hypoxia, dysfunction in the microcirculation, release of reactive oxygen species, and endogenous apoptotic pathways associated with mitochondrial disorders. 58,87 In a review Kang et al. highlighted the direct correlation between renal hypoxia and the loss of microvasculature with the in stimulation of fibrogenesis and development of glomerular and tubulointestitial scarring. 88 The central role of renal microcirculatory hypoxia to AKI was shown by Zafrani and co-workers in a sepsis model in rats where they demonstrated that blood transfusions was successful in improving kidney microcirculatory oxygen levels and in resolving renal failure in comparison to fluid resuscitation. 89 Chapter 2
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Conclusion

The relative contribution of total renal blood flow in the pathophysiology of AKI remains to be determined. A unified theory for the development of sepsis-associated AKI has been recently proposed. 90 Although, the pathophysiological aspects of AKI following ischemia/reperfusion injury are different, it shares common pathways with the sepsis-associated AKI 58 in which the alterations in microcirculation, renal endothelium/inflammation and renal oxygenation are the critical determinants of the severity of AKI (Figure 3). Therefore, future targeted therapies aiming at preventing or hastening recovery from injured kidney should take into consideration these 3 main aspects in the resuscitation process. 

•

An integrative evaluation of the functional state of the circulation is required to assess the risk for developing AKI and assessing the success of therapy.

• Fluid therapy inappropriately used may contribute to the development of AKI.

• Tissue hypoxia and renal microcirculation compromise should be regards as a key component of the pathogenesis of AKI

• Anemia, either previously present or induced by should be regarded as a major risk factor contributing to AKI.

• Reperfusion injury and sepsis causing renal microcirculatory injury are defining in the pathogenesis of AKI.
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Research agenda

• Innovative diagnostic techniques need to be developed to non-invasively monitor renal hemodynamics.

• Sublingual microcirculatory alterations measured by hand-held vital microscopes should be investigated for use as a surrogate for renal microcirculatory dysfunction.

• Contrast enhance ultrasound is a promising technique for non-invasive monitoring of the kidney microcirculation but needs to be further developed taking into account the special properties of compromised renal hemodynamics

• Anti-inflammatory medication as a prophylactic intervention should be considered as a method to protect the kidney at risk for injury.

Improvement of oxygen availability in the injured kidney by blood transfusions or even hemoglobin-based oxygen carriers should be investigated as a new therapeutic strategy to resuscitate the injured kidney.
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Introduction

Endothelial dysfunction and microcirculation impairment are recognized hallmarks of sepsis-related organ failure. [1][2][3][4][5][6][7] Many experimental and clinical studies have emphasized the central role of endothelial cell activation and dysfunction in promoting the coagulation cascade, leukocyte adherence, vascular barrier compromise, hemodynamic collapse and vascular hyporesponsiveness. These processes contribute to organ failure with an increased risk of morbidity and mortality for the patient. Among the organ failures observed in septic patients, acute kidney injury (AKI) is one of the most frequent. Sepsis-induced AKI may be associated with mortality rates above 50%. [8][9][10][11] In fact, the kidney exhibits a high sensitivity to microcirculatory alterations, especially heterogeneity, and to tissue hypoxia, two main phenomena that occur during septic shock. [12][13][14][15] This book chapter provides an overview of sepsis-related endothelial dysfunction with a particular focus on the kidney. We discuss the features of healthy and injured septic vascular endothelium of the kidney, the interplay between endothelial cells and blood cells, and interactions among a wide range of molecules. Moreover, we describe how septic insult to endothelium can lead to a loss of kidney function.

The role of renal endothelium in function

The endothelial cells

The endothelial cells (ECs) form the interface between the content of the inner lumen of vessels and the surrounding environment, comprising the vascular smooth muscle cells (VSCMs), the interstitial space and the parenchymal cells that are responsible for organ function. 16 The ECs constitute a monolayer lining the interior of all blood vessels. This surface is estimated to comprise approximately 10 13 cells, covering 4000 to 7000 m 2 . ECs generally have a thickness of approximately 0.5 µm and are 100 µm long by 10 µm wide.

The endothelium is remarkably heterogeneous in structure and function. The arrangement of ECs may significantly differ from one organ to the next, from juxtaposed arrangements to overlapping arrangements. This heterogeneous distribution may also vary within the same organ; in the kidney, for instance, various ECs arrangements grant different permeability properties. The EC lining contains pores and fenestrations to ensure partial permeability and to Chapter 3 3 transport molecules to the underlying cells and basal membrane. The kidney and intestines exhibit the highest permeability. ECs are linked together by transcellular components, including gap junctions for electrical communication for upstream vascular regulation and intercellular tight junctions for maintaining vascular barriers. 6,17 Previously considered a passive barrier, it is now apparent that ECs play a crucial role in the regulation of vasomotor tone, hemostasis, immunological functions, and the secretion of molecules by sensing through mechanotransductors, which subsequently initiate transcellular and intra-cellular signaling and activation.

The glomerular and peritubular endothelium

Glomerular endothelial cells are unusually thin; around capillary loops, they have a cell thickness of approximately 50-150 nm, whereas in other locations, this thickness is approximately 500 nm. 18 ECs in the glomerulus present large fenestrated areas constituting 20-50% of the entire endothelial surface. 19 These fenestrations are typically 60-70 nm in diameter but, unlike renal peritubular ECs, do not seem to possess a thin (3-5 nm) diaphragm. 20,21 In general, these fenestrations act as a sieving barrier to control the production of urine in the glomerulus, filtering plasma due to hydrostatic pressure. 22 The kidney has one of the richest and most diverse EC populations found within any organ. The microcirculation of the kidney presents two specialized capillary beds connected in series: the glomerular capillary bed in the cortex for plasma filtration and the peritubular capillary bed, which forms the vasa recta responsible for electrolyte reabsorption in the outer and inner medulla. Thus, the arrangement of ECs and the permeability of the endothelium differ for these 2 microcirculations. Glomerular microcirculation functions via continuous and fenestrated endothelium with no diaphragm, whereas it is more continuous and nonfenestrated in the descending vasa recta in peritubular microcirculation. 23,24 The endothelium must face and resist extreme physiological conditions, such as large changes in oxygenation and osmolality. Indeed, ECs in the cortex are exposed to almost normal oxygen partial pressure and osmolality, whereas those in medullar microcirculation function in an osmolality of up to 1,200 mosmol.L -1 and a PO2 as low as 20 mm Hg. 23,25,26 The microvascular arrangement has a specialized structure in the medulla. The vasa recta, connected in series with the juxtaglomerular microvasculature, surround the peritubular cells in the outer and inner medulla and are responsible for solute exchange. The ECs of these microvessels are exposed Chapter 3

Renal endothelial dysfunction in sepsis 42 to countercurrent oxygen exchange resulting in a gradient of decreasing oxygen tension (to ~10 mmHg). 26,27 Thus, their functions differ considerably along the tubule. In addition, ECs are affected and injured by ischemia injury differently. 28 

Interplay of endothelium and leukocytes

The inner lumen of ECs is exposed to blood flow, consisting of red blood cells, leukocytes and plasma. In the physiological state, endothelium-leukocyte interactions are limited. Five steps generally describe the interactions between ECs and leukocytes during inflammation, beginning with limited contact, then more prolonged contact, leukocyte rolling, strong adhesion, and finally transendothelial migration, a process referred to as diapedesis. 29 ECs regulate leukocyte trafficking between circulating blood and the surrounding tissue. When activated, the endothelium exhibits enhanced endothelium-leukocyte interactions that are secondary to increased expressions of cell adhesion molecules (CAMs), such as intercellular adhesion molecule selectins (E-selectin and L-selectin), ICAM-1, ICAM-2, vascular adhesion molecule (VCAM), and platelet endothelial cell adhesion molecule (PECAM). 6,30 The up-regulation of CAMs promotes increased adhesion, rolling, and transmigration of circulating leukocytes. Many integrins are also involved in the adhesion of polymorphonuclear leukocytes and monocytes in the proximal tubule and serve as transcellular mechanotransducers. 31 

Regulation of vascular tone

An essential mechanism involved in the vasomotor tone underlying renal autoregulation is endothelium-dependent relaxation. Various physiologic stimuli, including myogenic, metabolic and neurohormonal factors, lead to endothelium-mediated vascular smooth muscle (VSM) relaxation or constriction. Myogenic activation is mediated by shear stress induced by blood flow and translated into biochemical signals through mechanotransductors, inducing vasorelaxation by vasoactive compounds such as nitric oxide (NO). 4,5,17,30,32 ECs synthetize and release various enzymes or molecules (EDHF: endothelium-derived hyperpolarizing factor, NOS: nitric oxide synthase, SOD: superoxide dismutase, COX: cyclo-oxygenase, and CSE: cystathionine 𝛾-lyase) that also produce various relaxing factors (NO, PGI2, and H2S). These factors then diffuse towards VSM cells to produce relaxation. Endothelial NO synthase (eNOS)-derived NO prevents vascular dysfunction via a direct vasodilatory effect, inhibiting platelet aggregation and leukocyte activation. 4 Chapter 3
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Under physiological conditions, the glomerular filtration rate (GFR) is tightly regulated by the renin angiotensin aldosterone system (RASS). The RASS system is activated by tubuloglomerular feedback (TGF) that acts as a negative feedback control mechanism driven by distal tubular fluid flow and sodium and chloride reabsorption. 25 TGF modulates the renal blood flow entering the glomerulus, subsequently controlling the hydrostatic pressure within Bowman's capsule by varying the tone of afferent and efferent arterioles via the aforementioned regulators. 26 The endothelial surface layer: the role of the glycocalyx Among the essential components constituting of vascular barrier, the glycocalyx, a thin layer lining of the luminal membrane of ECs, protects the endothelium and regulates cellular and macromolecular traffic. [33][34][35] The glycocalyx contributes to the microvascular barrier permeability. 34 The glycocalyx is a 0.2-to 0.5-µm-thick negatively charged gel-like surface structure of proteoglycans with bound polysaccharide chains called glycosaminoglycans (GAGs), glycoproteins and glycolipids. [33][34][35] It is thought to represent 20% of the intravascular volume. 33,36 This highly interactive scaffold is capable of sensing blood flow and facilitating protein interactions with their receptors or other proteins, and it houses many EC receptors and compounds important for maintaining hemostasis, homeostasis and providing antiinflammatory defense to the parenchymal cells. 31,34,35 The glycocalyx also exhibits anticoagulant properties 33 by means of negatively charged components. 34 The morphology and composition of the glycocalyx layer vary from organ to organ and contribute to the heterogeneity observed in EC functions. Significant differences among vascular beds 37 and between fenestral and interfenestral regions of glomerular ECs were revealed in an analysis of the composition of the ECs in the glycocalyx. 38 For instance, the glycocalyx in the fenestrae region presents a higher ratio of heparan sulfates and hyaluronic acid to sialoproteins.

The particular composition of the glycocalyx in the fenestrae is likely crucial for its sieving and permeability properties. 33 

Endothelium and hemostasis

The interactions between ECs and the coagulation system are very complex. (VWF), factor VIII, and plasminogen activator inhibitor type 1 (PAI-1). TF creates complexes with factor VIIa and then activates factors IX and X. Importantly, each of these molecules is differentially expressed across the vascular tree, arteries, capillaries or veins. For every procoagulant response, there is a natural anticoagulant reaction, resulting in the finely tuned balance that is needed to control hemostasis.

Under physiological conditions, ECs inhibit blood coagulation via the activation of protein C, the expression of thrombomodulin and specific proteoglycans, and the release of TPA. TFPI controls the extrinsic pathway and regulates TF, 39 antithrombin III (ATIII)-heparan counterbalances the serine proteases in the cascade, 40 the thrombomodulin (TM)/protein C/protein S mechanism inactivates cofactors Va and VIIIa, and plasmin degrades preformed fibrin. 30 Plasma VWF binds and aggregates platelets by bridging platelet receptor platelet glycoprotein (GPIb-IX) to denudated endothelium. The cleaving of VWF is regulated by a disintegrin and metalloproteinase with thrombospondin motifs, also known as ADAMTS-13.

Various components of the coagulation system directly signal within endothelium via proteaseactivated receptors (PAR-1). This complex cascade and interplay among leukocytes, endothelium and hemostasis is severely disturbed in sepsis and contributes to the pathogenesis of sepsisinduced organ failure.

Endothelial cells and the pathophysiology of sepsis

The host response to pathogens primarily determines how severe its inflammatory activation is promoted, contributing to endothelial injury. This sequence of events leads to microcirculation derangement, resulting in plugged microvessels, functional microcirculation shunting contributing to reduced O2 extraction, and renal tissue hypoxemia. This heterogeneous flow generates microareas of ischemia, leading to functional failure of the kidney. The next step is characterized by organ dysfunction, which affects patient outcome.

Therefore, septic kidneys can become compromised due to several pathogenic events, including Chapter 3
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(i) endothelial function directly affecting peritubular epithelial cells causing AKI, 41 (ii) glycocalyx shedding that alters the venal vascular barrier, 33 and (iii) microcirculation heterogeneity and renal tissue hypoxia. 15 Endothelial cell activation causes important structural changes in the glomerular and peritubular capillaries. The damage-or pathogen-associated molecular patterns (DAMPs/PAMPs) are key signals that trigger systemic reactions by priming, signaling, alerting, and guiding the immune system to fight pathogens. 42,43 The etiology of endothelium impairment during sepsis has not been clearly established. DAMPs/PAMPs involved in EC dysfunction can also be recognized by several cellular types, causing indirect deleterious effects on EC functions.

Thus, ECs, leukocytes, platelets and the endothelium surface simultaneously trigger cascades of mediators, causing massive physiological changes. However, leukocyte-EC interactions are considered of specific importance. The cross-talk between ECs and leukocytes is mediated by CAMs, as described above, which enables leukocytes to adhere the endothelium. Because these molecules are embedded in the EC glycocalyx layer, such activation is presumably preceded by glycocalyx shedding due to inflammatory mediators, e.g., cytokines, reactive oxygen species, and nitrosatives species. 6,13,17,33,44,45 An illustrative clinical setting that puts into perspective the contributing effect of each component in sepsis-induced endothelium dysfunction is the context of agranulocytosis/neutropenia or bone marrow-suppressed patients. These patients exhibit the most severe pattern of septic shock, although no leukocyte-EC interactions are present because no leukocytes exist. Moreover, many studies have analyzed endothelium dysfunction via perfusion with various fluids and molecules without the addition of leukocytes. Eliminating leukocytes could be considered a weakness of such studies or could emphasize the fact that leukocyte-EC interactions may not be a fundamental element contributing to endothelial dysfunction in renal dysfunction.

TNF-α exerts deleterious effects on renal ECs and plays a key role in AKI. 46 In the light of these findings, Xu et al. observed in TNF receptor 1 (TNFR1) knocked-out mice submitted to endotoxin challenge that the glomerular endothelial surface layer, endothelial cell fenestrae, GFR, and albuminuria were diminished. These results suggest that sepsis-induced endothelial dysfunction may be mediated by TNF-α activation of TNFR1. Mac-1 (CD11b/ CD18), present on circulating leukocytes, were not protected against neutrophil infiltration nor endotoxin-induced AKI. 48 These findings suggest that sepsis involves multiples pathways leading to endothelial dysfunction and AKI.

Shedding or damaged glycocalyx expose CAMs, previously embedded in the glycocalyx and shielded from the leukocyte interaction. Under such conditions, many EC functions mediated by the glycocalyx are jeopardized. 17,33,44,49 Glycocalyx degradation contributes to an increase in vascular barrier permeability with subsequent albuminuria. 17,[50][51][52][53] An up-regulation of P-selectin, ICAM-1 and VCAM-1 has also been observed in the peritubular capillaries during sepsis. 48,54 Inflammatory mediators and reactive oxygen species released by leukocytes and ECs and upregulated to destroy pathogens may themselves harm the endothelium as an unwanted side effect. Clinical studies have demonstrated that increased excretion of glycocalyx degradation products in urine was associated with microalbuminuria. 51,52 This finding indicates that the glomerular basal membrane is damaged during sepsis as the result of the endothelial vascular barrier injury. At the tissue level, damage to the glycocalyx correlates with increased interstitial fluid and tissue edema.

Plasma leakage is a result of altered vascular barrier permeability. In addition to CAMs and cell-cell junction molecules, vascular endothelial growth factor (VEGF) and angiopoietin-Tie2 systems are critically involved in vascular barrier permeability compromise during sepsis. [55][56][57][58][59][60] High levels of VEGF have been shown in septic patients. [58][59][60][61][62][63] However, low VEGF concentrations were preferentially associated with more severe renal dysfunction. 63 Whereas VEGF and angiopoietin-2 promote microvascular permeability, angiopoeitin-1 (Ang1) acts as an antipermeability molecule and may protect against plasma leakage during sepsis. 64,65 In fact, Kim et al. showed that the administration of a variant of Ang-1 (COMP-Ang1) in mice subjected to endotoxin mitigated renal EC dysfunction and protected against AKI. 66 The systemic inflammatory response associated with sepsis leads to activation of coagulation and disrupts hemostasis, promoting procoagulant and anti-fibrinolytic states. 67,68 Increasing evidence points to an extensive cross-talk between coagulation and inflammation during sepsis. After injury, EC express tissue factor and initiate coagulation cascades that activate thrombin and deposit fibrin. 40,68 Tissue factor expression triggers the activation of coagulation. In sepsis, TF upregulation is insufficiently counteracted by TF inhibitors. In addition, the fibrinolytic pathway is altered with increased PAI-1 activity, resulting in an inhibition of fibrin removal. 67 The level of activated protein C is decreased, contributing to the formation of microclots/plugs in the microcirculation. 5 If uncorrected, this procoagulant state may cause thrombi Chapter 3
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formation and/or severe bleeding or hematomas as part of disseminated intravascular coagulation (DIC) syndrome. Bleeding is caused by the consumption and subsequent exhaustion of coagulation proteins and platelets due to the ongoing activation of the coagulation system. 67 Additionally, platelets may also attach to ECs and are involved in EC activation by several mechanisms. The engagement of platelet GPIIbIIIa upregulates CD40 ligand expression on the platelet membrane, stimulating endothelial cells to express adhesion molecules and TF. 69 Platelet P-selectin, not endothelial P-selectin, is key in the development of ischemic AKI. 70 Platelet consumption may also play an important role in patients with sepsis due to the ongoing generation of thrombin. 71 Platelets contribute to microvascular dysfunction and play a pivotal role in organ failure. 72,73 Finally, neutrophil extracellular traps (NETs) also contribute to microvascular impairment. 68 NETs are networks of chromatin filaments composed of histones and DNA strands, decorated with proteins and lysosomal enzymes. They are released by neutrophils upon contact with infectious agents, inflammatory cytokines or ROS. 68 A common end product of microvascular injury and the combined degradation arising from the glycocalyx, ECs, leukocytes, red blood cells and platelets is the generation of microparticles (MPs). 74 MPs are cell membrane-derived particles which are 0.2-2 µm in diameter, that promote coagulation and inflammation and that contribute to multiple-organ injury, including AKI. 75 MPs remotely promote widespread endothelial dysfunction. 76 Zafrani et al. showed a direct role of MPs in sepsis induced-AKI by using calpastatin, a calpain-specific inhibitor (calpain is essential in MPs release). 77 Several procoagulants (TF and phosphatidylserine) are included in the outer leaflet of MPs perpetuating the prothrombotic state of sepsis.

The above described events generate oxidative and nitrosative stress. Due to tissue hypoxia caused by microvascular dysfunction during sepsis, parenchymal and endothelial cells can switch from aerobic to anaerobic respiration, producing toxic byproducts, such as ROS.

Reactive nitrogen species (RNS) derived from NO and ROS, such as superoxide (O2 -), are produced in large amounts during sepsis. The upregulated production of superoxide arises from (i) the reactions catalyzed by NAPDH oxidase present in leukocytes and endothelial cells, DNA damage. This suggests that peroxynitrite, rather than superoxide anions, is responsible for renal cell damage. 79 In a model of renal ischemia/reperfusion (I/R) injury, L-Nil also prevented ischemic-induced renal microvascular hypoxia, indicating that renal I/R induced early iNOSdependent microvascular hypoxia by disrupting the balance between the microvascular oxygen supply and consumption. 80 Conversely, N-nitro-L-arginine methyl ester (L-NAME), an NO blocker, has been shown to aggravate the course of AKI following I/R injury. 81 In contrast to many other organs, iNOS is constitutively expressed in both mouse and human renal tubule cells 82 and may contribute to changes in renal hemodynamics and a reduction in the GFR. The generation of iNOS results in two pathogenic actions: (i) the inhibition of eNOS-derived NO generation and (ii) the contribution of ROS to the formation of peroxynitrite.

Depletion of essential cofactors necessary for eNOS activity, such as tetrahydrobiopterin, uncouples eNOS and results in the generation of superoxide anion and reduced NO production, a process referred to eNOS uncoupling. Langenberg et al. demonstrated in a sheep model of sepsis-induced AKI, that all subtypes of NOS were highly expressed in the renal cortex but not in the renal medulla. 83 They hypothesized that overexpression of NOS isoforms in the cortex may lead to intrarenal shunting. This may induce a lack of blood flow in the medulla, promoting medullar hypoxia. Vascular hyporesponsiveness is one of the final pathogenic effects in EC injury and further contributes to microcirculation disorders. 4 However, vasodilation, microcirculation alterations and tissue hypoxia are heterogeneous during septic shock, and the kidney is no exception. 1,15 Chapter 3
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How does endothelium damage translate into a loss of kidney function?

As described above, endothelial dysfunction is a consequence of a series of simultaneous or consecutive pathogenic events mediated by toxic compounds produced in large quantities, including IL-6, IL-8, TNF-alpha, VWF fragments, plasma free hemoglobin, MPs, ROS and RNS (figure 1). It was previously thought that histologic damages were present in critically ill patients suffering from AKI. Lerolle et al. revealed fibrin deposition in the glomeruli and signs of acute tubular injury and leukocyte activation, primarily monocytes, in kidney biopsies taken from 19 patients with AKI within 30 minutes postmortem. 84 However, these results need to be interpreted with caution, as the patients were enrolled after having AKI for 2 days with severe hypoperfusion, which could be responsible for the observed renal alterations and not related Chapter 3

Renal endothelial dysfunction in sepsis 50 solely to AKI (causing irreversible damages). Indeed, in experimental studies, no cellular changes have been found, which could account for the marked reduction in glomerular filtration as observed in AKI, supporting the notion that early septic acute kidney injury represents a functional disturbance within the kidney. 85,86 This concept is in line with the need to identify physiological biomarkers of AKI instead of pharmacological markers of cellular damage. 87 These results suggest that AKI may be prevented or at least controlled via pharmacologic treatments because the insult does not induce irremediable histologic damages.

Because different microcirculations coexist in the kidney, sepsis-induced disturbances of the microvascular bed may take different forms. Thus, albuminuria may be more related to glomerular microcirculation EC glycocalyx degradation, inadequate Na + reabsorption, and ineffective tubulo-glomerular feedback (TGF) due to the peritubular microcirculation. All of these contribute to decreases in the GFR. Rodent models of sepsis-induced AKI suggest that cortical peritubular microvasculature is among the first structures injured. [88][89][90][START_REF] Tiwari | Disruption of renal peritubular blood flow in lipopolysaccharide-induced renal failure: role of nitric oxide and caspases[END_REF] The interactions among various factors contributing to the development of renal failure implicates inflammatory activation characterized by leukocyte-EC interactions. These interactions paired with the dysbalance of O2 homeostasis, involving the delicate balance among O2, NO and ROS, and inflammation causes renal microcirculatory dysfunction. These events represent the mechanism of renal function failure.

The role of kidney hypoxia

The final common pathway of the pathophysiological response to sepsis, as discussed above, leads to tissue hypoxia. 15 EC damage is associated with microcirculation impairment followed by tissue hypoperfusion and hypoxia. Lack of oxygen to parenchymal cells directly causes loss of organ function, especially in tubular cells of the kidney. 15 Increasing evidence has demonstrated that a loss of renal oxygenation in heterogeneous areas occurs during sepsis and resuscitation. [START_REF] Evans | Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology[END_REF][START_REF] Johannes | Acute decrease in renal microvascular PO2 during acute normovolemic hemodilution[END_REF][START_REF] Johannes | Influence of fluid resuscitation on renal microvascular PO2 in a normotensive rat model of endotoxemia[END_REF] Therefore, the role of hypoxia may have been previously overlooked, assuming that RBF is increased during the early phase of sepsis such that oxygen delivery is maintained or even increased. However, a thorough literature review emphasized the high heterogeneity of RBF changes during sepsis that depends on the time of insult, the model of sepsis-induced AKI, and the monitoring tools and analyses used in the experiments. [START_REF] Langenberg | Renal blood flow in sepsis[END_REF] Alterations in the microvascular perfusion distribution and a mismatch between kidney tissue oxygen demand Chapter 3
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and delivery occur, especially in the kidney cortex during the early phase of insult. Functional shunting of O2 transport occurs, resulting in small areas of hypoxia. [START_REF] Casellas | Shunting in renal microvasculature of the rat: a scanning electron microscopic study of corrosion casts[END_REF][START_REF] Mafeld | Intrarenal arteriovenous shunts in kidney transplants demonstrated by contrast-enhanced ultrasound[END_REF] Oxygen consumption by the kidney has predominantly and directly related to Na reabsorption (~80%). [START_REF] Thurau | Renal Na-reabsorption and O2-uptake in dogs during hypoxia and hydrochlorothiazide infusion[END_REF][START_REF] Deetjen | The relation of O2 consumption by the kidney to Na reresorption[END_REF][100][101] Indeed, the oxygen requirement of the kidney is mainly determined by the ATP production needed for Na/K pump function on the basal side of thick ascending limb cells. Microcirculatory dysfunction can severely limit the ability of circulation to provide adequate oxygen for fueling oxidative phosphorylation for the production of ATP and can directly impair the function of the Na/K ATPase pump. 102 Numerous studies have demonstrated oxygen impairments in the kidney even during the early phase of sepsis. [START_REF] Johannes | Influence of fluid resuscitation on renal microvascular PO2 in a normotensive rat model of endotoxemia[END_REF]103,104 The unique arrangement of the renal microvasculature, serially organized, with vasa recta emerging from the efferent arterioles of the juxtamedullary glomeruli, makes the maintenance of the medullary perfusion highly depend on adequate cortical perfusion. O2 shunting occurs between the descending and ascending vasa recta and contributes to the high sensitivities of the medulla and corticomedullary junction to decreased O2 supply. 23,26,27,[START_REF] Evans | Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology[END_REF]105 Thus, decreased O2 availability reduces solute and electrolyte exchange, leading to further activation of the TGF to maintain DGF constant. Johannes et al. showed in an endotoxemia rat model that cortical microcirculatory PO2 was preserved despite hypotension and a drop in renal arterial flow. Interestingly, despite fluid resuscitation in this model, which corrected the mean arterial pressure and increased RBF, the renal cortical microvascular oxygenation paradoxically worsened and VO2/TNa+ increased. [START_REF] Johannes | Influence of fluid resuscitation on renal microvascular PO2 in a normotensive rat model of endotoxemia[END_REF] Evans et al. suggested that arterio-venous shunts may represent an adaptive mechanism for preventing hyperoxia and the overproduction of ROS due to the high renal perfusion needed to sustain the glomerular filtration rate (GFR) and for limiting oxygen debt in the entire kidney. 27 The role of hypoxia-induced factor α (HIFα) activation and regulation in the kidney during sepsis is a subject of intense investigation. 83,[START_REF] Evans | Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology[END_REF][106][107][108] HIFα may play a crucial role in protecting the kidney during I/R injury. 28 Studies have shown that the expressions of HIFα genes and mRNA is upregulated during sepsis-induced AKI in both caecal ligation puncture and endotoxemia models of insult. 83,107 HIFα is an O2-sensitive transcription factor that accumulates and binds to the key sequence of the erythropoietin (EPO) gene, the hypoxia-responsive element (HRE), and activates transcription of EPO when oxygen tensions decrease. HIFα possesses two isoforms, HIF-1α and HIF-2α, which are expressed in a cell-type fashion: HIF-1α is expressed in tubular cells, and HIF-2α is expressed in interstitial and endothelial cells. 109 In a multi-insult rat model of AKI, Rosenberger et al. showed that HIF-1α was more expressed in collecting ducts than in the Chapter 3
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The activation of TGF via the renin-angiotensin aldosterone system (RASS) is part of the response to sepsis insult. Increased levels of angiotensin II (Ang II) leads to a reduction in GFR by causing vasoconstriction of both the afferent and efferent arterioles in the glomerulus. The activation of TGF then decreases hydrostatic pressure in the glomerulus and reduces the GFR. 43 Regional reductions in microcirculatory flow cause heterogeneous regional micro-ischemia, resulting in impaired cortical and medullar µPO2 and contributing to the recruitment of shunts and a reduction in renal oxygen extraction. [START_REF] Evans | Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology[END_REF] 

Renal tissue edema

The primary cause of renal edema is thought to be initiated by the degradation of the EC glycocalyx. The actors involved in glycocalyx shedding are thought to be reactive oxygen species (ROS), such as hydroxyl anions, hydrogen peroxide, peroxynitrite, and superoxide, or other molecules/enzymes, including heparanase or tumor necrosis factor-α (TNF-α). 6,110,111 Indeed, anti-oxidant enzyme treatments (catalase or superoxide dismutase) experimentally dampened the shedding products of the endothelium and maintained vascular barrier integrity. 45 The final result of loss-of-barrier function is interstitial edema. Edema and, more generally, fluid overload following fluid resuscitation of septic patients, is a well-recognized contributor to organ dysfunction. The use of fluids to treat AKI is a controversial topic, as the amount 90,123 Both treatments improved renal microcirculation, reduced vascular permeability, and improved renal function. In a retrospective clinical study, the administration of ulinastatin, a urinary trypsin inhibitor that possesses a variety of anti-inflammatory effects was found to be associated with a lower incidence of AKI after cardiopulmonary bypass surgery. 124 The authors concluded that the favorable outcome observed may be related to less ECdamaging cytokines that are often present in AKI. Another recent review listed the novel repair targets in endothelial cells during AKI. 125 However, these therapies often focused on one target, whereas cellular and tissue repair are more complex processes involving hundreds of pathways.

New and interesting approaches incorporate cell-based therapies, such as mesenchymal stem cells 126-128 and endothelial progenitor cells (EPCs), 129,130 which may be more efficient given the complex mechanisms of injury. Cellular therapies aim to utilize cells that are capable of Chapter 3

Renal endothelial dysfunction in sepsis 54 modulating the global inflammatory response by secreting large quantities of pro-and antiinflammatory agents and other types of molecules. The many molecules that can be secreted cells can target a variety of receptors, better preventing/limiting sepsis-induced organ damage, restoring microcirculation and promoting parenchymal function than a single drug may do.

These cell-based therapies are also believed to speed the recovery of renal function and healing.

This approach is the object of intense research and several ongoing projects. 

Impact of fluid resuscitation on ECs

Fluid resuscitation is the cornerstone of the management of sepsis-induced AKI. The choice of fluid used during the resuscitation process has been largely debated. Briefly, current evidence suggests that fluid resuscitation should not further harm ECs or aggravate tissue edema, with the goal to not further worsen kidney function. 112,114 However, the optimal fluid and optimal dose that should be administered to a specific patient remains a source of debate, and to what extent fluid therapy promotes microcirculatory flow and preserves EC functions in the kidney is unknown. 135 Data regarding the specific action of fluids on ECs in the kidney are scarce. To date, although there is a growing body of evidence regarding the importance of the glycocalyx in vascular barrier permeability, it is not clear if restoring or preserving the glycocalyx layer from shedding influences renal outcome or decreases the occurrence of sepsis-induced AKI.

Conclusion

ECs play a key role in the protection of the kidney from injury and functional failure. New monitoring techniques that aim to directly providing information regarding renal ECs and microcirculatory function may facilitate goal-directed strategies for identifying and treating AKI.
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Introduction

There is persistent controversy concerning the choice of a volume expander in hemorrhagic shock. Most of the published articles have not demonstrated any beneficial effect on survival associated with either crystalloid or colloid. 1,2 One of the most neglected areas in the literature 3 concerns the impact of fluid administration on blood rheology, which among other factors exerts a certain influence on oxygen delivery to tissue, especially in the microvessels. 4 For instance, changes in plasma viscosity (PV) have barely been investigated.

According to Poiseuille's equation, vascular resistance is related to blood viscosity. Although this relationship is frequently used for calculation, it applies for rigid and straight tubes, Newtonian fluids, steady laminar flow and a fully developed parabolic velocity profile, conditions which are not met in vivo. 5,6 This model does not consider the variable geometry of the vascular network 7 (autoregulatory processes), since vasomotor tone alters vessel radius and hence has a direct influence on vascular resistance. Recent studies have shown that if blood viscosity is severely decreased by hemodilution, microvascular function is impaired and tissue survival is jeopardized due to maldistribution of blood flow in the microcirculation, rather than because of decreased systemic oxygen delivery. 8 In capillaries, hematocrit is lower than in the systemic circulation due to a skimming effect; 5,9 as the capillary diameter decreases, the number of red blood cells is lower, and apparent whole blood viscosity (WBV) decreases. Thus, PV remains the major regulatory factor of wall shear stress and capillary perfusion. Functional capillary density (FCD) determines functional perfusion. 10 It has been demonstrated that FCD is independent of oxygen carrying capacity and tissue pO2. 11 These findings suggest that a threshold of PV is required to maintain FCD and is crucial for improving survival in hemorrhagic shock.

In a porcine model of hemorrhagic shock, goal-directed fluid resuscitation titrated on SvO2 

Materials and Methods

These experiments were approved by the Bureau for Animal Protection of the French Ministry for Fishing, Agriculture and Food, and were conducted in accordance with the Guiding Principles for Research Involving Animals and ethical guidelines for publication in Clinical Hemorheology and Microcirculation.

Physicochemical properties of volume expanders

We measured the intrinsic viscosity of the 5 most commonly used, commercially available, volume expanders in France, with a Couette-type coaxial viscometer (Low Shear 30, Contraves LS 30, Zurich, Switzerland). 12 Volume expanders and plasma are Newtonian fluids, as their viscosity does not vary with shear rate. Viscosities of the plasma expanders were determined at 20°C (temperature of storage) and at 37°C (body temperature) at a shear rate of 128s -1 .

We chose two clinically-used solutions with physicochemical properties at the extremes of the spectrum: one with the lowest viscosity (0.82 mPa.s at 37°C) and plasma-expanding effect, i.e, Lactated Ringer's solution (B-Braun Medical, Melsungen Germany) and the other with the highest viscosity (2.50 mPa.s at 37°C) and plasma-expanding effect, i.e, HHES (HES 6% 200/0.5+NaCl 7.2% HyperHES, Fresenius Kabi, Graz, Austria) (Table 1). On account of the current limitations on clinical use of HHES (a maximum of 4 ml/kg) due to its hyperosmolarity, we decided to complement fluid resuscitation in the HES group using the 2 nd most viscous plasma expander available on the market (1.91 mPa.s at 37°C): HES (HES 6% 130/0.42, Voluven, Fresenius Kabi, Graz, Austria) (Table 1 

Formulas

Body surface area (BSA) was calculated according to Kelley's formula 13 (734 x body weight 0.656 ), and applied to the calculations of cardiac index (CI), stroke volume index (SVI), systemic vascular resistance index (SVRI), pulmonary vascular resistance index (PVRI), oxygen delivery index (DO2I) and oxygen consumption (VO2). Finally, O2 extraction index was determined by EIO2= (SaO2-SvO2)/SaO2 (%).

Sublingual microcirculatory assessment

Since it shares a similar embryologic origin with the digestive mucosa, the assessment of sublingual microcirculation provides an easy and reliable overview of the splanchnic mucosa, which is known to be impaired in shock state. 14 Two probes were placed in sublingual mucosa. 

Measurements

To avoid preanalytical errors (hemodilution), 7 mL of arterial blood were withdrawn before other samples were taken.

Arterial blood gas, lactate, hemoglobin, hematocrit, plasma protein and fibrinogen levels

Serial arterial blood samples were used to determine pH, PaO2 (mmHg), PaCO2 (mmHg), HCO3 

Rheological measurements

Blood samples were collected in EDTA tubes. Whole blood viscosity (WBV; mPa.s) was measured at 37°C and at shear rates from 0.5 to 128s -1 using the same viscometer described above. Whole blood is considered as a non-Newtonian fluid; therefore its viscosity is dependent on the shear rate. Given that plasma is a Newtonian fluid, its viscosity is independent of shear rate. Therefore plasma viscosity was determined only at 128s -1 .

Measurements of WBV were performed after correction of hematocrit to 35% by the addition or subtraction (centrifugation and resuspension in a smaller volume) of autologous plasma. All hemorheological values were obtained at each time point. As systemic vascular resistance is not relevant to the effect of vascular geometry on flow, another rheological Chapter 4
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Nitric oxide production

Plasma nitrate (NO2 -) and nitrite (NO3 -) measurement was used as a surrogate of nitric oxide (NO) production. 18 Endothelial NO production should be elevated in case of increased endothelial shear stress, e.g., infusion of high viscosity plasma expanders. 19 The NOx levels (range 6.25 to 200µmol/L) were quantified by colorimetric assays based on the Griess reaction;

techniques have already been described elsewhere. 20,21 The intra-assay and inter-assay coefficients of variation (CVs) were 2.5% and 4.6% respectively.

Experimental design

Animals were randomly allocated, by opening a sealed envelope, to a low viscosity fluid resuscitated group (n=5; LR), or a high viscosity fluid group (n=5; HHES+HES called HES group).

The animals were allowed to stabilize after induction of anesthesia and insertion of catheters and probes. Before the beginning of hemorrhage, baseline measurements (BL) of systemic and microcirculatory hemodynamics, arterial blood gas, arterial lactate, hemoglobin, hematocrit, plasma protein, fibrinogen and hemorheologic variables were performed.

Blood loss from the carotid artery at a rate of 8-10mL/kg/10 min was induced for 30 minutes. Shock state was reached when 30 ml/kg were withdrawn representing 40% of total blood volume. It resulted in a decrease in MAP of 45-50 mmHg. The pigs were allowed to recover for 30 minutes without additional blood removal or administration of fluid until resuscitation was started. Study design was summarized in Fig. 1. We opted for a goal-directed therapy, primarily to restore SvO2 and SVI to baseline values. In the HES group, HHES was administered up to the maximal dose allowed (4ml/kg) and then HES was used for fluid resuscitation in order to achieve blood flow endpoints. Fluid administration was continued for 60 minutes (R-60), as required to maintain SvO2 and SVI close to baseline. Systemic hemodynamic and microcirculatory variables were obtained and recorded at each time point (Fig. 1). Hemorheological parameters, DO2, VO2, arterial blood gas, arterial lactate, osmolarity and plasma nitrite/nitrate levels were obtained at each time point except S-0. Plasma protein and fibrinogen were only assessed at baseline, state of shock and at the end of resuscitation. After completion of the experiment, the animals were sacrificed by an intravenous injection of potassium chloride.

Statistical analysis

All computations were performed with the SigmaStat 3.5 statistical software (SigmaStat, Aspire Software International, Ashburn, VA, USA). We hypothesized that therapy with 2 regimens of volume expanders with physico-chemical properties at the extremes of the spectrum would result in a higher than 10 % difference in PV between the two groups at the end of the resuscitation period (R-60). Preliminary data showed that PV in pigs was 1.34 mPa.s with a standard deviation of 0.04. Power analysis was conducted as follows: assuming a difference of 0.1 mPa.s of the nadir value in PV between the 2 treatment groups at R-0, five pigs in each group provided a 90% power to detect a significant difference between 2 groups for alpha=0. 05 

Results

All 10 pigs survived until the end of the experiment. The median weight of pigs (31 [28 -33] kg) was not significantly different between groups. The total blood loss was similar in the two groups (HES group: 26.5 [26.4 -27.3] above baseline values at R-60, despite the continuation of fluid resuscitation.

PCWP (mmHg) HES 2 [2 -5] 1 [1 -1] b 0 [0 -1] b 2 [2 -2] 3 [2 -3] LR 6 [5 -6] 2 [1 -3] c 3 [0 -4] b 7 [6 -7] 6 [6 -6] CVP (mmHg) HES 3 [3 -4] 2 [2 -3] b 3 [3 -3] a 4 [4 -4] 3 [3 -4] LR 7 [7 -8] 3 [2 -6] c 4 [3 -5] c 9 [8 -
In addition, we found a significant correlation (r 2 =0.83 for LR and r 2 =0.85 for HES) between SVI and PtiO2 (Fig. 3), suggesting the relationship of macro-and microcirculation. The lowest PtiO2 values were observed for the lowest SVI. 

Hemorheological characteristics

Whole blood and plasma viscosity

Hemorrhage did not produce a significant decrease in WBV (whatever the shear rate) or PV (Table 3). At corrected hematocrit (35%) and shear rate 128s -1 , WBV decreased significantly only in the LR group at R-0 (p<0.05). After completion of fluid resuscitation, WBV decreased similarly in both groups. At shear rate 0.5s -1 , WBV was significantly lower after resuscitation (R-0 and R-60) with no difference between the groups. Interestingly, although variations in PV were very low compared to WBV, PV decreased significantly in both groups after resuscitation (p<0.001), despite viscosities of volume expanders at the extremes of the spectrum (Fig. 4). PV had a stronger correlation with plasma protein concentration (r 2 =0. 

Discussion

Considering plasma viscosity as a major determinant of microcirculation, 8 it could become a potential target for resuscitation of hemorrhagic shock. Hence, we investigated the effects of two strategies of fluid resuscitation on hemorheology. In these experiments, we hypothesized Chapter 4

Plasma viscosity and microcirculation 80 that a goal-directed therapy of hemorrhagic shock titrated on SvO2 and stroke volume with two regimens of volume expanders could result in significant differences in PV. There were no significant differences in the measured macrocirculatory or microcirculatory variables between the two groups after fluid resuscitation, when blood flow endpoints were reached. As PtiO2 was correlated with SVI, it supports the concept that tissue oxygenation variables could be used as a surrogate of cardiac output. 22 Hemodilution induced by volume expansion changed hemorheological variables with a decrease in WBV and PV in both groups. Despite the fact that the two strategies of fluid replacement have very different physicochemical properties and a 6-fold difference in cumulative volumes, the modifications induced in hemorheological variables were very similar in both groups.

Volume expansion with LR has been used for decades in the pre-hospital setting and in operating rooms for resuscitation of hemorrhagic shock. Its rheological properties are similar to those of water, especially its viscosity (≈ 0.9 mPa.s). Therefore, when infused in large volumes, LR is expected to decrease WBV and PV because its viscosity is lower than plasma. The volume expanding effect of LR lasts approximately 30 minutes, because it is poorly retained in the vascular compartment and is quickly excreted by the kidney. After LR infusion is interrupted, PV will rise gradually as LR diffuses to the interstitial space.

Changes in PV are more difficult to account for in the use of colloids. Although they have much greater viscosity than crystalloids, two phenomena can lead to a decrease in PV. First, NaCl 7.2%, being a hypertonic fluid that causes a rapid shift of free water from the interstitial to the intravascular compartment, contributes to the decrease in WBV and PV through hemodilution. It is an important but short-term effect as it promptly restores macrohemodynamic variables. The additional use of HES in our experiment was intended to sustain the volume expanding effect initiated by hypertonic saline. However, even high viscosity HES used in this experiment can barely compensate for the steep decrease in PV. Secondly, the chemical and physical characteristics of HES preparations are defined by mean molecular weight, the molar substitution (MS) and the C2/C6 ratio. This confers different properties to HES and makes their basal viscosity vary. We report viscosities of 1.91 and 2.50 mPa.s at 37°C respectively for HES 130/0.4 and HES 200/0.5, which is consistent with earlier investigations. 23,24 However, the expected increase in PV after HES resuscitation did not occur. The speed of enzymatic breakdown is inversely related to the degree of MS and the C2/C6 ratio. 25 Cleavage products are then cleared from the intravascular space, by continuous renal excretion, thus decreasing the concentration of HES in plasma. 26 It would result in a global decrease of PV. Nevertheless, within the time frame of our experiments, it is unlikely that significant hydrolysis occurred. Our results are in agreement with other studies performed in humans showing a decrease or no change in PV after large infusion of HES 130/0.4, up to 70 ml/kg. 24,27 Several studies using HES 200/0.5 have shown a slight increase in PV. 23,27,28 These studies were however performed under conditions of normovolemic hemodilution and their results cannot be extrapolated to hemorrhagic shock. Under isovolemic conditions, microcirculation seems not to be jeopardized above a hematocrit of 10%. 29 In our study, the combination of HHES and HES was unable to increase PV. Despite its high viscosity, HES could not counteract the decrease in PV induced by hypertonic saline.

It can be concluded from these experiments that the cumulative volumes of colloids (approximately 15 % of the estimated blood volume) and their relatively low viscosity (2-3 mPa.s) are insufficient to increase PV. In two previously published articles in animals, volume expansion with a 6% dextran 500 (a high viscosity solution; 5.92±0.7 mPa.s) at 4 % of the estimated blood volume resulted in the doubling of PV. 30,31 Studies performed by Audibert et al. 28 and Freyburger et al. 23 in humans confirmed that neither albumin, nor gelatin, nor dextran 40 or 60 were able to significantly increase PV in vivo during preoperative normovolemic hemodilution.

In a canine model of hemorrhagic shock, hyperviscous fluid resuscitation was unable to improve microcirculatory parameters, 32 but it induced a systemic vasodilatation. Krieter and

Chen have already shown that colloid resuscitation with viscosities and volumes higher than those used in our experiments and in clinical practice resulted in significantly increased PV. 30,31 The consequence of the increased PV was vasodilatation occurring in vital organs (heart, brain, liver). Our data demonstrated that with modern colloids and current limitations on cumulative volumes, it is impossible to achieve a clinically relevant increase in PV. In the absence of PV increase in our model, shear stress-mediated release of NO was not observed, as plasma NOx remained unchanged over the experiment.

Limits of the study

In this experiment, we worked on a small number of animals in each group. The hypothesis that was used to make the power calculations was a 0.1 mPa.s decrease in PV. We did observe Chapter 4

Plasma viscosity and microcirculation 82 such a decrease (Table 3) which was related to the resuscitation process rather than to the type of volume expander. In our model, the blood loss was substantial (40% of total blood volume) but the consequences in these young and healthy animals were moderate (MAP 50mmHg, hyperlactatemia 3mmol/l). Supine position was used in these experiments but may alter the venous blood return. We used a pig model, because of its rheological similarities with the human species. 33 Unlike others studies, fluid therapy was titrated on mixed SvO2 and stroke volume in our model, rather than an empirical target of volume replacement or a blood pressure level to achieve.

Systemic hemodynamics, especially cardiac output were monitored through a continuous thermodilution catheter, which is unable to quantify beat-to-beat CO. Basically, it requires at least 60 seconds (up to 180 seconds) for analyzing and determining CO. This latency could explain the "overshoot" (increase in cardiac index) observed in the LR group at R-0.

Microcirculation was assessed by indirect indicators such as PtiO2 and tissue blood flow, whereas other investigators used intravital videomicroscopy (IVM). Indeed, IVM provides a visual analysis of microcirculatory flow that is usually discontinuous. Nevertheless, measurement sites were the same over the whole experiment allowing valid comparisons over time.

We monitored the hemorheological effects for 60 minutes because we assumed the impact of fluid therapy on hemorheology would be major in the first hour of resuscitation. We overlooked late effects of fluid resuscitation. After massive bleeding and fluid resuscitation, inflammatory effects occur. This inflammatory response is unpredictable and could interfere with hemorheology. It has been shown that infusion of large volumes of LR may have proinflammatory effects [34][35][36] whereas hypertonic saline did not. 37 This would be due mainly to the use of D-lactate. This model focused on circulatory variables and did not examine the inflammatory response or lung injury and tissue edema.

Conclusion

It can be concluded that within the limits of the study design, the commercially available plasma expanders have similar effects on rheological and microcirculatory variables despite a 6-fold difference in the volumes required to restore blood flow endpoints. Our findings are consistent with the absence of clinically relevant differences between crystalloid and colloid resuscitation of hemorrhagic shock. These results challenge the concept that the glycocalyx barrier is a significant contributor to VBP.

Keywords: glycocalyx, hemorrhagic shock, vascular barrier permeability, microcirculation, fluid resuscitation

Key points Summary

• Question: Is glycocalyx degradation occurring during non-traumatic hemorrhage followed by fluid resuscitation of different composition associated with a degradation of the vascular barrier?

• Finding: Glycocalyx degradation occurs during non-traumatic hemorrhagic shock but without affecting vascular barrier permeability and is not prevented by fluids of different composition.

• Meaning: Increase in vascular barrier permeability seen in states of perioperative and critical illness requires compromise of other barrier constituents such as cell to cell junctions than solely glycocalyx shedding.

Introduction

The vascular barrier is mainly composed of the glycocalyx, endothelial cells, and cell-to-cell junctions. [1][2][3] The main functions of the glycocalyx are to protect the endothelium, facilitate numerous physiological processes, and regulate cellular and macromolecular traffic. 4 Degradation of the glycocalyx has been associated as a key step in the pathogenesis of a large number of cardiovascular diseases such as shock, 5,6 sepsis, 7,8 diabetes, 9 atherosclerosis, 10 heart failure and volume overload. 11 One of the main implicit assumption in the literature, has been that the glycocalyx barrier is the key vascular component defining vascular barrier permeability (VBP), 3 and that its disruption is the primary cause of vascular leakage causing tissue edema. However, the causal relationship between glycocalyx degradation and vascular barrier breakdown has not been clearly demonstrated. Studies that have demonstrated glycocalyx shedding in various experimental and clinical settings have not demonstrated that glycocalyx shedding in itself produces an increase in vascular barrier permeability (VBP). [12][13][14][15] Other experimental studies carried out on glycocalyx degradation have used interventions, such as enzymatic degradation, [16][17][18][19] not often seen in clinical conditions, which besides the glycocalyx, could also disrupt other components associated with VBP such as endothelial cell integrity and endothelial cell-to-cell junctions leading to capillary leakage.

This uncertainty has led us to formulate the hypothesis that in non-traumatic hemorrhagic shock (NTHS) such as can occur during the perioperative phase, glycocalyx degradation can indeed occur but without the negative consequences of VBP alterations and that this degradation might not be the primary component responsible for VBP alterations associated with edema. In extension to this hypothesis, we assumed that fluid resuscitation may influence components of the glycocalyx but may not result in deleterious effects on VBP indicating fluid therapy is a safe and effective therapy during NTHS.

In the present study we proposed to induce NTHS and investigate these issues. To demonstrate that the intervention of glycocalyx shedding has been achieved, we intended to measure the presence of shedding products of the glycocalyx in plasma and to use direct imaging of the microcirculation using hand-held vital microscope to analyze microcirculatory disturbances known to be associated with the endothelial glycocalyx degradation. 9,20 In doing so we proposed to investigate whether the NTHS-induced glycocalyx shedding in the rat model resulted in an alteration in VBP. To this end, we used 4 independent assays for 

Methods

Animals

This study was approved by the Animal Research Committee of the Academic Medical

Center of the University of Amsterdam (DFL 190AA). Care and handling of the animals were in accordance with the guidelines from the Institutional Animal Care and Use Committees. This manuscript adheres to the applicable ARRIVES guidelines. Experiments were performed on male Wistar albino rats (Charles River Laboratories, The Netherlands), aged 10±2 weeks, with a mean±SD body weight (B.W.) of 334±24 g.

Surgical preparation

The rats (n=59) were anesthetized with an intraperitoneal injection of 100 mg.kg -1 ketamine (Nimatek ® ; Eurovet, The Netherlands), 0.5 mg.kg -1 medetomidine (Domitor; Pfizer, USA) and 0.05 mg.kg -1 atropine-sulfate (Centrafarm, The Netherlands). Anesthesia was maintained with 50 mg.kg.h -1 ketamine. Fluid maintenance consisted in Ringer's acetate (Baxter, Utrecht, The Netherlands) at a rate of 10 ml kg -1 hour -1 . After a tracheostomy, the animals were connected to a ventilator (Babylog 8000, Dräger, Nederland) and ventilated with tidal volumes of 6 ml.kg -1 with a positive end-expiratory pressure of 3 cmH2O and an FiO2 of 0.4. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37±0.5°C. The endtidal PCO2 was maintained between 30 and 35 mmHg (CapnoMac, Datex-Ohmeda, USA).

The right carotid (pressure) and left femoral (for blood shedding and samples) arteries and jugular (anesthesia and fluid maintenance) and femoral (fluid resuscitation) veins were Chapter 5

Glycocalyx degradation and vascular permeability in hemorrhage 94 cannulated with polyethylene catheters (outer diameter = 0.9 mm; Braun, Germany). The right biceps femoris was exposed, and the femoral artery blood flow (FABF) was monitored with a transonic flowmeter probe (0.5 mm, T206; Transonic Systems Inc). To prevent muscle desiccation, the exposed area was protected with a humidified gauze with warm 0.9% NaCl. The bladder was catheterized via a mini-midline incision with a polyethylene tube (outer diameter = 1.2 mm) and a homemade tip to prevents spontaneous displacement and traumatic lesions.

The urine output was quantified.

Experimental protocol (Supplemental figure 1)

Animals were randomized according to a unique code generated by an internet website (https://www.sealedenvelope.com). On the day of experiment, a technician prepared the resuscitation fluid according to the generated code. underwent surgical preparation of the limb but were neither hemorrhaged nor resuscitated. A non-resuscitated group was We deliberately chose a target of 80 mmHg because baseline MAP was higher in healthy rats than in healthy humans. 

Supplemental

Biomarkers of glycocalyx shedding

Syndecan-1, heparan sulfate and hyaluronan were used as indirect makers of glycocalyx degradation. Plasma samples were stored at -20°C and were thawed and analyzed using commercial enzyme-linked immunoabsorbent assay (ELISA) kits according to the manufacturer's instructions: DuoSet® Hyaluronan (DY3614, R&D Systems, Minneapolis, USA), Syndecan-1/CD138(SCD1) ELISA kit (Cusabio Biotech Co., Ltd., Wuhan, China) and heparan sulfate proteoglycan 2 (HSPG2) ELISA Kit (Cusabio Biotech Co., Ltd., Wuhan, China).

Skeletal muscle microcirculatory measurements

Glycocalyx degradation results in alterations in microcirculatory perfusion which can be observed using hand-held videomicroscopy (HVM). 9 Incident dark-field (IDF) based HVM CytoCam™ (Braedius Scientific, Huizen, The Netherlands) was placed on the surface of the exposed biceps femoris. 21 Briefly, the IDF-imaging technique uses green polarized light that is produced from a ring of circumferential LEDs that is transmitted to the tissue and absorbed by hemoglobin, thus appearing dark on images. The imaging results in sharp contour visualization of the microcirculation, showing flowing erythrocytes and leukocytes. Continuous monitoring of the same microcirculatory spot was performed with the help of a micromanipulator. One hundred frames clips (100 sec) were recorded at every time point. All clips obtained were randomly anonymized and analyzed in a blinded fashion (group and time point). The analysis of the microvasculature was performed at baseline and T3 with AVA 3.2 (Microvision Medical, Amsterdam, The Netherlands) for total vessel density (TVD), perfused vessel density (PVD) and the mean flow index (MFI) by 2 trained and independent operators (Z. U. and Y. I.) as described elsewhere. 22 

Assessment of vascular barrier permeability

Fluorescent tracers

The time dependent plasma concentration of different size fluorescent tracer molecules in plasma can be used to measure the permeability of vascular barrier since smaller molecules will decay faster than larger tracer molecules. 9 Degradation of the vascular barrier will lead to enlargement of the protein sieving, that translates in a faster plasma decay (transendothelial Chapter 5

Glycocalyx degradation and vascular permeability in hemorrhage 96 escape) of larger molecules. At the end of the experiment, fluid resuscitation and maintenance were stopped. Three fluorescent dyes conjugated with different sizes of molecules and dissolved in saline were thoroughly mixed together and injected intravenously by hand over 1 minute: Texas Red-40 kDa dextran (10 mg/ml, D1829, Molecular Probes, ThermoFischer Scientific, Breda, the Netherlands), Albumin-Alexa 680 (5 mg/ml, A34787, Molecular Probes, ThermoFischer Scientific, Breda, the Netherlands), and fluorescein isothiocyanate (FITC)-500 kDa dextran (10 mg/ml, MFCD00131092, Sigma-Aldrich, Zwijndrecht, the Netherlands) (100 µl each).

Blood samples (200 µl) were withdrawn at 2, 5, 10, 15, 20, 25 and 30 minutes to obtain the decay in plasma concentration of the dyes as we had researched previously. 9 Plasma concentrations were measured for each dye in a 96-well plate fluorometer (ClarioStar, BMG LabTech, Ortenberg, Germany) in accordance with the excitation/emission wavelengths of each dye and after obtaining a standard calibration curve: 580±20 nm/625±20 nm for FITC, 480±15 nm/530±25 nm for TexasRed and 675±10 nm/740±40 nm for Alexa 680. The concentrationtime curves of all dyes were fitted for each experiment separately with a monoexponential function. A retention ratio (RR) of the dye was calculated as follows: RR = final concentration at 30 min / initial concentration at 2 min.

For total intravascular blood volume (TBV) determination, the concentration of Albumin-Alexa 680 was determined at time = 2 min after bolus injection according to the following calculation: TBV (ml) = ([Albumin-Alexa syringe] x 0.1) / [Albumin Alexa plasma].

Evans blue dye technique

Evans blue is a fluorescent dye that readily binds to albumin once introduced intravascularly. The strong binding property of Evans Blue dye to serum albumin makes its escape from the vasculature to the tissue cells a well-established method for assessment of VBP. 23 A separate series of experiment (n=12) was performed to determine albumin-bound Evans blue dye (EBD) extravasation in the lung, heart, liver and kidney in control, crystalloid and colloid resuscitated groups. At the end of experiment, 1 ml/kg B.W. EBD 4% (Fluka, Sigma Aldrich, Zwijndrecht, the Netherlands) was injected intravenously. Thirty minutes after injection, the inferior vena cava was incised for exsanguination and evacuation of the dye, and the animal's body was flushed thoroughly with 0.9% NaCl containing heparin (100U/ml) via the femoral artery and jugular vein, until the fluid leaving was clear. At least 100 ml was required. Each harvested organ was cut in small pieces, rinsed, weighed and placed in 1:1 weight (mg):volume (µl) ratios Chapter 5

Glycocalyx degradation and vascular permeability in hemorrhage 97 5 of 0.9% NaCl. Samples were homogenized for 5 min using a handheld homogenizer (Polytron 1200 E, Kinematica, Luzern, Switzerland). Trichloroacetic acid (TCA) 50% (Sigma Aldrich, Zwijndrecht, the Netherlands) was added in a 3:1 ratio (volume (µl):weight (mg)). The TCA/homogenates were centrifuged at 10,000 x g for 20 min to remove precipitates and tissue debris, and the supernatants were added to a 96-well plate (30 µl per well, each plate supplemented with 90 µl of 95% ethanol and thoroughly mixed by pipetting) for fluorescence spectroscopy (620 nm/680 nm). 24 EBD was extracted from the tissue, expressed as µg per g of tissue and determined against a calibration curve fitted with a five-parameter logistic equation (5PL). Images were split into RGB images, and the integrated density was calculated in the green channel. The fluorescence intensity was normalized to baseline fluorescence and plotted as a fold-increase for every post-infusion time point.

Intravital fluorescence microscopy

Tissue edema

Edema formation may occur following accumulation of water as a result of vascular barrier compromise. At the end of the experiment, the heart, brain, kidney, lung and liver were harvested to determine their water content using the wet/dry weighing technique (held at 100°C for 24 h) and were calculated as follows: wet tissue weight/dry tissue weight ratio. This technique allows the measurement of water content in the organ.

Statistical analysis

Values are expressed as mean±SD when normally distributed (Kolmogorov-Smirnov test), or as median [IQR] otherwise. Repeated measures 2-way analysis of variance (ANOVA) (2 factors: time as a related within-animal factor and group as a between-animal factor) with post hoc Bonferroni's correction test for multiple analysis were used to determine intergroup and/or intragroup differences of hemodynamic, microcirculation, biochemical data, glycocalyx degradation biomarkers, and intravital fluorescence microscopy. When significant interaction was observed between time and group, we reported simple main effects of group (type of fluid) compared to the control group at each timepoint and the simple main effect of time versus baseline within the same group. Ordinary one-way ANOVA with Bonferroni's correction was used for the analysis of total intravascular blood volume, tissue edema (organ by organ), urine output, and fluorescent tracers retention ratios. The decays in plasma concentration of fluorescent dyes at each timepoint were fitted with an exponential one phase decay using the least squares methods. Because of their non-gaussian distribution, the analyses of power of exponential decay times fitting curves of each fluorescent dye and Evans Blue dye concentrations within Chapter 5

Glycocalyx degradation and vascular permeability in hemorrhage 99 5 organs were performed using a Kruskal-Wallis test with Dunn's correction test. Statistical analysis was performed using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla, USA). The overall significance level for each hypothesis was 0.05. Adjusted P-values were reported throughout the manuscript in post hoc tests.

Based on a previous study by Bansch et al., 27 we postulated that fluid resuscitation with crystalloids after hemorrhage will increase the plasma volume by approximately 25% to target a mean arterial pressure of at least 80 mmHg. Sample size was calculated by nQuery Advisor. A sample size of 6 in each group will have 80% power to detect a difference in means of -9.40 ml/kg (36.1 ml/kg versus 45.5 ml/kg) assuming that the hemorrhagic shock group standard deviation, s1, is 2.700 and the balanced crystalloid group standard deviation, s2, is 6.200 (ratio of Group 2 to Group 1 standard deviation is 2.296) using a two group Satterthwaite t-test with a 0.050 two-sided significance level.

Results

A total of 59 animals were included in this study, 30 rats for the predefined study, 17 rats for the second set of experiments and 12 rats for the study with EBD. No animals died during the experiment. Hemodynamic parameters are presented in Table 1. MAP and FABF significantly decreased during hemorrhagic shock. Shock induced metabolic acidosis associated with hyperlactatemia (>5 mmol.l -1 ), compared to controls (F (4, 25) = 11.52, P<0.0001). The mean blood withdrawal was 5.7±0.6 ml (17.1±2 ml.kg -1 B.W.), corresponding to 27.5±3.2% of total blood volume (BV) of the rats when calculated according to the following formula: BV (ml) = 0.06 x B.W. + 0.77. 28 The total fluid resuscitation volumes were 63 [48 -70] ml, 41.5 [36 -45.2] ml and 6.5 [5.7 -12.2] ml for the 0.9% NaCl, balanced crystalloid and colloid groups, respectively (F (2, 16) = 64.85, P<0.0001). Fluid resuscitation induced a significant decrease in hemoglobin levels (Supplemental Table 1). The associated urine output during the hour following fluid resuscitation was significantly higher in balanced crystalloid and 0.9% NaCl groups compared to controls, 0.067 [0.056 -0.094] ml.g -1 .h -1 (mean diff. -0.0587, 95%CI [-0.0986 to -0.0187], adjusted P=0.0038) and 0.088 [0.058 -0.14] ml.g -1 .h -1 (mean diff. -0.0871, 95%CI [-0.1257 to -0.0484], adjusted P=0.0001) versus 0.031 [0.019 -0.044] ml.g -1 .h -1 , respectively (Supplemental Figure 2).

No urine was produced in the hemorrhagic shock group. The MAP was significantly lower in the Chapter 5
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Strategies of fluid resuscitation with balanced crystalloid or colloid were both efficient in correcting pH and plasma lactate levels (Supplemental Table 1) compared to normal saline. Table 1. Hemodynamic parameters and lactate for animals resuscitated with either balanced crystalloid, balanced HES or normal saline Glycocalyx shed products (hyaluronan, syndecan-1, heparan) were all upregulated as a result of NTHS. Syndecan-1 levels (Figure 1A) were significantly increased in controls (mean diff. The increase in glycocalyx shedding products was persistent after fluid resuscitation except for the hyaluronan component, which was decreased following balanced HES and normal saline administration. Heparan sulfate levels remained higher regardless of the resuscitation regimen or the absence of fluid resuscitation (P<0.001), when compared to the controls (Figure 1C).

BL T1 T2 T3 MAP (mmHg) Control 91±7 99±7 $ 105±6 $ 115±6 $ Hemorrhagic shock 97±9 32±2 *$ 31±2 *$ 25±4 *$ Balanced crystalloid 100±8 32±2 *$ 85±6 *$ 81±3 *$ Balanced HES 97±8 33±2 *$ 101±13 88±11 *$ 0.9% NaCl 90±6 33±2 *$ 76±4 *$ 77±7 *$ CVP (mmHg) Control 5±1 5±1 5±1 5±1 Hemorrhagic shock 5±1 5±2 4±2 5±2 Balanced crystalloid 5±1 5±1 7±1 7±1 Balanced HES 6±1 6±1 8±1 *$ 8±1 *$ 0.9% NaCl 5±2 6±2 8±2 *$ 8±3 *$ FABF (ml min -1 ) Control 2.4±0

Shedding products of glycocalyx constituents

Microcirculatory changes in muscle

The microcirculatory parameters in the biceps femoris are represented in figure 2. While TVD, MFI and PVD were not different after fluid resuscitation with either balanced crystalloid or colloid (P>0.05). TVD was significantly altered in the normal saline (mean diff. 4.092, 95%CI

[0.6195 to 7.564], adjusted P=0.016) and hemorrhagic shock (mean diff. 5.022, 95%CI [1.55 to 8.495], adjusted P=0.0024) groups when compared to the control group, as PVD and MFI were.

The same parameters of these 2 latter groups were also significantly decreased compared to their baseline values (P<0.05).
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Vascular barrier permeability

Fluorescent tracer decays and retention ratios

The decay-times of fluorescent tracers are presented in supplemental Figure 3. The rate of disappearance can be given by the power of the exponential fit of the tracer curves provided for different groups. No significant alteration in this power was observed among the different groups. When considering the decrease in normalized concentrations at each time point per group of fluid resuscitation (Supplemental Figure 4), a significant difference was present between FITC 500 kDa and Texas Red 40 kDa dextrans (P<0.05), suggesting a different escape rate from the vascular system according to molecular size. Albumin Alexa 680 and FITC 500 kDa showed similar decays regardless of the group, proving that these dyes did not cross the vascular barrier. The retention ratio of different dyes bound to different molecular size is presented in figure 3. No significant differences were noted. Evans Blue Dye Fluorescence

Control (n=4) Balanced HES (n=4) Balanced crystalloid (n=4)
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Evans Blue dye technique

The Evans blue dye extraction from tissues is presented in Supplemental figure 5 (n = 4 per group, excluding non-resuscitated NTHS and normal saline groups). A broad variability in the pulmonary EBD concentration was observed. No differences were noted in the other organs between control and resuscitated animals regardless of the fluid chosen. 

Fluorescence intravital microscopy

Tissue edema

The quantification of tissue edema in different organs (lung, brain, liver, kidney and heart) is presented in Supplemental Figure 6. Although the wet/dry ratio may be different among organs, no significant tissue edema was present after fluid resuscitation compared to the control group. Non-resuscitated hemorrhagic shock animals exhibited a significantly smaller wet-to-dry weight ratio in the liver compared to control (mean diff. 0.373, 95%CI [0.03158 to 0.7151], adjusted P=0.029). In addition, no difference was noted between balanced crystalloid and colloid fluid resuscitation with regard to tissue edema.

Supplemental Figure 6. Tissue edema in the liver, kidney, lung, brain and heart expressed as the wet to dry weight ratio

Ordinary one-way ANOVA test was used with Bonferroni's correction to adjust for multiple comparisons (n=8/group).

Total intravascular blood volume

The TBV was reduced in the non-resuscitated hemorrhagic shock group (15.2±1.3 ml) compared to the control group (17.5±1.3 ml) (mean diff. 2.3, 95%CI [0.20 to 4.5], P=0.027) (Figure 5). Fluid resuscitation increased TBV significantly in the balanced crystalloid group (21.1±1.1 ml) compared to the control and hemorrhagic shock groups, mean diff. -3.6, 95%CI [-5.7 to -1.5], adjusted P<0.0001 and -5.9, 95%CI [-8.07 to -3.9], adjusted P<0.0001 respectively. 

Discussion

The main result of our study has been the demonstration that in NTHS, glycocalyx degradation occurs but is not associated with an increased vascular barrier permeability.

Furthermore, our results show that glycocalyx degradation and microcirculatory alterations persists following fluid resuscitation independent of its composition. However, fluid resuscitation alone does not result in a change in VBP and in its extension tissue edema. These results on changes in VBP were demonstrated using four independent techniques. However, some differences remain regarding the nature of glycocalyx shedding products, as indicated by the biomarkers profile differing between resuscitation fluids. Normal saline was found to be the less suitable fluid, as it did neither restore the microcirculatory alterations nor the acid-base balance. These results stress the complexity of VBP regulation in the context of hemorrhagic shock and identify a gradation of vascular injury. A partial shedding of the glycocalyx either NTHS-induced or following fluid resuscitation, did not impair vascular barrier competence. This result challenges the role of the glycocalyx as a major contributor of the VBP. Glycocalyx degradation and vascular permeability in hemorrhage 110

It is assumed that glycocalyx shedding is a direct cause of an increase in VBP. Glycocalyx shedding products are often considered as surrogate markers of vascular permeability. Most of the data regarding the relationship between glycocalyx shedding and increased VBP come from ex vivo isolated organs experiments or in vivo enzymatic degradation treatments. However, these models have serious shortcomings and ignore a large part of the pathophysiological pathways occurring in response to shock. 19,29 Thus, the results of these experiments may not be relevant to physiological situations. Rehm et al., in an isolated heart model, first introduced the concept of a "double-barrier" where the glycocalyx can be enzymatically erased while the endothelial cells remain untouched, without causing significant effects on coronary permeability. 19 Our results support these findings, although we observed microcirculatory alterations related to hemorrhagic shock. These microcirculatory disturbances are usually a marker of endothelial cell dysfunction. In an hamster window chamber model, Landsverk et al. observed a significant decrease in functional capillary density after hyaluronidase injection without associated vascular leakage. 30 The authors reported a 50-100 fold increase in plasma levels of hyaluronan, suggesting an efficient glycocalyx degradation. In another study, Bansh et al. did not observe any leak of radio-labelled albumin in an acute model of hemorrhage 4 h after resuscitation with either Ringer's acetate or 5% albumin, suggesting an intact microvascular barrier, bearing out our results. 27 Similarly to other authors, we demonstrated that NTHS did injure the different endothelial glycocalyx components and fluid resuscitation following hemorrhage may alter glycocalyx components' in different ways. 6,13,14,31 However, the level of injury may vary according to the model used, the duration of shock or the vascular bed under observation. In a rodent model of hemorrhagic shock, Kozar et al. showed that lung injury was markedly increased with decreased cell surface syndecan-1 expression in pulmonary alveolar cells following lactated ringer's resuscitation. 13 On the contrary, fresh frozen plasma (FFP) restored in part the shed glycocalyx.

Direct assessment of vascular barrier permeability was however not performed in this experiment nor tissue edema measurements (wet/dry ratio). Torres Filho et al. published several experimental studies of NTHS in rats, where microvascular permeability in the cremaster muscle was increased in association with glycocalyx degradation after fluid resuscitation with crystalloids compared to FFP or whole blood. 6,14,15 In these studies, vascular barrier permeability was assessed in one vascular bed (cremaster) which had been surgically prepared and may have induced local inflammation. Besides this difference, animals were subjected to a fixed relative volume hemorrhage (40% of total blood volume) and were fluid-resuscitated with empirical Chapter 5
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5
amounts not matching clinical practice which usually targets a macrocirculatory endpoint. These authors showed a positive correlation between changes in microvascular permeability and in glycocalyx shedding products (plasma syndecan-1 and heparan sulfate). 15 The discrepancies with other studies may lie in the fact that we undertook a multifaceted approach of the VBP. We did not focus on a specific vascular bed that might be more sensitive to hyper-permeability but rather took into consideration the whole cardiovascular system and different organs. Besides, the glycocalyx has a remarkable heterogeneous distribution within organs. Finally, compared to other authors the duration of our hemorrhagic shock and fluid resuscitation observation time periods were shorter, 60 min versus 90 min and 1 hour versus 3 hours respectively. 13,32 An intact glycocalyx is a prerequisite for normal vascular physiology, and each component exhibits a unique function. Many of its components are essential for homeostasis, 33,34 mechanosensors for flow-mediated shear stress and autoregulation, 1,33 and leukocyteendothelial cell interactions. 35 Glycocalyx shedding could be an essential and normal response to injury and could be appropriate or even beneficial. Could preventing glycocalyx shedding even be harmful? 36 Its degradation occurs in a wide range of conditions such as diabetes/hyperglycemia, 9 atherosclerosis and hypertension, 4 sepsis, 8,37 reperfusion injury, 38 or smoking. 39 Whether glycocalyx shedding alone causes tissue edema or capillary leakage remains controversial. We suggest that although the glycocalyx is essential from a functional point of view, it is not a key component of the permeability of the vascular barrier. The traditional Starling's law has been revised several times, taking into account not only the glycocalyx but also most significant components such as the endothelial cell junctions, the basement membrane and pericytes. 3,40,41 In the light of the literature and our data, a hierarchy of vascular injury can be proposed, initiated by glycocalyx shedding followed by microcirculatory alterations, and ultimately if injury persists or induces major inflammation, by a loss of VPB and tissue edema. This concept of graded injury although intuitive would need further investigation in different models and vascular beds. Only the most severe models, using degradative enzymes or sustained sepsis such as cecal ligation and puncture where other components of the vascular barrier (e.g., adherens junctions/cadherins) become compromised have shown vascular leakage and tissue edema. 16,17,41,42 In the present model, this level of vascular injury was not achieved.

Due to the large amounts of crystalloids used for fluid resuscitation, one was expecting to observe fluid accumulation within various organs. Although crystalloids inevitably accumulate in tissues when given in large amounts, such findings do not necessarily imply VBP alterations. 43 In Chapter 5
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Between a third and a half of the resuscitation volume administered was promptly excreted (<1h). Few experimental studies have focused on urine output during fluid resuscitation in hemorrhagic shock, and the results were consistent with ours. 44 While we did not observe an overall increase in VBP nor tissue edema in the lung, brain, liver, kidney or heart, it might be possible that fluid in excess tends to accumulate in the intestinal mucosae and mesentery, muscles, or skin.

In our study, balanced HES solution administered after NTHS markedly decreased the level of hyaluronan compared to balanced crystalloid. However, Nelson et al. noted that a decrease in glycocalyx shedding biomarkers may be related to a dilutional effect induced by the volume expander effect of colloids or FFP. 31 Torres et al. did not notice any beneficial effect of high molecular weight starch on plasma syndecan-1 levels or in vivo glycocalyx thickness after fluid resuscitated hemorrhagic shock. 15,45 To date, there is no evidence that restoring the glycocalyx in the context of jeopardized VBP would be beneficial or would help reduce capillary leakage when already present.

Limitations of the study

Due to a limited number of animals per group, the reproducibility of certain techniques may be questioned; however, the results were consistent in each group among different techniques that analyzed the VBP. In such a heavily instrumented model, it is difficult to control all of the factors that may induce glycocalyx shedding. Surgery and fluid maintenance, similar in all groups, may have induced some glycocalyx degradation, as indeed observed in the control group. NTHS could have been prolonged for several hours but would have been at variance with clinical practice in operating or emergency rooms. We did not investigate the mechanisms behind glycocalyx shedding, such as oxidative stress and inflammation. Our technique of microcirculation measurements did not allow leukocyte-endothelium interaction analyses because of the high velocity of these cells due to hemodilution.
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Conclusion

This study is the first to provide an integrative assessment of the VBP, including macro and microhemodynamic monitoring, glycocalyx shedding and vascular leakage, in a clinically relevant model of NTHS. NTHS induced glycocalyx shedding and microcirculatory modifications, but these were not associated with increased VBP after fluid resuscitation. These results challenge the concept of glycocalyx as a key determinant of vascular permeability. The endothelial cell junctions may be a more important contributor to the VBP. 41
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Introduction

The perioperative fluid choice has been largely debated in the literature over the past 40 years. 1,2 In this setting, acute normovolemic hemodilution (ANH) may develop as a consequence of fluid loading, 3,4 especially if a goal directed protocol is applied to increase stroke volume.

The glycocalyx consists of highly negatively charged glycosaminoglycans lining the endothelial cells, that provides a protective layer and serves as a regulator of leukocyte to endothelial cells adhesion processes and macromolecular traffic. 5,6 It has been suggested in a human clinical setting that ANH does not jeopardize the glycocalyx constituents as opposed to hypervolemia by the mediated release of atrial natriuretic peptide. 7 The disruption of glycocalyx is reportedly being the primary cause of increase in vascular barrier permeability (VBP) leading to secondary tissue edema, which result in unfavorable outcomes. 8 However, the role of glycocalyx in VBP has been recently challenged. 9 The type of fluid chosen for expanding blood volume or compensate for intraoperative blood loss (leading to ANH) may alter glycocalyx components inconsistently. Colloidal solutions may preserve glycocalyx components, by maintaining the shear stress on endothelial due to a higher viscosity, 10 osmotic pressure and also to the presence of macromolecules. However, the degree to which glycocalyx shedding occurs in response to a stepwise ANH using different types of fluid is not well described. In addition, the consequences of severe ANH on the VBP are unknown.

The aims of the present study were: (i) to investigate which of the different component of the glycocalyx were shed according to the type of fluid used for stepwise ANH and (ii) their consequences on microcirculatory parameters and vascular barrier permeability. We hypothesized that ANH with balanced HES would result in lesser damage to the glycocalyx without affecting vascular barrier permeability (VBP).
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Materials and methods

Animals

This 

Surgical preparation

Anesthesia was induced with an intraperitoneal injection of 100 mg.kg -1 ketamine (Nimatek ® ; Eurovet, The Netherlands), 0.5 mg.kg -1 medetomidine (Domitor; Pfizer, USA) and 0.05 mg.kg -1 atropine-sulfate (Centrafarm, The Netherlands) and was maintained with 50 mg.kg.h -1 ketamine. Fluid maintenance consisted in Ringer's acetate (Baxter, Utrecht, The Netherlands) at a rate of 10 ml.kg -1 .h -1 . After a tracheostomy, the animals were connected to a ventilator (Babylog 8000, Dräger, Nederland) and ventilated with tidal volumes of 6 ml.kg -1 with a positive endexpiratory pressure of 3 cmH2O and an FiO2 of 0.4. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37±0.5°C. The end-tidal CO2 was maintained between 30 and 35 mmHg (CapnoMac, Datex-Ohmeda, USA).

The right carotid (pressure) and left femoral (for blood shedding and samples) arteries and jugular (anesthesia and fluid maintenance) and femoral (fluid resuscitation) veins were cannulated with polyethylene catheters (outer diameter = 0.9 mm; Braun, Germany). The right biceps femoris was exposed, and the femoral artery blood flow (FABF) was monitored with a transonic flowmeter probe (0.5 mm, T206; Transonic Systems Inc). To prevent muscle desiccation, the exposed area was protected with a humidified gauze with warm 0.9% NaCl. The bladder was catheterized via a mini-midline incision with a polyethylene tube (outer diameter = 1.2 mm) and a homemade tip to prevents spontaneous displacement and traumatic lesions.

The urine output was quantified.
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Experimental protocol

Animals were randomized according to a unique code generated by an internet website.

On the day of experiment, a technician prepared the fluid used for the hemodilution protocol according to the generated code. After a 30-min stabilization period, baseline (BL) values were recorded, and arterial blood gas was assessed (ABLFlex 80, Radiometer, Denmark).

Acute normovolemic hemodilution (ANH) was induced by stepwise exchange of blood (withdrawn at a rate of 0.5 ml min -1 using a syringe pump (Harvard Apparatus, USA)) and exchanged with one of the following plasma expanders according to the following ratios; 1:1 for balanced hydroxyethyl starch (Volulyte® HES 130/0.4, in Ringer's acetate), 1:3 for balanced crystalloid or normal saline 0.9%, until targeted hematocrit (Hct) levels were reached. All solutions were purchased from Fresenius Kabi, Germany. Each stepwise hemodilution targeted 4 different levels of Hct: 35%, 25%, 20% and 15%. Each step was reached in 15-20 minutes and stabilized for 15 minutes before taking measurements or blood samples. The Hct levels were checked before blood sampling with the help of capillary tubes and a microhematocrit tube reader (EZ Reader, LW Scientific, Atlanta, GA, USA). The time course of the experiment is presented in Supplementary Figure 1.

Supplementary Figure 1. Time course of the acute normovolemic hemodilution

Biomarkers of glycocalyx shedding

Circulating plasma syndecan-1, heparan sulfate and hyaluronan considered as surrogates of glycocalyx degradation were measured. Plasma samples were taken at each timepoint and stored at -20°C. Then, plasma samples were thawed and analyzed using commercial enzymelinked immunoabsorbent assay (ELISA) kits according to the manufacturer's instructions: 

Assessment of vascular barrier permeability

Tissue edema

At the end of the experiment, different organs (heart, brain, kidney, lung and liver) were harvested to determine their water content. The organs were placed in the oven, held at 100°C for 24 h. The wet-to-dry weight ratio were calculated as follows: wet tissue weight/dry tissue weight ratio.

Fluorescent tracers

The analysis of VBP using fluorescent has been described elsewhere. 9 At the end of the 

Statistical analysis

Values are expressed as mean±standard deviation (SD) when normally distributed Vascular permeability in hemodilution 126 analysis. The overall significance level for each hypothesis was 0.05. Adjusted P-values were reported throughout the manuscript in post hoc tests. We did not perform any a priori power analysis.

Results

All rats (n=24) survived the stepwise ANH. However, ANH was associated with a significant decrease in mean arterial pressure (MAP) in all groups compared to control, that was maximal at Htc 15% (F (4, 20) = 113.7, P<0.0001). The hemodynamic data is summarized in Table 1.

Stepwise The urine output was markedly decreased along with the level of Hct in all groups compared to baseline values (F (4, 20) = 15.35, P<0.0001) (Figure 1). The total volume of balanced HES during the experiment to achieve each step of ANH, was significantly lesser (10.8±0.9 ml) than in balanced crystalloid (27.5±2.8 ml) and normal saline (29±2.2 ml) groups (P=0.0001) (Supplementary Figure 2). 

Plasma and blood volume

The plasma volume was increased in all groups compared to control (F (3, 20) = 35.68, P<0.0001) (Figure 2A). On the contrary, the total intravascular volume (Figure 2B) was only increased in the balanced HES group (18.8±1.1 ml) compared to controls (17.2 ±1.2 ml) (mean diff. -1.6, 95%CI [-3.1 to -0.07], P=0.039). Despite similar hematocrit levels in all ANH groups (Table 1), hemodilution with balanced HES resulted in an increased intravascular volume. 

Glycocalyx degradation biomarkers

Syndecan-1 was degraded during the time course of experiment in all groups including controls. At the end of the experiment (Hct 15%), syndecan-1 levels were significantly higher than at baseline (F (3, 60) = 23.88, P<0.0001) (Figure 3A). ANH with normal saline resulted in a significant degradation of the heparan sulfate (Figure 3B) and hyaluronan (Figure 3C) 

components

Vascular Barrier permeability

Tissue edema

The water content of each organ using the wet-to-dry weight ratio method is summarized in Supplementary Figure 3. Except in the liver, no significant tissue edema was present after ANH regardless of the type of fluid administered. These results are consistent previous studies and are possibly the result of a lower plasma and blood viscosity that dampened the endothelial cell response to shear stress. 13,14 Guerci et al. previously demonstrated that plasma and blood viscosity were similarly altered following resuscitation of non-traumatic hemorrhagic shock with either low (Ringer's Lactate) or high (HES) viscosity plasma expanders. 15 In our study, extreme ANH induced microcirculatory disturbances associated with endothelium dysfunction, as previously reported, 13 but did not induce an increase the VBP.

The consequences of hemodilution on the degradation of glycocalyx are not well known because of limited data. Glycocalyx shedding has been confirmed in preclinical models, as well as in human clinical settings, in various conditions such as ischemia/reperfusion injury, 16 trauma, 17,18 sepsis, 19 and even during hyperglycemia 20 or after smoking. 21 In a clinical intraoperative setting, Chappell et al. compared the effects of volume loading (top-loading) and ANH on the glycocalyx shed products levels using HES 130/0.4 solely in elective surgery in patients with normal heart function. 7 Volume loading induced a significant release of atrial natriuretic peptide that was associated with increased plasma hyaluronan and syndecan-1 levels whereas ANH did not. These findings are consistent with our results in ANH with balanced HES.

In our study however, different fluid composition yielded different profiles of glycocalyx shed products. Although plasma volumes were markedly increased secondary to ANH in all groups compared to controls, the total intravascular volume was increased only in the balanced HES group following ANH. Despite this increase in plasma volume, no significant increase in syndecan-1 nor hyaluronan was observed compared to controls at the same time point in the balanced HES group.
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The microcirculatory disturbances observed during ANH with normal saline may have several explanations. First, the macrohemodynamics were severely impaired at the latest stage of ANH with a MAP of 42±4 mmHg in the normal saline group. In this model, the evolution of microcirculation may parallel those of macrocirculation (type II). 22 ANH had a negative impact on blood pressure despite a close to normal intravascular volume. Second, ANH had markedly decreased the viscosity and shear stress which subsequently alters the vascular tone. 13 Indeed, the glycocalyx participates in endothelium shear stress-induced reactivity, by sensing the flow and mediating mechanotransduction signals, through mainly syndecan-1. 14,23 In our study, syndecan-1 was the most shed component by the use of normal saline. However, the alterations observed in the vascular tone and the microcirculatory disturbances did not translate in increased capillary leakage. These results suggest that essential component of the vascular barrier, such as intercellular junctions, withstood despite partial glycocalyx degradation, 24 thus maintaining a normal transendothelial outflux of proteins and water towards the interstitial space. Small molecules (Texas Red Dextran 40kDa) did not escape more rapidly from the vascular compartment as suggested by the similar exponential decay curves fitted to plasma concentration of this dye, irrespective of the fluid used for ANH. Surprisingly, the retention ratios in all ANH groups were higher than the controls emphasizing the absence of vascular barrier disruption during ANH. One would expect a decrease in retention ratios for small molecules with the vascular barrier became more permeable to water and proteins. In this study, the water keeps on escaping the vascular space without being accompanied by small proteins. Water is not retained more than in physiological conditions. These results imply that irrespective of the type of fluid administered, its water content will relentlessly escape from the vasculature either by urine production or by transendothelial outflux. In case of acute kidney injury, the latter is more likely to occur. However, in our study no fluid accumulation with the wet-to-dry weight ratio technique was evidenced.

Although less performed nowadays, ANH remains a well-recognized safe procedure for patient blood management in the perioperative period. 3,4 Unintended ANH may also result from intraoperative fluid administration during surgery. Actually, because of changes in red blood cells transfusion thresholds, more and more patients remain anemic during the postoperative course, secondary to unintentional ANH, without apparent negative outcomes. complications than with balanced crystalloids and was attributed to a lower intraoperative fluid balance. 27 Finally, balanced HES was less likely to induce shedding of heparan sulfate, hyaluronan and syndecan-1 components compared to crystalloids, making it a more suitable fluid for ANH from a glycocalyx perspective. Although balanced HES did not induce significant microcirculatory disturbances, lactate levels were similar in all ANH groups at an Hct of 15%. Oxygen debt secondary to critical decrease in oxygen delivery but not perfusion is the most likely mechanism behind lactate production in this study. Despite the increase in lactate levels, no alteration in pH values were noted in the balanced HES group. In a previous study in dogs, cardiac function as well as myocardial ultrastructure, were better preserved in animals that underwent ANH with non-balanced HES even at extremely low values of hemoglobin compared to lactated Ringer's. 28 Similarly, lung structure and function were better preserved after ANH with HES than with lactated Ringer's. 29 

Limitations

This study has several limitations. First, the analysis of the VBP was performed with 2 assays.

Previously, we demonstrated similar results about the relative contribution of the glycocalyx to the vascular barrier permeability in a non-traumatic hemorrhagic shock model in rodents using 4 different techniques. 9 Second, we did not investigate the glycocalyx ultrastructure by electronic microscopy nor in vivo fluorescent microscopy. We relied on surrogates of glycocalyx shedding products that may suffer some limitations. However, this approach allows translation to human clinical research. Third, we did not analyze the consequences of hemodilution on microcirculatory PO2 in different organs to determine which fluid can provide the best tissue oxygenation. A similar type of study has been performed previously. 30 

Conclusion

In this model of severe ANH, the use of a balanced colloid better preserved the glycocalyx while maintaining microcirculatory parameters, compared to crystalloids either balanced or not.

Although the volumes required to achieve similar ANH in all groups were different, no evidence of increased vascular barrier permeability was observed. These results suggest that glycocalyx shedding may induce a loss in vascular motor tone response to shear stress but without Chapter 6
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A LED-BASED PHOSPHORIMETER FOR MEASUREMENT OF MICROCIRCULATORY OXYGEN

PRESSURE

Introduction

The precise measurement of tissue oxygenation in vivo can be considered of major importance for assessing the success of the cardiovascular system in transporting oxygen to the parenchymal cells to sustain their viability in support of organ function. This exchange primarily occurs in the smallest vessels of the microvascular bed. 1,2 Ideally, measurement techniques must be quantitative, non-invasive, and associated with a specific physiological compartment (e.g., capillary, interstitial, or intracellular) as well as allow assessment of the heterogeneity of oxygen pressures in the microcirculation in vivo.

Measures of oxygen pressures in vivo have been traditionally performed with oxygen electrodes. Initially, polarographic Clark type of electrodes were used, and more recently, quenching of fluorescence optodes is being used. [3][4][5][6][7] However, these electrodes have some limitations, as there is a need to penetrate the tissue when making measurements, which causes microtrauma and a limited sample volume (<1 mm 3 ). In addition, there is uncertainty about the physiological compartment that is being measured, with probably the most precise definition given by Dyson et al. as the measurement of the PO2 of the interstitial space. 8 A major advance in the measurement of oxygen pressures in vivo was accomplished by

Wilson and co-workers when they introduced of the Palladium-porphyrin (Pd-porphyrin) quenching of phosphorescence technique 6 and the subsequent developments of this technique. [9][10][11] Briefly, phosphorescence occurs as a result of the delayed emission of photons when a molecule is excited by light, and the absorbed energy is excited into a triplet state before returning to the singlet ground state. Pd-porphyrin either emits this energy as photons or transfers this energy to oxygen (the only molecule in a biological system that has this property), which is referred to as oxygen quenching. Oxygen quenching results in a decrease in phosphorescence intensity as well as a decrease in the lifetime of phosphorescence decay. This time dependent process of phosphorescence decay is directly dependent on the concentration of available oxygen and is described by the Stern Volmer relation. Phosphorimeters provide the excitation and measure the kinetics of phosphorescence decay to measure lifetime values with the aim of measuring oxygen pressures in the environment of a phosphor. 6,10 Once calibrated, the phosphorimeter does not require recalibration, which is one of the main advantages of the technique. This time-resolved technique configured in intravital microscopy allowed quantitative measurements with great precision in microvessels and even between red blood cells. 12,13 Oxygen pressure measurements within the mitochondria have also been reported. 14 Chapter 7
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Measurements using optical fibers placed on organ surfaces provide the advantage of investigating organs other than muscle and mesentery microcirculation such as the heart, the brain or the kidney without disrupting the tissue architecture or creating trauma that may significantly influence the tissue PO2 because of local bleeding. It is essential that the measurement be non-destructive and does not introduce artifacts. Thus, phosphorimeter devices provide organ or tissue PO2 values by placing the tip of the probe on the surface without entering, making the measurement almost non-invasive (surgery is required to expose the organ). The next improvement in the technique arrived with the introduction of Oxyphor R2 and G2. 9 For instance, Oxyphor G2 phosphor may be excited by different wavelengths (440 nm and 632 nm), allowing the measurement of phosphorescence decay times at different depths in the tissue. 15 Previously, a number of devices were developed for the measurement of the phosphorescence decay times. 6,7,10,[14][15][16][17][18][19][20] These phosphorimeters commonly used a xenon flash lamp as an the most common excitation light source. A major drawback of flash lamps is the plasma glow that persists for tens of microseconds after the primary discharge. A flash lamp continues to emit light in the red spectrum long after the capacitor has discharged. The decay is exponential with reported associated lifetimes between 18 µs and 19 µs, which set a lower limit for the delay time around 50 µs; during the time after the light pulse, approximately 93%

of the glow would have faded (manufacturer data). Thus, phosphor molecules were still being excited during the long afterglow, while some that were those excited during the initial part of the light pulse were deactivated. The flash lamp within the phosphorimeter is also known to produce heat and to saturate the PMT. To address these issues, the PMT was gated 18 and/or the flash lamp was turned off. Because of the design and the narrow-band wavelength of the LEDs, no significant heat is produced during the light pulse. The obtained signal from the flashlamp phosphorimeter needed to be deconvoluted. 21,22 Additionally, the superposed spectral bands from the flash lamp needed to be removed from the decay signal.

An important feature for a phosphorimeter is that the PO2 can be measured in every medium and is independent of the dye concentration. To our knowledge only a single phosphorimeter type has been described where this required property has been demonstrated. 18,23 If there is an excitation light dependency of the phosphorescence decay, then false values of oxygen concentrations will be given especially in cases of changing hemodynamic conditions. dye is presented with a stepwise decrease in oxygen concentrations using an enzymatic reaction within a sealed cuvette to obtain calibration constants. Second, the Pd-porphyrin dye has the disadvantage of exhibiting pH and temperature dependencies. 18,24 We aimed to test the dependencies of Pd-porphyrin bound to BSA with the LED-P by altering the pH and temperature at various degrees and determining the equation constants for each value. Finally, we conducted an in vivo experiment in a rat subjected to hypoxic ventilation and ischemia/reperfusion where we measured renal cortical microvascular PO2 with the LED-P.

Theory

The oxygen quenching of phosphorescence is theoretically independent of the concentration of Pd-porphyrin. 6,10 The Stern-Volmer equation describes the relationship between the concentration of O2 and the measured decay lifetime for a specific phosphor (eq.

1)

.

τ ! τ = 1 + 𝜏 ! . 𝑘 " . [𝑂 # ] (1) 
The quenching efficiency/sensitivity of the sensor allows for the calculation of the Stern-Vomer quenching constant kq. τ 0 is the decay time in the absence of oxygen. τ is oxygen dependent.

A modified form of the Stern-Volmer equation can be used in order to translate the value of the concentration of O2 into PO2 using the following relationships (eq. 2 and 3). Decay time τ is inversely proportional to O2, and therefore long decay times and high phosphorescence intensities are expected with low levels of O2.
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O2 concentration ([O2] in µmol.L -1 ) can be converted into PO2 in mmHg using the following relation (eq. 4)

𝑃𝑂 # = 𝑉𝑚. 760 𝛼 . [𝑂 # ] ( 4 
)
where α is the Bunsen solubility coefficient, measured as the number of milliliters of gas dissolved per milliliters of liquid and per atmosphere (760 mmHg) partial pressure of the gas at any given temperature. Both in vivo at 37°C and in plasma, the Bunsen coefficient α is 0.0214. 25 Vm is the molar volume at 0°C and 1 atm (22.414 L.mol -1 ). It is better to express the amount of oxygen in vivo in terms of [O2] because kq does not depend on α whereas k ' q does.

Material and methods

Phosphorimeter technical specifications

A block diagram of the LED-P we developed is shown in Figure 1 to best illustrate the setup and process as well as and to compare it with the previous flash lamp phosphorimeter (FL-P).

15,18

The light source consists of four LEDs, each mounted on a fast switching current controlled power source. This LED driver is custom-built with an LED current source. The LED current is The wavelength values were chosen for Pd-porphyrin (excitation 530 nm), Oxyphor R2
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(excitation 415 nm and 524 nm) and Oxyphor G2 (excitation 440 nm and 632 nm). We chose not to embed a 415 nm LED in our setup because of the short penetration distance into the tissue at this wavelength. Each LED with its own LED driver and collimator is one assembly that is inserted into the lid of the container. It is a double jacketed cuvette that allows thermostated water to be circulated around the inner chamber for temperature control of the Pd-porphyrin-albumin containing solution. The injection hole is where the enzymes can be added to the solution.

The oxygen and temperature probes are placed in one hole if a bubbling reaction is desired. The cuvette is placed on a magnetic stirrer with a magnet in the chamber to ensure a homogenous solution concentration. The cuvette can be sealed airtight to obtain a zero-oxygen condition when an enzymatic reaction is used to scavenge oxygen. A side view is presented.

(B) Picture of the LED-block and dichroic mirror assembly used in the LED-P (LEDs have been removed). To generate a parallel beam, each LED is provided with a collimator. The excitation light pulse produced by an LED (1), is transmitted through the dichroic mirrors (2) and reaches the light guide (3) (removed for convenience) and then hits the medium. This liquid light guide is placed directly in contact with the tissue. The emission light (black and white dashed line) comes back and is reflected to the photomultiplier (4).
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Calculation of decay lifetime and curve fitting method

The decay time τ was estimated by a nonlinear mono-exponential with a least squared fitting method in a software written in LabView 2014 (National Instruments, Austin, TX, USA).

I(t)
is the phosphorescence intensity at time t, τ is the decay time, and B is the baseline current. For further details see. 18 𝐼(𝑡) = 𝐼(0)𝑒 

Excitation shape of the LED light pulse

The shape of the light pulse of the LEDs was sampled before entering the light guide, within their respective wavelength range of emission, using a special photodiode probe for very fast laser pulse response (Oxford Lasers Ltd., Oxon, UK) attached to an oscilloscope device (TDS2000C, Tektronix Inc., Bracknell, UK).We compared the excitation shape of the LED-P to the Xenon flash lamp (Hamamatsu, Hamamatsu Photonics, Shizuoka, Japan) used in the FL-P that we owned and that was similar to the one published elsewhere. 15,18 The light pulse was set at 1 µs. The settings were 500 ns/div and 30 mV/div. One hundred light pulses were analyzed and automatically averaged by the oscilloscope. The obtained signals were normalized.

Chemicals

Fifty milligrams of Palladium-porphyrin Pd(II)-meso-tetra(4-carboxyphenyl)porphyrin (Pd-TCPP) (PdT790, Frontier Scientific, Logan, UT, USA) were dissolved in 0.6 ml of dimethyl sulfoxide (13 mg/ml) (DMSO). Then, 0.6 ml of the mixture DMSO-Pd-TCPP were added with 0.6 ml of 1 M 2-Amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) to 10 ml of 4% bovine serum albumin (BSA, Sigma-Aldrich). This resulted in a final concentration of Pd-TCPP of 5 mM. The final pH was Chapter 7
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To test the linearity between 1/𝜏 and the PO 2 , 500 µL of the Pd-TCPP-albumin (5 mM) complex were added inside a 100 mL cuvette containing phosphate buffer saline (pH 7.4) (fig. 1). The PO 2 was measured with a 2 mm solid-state polymer optical fiber sensor oxygen optode (POF, Oxy-Mini, World Precision Instruments, Sarasota, FL, USA), which was calibrated in pure water with 0% oxygen content by dissolving 1 g of Na2SO3 according to the manufacturer's recommendations. Finally, the calibration was completed by using fully air-saturated water at 20°C and 37°C.

Experimental conditions

In vitro calibration

The procedure for obtaining the Stern Volmer constants involved creating a zero-oxygen condition for determining the 𝜏0 and the corresponding kq. Due to the production of foam when using nitrogen bubbling with the Pd-TCPP-albumin complex, an enzymatic reaction is the preferred technique to remove oxygen within the solution. 18,26 To achieve a solution with zero oxygen, the oxygen was removed by adding ascorbic acid (0.1 M, Sigma-Aldrich, Zwijndrecht,

The Netherlands) in several steps of 100 µL in the reaction chamber catalyzed by 100 U ascorbate oxidase (1000 U Ascorbate oxidase from Cucurbita, Alfa Aesar, Lancashire, United Kingdom) as described elsewhere. 26 One unit is defined as the amount of enzyme that will oxidize 1 mmol of ascorbate per minute at pH 5.6 and 25°C. The 100 mL cuvette was air-sealed and covered with aluminum foil and placed in a dark room. The temperature of the solution was controlled using a thermostatic circulation bath and was monitored using a temperature sensor coupled with the oxygen probe. Since the calibration constants were temperature dependent, we first set the temperature at 37°C.

The temperature and pH dependencies of kq and 𝜏 for the solution Pd-TCPP-albumin were assessed in 2 separate experiments. First, the temperature was altered to 19°C, 25°C, 28°C, 32°C, 34°C, 37°C and 39°C with the pH kept constant at 7.4. Second, the pH was adjusted to Chapter 7
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6.8, 7.0, 7.2, 7.4, and 7.6 using sodium hydroxide or HCl while the temperature was kept constant at 37°C. For each value of pH and temperature a new solution was used and replicated 3 times. Values are given as the mean ± SD of 5 measurements.

To assess whether the decay time measured by the LED-P was influenced by changes in intensity of the phosphorescence, we used a lipid emulsion (Intralipid® 10%, Fresenius Kabi, Bad Homburg, Germany) as a non-fluorescent and non-absorbent phantom material as previously reported. 18 The lipid emulsion induces scattering and it modifies the amount of light available for phosphorescence excitation. We continuously recorded 𝜏 while increasing the concentration of lipids in the cuvette from 0 g/L to 25 g/l, containing Pd-TCPP-albumin, at 37°C and saturated ambient air.

In vivo validation

The experiment in this study was approved by the Animal Research Committee of the Academic Medical Center of the University of Amsterdam (DFL102964). Care and handling of the animals were in accordance with the guidelines from the Institutional and Animal Care and Use Committees. The experiment was performed on one male Sprague-Dawley rat (Harlan, The Netherlands) with a weight of 327 g. The rat was 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) and was maintained with 50 mg/kg ketamine (dissolved in 0.9% NaCl) at a dose of 5 ml/kg/h. A thermocouple probe was placed in the rectum, and a heating pad under the animal allowed the body temperature to be controlled and maintained at 37 ± 0.5°C. After tracheotomy, the animal was mechanically ventilated with 0. Measurement of microcirculatory oxygen pressure 152 above the non-decapsulated kidney surface, eliminating any pressure artifacts. The kidney was wrapped in a gauze frequently humidified with warm normal saline (~35°C) to limit desiccation.

In addition to performing the measurements in the darkness, the tip of the light guide and the operation field were covered with aluminum foil to avoid residual ambient room light contamination of the phosphorescence decay signals. After a 20-minutes stabilization period, measurements were taken. The cortical renal PO2, RBF, mean arterial pressure (MAP) and heart rate were continuously monitored and recorded every 15 seconds. We first increased the FiO2 to 1 and then decreased it every 5 minutes to change the inspired fractions to 0.6, 0.4 and 0.21.

Then, we induced a stepwise hypoxic ventilation with predefined FiO2 of 0.15, 0.08 and 0.04 with the use of nitrogen attached to a modified ventilator (Babylog 8000, Dräger, Zoetermeer, Nederland). At each step (5 min), an arterial blood gas was withdrawn and measured with ABL 80 FLEX CO-OX OSM (Radiometer, Brønshøj, Denmark). Then, after a recovery period, the renal artery was clamped for 3 minutes. The clamp was released, and the reperfusion effects were observed. The renal cortical microvascular PO2 calculated from the decay measurements using the LED-P were compared to values of previously published experiments.

Statistical analysis

The drawing of the graphs and derivation of the mathematical equations (τ0 and kq) and the statistical analysis were performed using Prism for Mac version 6.0h (GraphPad Software Inc., La Jolla, CA, USA). Appropriate curve fitting methods for these constants were applied with the least squared method, and fit equations were obtained. The correlation coefficient (r 2 ) was determined to assess the strength of the relationship of linear and non-linear regressions regarding the determination of τ and kq with their respective pH and temperature dependencies.

A p-value <0.05 was considered as a significant relationship.
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Results

Technical aspects of the excitation light pulse

The comparison between the 2 shapes of the excitation light pulse yielded significant differences (Fig. 2). Although, the light pulse duration was set to 1 µs in both devices, it resulted in a significantly larger full width at the half maximum (FWHM) time for LED-P than FL-P with 700 ns versus 500 ns approximately. The shape of the light pulse was rectangular for the LED-P with a steep fall in light intensity after a duration of 1 µs. This was validated for the 4 LEDs. In contrast, xenon flash lamp exhibited a mono-exponential decrease in light intensity and still emitted a small intensity of light after 4 µs.

Figure. 2. Typical shapes of LED and xenon flash lamp pulses

An LED pulse is the solid black line and a xenon flash lamp pulse is the dashed black line. The width of the pulses (FWHM) were 700 ns and 500 ns for LED and xenon FL, respectively.

Obtaining of 𝜏0 and kq

There was a stepwise decrease in the oxygen concentrations in the solution after titration using ascorbic acid. As predicted by the Stern-Volmer equation, there was a strong linear correlation between the concentration of oxygen measured by the fiber optic sensor and the ratio 𝜏0/𝜏 at pH 7.4 and temperature 37°C (r 2 =0.99) (Fig. 3). The linear regression observed followed the equation: y=0.1852x + 1.473. The solution was deoxygenated by adding several Measurement of microcirculatory oxygen pressure 154 samples of ascorbate stepwise. Plotting [O2] against 𝜏0/𝜏 validated the use of the new LED-P. The 𝜏0 was measured under the same conditions for a total of 5 experiments and these results were averaged. Once the 𝜏0 was known, the corresponding constant kq was calculated.

Figure. 3. Plotting 𝜏0/𝜏 against O2 concentration at 37°C and pH 7.4

To validate the Stern-Volmer equation for describing the quenching of Pd-TCPP by O2 a straight line was fitted on the measured points with a correlation coefficient of r 2 =0.99. 4A and4B show 𝜏0 and kq as a function of temperature respectively. At higher temperatures the decay time (𝜏0) decreased while the kq increased. 𝜏0 could then be determined according to the temperature with the following equation (6):

Temperature dependency. Figures

τ ! = 637.71 -1.1032 𝑇 -0.0819 𝑇 # (6) 
Once this relation was known, a second order function could be derived for the calculation of kq, where T is the temperature. pH dependency. The Figure 5 depicts the significant pH dependency of 𝜏0 (p<0.001). However, its effect was negligible in vivo, as there was only a 40 µs difference between the 𝜏0 for lower and higher pH values; i.e., 6.8 and 7.6 respectively. The kq was independent of pH.

Figure 5. pH dependency of 𝜏0 and kq with temperature kept constant at 37°C

(A) For 𝜏0, a negative linear regression was obtained with a correlation coefficient of 0.897. However, the global pH effect on 𝜏0 may be neglected in vivo. (B) kq did not exhibit a significant pH dependency. 

Intensity of phosphorescence. Altering the intensity of phosphorescence by adding stepwise

Intralipid 10% stepwise did not result in significant changes in 𝜏 values. There was no correlation between the intensity of phosphorescence and the measured decay times of phosphorescence (Fig. 6). This experiment demonstrated that LED-P was able to measure [O2] independently of the concentration of the phosphorescence dye and the intensity of phosphorescence.

In vivo validation

As an example of the use of the phosphorimeter, different series of measurements in the kidney were performed in a fully instrumented mechanically ventilated rat. The measurements revealed similar microcirculatory PO2 values to those published previously during normal and ischemic conditions with 67 ± 1 mmHg and 2.6 ± 0 mmHg respectively. 8,16,[27][28][29][30] The typical curve for hypoxic/hyperoxic ventilation and ischemia/reperfusion of the kidney is shown in Figure 7.

The arterial PO2 values during different inspired fraction of oxygen are showed on the panel (A)

of Figure 7. The hemodynamic changes associated with hypoxia and ischemia are presented in panels (B) and (C) for MAP and RBF. respectively. Because of the major hemodynamic instability at the oxygen fraction of 0.04, the time of hypoxic ventilation was reduced to 2 minutes. P, it has a rectangular shape compared to the xenon FL-P (Fig. 2), eliminating a further unwanted time-dependent excitation of the environment containing Pd-porphyrin dye. No afterglow effect was noted with LED-P. Using LEDs avoids the need for deconvolution of the decay signal as there are very limited interference excitations. This is especially important when the concentration in oxygen within the analyzed medium or tissue increases. After the excitation light strikes the dye, the emission of phosphorescence is almost immediate. At high oxygen concentrations, the lifetime of the phosphorescence decay (duration of the total emission decay) is very short and may therefore be significantly influenced in the case of the flash lamp use due to its afterglow tail. Owing to the rectangular shape of the LED light pulse, the earliest part of the phosphorescence decay can be measured after a short suitable delay and does not require being deconvoluted when the decay times are short. Thus, the measurement of oxygen with the LED-P is more accurate and reliable, especially at high concentrations. An additional serious advantage is that LEDs emit light within a narrow-band wavelength, usually within 20 nm. The 4 wavelengths can be used almost simultaneously without having to change filters as was required in the previous FL-P. This allows for the measurement of decay times of several phosphorescent dyes at the same time, e.g. one trapped in the vasculature compared to one that is loaded into the mitochondria. The intensity of LEDs can be modulated to a sine wave that will subsequently provide measurement of PO2 by the analysis of amplitude or phase responses of the emission signals. Vinogradov et al. were the first to develop a phosphorimeter that was operated in a Chapter 7

Measurement of microcirculatory oxygen pressure 159 7 frequency domain mode using amplitude modulation. 17,31,32 A longer phosphorescence lifetime results in a larger phase shift and lower measured oxygen concentrations. We had designed such phosphorimeters for the measurement of renal venous PO2 using a laser phase shift detection. 16 Contrary to our previous studies, 15,28 kidney decapsulation was not required to obtain a phosphorescence lifetime decay suggesting a longer sensitivity/efficacy of the device. It should also be noted that the lifetime of LEDs is superior to that of flash lamps, providing a sustained intensity of light pulse for a long period of use or intensive use. Finally, in this device, one liquid light guide was used because all LED spectral bands and emission spectral bands are combined into one optical path (Fig. 1). It can be used not only in small animals but also in large animals such as pigs. Moreover, another liquid light guide diameter can be used, reducing the sampling volume of interest. Classically, the FL-P used one flash lamp for each light excitation source coupled with one filter, followed by a light guide. The different light guides were then gathered into one, but the exact same volume of tissue was not sampled. With the use of one liquid light guide, as in our set up, the measured volume is exactly the same as the one that has been excited.

With this new LED-P, we showed similar results obtained with the FL-P regarding pH and temperature dependencies. As previously reported, the pH effect on the phosphorescence decay times (𝜏) of the Pd-TCPP-albumin complex was confirmed to be negligible and kq was independent of pH. 18,26 This is because Pd-TCPP is significantly bound to albumin following incubation at pH 8.0. The lifetime of phosphorescence is however dependent on temperature changes 18,26 and this has to be taken into consideration when changes in temperature occurs during experimental investigations in vivo. We also confirmed that the decay times analyzed with this LED-P were not dependent on the intensity of phosphorescence modulated with the use of Intralipid. This experiment is a key validation of the robustness of the LED-P described in this study. This provides a great insight and validation for in vivo measurements because the intensity of phosphorescence may change within the tissue. This is key because it shows that the measurement of microcirculatory PO2 in vivo can be made, irrespective of changes in phosphorescence intensity due to variations in dye concentration or with altered hemodynamic conditions.

During the in vivo validation, lifetime decays were obtained even in the presence of the renal capsule. In our study, we showed a step-like response of microvascular PO2 to step-like changes in FiO2 while there were limited changes in RBF and MAP, emphasizing the reliability of measurement in response to a rapid change in microcirculatory PO2. Although it has not been Chapter 7

Measurement of microcirculatory oxygen pressure 160 measured, the depth of sampling volume (catchment depth of the excitation light) is estimated to be between 700 µm and 4,000 µm based on the work of Johannes et al.. 15 In this study, the authors used 2 lasers with wavelengths of 442 nm and 632 nm to excite Oxyphor G2. Kidney slices were prepared and the phosphorescence intensity was measured to determine the penetration depth. The anatomical region correlated to these wavelengths in the rat kidney were the cortex and outer medulla. The 530 nm green light penetration depth should then lie in these two boundaries and the majority of the emitted phosphorescence should come from the cortex of the kidney.

Limitations

A proposed alternative to flash lamp excitation has been to use a laser pulse as an excitation source. 1,7 A laser-based phosphorimeter can be used to produce light at a single wavelength. However, such phosphorimeters are costly especially if multiple wavelengths are required. In addition, because lasers emit at only one specific wavelength, it can be a challenge to find the perfect match between the laser excitation light pulse that will produce the maximum phosphorescence from the phosphorescent dye. Although the LED has a less precise wavelength (~20 nm), an overlap with the excitation wavelength of the phosphor and the chosen LED can be easier to obtain. Of note, the LEDs should be stable in light output as well as in the color spectrum.

The software developed for PO2 readings in the current study provides a mono-exponential fit of the decay curves. In vivo, however there is a heterogeneity in the distribution of PO2 that results in multi-exponential decay curves. Extracting the distributions of lifetimes from such multi-exponential decay curves can be accomplished by using suitable algorithms. Previous works reported different methods for recovering the underlying distributions of lifetime and PO2. [33][34][35][36] Several parameters could be set in the algorithms used in these studies, which makes the results difficult to reproduce, inconsistent, and -from our point of view, -not yet ready to implement in practice. Future work needs to be directed at extracting reliable lifetime histograms from the decay curves provided by light pulsed phosphorimeters, as described in this paper. and ischemia reperfusion compared to previous works. We expect that this LED-P will be a useful tool in the investigation of determinants of tissue oxygenation in animal models of health and disease. Finally, this LED-P provides the ability to choose which LED to enable/disable to excite different phosphors within the same measurement.

Introduction

Current evidence suggests that the type of fluid used for resuscitation, particularly colloids, may lead to unfavourable outcomes or have no effect compared to normal saline. [1][2][3][4][5] Several studies have demonstrated that balanced fluids are commonly used for volume expansion of critically ill patients. [6][7][8] This has led to increased attention on the role of crystalloids and the effects of their different compositions. There is a growing body of evidence indicating that balanced fluids improve the acid-base status and preserve strong ion difference. 12 The purpose of using these solutions is based on two principles: (i) reducing the chloride content and its detrimental effects, 13 with providing a plasma-like ionic content, and (ii) increasing bicarbonate content and pH by metabolism of bicarbonate precursors. 14 It is commonly accepted that these precursors are mainly metabolized in the liver. 15,16 To our knowledge there is little information on the role of liver function in acid-base control during fluid balanced resuscitation for haemorrhagic shock. What is unclear and not well described is the metabolic fate of such components during shock states associated with compromised liver function and the degree to which other organ beds are effective in metabolizing these precursors to produce bicarbonate and correct acid-base alterations. 9 Whereas it is generally assumed that lactate is primarily metabolized in the liver in case of shock, the acetate is metabolized in other organs. 17 We hypothesized that acetate-based resuscitation fluids would have superior buffering effect than non-acetate based fluids in case of liver dysfunction.

To this end we assessed the buffering effect of three commonly used balanced fluids, Ringer's Lactate (RL), Ringer's Acetate (RA) and Plasma-Lyte (RA-Glu/Mg) (supplementary Table 1), in a relevant model of fixed-pressure haemorrhagic shock. In the first part of the study, we aimed to determine the role of the liver in the metabolism of these buffers. To accomplish this, a ~70% partial liver resection (PLR) was performed to reduce the capacity of the liver to metabolize these precursors. In addition, we studied the fate of gluconate in these models.
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Balanced fluids and compromised liver function 170 Secondly, we investigated the extent to which each type of fluid is effective in improving acidbase status, and tissue oxygenation, which can be considered the primary goals fluid resuscitation in states of shock. We focused on the kidney because it is considered to be the organ most at risk during states of shock and fluid overuse. 

Supplementary

Surgical preparation

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 mg kg -1 ketamine (Nimatek ® ; Eurovet, Bladel, the Netherlands), 0.5 mg kg -1 medetomidine (Domitor;

Pfizer, New York, NY) and 0.05 mg kg -1 atropine-sulfate (Centrafarm, Etten-Leur, The Netherlands) and maintained with 50 mg kg -1 ketamine at a dose of 5 ml kg -1 h -1 . After tracheotomy, the animals were mechanically ventilated with 0.4 FiO2. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37±0.5°C. The endtidal PCO2 was maintained between 4 and 4.7 kPa.

The right carotid (pressure) and femoral (for blood shedding and samples) arteries and jugular anaesthesia) and femoral (fluid resuscitation) veins were cannulated with polyethylene catheters (outer diameter = 0.9 mm; Braun, Melsungen, Germany). For fluid maintenance during surgery, 0.9% NaCl (Baxter, Utrecht, The Netherlands) at a rate of 10 ml kg -1 hour -1 was administered. For liver resection, a 70% partial liver resection (PLR) was achieved by ligaturing branches of the hepatic artery and portal vein using 3/0 silk thread and resecting 2 lobes of the liver after a midline laparotomy. The left kidney was exposed, de-capsulated 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 to preserve the nerves and adrenal gland. An ultrasonic 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). The left ureter was isolated, ligated and cannulated with a polyethylene catheter for urine collection.

After the surgical procedure (approximately 60 minutes), one optical fibre was placed above the de-capsulated kidney and another one above the renal vein to measure oxygenation using a phosphorescence lifetime technique. 18 A small piece of aluminium foil was placed on the dorsal side of the renal vein to prevent the contribution of the underlying tissue toward 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, Chapter 8

Balanced fluids and compromised liver function 172 PA, USA) was subsequently infused (6 mg kg -1 IV over 5 min), followed by a 30-minute stabilization period. The surgical field was covered with a humidified gauze compress throughout the experiment to prevent drying of the exposed tissue.

Experimental protocol

After a stabilization period, the animals were bled from the left femoral artery catheter at a rate of 1 ml min 

Blood gas measurements, acid-base balance, and osmolality

Arterial blood samples (0.2 ml) were taken at five separate time points. Arterial blood gas parameters were determined using a blood gas analyser (ABL505 Flex, Radiometer, Copenhagen, Denmark), and haemoglobin concentration (Hb), haemoglobin oxygen saturation, base excess (BE) and the concentrations of sodium and chloride were measured. Plasma creatinine, chloride, potassium content, aspartate transaminase (AST) and urine creatinine and urine Na + (UNa) samples were measured using an automatic analyser (Roche Modular P800 automatic analyser, Roche Diagnostics, Basel, Switzerland) at the end of the experiment. The osmolality of the plasma was determined using the freezing point method with an osmotic pressure meter (OSMOSTATION, OM-6050; Arkray Europe, Amstelveen, The Netherlands) at the end of the experiment.
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Measurement of renal microvascular and venous oxygenation

Renal microvascular PO2 (µPO2) and renal venous PO2 (PrvO2) were measured by oxygendependent quenching of phosphorescence lifetimes of the systemically infused albumintargeted (and therefore circulation-confined) phosphorescent dye Oxyphor G2 as described elsewhere. 18 The saturation of renal venous blood (SrvO2) was determined by Hill's equation with an n coefficient of 2.3.

Calculation of oxygenation parameters and vascular resistance

Renal oxygen delivery was calculated as DO2ren (ml minute -1 ) = RBF×arterial oxygen content (1.31×hemoglobin×SaO2)+(0.003×PaO2), where SaO2 is the arterial oxygen saturation, and PaO2 is the arterial partial pressure of oxygen. Renal oxygen consumption was calculated as VO2ren(ml minute -1 g -1 ) = RBF×(arterial-renal venous oxygen content difference). Renal venous oxygen content was calculated as (1.31×hemoglobin×SrvO2)+(0.003×PrvO2).

Assessment of kidney function

The glomerular filtration rate was estimated with the calculation of creatinine clearance (Clcrea): Clccrea = (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. All urine samples were analysed for sodium concentration [Na + ]. In addition, the fractional excretion of Na + [FENa (%)] was calculated and used as a marker of tubular function using the following formula: FENa = (UNa×Pcrea)/(PNa×Ucrea)×100, where UNa is the [Na + ] in urine, and PNa is the [Na + ] in plasma. Clclear and FENa were determined at all time points.

Measurements of lactate, gluconate and acetate in plasma and urine

The plasma and urine lactate concentrations were determined by test strips (EDGE™ Handheld Lactate Analyser, Red Med, Poland). The D-Gluconate/D-Glucono-δ-lactone assay kit (detection limit 0.5 mg/L) and acetic acid assay kit (detection limit 0. 

Results

Systemic and renal haemodynamics (Table 1) and all the other parameters were similar in the PLR group and the control group at baseline (Table 2). The PLR procedure resulted in a significant increase in the liver AST enzyme compared to the control and HS groups (p<0.01) even in the resuscitated groups (Supplementary Figure 1).

Haemorrhagic shock in both experiments (with and without PLR) induced significant decreases in MAP, RBF (Table 1), pH, base excess, HCO3 -(Table 1), VO2, DO2, CµPO2, and MµPO2 (Supplementary Figure 2) (p<0.01). Haemorrhage resulted in increased concentrations of lactate with a higher anion gap (p<0.01) (Table 2, Figure 1). The level of lactate was similar at shock between the 2 experiments. During haemorrhage, all rats presented anuria.
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Balanced fluids and compromised liver function 175 8 The targeted MAP of 65 mmHg was achieved in both experiments after fluid resuscitation, regardless of the fluid used. The amounts of fluid required to achieve the targeted MAP were 28.5±5.9 ml for RL, 36.3±5.1 ml for RA, 44.7±10.4 ml for RA-Glu/Mg, and 28.0±8.8 ml for saline in the group without PLR. In the group with PLR, the amounts were 38.2±6.5 ml for RL, 45.9±9.3 ml for RA, 51.5±11.4 ml for RA-Glu/Mg, and 35±10.9 ml for saline. The volume of RA-Glu/Mg infused was significantly greater in both groups compared to the volumes of saline and RL (p<0.01).

Concentrations of bicarbonate precursors and acid-base status after fluid resuscitation

The lactate and gluconate concentrations in plasma at the end of both experiments are shown in Figure 1 and 2. The acetate level was not detectable in the plasma because the level was below the threshold. Fluid resuscitation with either RA, RA-Glu/Mg or normal saline was effective in reducing lactate concentrations in experiment without PLR, but such a reduction was not achieved when RL was infused (p<0.01). In the PLR experiment, the level of lactate in urine was higher in the RL group (p<0.01) (Supplementary Figure 3). Gluconate was excreted in a similar manner in urine in the 2 experiments (Figure 3). However, plasma gluconate level was higher in the PLR group (p=0.03). No significant change was observed in acetate excretion. Acetate-based fluids resuscitation led to similar pH and bicarbonate concentrations to control group and increased bicarbonate concentrations more than RL or normal saline did in the PLR experiment (p<0.01) (Table 2). Normal saline group in both experiments exhibited the worst acid-base status (p<0.01). PaCO2 did not change across experiments (Supplementary Table 2). 

Renal oxygenation and function

CμPo2 and MμPo2 decreased during the haemorrhagic phase to ~2.7 and ~1.9 kPa (20 and ~14 mmHg), respectively. Overall, fluid resuscitation did not restore renal oxygenation to baseline (p<0.01) (Supplementary Figure 2). DO2ren remained also significantly lower than the control group (p<0.01) at the end of all experiments.

Renal function, as represented by FENa and creatinine clearance (Clcreat), is shown in Table 3. There was no difference relative to the control group in the PLR experiment. FENa increased significantly in all groups after fluid resuscitation (p<0.01) by the end of the experiment.

Fluid resuscitation resulted in increases in water content and tissue oedema in the kidney from 78.1±0.4% for the control group to 81.1±0.6%, 81.1±1.2%, 82.1±0.6%, and 82.1±0.7% for the RL, RA, RA-Glu/Mg, and saline groups, respectively, in the experiment without PLR (p<.0.01).

The same was observed in rats with liver resection (p<0.01). Finally, the plasma osmolality was higher only in the RA-Glu/Mg group with PLR (p<0.01 

Discussion

The main results of our study were that acetate-balanced resuscitation fluids demonstrated a significant improved buffering capacity in the presence or absence of liver impairment. Ringer's lactate was also effective in correcting the acid-base status but to a lesser degree. Normal saline was the less effective fluid regarding acid-base control. Secondly, our study showed an increased plasma level of gluconate in the presence of liver failure (e.g., PLR), suggesting that this portion is actually metabolized by the liver while the other part potentially remains in the vascular system. 19 In this respect, two recent studies have confirmed that gluconate is metabolized through gluconokinase in the human liver into 6-phosphogluconate, which could then be further degraded through the hexose monophosphate shunt via the 6-phosphogluconate dehydrogenase. 20,21 Although our results did not indicate an increase in gluconate excretion by the kidney after PLR, a large amount of gluconate was excreted in urine as previously observed. 22,23 Two separate experimental studies showed no increase in the pH value after an infusion of gluconate. 24,25 These suggest that gluconate is not relevant for the generation of bicarbonate. Therefore, the "anti-acidotic" effect of RA-Glu/Mg might not be due to gluconate, but rather attributed to acetate.

Acetate was metabolized effectively, regardless of liver failure and severe shock in this study. This confirms that acetate is metabolized elsewhere or that limited hepatic function is sufficient to support bicarbonate generation. Acetate can be metabolized in several extrahepatic tissues, including the muscles, brain, myocardium, and renal cortex, because they all have the required enzymes. 15,17 Therefore, acetate is subject to less accumulation in states of shock with impaired liver function. However, the literature provided inconsistent results regarding the buffering capacity of acetate-balanced fluids. In addition, an in vitro study revealed that the buffering capacity of these fluids was weak compared to human or animal plasma. 26 Fluid resuscitation with RA-Glu/Mg yielded a similar buffering effect to RL but lower survival rate Chapter 8

Balanced fluids and compromised liver function 182 following fatal haemorrhage in swine. 27 In a randomized clinical trial comparing RA-Glu/Mg versus RL during living donor right hepatectomy, a small improvement in base excess was noted without change in pH. 28 Weinberg et al. observed less hyperchloremia and hyperlactatemia but also with no change in pH or base excess after infusion of RA-Glu/Mg compared to normal saline in patients with major liver resection. 29 On the contrary, two studies, in trauma patients and in the perioperative setting, provided evidence of an improved acid-base status using RA-Glu/Mg. 12,30 As expected, lactate concentrations increased during haemorrhagic shock. Measured lactate concentrations were influenced by the additional lactate supplied by resuscitation with RL. In addition, PLR reduced the capacity of lactate to be metabolized as shown by the trend increase in urine lactate. It may have a negative impact on the acid-base balance when it accumulates. Nevertheless, RL was superior to normal saline in terms of correcting acid-base status even in the presence of liver failure. This result was consistent with the literature. 31 The issue about the choice of anions in resuscitation fluids has been central in the "Great fluid debate" and has mainly focused itself on the choice of chloride as the conventional anion in the routine use of 0.9% NaCl. 13,32 The reason for the controversy has been the result of dilutional acidosis being caused by excessive amounts of chloride administration during fluid resuscitation. The effect of this procedure results in acidosis not being corrected and possibly metabolic acidosis becoming dilutional acidosis causing confusion as to the origin of the acid base disturbance. On the other hand, acidosis in itself can have unwanted effects, such as renal vasoconstriction, and this can cause deleterious effects especially on the kidney. For these reasons balanced salt solutions such based on either acetate or lactate have been advocated also because these anions can function as bicarbonate precursors. 9 Finally, the importance of the ability of clinicians to interpret the origin of acidosis as being metabolic in origin allows its use as a surrogate for tissue oxygenation and is an additional importance for understanding the contribution of various anions to acid base chemistry in a physiological setting such as we chose for this study.

All fluids improved systemic and renal haemodynamics after reaching the targeted MAP but failed to restore renal oxygenation as shown before. 33 The ineffectiveness of the correction of renal oxygenation resides in the fact that these non-oxygen carrying fluids only marginally transport oxygen to the tissues. 33,34 The differences between balanced solutions and normal saline for fluid were found to exist mainly in the acid-base imbalance. Because normal saline Significantly more fluid was required to achieve a MAP of 65 mmHg when using acetate containing fluids. Acetate can cause vasodilation which is presumably mediated by the release of adenosine from tissues, 35,36 and these animals may require additional fluid. Moreover, magnesium present in RA-Glu/Mg may also induce vasodilation 37 and the combined action of both, acetate and magnesium, may decrease systemic resistance. However, it is unknown whether this amount of magnesium (3 mmol/L) can induce such a vasodilation, even though magnesium concentration is increased. 29 Regarding the limitations, we did not assess true liver function with an indocyanin green test. A 70% PLR might not be sufficient to induce a significant liver failure. However, in a pilot study, the animals did not survive in case of a larger resection. Although unlikely to have a clinical impact, we might have missed a change in plasma acetate concentrations, already low [0.06 to 0.2 mmol L -1 ], 15 because it remained below the detection threshold of our assay. We chose to administer 0.9% saline for fluid maintenance during liver surgery because we sought to evaluate the effect of anion buffers after PLR and HS and obtain same acid-base status at baseline (after PLR) in all animals. Although the experiment would have been purer, the infusion of normal saline was of similar amount in the different interventions in both experiments. By infusing the study fluid from the start of the surgery, baseline values recorded before haemorrhage might have differed significantly. Finally, although probably low, we cannot precisely state how much the gluconate accounted for the buffering effect during resuscitation.

Conclusion

In cases of haemorrhagic shock with liver failure, the subsequent accumulation of lactate dampened the buffering effect of RL. Acetate and the combination of acetate and gluconate Chapter 8

Balanced fluids and compromised liver function 184 appeared to be metabolized efficiently in this experimental study. Because of the large amount of gluconate excreted in an unchanged form, this anion may not contribute to the buffering effect. Normal saline seemed to be the most unsuitable fluid when compared to balanced fluids, even in cases of liver failure. 
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Introduction

Inflammation is a key process in the pathophysiology of septic shock. 1 The whole activation of leukocytes, the cascade of inflammation, the associated cytokine storm, and endothelial cell dysfunction collaborate to alter the microcirculation. 2,3 Subsequently, tissue hypoxia and dysoxia due to heterogeneity of the microcirculation will occur. 4 Fluid resuscitation may not only help resolve some of these issues but also lead to the activation of oxidative pathways in itself, resulting in a heterogeneous distribution of blood flow and tissue oxygenation, especially in the renal cortex. 5,6 Because reactive oxygen species (ROS) participate in the pathophysiology of endotoxemic shock, it has been suggested that moderating the oxidative stress and inflammatory reaction would translate into improving the microcirculation and oxygenation of the tissues. Previous studies have demonstrated an interest in the use of antioxidants for preventing sepsis-induced damage in these organs. [7][8][9] Indeed, the experimental literature is full of studies of drugs that target and are effective at dampening inflammation and oxidative stress.

Some trials have reported several anti-inflammatory or antioxidant drugs with discordant effects on major outcomes. 10,11 In fact, antioxidant therapies for specific organs might be of interest.

Acute kidney injury (AKI) and acute lung injury are particularly common complications of sepsis, and the development of either increases mortality probably because these organs are more sensitive to inflammation and oxidative stress insults. Thus, the kidney could benefit from antioxidant drugs.

A common approach for the inhibition of oxidant-mediated injury is the use of glutathione-modulating agents such as sulfhydryl or thiol compounds. Among all the drugs used to interact with this pathway, N-acetylcysteine (NAC) is the most studied for its lung and renal protective effects. [12][13][14][15][16] NAC is a thiol compound with antioxidant and vasodilatory properties. 12 NAC is regarded as an important antioxidant as it is a source of sulfhydryl and glutathione groups in cells and, due to its interaction with ROS, is a scavenger of free radicals. In septic patients, the endogenous antioxidant glutathione is depleted. 17 Decreased levels of glutathione may lead to decreased protection of cell membranes against oxygen radicals. NAC serves as a precursor of glutathione and can replenish the intracellular glutathione stores. 12 Moreover, NAC targets kidney microcirculatory blood flow. 18,19 NAC has also been widely studied for its nephroprotective effects in various settings.

Hypoxia and inflammation have an interdependent relationship. Several molecular pathways of cross-talk between hypoxia and inflammation in the kidney have been identified. 20- Chapter 9
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To date, no study has focused on tissue oxygenation in specific organs such as the kidney but rather demonstrated that either pretreatment or post-treatment with NAC decreased the markers of organ injury. In this study, we assessed kidney tissue oxygenation in an endotoxemic shock model resuscitated with balanced hydroxyethyl starch -Ringer's acetate either with or without supplementation with NAC. We sought to promote blood flow and oxygenation to the organs by the means of reducing inflammation and oxidative stress.

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 (DFL102538). The care and handling of the animals were in accordance with the guidelines for Institutional Animal

Care and Use Committees. The study was conducted in accordance with the Declaration of Helsinki. Experiments were performed on albino Wistar rats (Harlan Netherlands BV, Horst, The Netherlands) with a mean±SD body weight of 325±6 g.

Surgical preparation

All animals were anesthetized with an intraperitoneal injection of a mixture of 90 mg/kg ketamine (Nimatek®, Eurovet, Bladel, The Netherlands), 0. continuously measure renal blood flow (RBF). The left ureter was isolated, ligated, and cannulated with a polyethylene catheter for urine collection. After the surgical preparation, one optical fiber was placed 1 mm above the decapsulated kidney, and another optical fiber was placed 1 mm above the renal vein to measure renal microvascular and venous oxygenation using phosphorimetry. A small piece of aluminum foil was placed on the dorsal side of the renal vein to prevent the underlying tissues from contributing to the phosphorescence signal in the venous PO2 measurements. The surgical field was covered with a humidified gauze compress throughout the entire experiment to prevent drying of the exposed tissues.

Experimental protocol

After a 30 min stabilization, the rats were randomized into the 5 following groups at baseline: 1) control group, 2) control + NAC, 3) endotoxemic shock with lipopolysaccharide (LPS) without fluid resuscitation, 4) LPS + fluid resuscitation and 5) LPS + fluid resuscitation + NAC (150 mg/kg/h). The groups received either an intravenous bolus of 5 mg/kg LPS (LPS group;

Escherichia coli 0127:B8, Sigma, Paris, France; 3 groups of 8 rats each) or vehicle (control group, 2 groups of 8 rats each). Animals were observed or kept in shock for over 120 min. Fluid resuscitation (15 ml/kg/h) was then started and maintained for 180 min in the LPS groups with 6% hydroxyethyl starch (HES130/0.4) dissolved in Ringer's acetate (HES-RA; Volulyte ® 6%, Fresenius Kabi Deutschland GmbH, Germany) as a balanced colloid solution. NAC was administered to the appropriate groups at a rate of 150 mg/kg/h as previously reported 15 . An LPS group was not resuscitated to serve as a shock control. Time points for the measurements Chapter 9

N-Acetylcysteine and renal microcirculation in endotoxemia 194 were baseline (T0), during shock 120 min after administration of LPS (T1), 30 min after initiating fluid resuscitation (early reperfusion phase) (T2) and 120 min after starting fluid resuscitation (late reperfusion phase) (T3), which was the final endpoint of the experiment (Figure 1).

Figure 1. Timeline of the experimental protocol

Blood gas measurements and biochemistry

Arterial blood samples of 0.5 ml were collected from the femoral artery at T0, T1, T2, and T3.

The blood samples were replaced by the same volume of balanced colloid solution. The samples were used to determine blood gas parameters (Radiometer ABL 505 Blood Gas Analyzer,

Copenhagen, Denmark). The hematocrit and the levels of potassium, bicarbonate and the anion gap were recorded by the analyzer.

Measurement of renal microvascular oxygenation and venous PO2

The renal microvascular partial pressure of oxygen (µPO2) and renal venous PO2 (rvPO2)

were measured by oxygen-dependent quenching of phosphorescence lifetimes of the phosphorescent dye Oxyphor G2 (Oxygen Enterprises Ltd., Philadelphia, PA, USA) as described previously. 23, 24 A total of 6 mg/kg IV over 5 min was administered followed by 30 min of stabilization before recording baseline measurements.

Calculation of derivatives of oxygenation parameters and renal vascular resistance

Renal oxygen delivery was calculated using the following formula: DO2ren was calculated using the following formula: VO2ren (ml/min/g) = RBF × (CaO2 -CvO2), where the renal venous oxygen content (CvO2) was calculated as (1.31 × hemoglobin × SrvO2) + (0.003 × rvPO2). The SrvO2ren was calculated using the Hill equation with P50 = 37 Torr (4.9 kPa) and the Hill coefficient = 2.7. An estimation of the renal vascular resistance (RVR) was defined as RVR (dynes•sec•cm -5 ) = (MAP/RBF) × 100.

Assessment of kidney function

Creatinine clearance (Clcrea [ml/min]) was assessed as an index of the glomerular filtration rate. Clearance was calculated using the following formula: Clcrea= (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 the plasma. The renal energy efficiency for sodium transport (VO2/TNa) was assessed using a ratio calculated from the total amount of VO2 over the total amount of sodium reabsorbed (TNa, mmol/min) according to the following formula: (Clcrea × PNa)

-UNa × V.

NO metabolism

The index of total nitric oxide (NO) production is the sum of both nitrite and nitrate accumulated in tissue samples. To determine this index, a saturated solution of vanadium (III) chloride (VCl3) in 1 mol/l HCl was used as a reducing agent. At a temperature of 90°C, the VCl3 reagent quantitatively converts nitrite, nitrate, and S-nitroso compounds to NO in a glass reaction vessel. NO was then flushed out of the reaction vessel by the flow of helium gas and was then measured using a Sievers NO analyzer (General Electric Company, GE Water & Process Technologies Analytical Instruments) to detect chemiluminescence as the amount of light from the ozone-NO reaction in the measurement chamber of the analyzer. NO levels were determined in homogenized frozen kidney tissues. A ratio of tissue NO to tissue protein content was used for standardization of NO release per gram of protein.

Glycocalyx component assessments

Hyaluronan is the main component of the endothelial glycocalyx, and alterations in its concentration are attributed to glycocalyx volume loss. Inhibition of tumor necrosis factor-alpha Chapter 9
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Measurement of oxidative stress and inflammatory cytokines

All kidneys were homogenized in cold 5 mM sodium phosphate buffer. The homogenates were centrifuged at 12,000 g for 15 min at 4°C, and the supernatants were used to determine TNF-α, IL-6, hyaluronic acid, malondialdehyde (MDA) and protein carbonyl levels. The levels of these markers were expressed as per gram of protein (Bradford assay). To determine the oxidative stress and inflammatory cytokines levels, enzyme-linked immunosorbent assay (ELISA) kits were used. Tumor necrosis factor-α (TNF-α) (DY510, R&D system, Inc. Minneapolis, USA), interleukin-6 (IL-6) (DY506, R&D system, Inc. Minneapolis, USA), tissue MDA and protein carbonyl were determined in homogenized tissue samples. 

Immunohistochemical analysis

Statistical analyses

The results are expressed as the mean ± SD. Statistical significance was calculated by oneway and two-way analysis of variance (ANOVA) followed by either Tukey's or Bonferroni multiple comparison tests using GraphPad Prism (GraphPad Prism, Version 5, Software Program, San Diego, CA, USA). p<0.05 was considered statistically significant.

Results

Systemic and renal hemodynamic parameters

The evolution of systemic and renal hemodynamics is presented in 

Renal microvascular oxygenation

The percentage variations in CµPO2, MµPO2, DO2ren, and VO2ren between baseline (T0) and the end of the experiment (T3) are shown in Figure 2. Compared to the control groups, LPS infusion induced a significant decrease in CµPO2 (40.6±8.8 mmHg vs 68.2±4.1 mmHg in the control group at T3, p<0.001) and MµPO2 (32.2±7.9 mmHg vs 51.6±3.2 mmHg in the control group, p<0.001). Fluid resuscitation with HES-RA alone did not improve either CµPO2 or MµPO2.

HES-RA combined with NAC significantly improved CµPO2 during sepsis (p<0.01). LPS induced a significant decrease in DO2ren and VO2ren (8.3±6.1 ml O2/min in the LPS group versus 67.2±23.2 ml O2/min in the control group at T3 and 7.8±6.5 ml O2/min in the LPS group versus 32.9 ±10 ml O2/min in the control group at T3, p<0.05, respectively). Fluid resuscitation with or without NAC significantly improved VO2ren compared to the LPS alone group (p<0.05). Of note, the addition of NAC to the control group also increased VO2ren compared to the control group alone (p<0.05).

The hematocrit values are reported in Table 3. A significant decrease in hematocrit occurred after fluid resuscitation in both groups compared to the control and LPS alone groups (p<0.001).

The magnitude of hemodilution in both groups was in the same range.

LPS induced a significant increase in ER% O2 at T1, T2 and T3 compared to the control group (p<0.01, p<0.01 and p<0.001, respectively), and this value was only improved in LPS+HES-RA N-Acetylcysteine and renal microcirculation in endotoxemia 199 9 group at T2. In the control group receiving NAC, ER%O2 was also increased at T3 compared to control (p<0.001).

Figure 2. Percentage change of renal microvascular oxygen tension, oxygen delivery and consumption from baseline to T3

In 

Kidney function and biomarkers of kidney injury

The evolution of TNa + , VO2ren/TNa + , ClCrea and EFNa + at different time points is presented in Table 2. TNa + levels were lower in the LPS, LPS+HES-RA and LPS+HES+RA+NAC groups (p<0.001) than the control group at T1, T2, and T3. Fluid resuscitation did not restore these values. The addition of NAC also decreased the TNa+ in the control+NAC group compared to the control Biomarkers of AKI (NGAL and L-FABP) were significantly increased in the kidney after LPS infusion (p<0.05 and p<0.001, respectively, versus the control group) (Figure 3). The resuscitation fluid combined with NAC significantly decreased these biomarkers compared to the LPS alone group (p<0.001 and <0.05, respectively). Moreover, L-FABP was lower in the group of septic rats resuscitated with HES-RA+NAC than with HES-RA alone (p<0.001). 

Plasma electrolytes and acid-base status

Bicarbonate and plasma lactate levels, pH, base excess and anion gap with K + are shown in Table 3. LPS infusion significantly increased the plasma lactate level and anion gap, which could not be corrected by the administration of HES-RA either with or without NAC (p<0.001) compared to the control group. Base excess, pH, and bicarbonate levels were similarly decreased after LPS infusion and were partially corrected by fluid resuscitation. NAC infusion alone in the control group resulted in a significant decrease in pH, base excess and bicarbonate levels compared to the control group (p<0.01). NAC administration worsened the acid-base status in the LPS resuscitated and control groups. The level of bicarbonate and base excess were significantly lower in rats resuscitated with fluid plus NAC than with fluid alone (p<0.01). 

NGAL

Discussion

In the present study, we found that fluid supplemented with NAC improved cortical renal oxygenation, oxygen delivery and oxygen consumption compared to the LPS group. Fluid resuscitation alone was partially effective in correcting kidney hypoxia but did not reach a significant level compared to the LPS group. The addition of NAC to the resuscitation fluid did not further improve systemic or renal hemodynamics compared to HES-RA alone. It has been suggested that a specific effect of NAC on microvascular oxygenation exists independent of renal macrovascular perfusion. In an experimental study, Heyman et al. showed that NAC induced vasodilation in a pre-constricted renal microvasculature rat model. 18 The vasculature may be similarly constricted after LPS infusion leading to microcirculation heterogeneity. 25 Although creatinine levels did not differ between septic rats receiving fluids either with or without NAC, the fluid resuscitation combined with NAC decreased the levels of renal NO, hyaluronic acid and early markers of acute kidney injury such as NGAL or L-FABP. Previous studies demonstrated a significant decrease in inflammatory biomarkers in specific organs such as lungs and kidneys in models of sepsis. [14][15][16][26][27][28][29] However, none of these studies reported the beneficial effects of NAC on tissue oxygenation during sepsis by decreasing oxidative stress and inflammation.

Several studies using microcirculatory techniques have now questioned the significance of arterial RBF and have focused on the renal microcirculation as the hemodynamic culprit in the pathophysiology of septic AKI. 6,25,30 Microcirculatory dysfunction may contribute to renal hypoxia even in the absence of overt renal hypoperfusion. The microcirculation of the renal cortex has been shown to be severely injured in animal models of sepsis. After LPS infusion in rats, Legrand et al. showed that fluid resuscitation could not fully restore renal microcirculatory dysfunction. 6 In dogs, endotoxemia was found to be associated with renal hypoperfusion and hypoxia in the renal cortex but was concomitant with increased renal venous PO2, supporting the concept that convective shunting of oxygen may contribute to the development of tissue hypoxia. 31 In our study, the LPS-induced renal microvascular heterogeneity and hypoxia appeared to be corrected with the NAC-supplemented fluid.

We also observed negative effects of NAC infusion. Delayed hypotension occurred in the control+NAC group, highlighting the vasodilatory effects of this compound as previously described. 12,32 The mechanism involved in this lowering effect might be mediated by the interaction of sulfhydryl groups with enzymes such as the guanylate cyclase, which is the primary Chapter 9

N-Acetylcysteine and renal microcirculation in endotoxemia 205 9

receptor for NO. 32 This drop in the MAP may contribute to tissue hypoperfusion and hypoxia as well as the lower pH observed in the control+NAC group compared to the control group.

However, no significant change was observed in renal blood flow measured in the renal artery.

Conflicting data exist between experimental and human clinical studies regarding the effects of NAC on regional blood flow and cardiac output. 19,[33][34][35][36][37] First, NAC administration was shown to improve survival in experimental models of peritonitis-induced sepsis. 38,39 In mongrel dogs subjected to endotoxemia, Zhang et al. demonstrated the myocardial protective effects of NAC pretreatment (150 mg/kg) with enhanced oxygen delivery but lower systemic and pulmonary pressures. 37 In contrast, in a study involving 20 patients with septic shock, NAC infusion (150 mg/kg for 15 min followed by continuous infusion) that was initiated within 24 hours after the onset of septic shock resulted in a decrease in left ventricular stroke work-revealing myocardial depression-without a significant impact on MAP at 48 hours after treatment initiation. 33 In a similar population, Rank et al. demonstrated the exact opposite effect with an improvement in liver blood flow, oxygen delivery and oxygen consumption related to an increase in cardiac index. 34 However, the infusion of NAC lasted less than 2 hours in this latter study. Agustí et al.

reported an increase in the cardiac index associated with vasodilatation but without improvements in splanchnic microcirculation after NAC infusion in patients presenting with septic shock and multiple organ failure. 35 Clinical studies yielded controversial results with the use of NAC in sepsis. 11 NAC treatment during the first hours of sepsis or septic shock may decrease peroxidative stress, 40 improve hepatic function 34 and enhance tissue oxygenation and cardiac function, 41 whereas delayed administration adversely affected the outcomes of critically ill patients with multiple organ failure. 33,42 Most published studies have examined the effects of NAC when given as a pretreatment, e.g., before the insult. Here, we evaluated the ability of NAC when administered during the resuscitation process to correct tissue hypoxia and inflammation already present. It seems that the beneficial effects on tissue oxygenation, if any, are not similar if NAC is administered before or after the insult. The effects also depend on the time elapsed since the insult. We showed that NAC-supplemented fluid did not provide additional benefits on the acid status and renal function compared to fluid alone. Only kidney oxygenation was significantly higher in the group receiving fluid supplemented with NAC compared to the LPS alone group, whereas fluid alone did not reach a level of significance. Pretreatment with NAC appeared to be more efficient than post-injury treatment in protecting tissues against oxidative stress and inflammation in models of sepsis and ischemia/reperfusion injury. Due to the mechanisms of Chapter 9
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The effects of NAC on renal oxygenation could be mediated by different mechanisms.

First, tissue NO levels were significantly increased after LPS infusion. By decreasing NO levels in the cortex, NAC combined with fluid administration may improve microvascular dysfunction, microvascular delivery of oxygen and cortical oxygenation. Similarly, our group previously demonstrated that the prostaglandin analog iloprost restored kidney function in a rat model of endotoxemia and prevented the occurrence of hypoxic regions. 43 The improvement of renal microvascular oxygenation was mediated in part by inhibition of inducible nitric oxide synthase expression in the kidney. Another major player involved in endothelial dysfunction in sepsisinduced AKI is the widespread damage to the endothelial glycocalyx, which may contribute to microvascular dysfunction via impaired flow-dependent vasodilatation. Hyaluronic acid levels reflect the disruption of the glycocalyx. 44 In the present study, hyaluronic acid levels were significantly increased after LPS infusion. Fluid resuscitation either with or without the addition of NAC significantly dampened these levels. However, the decrease was more prevalent with NAC treatments, but all of the significant benefits were due to the fluids as opposed to NAC.

NAC may still further improve microvascular oxygenation by decreasing endothelial glycocalyx damage in addition to fluid resuscitation. In contrast, a clinical study monitored volume loading with HES during elective surgery (20 ml/kg) and observed increased serum glycocalyx biomarkers with HES alone. 45 In our study, fluid resuscitation with HES seemed to be beneficial with regard to these biomarkers levels. One of the main pathways of glycocalyx disruption is thought to be the formation of ROS such as peroxynitrite. As NAC is a well-known scavenger of ROS, we measured the tissue levels of malondialdehyde as a marker of lipid peroxidation. We did not observe a significant decrease when using NAC-supplemented fluid compared to fluid alone. This result can be explained because of the high dose of NAC in our study. Some authors have previously suggested that high doses of NAC may increase MDA levels, whereas lower doses may decrease MDA levels. 46 Additionally, a lack of effect of NAC on lipid peroxidation in cases of established endotoxemia has been shown. 47 Chapter 9
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Limitations

In the light of the ongoing debate about the deleterious effects of HES on the kidney, a possible limitation of our study is our use of HES as a resuscitation fluid. However, the present study is a mechanistic study wherein we investigated whether we could ameliorate the inflammatory effects of fluid administration in a sepsis model. In our experience, all fluids cause inflammation, 48 and it is the fluid volume that determined the extent of injury. It could be argued that we should have chosen a balanced crystalloid solution instead of a colloid-based solution.

However, crystalloid solutions have issues as well. For example, Ringer's lactate causes even more inflammation than HES, 49,50 and we would also have had to administer a larger volume to maintain blood pressure causing more hemodilution. We chose a colloid solution to keep the amount of fluid required to correct blood pressure to a minimum. We could have used albumin, but even albumin can promote renal failure, as has been shown in a recent study in cardiac surgery. 51 In conclusion, arguably, all fluids have deleterious effects on the kidney to a greater or lesser extent. However, in this proof of concept study, we hope to have introduced the idea that controlling the inflammatory component imposed by fluids such as HES can be implemented by co-administration of an anti-inflammatory drug such as NAC. Our results suggest that such an approach could be used for other fluids, but this approach would require testing in subsequent studies.

Conclusion

In conclusion, the addition of NAC to fluid resuscitation may improve renal oxygenation and attenuate microvascular dysfunction and AKI. Decreases of renal NO levels and hyaluronic acid levels may be involved in this beneficial effect. A therapeutic strategy combining the macrovascular effects of fluids and the microvascular effects of NAC may be critical to preventing sepsis-induced AKI. This study sets forth a new concept for changing the procedure of fluid resuscitation by the addition of antioxidant therapy during the initial phase of resuscitation.

Introduction

Fluid administration is the first step of rescue therapy during severe hemorrhage or hypovolemic shock before blood products become available. 1 However, aggressive volume fluid resuscitation may lead to secondary severe tissue edema and clinical signs of volume overload, which result in unfavorable outcomes. 2,3 Colloidal solutions are used to sustain intravascular oncotic pressure and to shorten the circulatory stabilization time while limiting fluid administration. Hydroxyethyl starch solutions remain the most used synthetic colloids for volume replacement. However, no definitive evidence exists for outcome advantage of starches over crystalloids in various settings, and concerns were raised for kidney function. Therefore, the European Medicines Agency (EMA) restricts the use of hydroxyethyl starch solutions across the European Union. 4,5 Hyperosmotic and hypertonic saline fluids are also considered alternatives, but the fluids produce uncertain outcomes and possible harm. 6 Therefore, crystalloids remain the sole resuscitation fluid for the treatment of hemorrhage and severe hypovolemia prior to blood product transfusion. Current resuscitation fluids of crystalloids or synthetic colloids possess no oxygen-carrying capacity and may promote inflammation.

Acute kidney injury is one of the most frequent organ failures in perioperative and critically ill patients. 7 The pathophysiology of acute kidney injury is not fully understood to date, but major contributors were identified, such as renal microcirculatory hypoxemia, tissue inflammation and fluid overload. [8][9][10] The early reestablishment of oxygenation and kidney perfusion during hemorrhage is essential to limit the subsequent development of acute kidney injury. 9,10 Polyethylene glycolated (PEGylated)-carboxyhemoglobin (Sanguinate™, Prolong Pharmaceuticals, South Plainfield, NJ, USA) is a novel agent that exhibits a dual action of carbon monoxide (CO)-release and O2 carrying and transfer. 11 CO is poisonous at high concentrations because it inhibits cellular respiration and interacts tightly with hemoglobin to limit oxygen delivery, but it also produces beneficial effects at low concentrations. CO's homeostatic effects occur via multiple cellular and molecular mechanisms of action, including redox control, antiapoptosis and anti-inflammation, modulation of vasoactive responses (vasodilation) and modulation of the innate immune response. 12,13 There is compelling preclinical data on the use of CO as a therapeutic agent via CO-releasing molecules in models of acute lung injury, 14 sepsis, 15 hemorrhagic shock, 16 and ischemia/reperfusion injury. 17 CO mitigated the inflammatory response and ischemic damage in all of these settings.
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The present study hypothesized that a molecule with the ability to release CO molecules to injured tissues and carry oxygen to hypoxic tissue would sustain kidney function by increasing renal microcirculatory oxygen tension and limiting the damage of ischemia and hypoxia following resuscitation from hemorrhagic shock while providing a low volume of resuscitation fluid. The primary outcome of our study was improvement of cortical renal microcirculatory oxygen tension. Secondary outcomes included the volume of fluid resuscitation, macrohemodynamics, renal immunohistochemistry and histological damages, acid-base status, and levels of plasma biomarkers of injury.

We sought to compare the renal microcirculatory impact of PEGylated-carboxyhemoglobin, 6% hydroxyethyl starch balanced in Ringer's acetate, and blood transfusion as resuscitation strategies in a blood pressure-targeted resuscitation model of hemorrhagic shock in the rat.

Material and methods

Animals

The Animal Research Committee of the Academic Medical Centre of the University of Amsterdam approved all experiments in this study (DFL 103073). Care and handling of the animals were performed in accordance with the guidelines from the Institutional and Animal

Care and Use Committees. This study and the following reporting adhere to the applicable ARRIVE guidelines. 18 All experiments were performed on male Wistar-Albinos rats (Charles River,

The Netherlands), aged 10±3 weeks with a mean±SD body weight of 320±26 g, at 09:30AM

(weekdays) at the Department of Experimental Surgery, University Medical Center, Amsterdam,

The Netherlands.

Surgical preparation

Rats were anesthetized using an intraperitoneal injection of a mixture of 100 mg.kg -1 ketamine (Nimatek; Eurovet, Bladel, the Netherlands), 0.5 mg.kg -1 dexmedetomidine (Dexdomitor; Orion Group, Espoo, Finland) and 0.05 mg.kg -1 atropine-sulfate (Centrafarm, Etten-Leur, The Netherlands). Anesthesia was maintained with 50 mg•kg•h -1 ketamine. A tracheotomy was performed. The animals were connected to a ventilator (Babylog 8000, Dräger, The Netherlands) and ventilated with tidal volumes of 6 ml.kg -1 with a positive end-expiratory Chapter 10

Carboxyhemoglobin and kidney protection during hemorrhage 220 pressure of 3 cmH2O and an FiO2 of 0.4. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37±0.5°C. The end-tidal CO2 was maintained between 35 and 42 mmHg by adjusting respiratory rate (CapnoMac, Datex-Ohmeda, USA).

The carotid (pressure) and femoral (for blood shedding and samples) arteries and jugular (anesthesia) and femoral (fluid resuscitation) veins were cannulated using polyethylene catheters (outer diameter = 0.9 mm; Braun, Melsungen, Germany). Fluid maintenance during surgery was sustained using Ringer's acetate (Baxter, Utrecht, The Netherlands) administration at a rate of 10 ml.kg -1 .h -1 . The left kidney was exposed without decapsulation and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via a 3-cm incision in the left flank.

Renal vessels were carefully separated to preserve the nerves and adrenal gland. An ultrasonic 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). The left ureter was isolated, ligated and cannulated using a polyethylene catheter for urine collection. The animals rested for 30 min after completion of surgery (~1 h). hydroxyethyl starch. This design allowed comparisons between groups with a similar target (Figure 1).

Experimental protocol

Figure 1. Design and timeline of the experiment

Control rats were subjected to the same surgery but did not undergo the hemorrhage protocol. Non-resuscitated hemorrhagic shock rats were observed during the same time of observation.

Measurement of renal cortical microcirculatory PO2

An optical fiber with a tip diameter of 5 mm was placed ~1 mm above the exposed kidney to measure oxygenation using a phosphorescence lifetime technique described elsewhere. 19 Palladium(II)-meso-tetra(4-carboxyphenyl)-porphyrin (Pd-TCCP) at a concentration of ~5 mg.ml - 1 was used as a phosphorescent dye, injected at a dose of 1.5 ml.kg -1 and excited at 530 nm.

The phosphorescent decay time signal corresponds to the microcirculatory PO2 in the kidney, and it was continuously recorded and processed using software developed in LabView 2014 (National Instruments, Austin, TX, USA) as described previously. 19 The depth of penetration of green light and catchment depth were estimated to be within the renal cortex. We excluded any interference between Pd-TCCP and PEGylated-carboxyhemoglobin (in vitro) prior to the in vivo experiment.
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Determination of oxygen carrying capacity of PEGylatedcarboxyhemoglobin and spectrophotometric analyses of its derivatives

As PEGylated-carboxyhemoglobin is bound with CO molecules, and its oxygen carryingcapacity is reduced. The release of CO likely increases the oxygen-carrying capacity of the molecule. The oxygen-binding/carrying capacity of PEGylated-carboxyhemoglobin was determined at 37°C under normal atmospheric conditions using similar previously described methods (supplementary document 1). A second set of experiments determined the oxygenbinding/carrying capacity of the molecule after full saturation of PEGylated-carboxyhemoglobin in 100% oxygen (for 2 h) to induce CO-release. However, complete CO release was not achieved.

The unknown spectrum was determined spectrophotometrically in UV-Vis ranging from 500 to 650 nm with 1 nm increment at 37°C (Synergy HTX, BioTek, Germany) to determine the concentration of each derivative (carboxyhemoglobin, oxy and deoxy-hemoglobin) of PEGylatedcarboxyhemoglobin in the plasma. The observed total absorption spectrum of each plasma sample was then compared to the known spectra of the different derivatives of bovine hemoglobin 20 with their absorption values. With the use of the classical least squares' method (mixture of 3 components with 150 wavelengths, see supplementary document 1), the different concentrations of each component were recovered.

The concentration of PEGylated-carboxyhemoglobin in the plasma was obtained after the addition of 5 µl of both 2% KCN and 2% K3Fe(CN)6 to 40 µl of plasma to convert all PEGylatedcarboxyhemoglobin derivatives to hemiglobincyanide (HiCN). The endpoint absorbance was read at 540 nm against a calibration curve.

Measurements of arterial blood gas and biochemistry

Arterial blood samples (250 µl) were collected at four time points (Figure 1). Arterial blood gas parameters were determined using a blood gas analyzer (ABL80 Flex, Radiometer, Copenhagen, Denmark), and total hemoglobin concentration (Hb), hemoglobin oxygen saturation, base excess (BE) and lactate levels were measured. The arterial oxygen content (CaO2) (ml O2.dl -1 ) was calculated considering the oxygen carrying capacity of PEGylatedcarboxyhemoglobin in the plasma: CaO2=(SaO2 x HbRBC x γHb)+ (SPEGylated-carboxyhemoglobinO2 x HbPEGylated-carboxyhemoglobin x γPEGylated-carboxyhemoglobin)+ PaO2 x 0.0031 where HbRBC is the hemoglobin Chapter 10

Carboxyhemoglobin and kidney protection during hemorrhage 223 10 concentration in red blood cells (g.dl -1 ), S is the arterial oxygen saturation of HbRBC or PEGylatedcarboxyhemoglobin, and γ is the oxygen carrying capacity of HbRBC (1.34 ml O2.g -1 Hb for rat blood) or PEGylated-carboxyhemoglobin, as previously determined. Renal delivery of O2 (DO2) (ml O2.min -1 ) was determined at the end of the experiment as follows: Renal DO2= CaO2 x RBF Plasma creatinine and urine creatinine were measured using an automatic analyzer (c702 Roche Diagnostics, Roche Diagnostics, Basel, Switzerland). We established a calibration curve for creatinine levels prior to measurements to correct for a significant interference due to the presence of PEGylated-carboxyhemoglobin. Plasma osmolarity was determined using the freezing point method with an osmotic pressure meter (OSMOstation OM-6050, Menarini, Benelux B.V.). The glomerular filtration rate was estimated at the end of the experiment using the measurement of creatinine clearance (Clcrea): Clcrea=(UCrea x V)/(time x PCrea) where UCrea is the concentration of creatinine in urine (mmol.l -1 ), V is the urine volume (ml) per unit time of urine collection and PCrea is the concentration of creatinine in plasma (mmol.l -1 ).

Plasma nitric oxide and heme-oxygenase 1 levels

The samples were placed in the reducing agent vanadium (III) chloride (VCl3) in 1 mol.l -1 HCl at 90 °C to reduce the nitrate and nitrite in the plasma samples to NO. The VCl3 reagent converts nitrite, nitrate, and S-nitroso compounds to NO gas which is guided towards an NO chemiluminescence signal analyzer (Sievers 280i analyzer, GE Analytical Instruments) to allow the direct detection of NO. 21 NO within the reaction vessel reacts with ozone to generate oxygen and excited-state NO species, and the decay is associated with the emission of weak nearinfrared chemiluminescence. A sensitive photodetector detects this signal and converts it to millivolts (mV). The area under the curve of the detected chemiluminescence (mV.s) represents the amount of NO-ozone reactions in real time and thus the amount of bioavailable NO in the tested samples.

Heme-oxygenase 1 (HO-1) constitutes an essential cytoprotective component that ameliorates hemorrhagic shock-induced oxidative tissue injuries. 22 Plasma HO-1 levels were measured at the end of the experiment using an ELISA kit based on the sandwich assay principle (Rat HMOX1 / HO-1 ELISA Kit (Sandwich ELISA) -LS-F4085, LSBio LifeSpan BioSciences Inc., Seattle, WA, USA).
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Immunohistochemical analysis and histology

Animals were euthanized at the end of the experiment using 40% Euthasol (Produlab Pharma BV, Raamsdonksveer, the Netherlands). Kidneys were harvested, fixed in 4% formalin and embedded in paraffin. Ten tubular areas (n=10) on each slice per animal were analyzed.

The complete description of immunohistochemical analyses and histology are detailed in Supplementary document 1. A histological score (H-Score) value for Neutrophil Gelatinase-Associated Lipocalin (NGAL) and Tumor Necrosis Factor-α (TNF-α) was derived for each sample via summing the percentages of cells that stained at each intensity multiplied by the weighted intensity of the staining [H-Score = S Pi (i+1), where i is the intensity score and Pi is the corresponding percentage of the cells] under a light microscope at x400 magnification.

Histological changes (brush border, vacuolar degeneration, cast formation, and invagination) in the cortex were assessed using quantitative measurements of tissue damage.

Statistical Analysis

Values are expressed as mean±SD when normally distributed (Kolmogorov-Smirnov test), or as median [interquartile range] otherwise. Repeated measures 2-way analysis of variance (RM-ANOVA) (2 factors: time as a related within-animal factor and group as a between-animal factor) and post hoc Bonferroni's correction test for multiple analyses were used to determine intergroup and/or intragroup differences in hemodynamics, cortical renal PO2, and biochemical data. We reported the simple main effects of group (type of fluid) compared to the control and to the hydroxyethyl starch groups at each time point when a significant interaction was observed between time and group, and the simple main effect of time versus baseline within the same group. Ordinary one-way ANOVA with Bonferroni's correction was used for the analyses of the oxygen binding capacity of PEGylated-carboxyhemoglobin, renal oxygen delivery, ELISA hemeoxygenase-1 and volume of blood withdrawn. Analyses of creatinine clearance, total fluid volume, plasma NO, histological damages to the kidney and tumor necrosis factor-α and Neutrophil Gelatinase-Associated Lipocalin H-Scores were performed using a Kruskal-Wallis test with Dunn's correction test because of their non-Gaussian distribution. Outliers were evaluated but no action was necessary. Statistical analyses were performed using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla, USA). The overall significance level for each hypothesis was 0.05. Adjusted P-values are reported throughout the manuscript in post hoc tests.
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We assumed that the microcirculatory PO2 in the kidney would be of 26±3 mmHg (mean ± SD) at 30 min after resuscitation of hemorrhagic shock using 6% balanced hydroxyethyl starch based on previous experiments lead by our group. Therefore, a sample size of n = 6/group was needed to detect a 20% increase in kidney microcirculatory PO2 (estimated to be 31 mmHg, delta of 5 mmHg) associated with the administration of PEGylated-carboxyhemoglobin (compared to balanced hydroxyethyl starch) and provide a power (1-β) of 80% with a type I error rate (α) of 5% using a 2-group Satterthwaite two-sided t test.

Results

A total of 42 animals were included in the present study (n=6-8/group). Eight animals were included in the PEGylated-carboxyhemoglobin group, and 4 served to established reliability in the protocol. No animal died during the experiment. The volume of blood withdrawn to induce hemorrhagic shock at T1 (6.7 ± 0.8 ml) was similar in all groups. The withdrawn volume represented 32.2 ± 4.4% of the total blood volume. The hemorrhagic shock produced similar alterations in hemodynamics (MAP and renal blood flow) and similar reductions in kidney microcirculatory PO2 associated with a metabolic acidosis and hyperlactatemia in all groups compared to controls (P <0.0001). The hemodynamic data throughout the experiment are presented in Table 1. MAP was restored to ~80 mmHg in all animals that underwent resuscitation after hemorrhagic shock, according to the protocol. At the end of experiment, the renal blood flow recovered similarly to controls except for the blood transfusion group, which was lower than in the hydroxyethyl starch group (P=0.015). The changes acid-base status and lactate levels differed according to the resuscitation fluid administered (Table 2). Balanced hydroxyethyl starch was the most efficient fluid at restoring the acid-base status at the end of the rescue phase compared to other therapies. PEGylated-carboxyhemoglobin corrected the pH, but base excess, bicarbonate levels, and lactate levels remained significantly higher than controls (mean diff. -1.5, 95%CI [-2.6 to -0.4], P=0.0018) (Table 2).
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Therefore, only intragroup comparisons were performed. Notably, urine output after the rescue phase in the blood transfusion group was lower than at baseline (mean diff. Hemorrhagic shock induced acute kidney injury with a significant increase in plasma creatinine levels (greater than two-fold increase of baseline values) (Figure 3A) compared to controls (P<0.0001). Creatinine levels remained higher 60 min after resuscitation compared to the control rats, regardless of the therapy used (P<0.0001). There were no differences regarding plasma creatinine between hydroxyethyl starch and PEGylated-carboxyhemoglobin 60 min after resuscitation (44.0 ± 6.7 µmol/l versus 49.9 ± 6.4 µmol/l, respectively, mean diff. 5.9, 95%CI [-3.0 to 14.8], P=0.230). Conversely, the measured creatinine clearance (Figure 3B) was not different at 60 min between groups.

The CaO2 (Table 3) was calculated for all time points. However, the contribution of PEGylated-carboxyhemoglobin's hemoglobin to arterial oxygen content was only considered at the last time point of the experiment (60 min after resuscitation) for technical reasons.

Therefore, we did not investigate the contribution of PEGylated-carboxyhemoglobin's hemoglobin to CaO2 30 min after resuscitation. Blood and diluted blood transfusions produced The renal oxygen delivery was significantly lower in all groups at the end of experiment compared to controls except in the diluted blood transfusion group (Supplementary Figure 1). 

Fluid volume

The stacked (total) fluid volume and separate volumes of each therapy plus balanced hydroxyethyl starch are presented in Figure 4. The fluid volumes needed to achieve similar MAP targets varied significantly between groups, 8.5 [7.7 to 11.4] 

Fate of PEGylated-carboxyhemoglobin

PEGylated-carboxyhemoglobin partially released its CO molecules after injection in the cardiovascular system (Table 3). The percentage of carboxyhemoglobin decreased from ~85% measured in vitro (manufacturer data) to 23.6 ± 9% (P<0.0001) (as determined in the Supplementary document 1).

The oxygen biding capacity of PEGylated-carboxyhemoglobin in vitro was determined to be 0.29 ± 0.09 ml O2.g -1 of hemoglobin (7 measurements) in its original form. This OBC increased significantly after full oxygenation of the molecule to induce CO release, reaching 0.92 ± 0.02 ml O2.g -1 of hemoglobin (P<0.0001). 

Nitric oxide and Heme-oxygenase-1 in plasma

The administration of PEGylated-carboxyhemoglobin did not result in a decrease in plasma NO concentrations, excluding a NO-scavenging effect. Plasma NO levels were higher in the blood transfusion, diluted blood transfusion and nonresuscitated hemorrhagic shock groups compared to balanced hydroxyethyl starch (P<0.05). However, there was no significant difference between the control and balanced hydroxyethyl starch or PEGylatedcarboxyhemoglobin groups (Supplementary Figure 2A). Blood and diluted blood increased the CO is produced via the heme-oxygenase-1 pathway. Therefore, we investigated the levels of HO-1 in the plasma. We were unable to detect any significant changes in plasma HO-1 between groups, but there was a trend towards higher HO-1 levels in the blood transfusion group (Supplementary Figure 2B). Hydroxyethyl starch solutions are contraindicated in patients with renal impairment and should be administered to manage hemorrhage only when crystalloids alone are not considered sufficient. Therefore, new fluid therapies that outperform crystalloids and compete with the latest synthetic colloid solutions are desired to improve and sustain volume status to promptly restore blood pressure and flow in the context of hemorrhage. However, blood product transfusions remain the gold standard treatment of hemorrhage, but this treatment is not always readily available. Transfusion thresholds during the last decade with the implementation Chapter 10
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Carboxyhemoglobin and kidney protection during hemorrhage 236 of restrictive transfusion strategies, 27,28 and fewer patients are likely to receive blood transfusions in the perioperative setting.

Previous generations of hemoglobin-based oxygen carriers failed in clinical practice primarily due to major side effects such as hypertension and myocardial injury, that were overlooked in preclinical models. 29,30 These effects were presumably related to the extravasation of tetrameric hemoglobin and NO-scavenging effects. The formulation of hemoglobin-based oxygen carriers has changed to comply with more physiological prerequisites. PEGylatedcarboxyhemoglobin provides a larger expansion volume than balanced hydroxyethyl starch partially because of its oncotic effect. 11 The increase in MAP was likely due to the PEGylation process of the carboxyhemoglobin rather than an NO-scavenging effect. PEGylatedcarboxyhemoglobin infusion produced similar plasma NO levels as blood transfusion in our experiment. However, the administration of hydroxyethyl starch alone as a resuscitation fluid significantly decreased the bioavailability of NO. This result suggests a decreased shear-stress mediated NO release from the endothelium. 31 Our group previously demonstrated that a low volume of diaspirin-crosslinked hemoglobin (DCLHb), restored epicardial and gut serosal and mucosal microvascular oxygenation. 32,33 Similarly, diaspirin-crosslinked hemoglobin restored pancreatic functional capillary density in a rodent model of hemorrhagic shock. 34 However, increasing the dose of diaspirin-crosslinked hemoglobin produced to two main consequences: hyperoxia in the gut serosa and mucosae and severe hypertension. The latter effect was caused by vasoconstriction via the inhibition of NO. Similarly, the extensive literature on bovine hemoglobin-based oxygen carrier (HBOC-201, Hemopure, HbO2 Therapeutics LLC) reported improvements in tissue oxygenation and macrohemodynamics with induced vasoconstriction. 35 Little data on hemoglobin-based oxygen carriers and kidney oxygenation and function are available. PEGylated-carboxyhemoglobin should not be regarded as a hemoglobin-based oxygen carrier per se, but more as a colloid with additional beneficial effects. Our experiment highlighted that PEGylated-carboxyhemoglobin cannot compete with blood transfusion (even diluted at the same hemoglobin concentration) in terms of quality of oxygen carrying capacity and delivery to hypoxic tissue. In contrast, PEGylated-carboxyhemoglobin may be an interesting alternative when blood is not an option or in cases of delayed blood transfusion. First, the P50 is lower than the one of whole blood (8 to 16 mmHg versus 26 to 30 mmHg respectively), 11 which impedes oxygen release to moderately hypoxic tissue. Second, we demonstrated that (i) the oxygen binding capacity of native PEGylated-carboxyhemoglobin was significantly lower than rat (or human) hemoglobin oxygen Chapter 10

Carboxyhemoglobin and kidney protection during hemorrhage 237 10 binding capacity even after CO release and (ii) the concentration of PEGylatedcarboxyhemoglobin in the plasma was too low to expect any significant increase in oxygen delivery compared to whole blood. To test whether PEGylated-carboxyhemoglobin can release more oxygen, its P50 could be theoretically altered by the use of RSR13 (2-[4-[[(3, 5dimethylanilino)carbonyl]methyl]phenoxyl]-2-methylproprionic acid), 36 a synthetic allosteric modifier of O2-hemoglobin affinity that increases O2 release (rightward shift of oxygenhemoglobin dissociation curve) to tissue by allosterically stabilizing deoxyhemoglobin. However, two limits have to be considered: (i) RSR13 will also alter the P50 of native hemoglobin and (ii) it could exacerbate acute renal dysfunction. 36,37 The renal damage was mitigated with the use of PEGylated-carboxyhemoglobin compared to the administration of hydroxyethyl starch alone. These effects may be attributed to CO release. Previous studies demonstrated possible anti-inflammatory effects of carbon monoxide mediated via HO-1 activation. 38 Nassour et al. demonstrated that CO-releasing molecules protected against hemorrhagic shock and resuscitation-induced organ injury and inflammation in a similar rodent model of hemorrhagic shock. 16 However, the CO-releasing molecules used could not carry oxygen, which highlights the central role of CO and heme-oxygenase-1 in ischemia/reperfusion injury following hemorrhage.

The off-loading of CO molecules from PEGylated-carboxyhemoglobin is not instantaneous.

Approximately 23% of PEGylated-carboxyhemoglobin remained saturated with CO 60 min after the start of resuscitation in our study. Vandegriff et al. demonstrated that the percentage of carboxyhemoglobin of CO-MP4 (another PEGylated-carboxyhemoglobin) decreased to 20-25% 30 min after mixing CO-MP4 with red blood cells in vitro which is similar to our observations. 39 In contrast, Zhang et al. observed different results in an in vivo top-load rodent model. 40 Whole blood and plasma gas analyses revealed a low percentage (5-7%) of carboxyhemoglobin 1 and 3 minutes after PEGylated-carboxyhemoglobin injection, which suggests a rapid exchange of CO between PEGylated-carboxyhemoglobin and native red blood cells. 40 Overall, these results demonstrated a disassociation of CO molecules from PEGylated-carboxyhemoglobin, which subsequently re-equilibrates with native red blood cells. The remaining Pegylated-hemoglobin (without CO) binds oxygen or may be oxidized in the context of hemorrhagic shock. However, whether this chemical process persists after 60 min is not known.

Parrish et al. previously brought evidence that the cell impermeant PEG-20 kDa significantly affected colloid pressure and improved survival in low volume resuscitation hemorrhagic shock models. 41 However, the effects of the administration of this PEG-20 kDa on the kidney were not Chapter 10
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Limitations

First, we focused only on the golden hour after resuscitation following hemorrhagic shock and long-term results on the use of PEGylated-carboxyhemoglobin therefore cannot be anticipated. Second, lactate and creatinine levels were higher in the PEGylatedcarboxyhemoglobin group after 1 h due to low volume resuscitation even when the preset target of resuscitation, namely, MAP, was reached. The changes in creatinine clearance may not be reflected at 1 h. However, there is evidence that low volume resuscitation may improve survival, although it may delay the correction of biological parameters. 42 The delay in correction of biological parameters is unlikely to be related to CO toxicity because of the very small amount released. However, we cannot exclude a direct toxicity of PEGylated-hemoglobin. Third, it may be difficult to distinguish the cytoprotective effects of CO from the colloidal effect of PEGylatedcarboxyhemoglobin that restores blood flood and pressure. Nevertheless, previous works demonstrated that the administration of hemoglobin-based oxygen carrier in the carboxy state protected against focal ischemia. 39,40 Fourth, 6% balanced hydroxyethyl starch was used in each group to maintain the targeted MAP after the rescue phase, and it may be considered a bias.

However, this study design provided a more realistic approach. The use of a crystalloid or colloid to maintain blood volume in a context of hemorrhage occurs daily in clinical practice. Fifth, the observation time was set at 1 h after resuscitation, which may be short. However, the present study sought to specifically assess the effects of PEGylated-carboxyhemoglobin on renal oxygenation and function in the early phase of resuscitation following hemorrhagic shock. A survival benefit of PEGylated-carboxyhemoglobin was demonstrated previously. 43 Further research is warranted to determine the mid-to long-term effects on the kidney. An observation period of 3 to 7 days of recovery after resuscitation of hemorrhagic shock with PEGylatedcarboxyhemoglobin would be relevant in this context. 

ENDOTOXEMIA

Introduction

Sepsis and septic shock induce major microcirculatory disorders that are not appropriately corrected by fluid resuscitation. [1][2][3] Previous studies demonstrated that endotoxemia has also been associated with impaired ability to increase oxygen extraction, even in the presence of normal or elevated cardiac output and systemic oxygen delivery. 4 This is mainly attributed to heterogeneity in the microcirculation with the presence of plugged vessels (Type I) and/or increase in the diffusive distance (Type II) and reduced ability of the oxygen to reach the tissue cells. 3 The beneficial effects of blood transfusion in a murine model of endotoxemia in restoring oxygen pressures in the kidney -which is one of the most sensitive organ to injury during sepsis -have been previously demonstrated. 5 However, blood transfusion may not be readily available during fluid resuscitation and it is possible that a small increase in the local delivery of oxygen would maintain the microvascular oxygen tension. Furthermore, pragmatic human clinical trial failed to demonstrate a benefit of red blood cell transfusion in septic shock. 6 Therefore, the concept of a "pink fluid resuscitation" emerged, combining the effects of fluid resuscitation to improve systemic hemodynamics associated to increased O2 carrying capacity in the aim of delivering more oxygen locally and anti-inflammatory modulation activity.

PEGylated-carboxyhemoglobin (PEGHbCO, Sanguinate®, Prolong Pharmaceuticals, NJ, USA) is an novel hemoglobin-based oxygen carrier (HBOC). 1 The interest of this molecule resides in the carbon monoxide (CO) molecules it embeds. CO is believed to have two main effects at a low concentration in the blood: (i) an anti-inflammatory modulation function, 2 and (ii) a vasoactive, namely vasodilation function in the microcirculation. 3 These characteristics may be of utmost importance to restore an altered microcirculatory flow such as it occurs in septic shock. While using PEGHbCO the arterial oxygen content and delivery to tissue should increase, and especially where only plasma can flow because of plugged red blood cells in vessels.

We hypothesized that PEGHbCO would: (i) decrease the risk of sepsis-induced acute kidney injury (AKI), by sustaining renal cortical microcirculatory PO2 (CµPO2) and downregulating Chapter 11

PEGylated carboxyhemoglobin resuscitation in endotoxemia 252 inflammatory biomarkers in the kidney, and (ii) mitigate sepsis-induced skeletal muscle microcirculatory alterations. We sought to compare different resuscitation strategies in a rat model of endotoxemia-induced septic shock using balanced crystalloid, PEGHbCO with and without additional infusion of norepinephrine. The primary outcome measure was the CµPO2.

Secondary outcomes were the percentage of flowing capillaries, the biomarkers of inflammation and the histopathological damages of acute kidney injury.

Material and methods

Animals

The 

Surgical intervention and experimental model of endotoxemia

The complete anesthesia protocol, surgical intervention with cannulas insertion, and exposition of the left kidney are described in detail in the supplemental document. Our group previously published several articles using these techniques. 5,7,8 The right biceps femoris was exposed. To prevent muscle desiccation, the exposed area was protected with a humidified gauze with warm 0.9% NaCl. The animals rested for 30 min after completion of surgery (~1 h).

The experimental protocol is presented in Figure 1. Following surgery, the rats underwent a stabilization period (Baseline). Endotoxemia was induced by lipopolysaccharide (LPS) (serotype 0127:B8) (Sigma-Aldrich Corporation, St Louis, MO, USA); 25 mg.kg -1 intravenously over 30 min followed by a cessation period until mean arterial pressure (MAP) of 40 mmHg is reached (~2 to 3h) (Shock). The animals were randomized, according to a unique code that was generated by an internet website (Sealed Envelope Ltd. 2016. Simple randomization service.

[Online] Available from https://www.sealedenvelope.com/simple-randomiser/v1/), into 6 groups: balanced crystalloid solution (Ringer's acetate (RA); Fresenius Kabi., Schelle, Belgium) (max. volume of 30 ml.kg -1 ) (LPS+RA), (2) RA 30 ml.kg -1 plus a fixed infusion of norepinephrine (NE) of 0.5 µg.kg -1 .min - 1 (LPS+RA+NE), (3) PEGHbCO (40mg.ml -1 ) with a maximum dosage of 320 mg.kg -1 in addition to RA for total volume of 30 ml.kg -1 (LPS+RA+PEGHbCO), ( 4) PEGHbCO (40mg.ml -1 ) with a maximum dosage of 320 mg.kg -1 in addition to RA for total volume of 30 ml.kg -1 plus NE at a dosage of 0.5 µg.kg -1 .min -1 (LPS+RA+PEGHbCO+NE), ( 5 

Microcirculatory renal cortical oxygen tension (CµPO2)

An optical fiber with a tip diameter of 5 mm was placed ~1 mm above the exposed kidney to measure microcirculatory oxygenation using a phosphorescence lifetime technique as described elsewhere. 7 We excluded any interference between Palladium(II)-meso-tetra(4carboxyphenyl)-porphyrin (Pd-TCCP) and PEGHbCO (in vitro) prior to the in vivo experiment.

Kidney function

Plasma creatinine and urine creatinine were measured using an automatic analyzer (c702 Roche Diagnostics, Roche Diagnostics, Basel, Switzerland). We established a calibration curve for creatinine levels prior to measurements to correct for a significant interference due to the presence of PEGylated-carboxyhemoglobin. The glomerular filtration rate was estimated at the end of the experiment using the measurement of creatinine clearance (Clcrea): Clcrea=(UCrea x V)/(time x PCrea) where UCrea is the concentration of creatinine in urine (mmol.l-1), V is the urine volume (ml) per unit time of urine collection and PCrea is the concentration of creatinine in plasma (mmol.l-1). The renal oxygen delivery (DO2) and consumption (VO2) were determined as explained in the supplemental document. 

Skeletal muscle microcirculation analysis

Immunohistochemical analysis and histology of the kidney

The complete methods of immunohistochemistry and histology analyses is provided in the supplemental document. Briefly, a 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]. We evaluated myeloperoxidase (MPO) reaction in the glomerulus from 300 selected glomeruli and in 300 selected peritubular areas under a light microscope at a magnification X400. We scored 1 if leukocytes could be seen in the glomerulus and 0 if not.

Kidney histological damages were assessed by kidney injury scores defined in the supplemental document and graded on a scale of 0 to 3. The degree of damage was defined as follows: 0-normal (0-5%); 1-Mild (5-25%); 2-Moderate (25-75%); 3-Severe (>75%).

Plasma nitric oxide, heme oxygenase-1 and biomarkers of inflammation

Plasma NO levels were measured by chemiluminescence as previously described. 9 Hemeoxygenase 1 (HO-1) constitutes an essential cytoprotective component that ameliorates hemorrhagic shock-induced oxidative tissue injuries. Plasma HO-1 levels were measured at the end of the experiment using an ELISA kit based on the sandwich assay principle (Rat HMOX1 / HO-1 ELISA Kit (Sandwich ELISA) -LS-F4085, LSBio LifeSpan BioSciences Inc., Seattle, WA, USA).

Plasma IL-6 (Rat IL-6 Elisa, R&D systems, Mineapolis, MN, USA), malondialdehyde (MDA Elisa Kit, MyBiosource, Bio-Connect B.V., The Netherlands) and syndecan-1 (Rat Syndecan-1/CD138(SDC1) ELISA Kit Cusabio, Bio Connect, The Netherlands) were measured in the plasma. 1). Interestingly, the addition of NE did not improve further pH, HCO3 - or lactate levels compared to LPS+RS alone.

Statistical analysis

Renal function and urine output (Supplemental Figure 1)

The plasma creatinine was markedly increased in the non-resuscitated LPS group compared to control (101 [94-103] vs. 42 [23-75] 

Effects of fluid resuscitation on the muscle microcirculation

The Figure 3 depicts the time course of the muscle microcirculation before and after fluid resuscitation. At shock, the number of continuously perfused vessels markedly decreased (P<.0001) whereas there was a proportional increase in the proportion of non-flowing, intermittent or sluggish capillaries (P<.001).

In non-resuscitated LPS animals, there was an increased number of non-flowing capillaries at the late time point (P<0.01) compared to controls. Resuscitation with PEGHbCO, significantly reduced the number of non-flowing, intermittent or sluggish capillaries compared to resuscitation with RA alone (P<0.05) while increasing the number of normally perfused vessels (P<0.05). However, addition of NE to PEGHbCO did not provide an overall better microcirculatory 

Biomarkers of injury

Histological alterations following sepsis-induced acute kidney injury

Histological signs of acute kidney injury (Supplemental Figure 4) were markedly present in the LPS group in comparison to control group (mean rank diff. -168.4, P<0.0004). Interestingly, the groups resuscitated with additional NE, exhibited also a higher kidney injury score than groups that did not compared to controls. 

Discussion

In this rat model of endotoxemia, fluid resuscitation with PEGHbCO improved renal CµPO2 while in parallel, decreased the number of sepsis-induced microcirculatory flow abnormalities, such as plugged capillaries. The addition of NE in the process of resuscitation using PEGHbCo did neither confer additional benefits in terms of renal tissue oxygenation nor skeletal microcirculatory flow although it increased significantly the MAP. In this short-term model, PEGHbCO did not mitigate sepsis-induced inflammation within the kidney. However, the infusion of this molecule did not cause harm to the kidney compared to the other strategies of resuscitation.

Contrary to hemorrhagic shock experimental models, few studies focused on the use of HBOCs during sepsis. [10][11][12][13] Some of these studies have been performed with diaspirin crosslinked hemoglobin (DCLHb) and showed a similar improvement in the microcirculatory perfusion of the ileum or other vital organs of septic rats as compared to pentastarch but with additional vasopressor properties. 10,11 However, it induced pulmonary hypertension while no improvement in oxygen utilization nor in survival was observed in a swine model of endotoxemia. 13 DCLHb and other HBOCs were latter known to induced severe hypertension resulting in peripheral vasoconstriction. [14][15][16] Similarly to our study, a novel cross-linked hemoglobin-based oxygen carrier (YQ23) at a concentration of 0.15 g.kg -1 showed an increase in tissue oxygen delivery and consumption, with improved mitochondrial function of heart, liver, kidney and intestine, and improved animal survival in a cecal, ligation and puncture rat model of septic shock. 17

The specific NO-scavenging effect of HBOCs was used to design trials where excessive NO release was believed to play a pivotal role in the pathophysiology of the disease, namely in septic shock. In a human multicenter randomized controlled trial, Vincent et al. infused pyridoxalated hemoglobin polyoxyethylene (PHP) in the idea of counteracting vasoplegia in patients with vasopressor-dependent distributive shock. 18 However, this clinical trial was terminated prematurely after interim analysis showed higher mortality with use of PHP whereas it decreased the need for vasopressors in survivors. 18 Further development of HBOCs dedicated to fluid resuscitation of septic shock was severely hampered.

Although still subjected to debate, large clinical trials have not demonstrated that colloids provide additional advantage over crystalloids as resuscitation fluid in critically ill patients with septic shock. 19,20 Some even highlighted an increased risk for AKI or death, 21 and the European Medicine Agency suspended the use of hydroxyethyl starches for fluid resuscitation in sepsis and septic shock. For now, options for fluid therapy resuscitation in patients with sepsis and septic shock remain very limited. Alternative fluids with different physico-chemical and antioxidant properties are desirable. PEGHbCO offers dual properties of (i) fluid resuscitation and (ii) antioxidant and hemoglobin oxygen carrying capacities. It has been previously shown that PEGHbCO improves microvascular flow without inducing vasoconstriction. 22 The PEGylation process helps retaining the hemoglobin from escaping the vasculature, and preventing from NO-scavenging effect while being a volume expander. Although, polyethylene glycol solutions have previously been regarded as resuscitation fluids for hemorrhage, 23,24 no preclinical data is available in model of sepsis using PEGylated molecules yet. In the present study, whether the benefits observed in terms of microcirculatory flow and renal cortical oxygenation are related to a better volume expansion due to the PEGylation of HbCO or whether CO release in the microcirculation plays a pivotal role remain to be determined. Indeed, previous experimental studies using CO-releasing molecules in models of sepsis showed a dampening of inflammation with an inhibition of different inflammasome pathways. [25][26][27][28] The beneficial effects of CO during a septic insult combining cytoprotective functions, mainly anti-apoptotic, inflammation 

Supplemental document

Anesthesia, surgical intervention, catheters insertion and left kidney exposure

The rats were anesthetized with an intraperitoneal injection of a mixture of 100 mg.kg -1 ketamine (Nimatek ® ; Eurovet, Bladel, the Netherlands), 0.5 mg.kg -1 dexmedetomidine (Dexdomitor; Orion Group, Espoo, Finland) and 0.05 mg.kg -1 atropine-sulfate (Centrafarm, Etten-Leur, The Netherlands) and maintained with 50 mg.kg -1 ketamine at an infusion rate of 5 ml.kg - 1

.h -1 . Following tracheotomy, the animals were mechanically ventilated with 0.4 FiO2. A heating pad under the animal allowed the body temperature to be controlled and maintained at 37±0.5°C. The end-tidal PCO2 was adjusted between 32 and 42 mmHg with changes in ventilator settings.

The right carotid (pressure) artery and jugular (anesthesia) and femoral (lipopolysaccharide infusion, fluid resuscitation) veins were cannulated using polyethylene catheters (outer diameter = 0.9 mm; Braun, Melsungen, Germany). Fluid maintenance during surgery was sustained using Ringer's acetate (Baxter, Utrecht, The Netherlands) administration at a rate of 10 ml.kg -1 .h -1 and stopped. The left kidney was exposed without decapsulation and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via a 3-cm incision in the left flank. Renal vessels were carefully separated to preserve the nerves and adrenal gland. An ultrasonic 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). The left ureter was isolated, ligated and cannulated using a polyethylene catheter for urine collection.

Renal oxygen delivery and consumption

The arterial oxygen content (CaO2) (ml O2.dl Renal oxygen consumption (VO2ren, in ml O2.min -1 ) was determined as follows: VO2ren = C(av)O2 x RBF. 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 + , millimolar per minute).

Immunohistochemical analysis and histology of the kidney

Animals were euthanized at the end of the experiment using 40% Euthasol (Produlab Pharma BV, Raamsdonksveer, the Netherlands). Kidneys were harvested, fixed in 4% formalin and embedded in paraffin.

For immunohistochemical analysis, kidney sections (5 µm) were deparaffinized with xylene and rehydrated with decreasing percentages of ethanol and finally with water. Antigen selected glomeruli and in 300 selected peritubular areas under a light microscope at a magnification X400. We scored 1 if leukocytes could be seen in the glomerulus and 0 if not.

The kidney tissues were fixed in 10% neutral buffer formaldehyde solution and embedded in paraffin. Kidney sections (4 μm) stained with hematoxylin (H) and periodic acid Schiff (PAS).

Histopathology changes in kidney cortex were examined under a light microscope at X200 magnification. Sections were scored using semi-quantitate scale and evaluated the degree of kidney injury. Kidney injury scores were defined as swelling and clear vacuolation of tubular epithelium, separation/detachment of tubular epithelium from underlying tubular baseline membrane, loss/attenuation of PAS-positive brush border of proximal tubular epithelial cells, simplification with thinning of tubular epithelium, sloughing of apical cytoplasm into the tubular lumen, and flattening of the epithelial cells with resultant widening of the tubular lumen, dilatation of the tubular lumina, casts in tubule lumens (hyaline, cellular, granular, cellular debris, pigmented), glomeruli lesions, Interstitial edema (clear widening of the normally sparse cortical interstitium), and graded on a scale of 0 to 3. The degree of damage was defined as fallow: 0normal (0-5%); 1-Mild (5-25%); 2-Moderate (25-75%); 3-Severe (>75%). The ten eight were analysed in each section were selected at random. Kidney sections were photographed using Image Pro-Plus. 

English summary

The architecture of the microcirculation differs significantly across organs. The microcirculation of the kidney is unique, highly heterogenous and presents one of the richest densities while embedding different types of endothelial cells with various specialized functions.

Thus, the observations of microcirculation performed in other organs cannot strictly be extrapolated to this singular structure. Although, the kidney is very sensitive to ischemia/reperfusion injury, hypoxemia, or anemia that induce acute kidney injury, its microcirculation is however one of the hardest to apprehend at bedside. In experimental preclinical studies, the assessment of renal microcirculation depends on semi-to very invasive techniques to explore several aspects of the different constituents of the microcirculation but requires advanced and/or costly techniques. Translation of experimental research to the beside regarding the analysis of renal microcirculation remains a challenging project. To date, only surrogates of the well-being of the microcirculation are available; namely biomarkers of acute kidney injury (AKI) assessed either in the plasma or in the urine. However, these measurements do not grant a continuous monitoring. To obtain a continuous monitoring of this specific organ function, such as what is available for the heart, will be the challenge for the next upcoming years.

This dissertation focuses on the analysis of the different constituents of the microcirculation and the response to different therapeutics employed to resuscitate the critically injured microcirculation with a special focus on the renal microcirculatory oxygenation.

First, we reviewed the essential determinants of the microcirculation in the kidney. AKI is driven by three main components: (i) imbalance between oxygen demand and consumption, (ii) renal inflammation with the generation of radical oxygen species and (iii) vascular barrier and endothelial alterations with associated microcirculatory flow disturbances. This helped us to outline the main axes of our research. Although triggers of injury may differ, there is a large body of evidence supporting that common pathways lead to AKI in a critical setting (chapters 2 and 3).

In the past decades, the role of plasma viscosity in the regulation of microcirculatory perfusion was emphasized in dorsal skinfold chamber rodent models. We evaluated in a pig model of hemorrhagic shock whether low volume resuscitation associated with hydroxyethyl starch (with a higher viscosity than Ringer's lactate) was able to maintain plasma viscosity close to a physiologic range. We demonstrated that commercially available volume expanders had Chapter 12

Summary and conclusions 279 12 similar effects on rheological and microcirculatory variables (partial oxygen tissue pressure), irrespective of their viscosity, compared to Ringer's lactate (chapter 4).

It has been reportedly suggested that the glycocalyx plays a fundamental role in the regulation of vascular barrier permeability. In these experimental models however, nonphysiological insults were used to degrade the various components of the glycocalyx, such as enzymatic degradation. The causal relationship between glycocalyx degradation and vascular barrier breakdown has not been clearly demonstrated yet. We assessed vascular barrier permeability with 4 different techniques in models of nontraumatic hemorrhagic shock and hemodilution, to determine the role of the glycocalyx in contributing to increase vascular permeability (chapters 5 and 6). Interestingly, when considering the various components of the vascular barrier, these results suggest that glycocalyx shedding may occur independently of an increase in vascular barrier permeability. Thus, we concluded that a gradation in vascular barrier injury should be considered, to determine to which extent the increase in permeability will occur and how microcirculation is affected.

The measurement of microcirculatory oxygen pressure is of utmost importance to assess how changes in kidney function and occurrence of AKI are related to a decrease in oxygen availability in the kidney. Thus, we designed a modern LED-based phosphorimeter that is able to combine 4 different LEDs to measure microcirculatory PO2 within different range of depth and in multiple organs. The design of this device addressed previous drawbacks related to the use of flashlamps. We demonstrated that phosphorescence decay times were independent of the concentration of the dye within the medium under analysis. The details provided in our study offered opportunity for other research teams working in the field of microcirculation to build a similar device (chapter 7).

In all of our models of shock; hemorrhage, endotoxemia, hemodilution or ischemia/reperfusion injury, we consistently observed a significant decrease in microcirculatory oxygen pressure. Interestingly, none of the therapies used could restore the renal cortical microcirculatory PO2 to the baseline or control values. Anions in balanced crystalloids fluids, used in everyday practice, are considered bicarbonate precursors. Thus, these fluids exhibit buffering effects, that may be interesting during AKI. We demonstrated that acetate-balanced fluids had preserved buffering effects irrespective of the liver function. Although, acid-bae status was improved, no significant effect on renal oxygenation was observed (chapter 8).

We further focused on the means to increase microcirculatory oxygenation in the kidney.

We investigated the links between inflammation and hypoxia in the kidney in a model of Dit proefschrift richt zich op de analyse van de verschillende bestanddelen van de microcirculatie en de respons op verschillende therapeutische middelen die worden gebruikt om de ernstig beschadigde microcirculatie te reanimeren met een speciale focus op de renale microcirculatoire oxygenatie.

Eerst hebben we de essentiële determinanten van de microcirculatie in de nier beoordeeld.

AKI wordt aangedreven door drie hoofdcomponenten: (i) disbalans tussen zuurstofbehoefte en -consumptie, (ii) nierontsteking met het genereren van radicale zuurstofsoorten en (iii) vasculaire barrière en endotheel veranderingen met bijbehorende microcirculatoire flow afwijkingen. Dit hielp ons om de hoofdlijnen van ons onderzoek te schetsen. Hoewel triggers van schade kunnen verschillen, is er een groot aantal aanwijzingen dat gemeenschappelijke paden naar AKI leiden in een kritieke setting (hoofdstukken 2 en 3).

In de afgelopen decennia werd de rol van plasmaviscositeit in de regulatie van microcirculatoire perfusie benadrukt in knaagdiermodellen met dorsale huidplooien. We Chapter 12

Samenvatting en Conclusies 282 evalueerden in een varkensmodel, met hemorragische shock, of een laag volume resuscitatie met hydroxyethylzetmeel (met een hogere viscositeit dan Ringer's lactaat) in staat was om plasmaviscositeit te bereiken dat dicht bij de fysiologische waarden zat. We hebben aangetoond dat in de handel verkrijgbare volume-expanders vergelijkbare effecten hebben op reologische en microcirculatie variabelen (gedeeltelijke zuurstofweefseldruk), ongeacht hun viscositeit, in vergelijking met Ringer's lactaat (hoofdstuk 4).

Bij vele experimenten is er gesuggereerd dat de glycocalyx een fundamentele rol speelt bij de regulatie van de permeabiliteit van de vaat barrière. In deze experimentele modellen werden echter niet-fysiologische insulten gebruikt om de verschillende componenten van de glycocalyx af te breken, zoals enzymatische afbraak. Het causale verband tussen glycocalyx afbraak en afbraak van vasculaire barrière is nog niet duidelijk aangetoond. We hebben de permeabiliteit van de vasculaire barrière beoordeeld met 4 verschillende technieken in modellen van niettraumatische hemorragische shock en hemodilutie, om de rol van de glycocalyx te identificeren bij het bijdragen aan het verhogen van de vasculaire permeabiliteit (hoofdstuk 5 en 6). Interessant is dat, uitgaande van de verschillende componenten waaruit de vaatbarrière bestaat, de resultaten suggereren dat glycocalyx afbraak onafhankelijk van een toename van de permeabiliteit van de vaatbarrière kan optreden. We concludeerden daarom dat een gradatie van schade aan de vaatbarrière moet worden overwogen om te bepalen in welke mate de toename van de permeabiliteit zal optreden en hoe de microcirculatie wordt beïnvloed.

De meting van de zuurstof in de microcirculatie is van het grootste belang om te beoordelen hoe veranderingen in de nierfunctie en het optreden van AKI verband houden met een afname van de beschikbaarheid van zuurstof in de nier. Daarom hebben we een moderne LED-gebaseerde fosforimeter ontworpen die in staat is om 4 verschillende LED's te combineren om de microcirculatoire zuurstof spanning te meten, binnen verschillende dieptebereiken en in meerdere organen. Het ontwerp van dit apparaat loste eerdere nadelen op met betrekking tot het gebruik van flitslampen. We hebben aangetoond dat fosforescentie vervaltijden onafhankelijk waren van de concentratie van de kleurstof in het te analyseren medium. De details in ons onderzoek boden andere onderzoeksteams die op het gebied van microcirculatie werken de mogelijkheid om een soortgelijk apparaat te bouwen (hoofdstuk 7).

In al onze schokmodellen; bloeding, endotoxemie, hemodilutie of ischemie/reperfusieschade, hebben we consistent een significante afname van de microcirculatoire zuurstofspanning waargenomen. Interessant is dat geen van de toegepaste therapieën de Anionen in gebalanceerde kristalloïdenvloeistoffen, gebruikt in de dagelijkse praktijk, worden beschouwd als bicarbonaatprecursoren. Deze vloeistoffen vertonen dus bufferende effecten, die interessant kunnen zijn tijdens AKI. We toonden aan dat acetaat-gebalanceerde vloeistoffen bufferende effecten hadden behouden, ongeacht de leverfunctie. Hoewel de zuurbase status was verbeterd, werd geen significant effect op renale oxygenatie waargenomen (hoofdstuk 8).

We hebben ons verder gericht op de middelen om de zuurstof in de microcirculatie van de nier te verhogen. We onderzochten het verband tussen ontsteking en hypoxie in de nier in een endotoxemie model. We vonden dat vloeistof aangevuld met N-acetylcysteïne (NAC) de corticale renale oxygenatie, zuurstofafgifte en zuurstofverbruik verbeterde in vergelijking met nietgesupplementeerde vloeistof. Het suggereerde dat NAC een gunstig effect heeft op de microcirculatie van de nier zuurstofspanning, gemedieerd door een mogelijk antioxidant effect, onafhankelijk van de renale macrohemodynamiek (hoofdstuk 9).

In de zoektocht naar de heilige graal van de vloeibare resuscitatie lijkt de ontwikkeling van A some of our nights and dinners that I will never forget. Matthias, you came in Amsterdam when I was almost leaving. During that period of time, we had so many conversations about anything and everything. So inspirational and meaningful. I sometimes believe you are the most advanced brain-computer interface ever made. I was really impressed working at your side. I wish long life to Mathilda and hope I will dramatically transform the way we currently analyze the microcirculation. Zehra, you have been the shinning lady of the department over these months.

I wish you and to your family all the best.

Last but not least, I would like to thank my family for their unwavering support. I have been through really hard times regarding my personal life during these past years and you were always there standing by. I would like to dedicate this thesis to my love, Fanny, you kept on supporting me and helped me to carry out all these projects, even though some appeared truly unattainable. Now, we are sharing and building our life together and I could not be happier. On November 23 rd 2019, you offered me the most unevaluable gift a man can dream of: our son Louis. Louis, Paul, you and I will go on building the family we always dreamt of and withstand unparalleled to the challenges of life. I LOVE YOU to the moon and back my sweethearts.

"Give the ones you love wings to fly, roots to come back, and reasons to stay."

Dalai Lama

A word for posterity. By the end of 2019, Humanity has been struck by a pandemic named COVID-19. This disease has unprecedented impacted the modern world, the health care system, the economy, travels but also younger generations. #stayathome was the new normal.

For these reasons, the defense of this Thesis could not be held in Amsterdam, as it was previously scheduled. After 5 years of hard working, it is a bit of a disappointment but that did not take away the pride I feel while writing these last words.
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La microcirculation est un élément fondamental de la composition 
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 21 Figure 1: Representative image of the renal preglomerular vessels (Panel A), glomerular vessels and tubules (Panel B).

Figure 3 :

 3 Figure 3: Key mechanisms involved in the development of acute kidney injury (AKI) GFR: Glomerular Filtration Rate, HIF: Hypoxia Inducible Factor, NO: Nitric oxide, ROS: Reactive Oxygen Species, RAAS: Renin Angiotensin Aldosterone System
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 348 ii) the conversion of xanthine dehydrogenase to xanthine oxidase, and (iii) the uncoupling of NOS in conditions of tetrahydrobiopterin deficiency. 78 In an anaerobic state, ROS are aggressively produced by the mitochondria, resulting in more cell damage and endothelial cell dysfunction. Both RNS and ROS alter EC functions and cause lipid peroxidation, in addition to exerting anti-microbiotic action. Noiri et al. demonstrated that L-N 6 -(1-iminoethyl)lysine hydrochloride (L-Nil) administration, an inhibitor of inducible NO synthase (iNOS), resulted in Chapter of renal dysfunction and reduced nitrotyrosine formation, lipid peroxidation, and

3 Figure 1 .

 31 Figure 1. General overview of endothelium dysfunction occurring during sepsis The region of interest is focused on arterioles where vascular smooth muscle cells are present. RBC: Red Blood Cells, VEGF: Vascular Endothelium Growth Factor, IL-: Interleukin, vWF: von Willebrand Factor, Ang-1: angiopoietin 1, TF: Tissue Factor, NETs: Neutrophil Extracellular Traps
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 441 Figure 1. Design of the experimental study Values were collected at the different time points of the experiment. Animal preparation (general anesthesia, catheterization, insertion of probes and rest) took 40 to 50 minutes. The macro-, microcirculatory variables were collected before the start of hemorrhage (Baseline; BL), at shock (S-0), 30 minutes after shock (S-30), immediately after macrocirculatory endpoints were reached following fluid resuscitation (R-0), and 60 minutes after R-0. Blood samples were withdrawn at each time point.

Figure 2 .

 2 Figure 2. Changes in sublingual PtiO2 (A) and microcirculatory blood flow (B) during hemorrhagic shock and after fluid resuscitation, assessed by quenching of fluorescence probe and laser Doppler flowmetry.

Figure 3 .

 3 Figure 3. Linear regression between stroke volume index and tissue oxygen tensionSVI, Stroke Volume Index.
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 591 80 mmHg and compared with shams or non-resuscitated NTHS. Glycocalyx shed products were determined at baseline and 60 min after fluid resuscitation. Skeletal muscle microcirculation was visualized using hand-held vital microscopy. VBP changes were assessed using: plasma decay of 3 fluorescent dyes (40 and 500-kDa Dextran and 70-kDa Albumin), Evans blue dye exclusion, intravital fluorescence microscopy, and determination of tissue edema (wet/dry weight ratio). Results: All glycocalyx shedding products were upgraded as a result of NTHS. Syndecan-1 significantly increased in NTHS (mean diff. -1668, 95%CI [-2336 to -1001], P<0.0001), balanced crystalloid (mean diff. -964.2, 95% CI[-1492 to -436.4], P=0.0001) and HES (mean diff. -1030, 95% CI[-1594 to -465.8], P=0.0001) groups at the end of the experiment compared to baseline. Hyaluronan levels were higher at the end of the experiment in non-resuscitated NTHS (-923.1, 95%CI [-1216 to -630], P=0.0001) and balanced crystalloid (-1039, 95% CI[-1332 to -745.5], P=0.0001) or HES (-394.2, 95% CI[-670.1 to -118.3], P=0.0027) groups compared to controls. Glycocalyx shedding resulted in microcirculation alterations as observed by HVM. Total vessel density was altered in the normal saline (mean diff. 4.092, 95%CI [0.6195-7.564], P=0.016) and hemorrhagic shock (mean diff. 5.022, 95%CI [1.55-8.495], P=0.0024) groups compared to the control group, as well as the perfused vessel density and mean flow index. Despite degradation of endothelial glycocalyx, VBP as determined by four independent assays remained intact and continued to be so following fluid resuscitation. Chapter Conclusions: NTHS induced glycocalyx shedding and microcirculation alterations, without altering VBP. Fluid resuscitation partially restored the microcirculation without altering VBP.
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 593 the measurement of VBP. (i) analysis of plasma decay of fluorescence dyes of different molecular sizes, ii) extravasation of Evan's blue dye in organs, iii) observation of fluorescent dye extravasation in microvessels by intravital fluorescence microscopy and (iv) edema formation in organs measured by water content (wet/dry weight ratio). The reason we chose these four independent methodologies to measure VBP was to provide solid base of evidence as to the presence or absence of vascular leakage in our model. Using this approach, we propose to provide comprehensive evidence as to the effects of glycocalyx degradation on VBP and its possible modulation by use of fluid resuscitation of different composition.

Figure 1 .

 1 Time course of the experiment BL: baseline, T1: 1 hour after initiation of hemorrhagic shock, T2: 30 min after starting fluid resuscitation, T3: end of fluid resuscitation, time point before fluorescent dye injection After a 30-min stabilization period, baseline (BL) values were recorded, and arterial blood gas was assessed (ABLFlex 80, Radiometer, Denmark). Hemorrhagic shock was induced by withdrawing blood at a rate of 0.5 ml min -1 using a syringe pump (Harvard Apparatus, USA) until a MAP of 30 mmHg, maintained for 1 hour (T1) by re-infusing or withdrawing blood. After this period, animals were left unresuscitated (hemorrhagic shock group) or resuscitated with either balanced crystalloid (Ringer's acetate), normal saline (0.9% NaCl) or balanced HydroxyEthyl Starch (Volulyte® HES 130/0.4, all solutions from Fresenius Kabi, Germany) was started (T2 at 15 min) to maintain the MAP at 80 mmHg for 1 hour (T3). Control-instrumented animals (sham)

A

  direct method for the measurement of vascular barrier permeability is by intravital fluorescent microscopy based on the quantitative visualization of large fluorescent tracers (>70kDa) escaping from the microvasculature through the endothelial barrier into the interstitium. 25 After injection of this fluorescent dye the time dependent fluorescence intensity change in the vessel and in the surrounding tissue can be used to quantify VBP. In a second set of animals (n=17), intravital fluorescence microscopy was used as described elsewhere 26 to measure extravasation of fluorescently labeled dextran (FITC-70 kDa dextran 10 mg/ml, 46945, Sigma-Aldrich, Zwijndrecht, The Netherlands) as a model for macromolecular leakage and to determine extravascular accumulation. The setup of the experiment was exactly the same (NTHS, method of dye injection, muscle exposure) except that the handheld microscope was replaced by a fluorescence microscope. The microscopy setup consisted of a stereo fluorescence microscope (model M165 FC, Leica Microsystems, Wetzlar, Germany) equipped with a Peltier-cooled DFC420C color camera, a Planapo 1.0× objective lens, a 0.5× video objective (C-mount), 0.73× optical zoom, filter sets for bright field (420 nm cut on filter) and fluorescence microscopy (λex = 470 ± 20 nm, λem = 515 nm long pass), and a Leica EL6000 light source. The adjustable settings for fluorescence imaging were camera exposure time: 10 s; camera gain: 10; saturation: 1.0; gamma: 0.78; and light source setting: 5 (maximum). The camera was white balanced before every experimental session, and the hardware settings were kept constant throughout the entire experiment. Chapter 5 Glycocalyx degradation and vascular permeability in hemorrhage 98 Before infusion of FITC-dextran, a bright field image was made of the region of interest as well as a baseline fluorescence image. Following a 100 µl infusion over 1 min, fluorescence images were acquired at 2, 5, 10, 15, 20, 25, and 30 min. Images were analyzed in ImageJ software (National Institutes of Health, Bethesda, MD) for FITC fluorescence intensity as a measure of leakage and extravascular accumulation of dextran.

Figure 1 .

 1 Figure 1. Plasma levels of syndecan-1 (panel A), hyaluronan (panel B) and heparan sulfate (panel C) during the experiment Increased glycocalyx shedding persists after fluid resuscitation except for the hyaluronan component, which is decreased with balanced HES resuscitation. Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.01 vs. Control group at the same time point, $ P<0.05 vs. baseline value within the same group. (n=6-8/group)

Figure 2 .

 2 Figure 2. Microcirculatory parameters assessed at a single spot of the biceps femoris with handheld intravital microscopy.
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 5534 Decay-time of fluorescent tracer concentrations according to their molecular size and their associated exponential decays in different groups (left), and time course of concentration decays of fluorescent dyes in each fluid resuscitation group of the study (right) Left: (A) FITC Dextran 500 kDa, (B) Albumin Alexa 680, (C) TexasRed Dextran 40 kDa. * adjusted P<0.05 vs control group according to exponential decay with Bonferroni's correction to adjust for multiple comparisons (n=6/group) Right: All concentrations were normalized for comparison in mg.ml -1 .mg -1 of dye injected. (A) Balanced HES group, (B) balanced crystalloid, and (C) normal saline. * P<0.05 versus FITC 500 kDa dextran dye (n=6/group)

Figure 3 .Supplemental Figure 5 .

 35 Figure 3. Retention ratio of the different tracers expressed as the ratio between the final (at 30 min) and initial concentrations (at 2 min) of the dyeOne-way ANOVA test used for each fluorescent dye with Bonferroni's correction to adjust for multiple comparisons (n=6/group).

Figure

  Figure 4A is an example of the time course of fluorescence escaping through the microvasculature obtained with intravital fluorescence microscopy in animals undergoing NTHS resuscitation with different fluids or the control. The fluorescence levels did not significantly differ from the control group. As a damage positive control for vascular barrier disruption, hyperthermia (T >42°C) was induced in a rat. The time course of the relative increase in fluorescence is displayed in figure 4B. We did not include a non-resuscitated hemorrhagic shock group in this setting as we did not see any significant leakage after fluid resuscitation of hemorrhagic shock in the other groups. Leakage was unlikely to happen, and the experiment was considered futile and not in accordance with the local animal ethic committee.

Figure 4 .

 4 Figure 4. Fluorescence microscopy of the microcirculation of the right biceps femoris. (A) Time course of fluorescence imaging at different time points after dye infusion. (B) Increase in fluorescence relative to background during the 30 minutes after injection Infusion of 100 µl FITC-70 kDa dextran (10 mg/ml) and subsequent fluorescence images at 2, 5 10, 15, 20, 25 and 30 minutes. For the sake of clarity, only baseline, 5-, 15-and 30-min time points are shown. The hemorrhagic shock group was not determined. Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons.
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5 Figure 5 .

 55 Figure 5. Total intravascular blood volume at the end of the experiment as determined by Albumin Alexa 680 fluorimetry. * adjusted P<0.05 vs control, $ adjusted P<0.001 vs hemorrhagic shock. One-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons (n=6/group).
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 66 experiment, fluid maintenance was stopped. Three fluorescent dyes conjugated with different sizes of molecules and dissolved in saline were thoroughly mixed together and injected intravenously by hand over 1 minute: Texas Red-40 kDa dextran (10 mg/ml, D1829, Molecular Probes, ThermoFischer Scientific, Breda, the Netherlands), Albumin-Alexa 680 (5 mg/ml, A34787, Molecular Probes, ThermoFischer Scientific, Breda, the Netherlands), and fluorescein isothiocyanate (FITC)-500 kDa dextran (10 mg/ml, MFCD00131092, Sigma-Aldrich, Zwijndrecht, the Netherlands) (100 µl each). Blood samples (200 µl) were withdrawn at 2, 5, 10, 15, 20, 25 and 30 minutes to obtain the decay in plasma concentration of the dyes as we had researched previously. Plasma concentrations were measured for each dye in a 96-well plate fluorometer Chapter ClarioStar, BMG LabTech, Ortenberg, Germany) in accordance with the excitation/emission wavelengths of each dye and after obtaining a standard calibration curve: 580±20 nm/625±20 nm for FITC, 480±15 nm/530±25 nm for TexasRed and 675±10 nm/740±40 nm for Alexa 680.The concentration-time curves of all dyes were fitted for each experiment separately with a monoexponential function. A retention ratio (RR) of the dye was calculated as follows: RR = final concentration at 30 min / initial concentration at 2 min. For total intravascular volume (TIV) and plasma volume (PV) determinations, the concentration of Albumin-Alexa 680 was determined at time = 2 min after bolus injection according to the following calculation: TIV (ml) = ([Albumin-Alexa syringe] x 0.1) / [Albumin Alexa plasma]) and PV (ml) = ([Albumin-Alexa syringe] x 0.1) / [Albumin Alexa plasma]) x (1-Hematocrit (%)).

(

  Kolmogorov-Smirnov test), or as median [IQR] otherwise. Repeated measures 2-way analysis of variance (RM-ANOVA) (2 factors: time as a related within-animal factor and group as a betweenanimal factor) with post hoc Bonferroni's correction test for multiple analysis were used to determine intergroup and/or intragroup differences of hemodynamic, microcirculatory parameters, biochemistry, and glycocalyx degradation biomarkers. When significant interaction was observed between time and group, we reported simple main effects of group (type of fluid) compared to the control and to the balanced HES groups at each timepoint and the simple main effect of time versus baseline within the same group. Ordinary one-way ANOVA with Bonferroni's correction was used for the retention ratios. Because of their non-gaussian distribution, Kurskal-Wallis test was used Dunn's posttest. The decays in plasma concentration of fluorescent dyes at each timepoint were fitted with an exponential one phase decay using the least squares methods. Statistical analysis was performed using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla, USA).For comparison of microcirculatory parameters between baseline, and hemodilution timepoints, two-way linear mixed effects model analysis was used (R environment for statistical computing, version 3.4.1, using the R library lme4, version 1.1.13). P values for individual fixed effects were obtained by Satterthwaite approximation. For subgroups where a statistically significant effect was detected a one-way linear mixed effect model was applied for subgroupChapter 6 

Figure 2 .

 2 Figure 2. Plasma (panel A) and total intravascular (panel B) volumes at the end of the experiment determined by the measure of albumin Alexa Ordinary One-way ANOVA test with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.001 vs. Control group (n=6/group)

Supplementary Figure 3 .

 3 Edema in different organs assessed by the wet to dry weight ratio * adjusted P<0.05 versus control group within the same organFluorescent tracers in the vascular compartmentThe retention ratios of the fluorescent dyes injected in the vascular system after the last ANH timepoint (Hct 15%) are presented in Figure4. At 30 minutes after injection, the smallest fluorescent dyes (Texas Red 40kDa) were significantly retained within the vascular system independently of the fluid administered (F (3, 19) = 7.529, P=0.0016) as compared to the control group. The balanced HES group showed the highest difference (mean diff. -0.2, 95%CI [-0.32 to -0.08], P=0.0012) when compared to the control group. These results bear out the absence of increased vascular leakage in ANH.

Figure 4 .6Figure 5 Figure 5 . 6 Discussion

 4556 Figure 4. Retention ratios of fluorescent dyes at the end of the experiment Ordinary One-way ANOVA test with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.05 vs. Control group. (n=6/group)
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 77 With the advent of light-emitting diode (LED) technology, we undertook the development of a new LED-based phosphorimeter (LED-P). LED technology has the advantage of providing short well-defined pulses with a large choice of different LED spectral bands. This paper describes the construction and validation of such an LED-P for in vitro and in vivo measurements of oxygen pressures using the oxygen dependent quenching of phosphorescence of Pdporphyrin conjugated to bovine serum albumin (BSA). The accuracy of calibration constants needed to convert phosphorescence decay times to PO2 in the Stern Volmer equation are crucial to obtain reliable measurements. First, the in vitro calibration of the LED-P at fixed human physiological conditions (pH 7.4, temperature 37°C) using Pd-porphyrin as a phosphorescent

  real-time monitored and adjusted in hardware and is controlled by the data acquisition device (DAQ NI USB-6259 BNC, National Instruments, Austin, TX, USA), resulting in a rise and fall times of 100 ns. The frequency of the light pulse can be easily changed from 10 Hz to 100 Hz for repetitive measurements. These LEDs can be switched on and off separately according to the phosphorescent dye chosen. The following four LEDs are within the phosphorimeter: LXML-PR02-1100 (Royal Blue 447.5 nm), LXML-PM01-0100 (Green 530 nm), LXML-PL01-0060 (Amber 590 nm) and LXM2-PD01-0050 (Red 627 nm) (LUXEON Rebel, Lumileds, Schiphol, Netherlands).

Figure. 1 .

 1 Figure. 1. Block diagram of the LED phosphorimeter and the cuvette setup used for in vitro calibration (A) Technical schematic drawing of the LED-P. In the LED-P, 4 LEDs are used converging to a single light guide and a non-gated photomultiplier tube. A magnification of the cuvette setup is presented. The calibration cuvette was custom-made out of glass.

  Photonics, Hamamatsu, Japan) and outputs an analogue current signal. It is voltage converted by a DC to 350 KHz transresistance amplifier (THS4082, Texas Instruments, Dallas, TX, USA) and then converted at 1.25 Msps to a digital signal (DAQ NI USB-6259 BNC, National Instruments, Austin, TX, USA). The signal is processed using a PC laptop through a USB input. The software used for controlling the LED-P and performing the analysis of the signal (fitting curves of decay signals) was written in Lab View (version 2013, National Instruments, Austin TX, USA).

7

  The averaged measured PMT signal decay starting from 1 µs after excitation was normalized and fitted with a nonlinear Levenberg-Marquardt algorithm to find the most appropriate mono-exponential amplitude and damping of the decay. To obtain an adequate fit we considered the decay up to the point where the signal gets lost in the noise floor. For the given PMT setup, the PMT signal start amplitude is approximately 100 µA yielding a signal-tonoise ratio (SNR) of approximately 19 dB. Fitting would then be limited to a decay duration of 2𝜏. The SNR is enhanced to 29 dB by averaging 250 repetitive measurements of 10 ms to be able to fit for more than 3𝜏 decay durations. Prior to the excitation, the averaged root mean square (RMS) noise floor was measured in the absence of a PMT signal. Then, the averaged PMT signal decay measured was truncated where the RMS value of a fragment of 80 µs (100 samples) had decayed below 12 dB above the RMS noise floor level. Pre-fitting was performed with a nonlinear Levenberg-Marquardt algorithm with initial guess coefficients of normalized amplitude 1 and damping -0.01. The measured PMT signal decay was truncated to a maximum of 6 times the course 𝜏 value found. Finally, the actual fitting with initial course coefficients was performed where the mean square error (MSE) was used as a fit indicator.

4

 4 FiO2. The ventilator settings were adjusted to maintain end-tidal PCO2 between 30 and 35 mmHg and arterial PCO2 between 35 and 40 mmHg. The right carotid and femoral arteries and jugular and femoral veins were cannulated. The left kidney was exposed and immobilized in a lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via 3 cm incision in the left flank. Renal vessels were carefully separated under preservation of the nerves and the 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., Ithaca, NY, USA) to continuously measure renal blood flow (RBF). An intravenous bolus of 5 mg/kg of Pd-TCPP-albumin was administered. The probe of the LED-P was stabilized with a holder 1 mm Chapter 7

7 Figure. 4 .

 74 Figure. 4. Temperature dependencies of 𝜏0 and kq of the Pd-TCPP-albumin complex maintained at a constant pH of 7.4.(A) Evolution of 𝜏0 with different values of temperature ranging from 19°C to 39°C. A second order function was fitted to the data 𝜏0 = 637.71 -1.1032T -0.0819T 2 , where T is temperature with a correlation coefficient of r 2 =0.99. (B) Evolution of kq at different temperatures. A second order function was fitted to the data kq = 0.195 T 2 + 1.1197 T + 60.80

Figure 6 .

 6 Figure 6. Decay times plotted against lipid emulsion concentrations (A) Phosphorescence intensity linearly increased with the increase in lipid emulsion concentrations. (B) Plotting of 𝜏 against constant increased lipid emulsion concentrations. Measurements were performed at 37°C with saturated ambient air ([O2] kept constant). Values are mean ± SD of 10 measurements at each point during 2 experiments.

7 Figure 7 .Discussion

 77 Figure 7. Typical example of renal microvascular PO2 and macrohemodynamic trends during hypoxic ventilation and ischemia.(A) Microvascular PO2 measured in the kidney, (B) Mean arterial pressure (MAP), and (C) Renal blood flow (RBF). The rat wasmechanically ventilated with a Babylog 8000 (Dräger, Zoetermeer, Nederland) in which the oxygen input was changed to nitrogen. The resulting mix between air and nitrogen was varied by stepwise increments of the fraction of nitrogen delivered (former oxygen button) and adequately measured with a calibrated respiratory gas analyzer (CapnoMac, Datex-Ohmeda, Madison, WI, USA). The oxygen fractions used were defined before the experiment was performed. In the first 45 minutes of the experiment, we tested hyperoxic and hypoxic ventilation conditions, and then we clamped the renal artery for 5 minutes to measure the effects of ischemia reperfusion on microvascular PO2. The arterial PO2 values were 204 mmHg, 548 mmHg, 326 mmHg, 226 mmHg, 102 mmHg, 52 mmHg, 39 mmHg, and 28 mmHg at time points1, 2, 3, 4, 5, 6, 7 and 8, respectively. FiO2: inspired fraction of oxygen, X: renal artery clamping

Chapter 7 Measurement of microcirculatory oxygen pressure 161 7 Conclusion

 77 In this paper, we presented a new LED based phosphorimeter that addresses some of the previous drawbacks of the flash lamp based phosphorimeters. The shape of the light pulse is rectangular with a precise and steep fall in light intensity within a narrow-band wavelength. For this reason, measurement of the phosphorescence signal can simply be made after a suitable delay time without deconvolution of the excitation pulse. Therefore, measurements of PO2 are more accurate and reliable at high values compared to previous FL-Ps. The temperature dependency of the Pd-TCCP-albumin complex should be taken into account by adjusting the constants of the Stern-Volmer equation when performing measurements to maintain proper and accurate PO2 readings. During an in vivo validation experiment, the LED-P demonstrated reliable and similar measurements of renal cortex microvascular PO2 during hypoxic ventilation

  -1 using a syringe pump (Harvard 33 syringe pump; Harvard apparatus, South Natick, MA) until reaching a MAP of 30 mmHg. This 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. The animals were then randomized into a total of 12 groups : 4 groups for a 60min fluid resuscitation process using RL, RA, RA-Glu/Mg or 0.9% NaCl (Saline) until a target MAP of 65 mmHg was reached, 2 haemorrhagic shock (HS) groups, as well as 2 control groups, both with and without PLR, were observed. The fluid infused was prepared in advance and blinded to the technician (B.E). However, only one technician performed the experiments therefore the blinding was only partial. Each group included six animals (n=6). The resuscitation fluid was infused at a rate of 0.5 ml min -1 . Measurements were made at baseline (BL); 60 minutes after initiation of haemorrhagic shock (Shock); and the end of the experiment, which was 60 minutes after starting resuscitation (R60). The right kidney, the heart and the brain were harvested to determine their water content using the wet/dry weighing technique (held at 100°C for 24 h) and calculated as follows: [(wet tissue weight-dry tissue weight)/wet tissue weight] /100.

Figure 1 .

 1 Figure 1. Levels of plasma lactate at the end of both experiments *p<0.01 vs. control, + p<0.01 vs. HS. $ p<0.01 vs. HS+PL for resuscitation fluids within intact liver groups, # p<0.01 vs. PLR+HS+PL for resuscitation fluids within liver resection groups. Data is presented in box and whiskers are [min-max].

Chapter 8 Balanced fluids and compromised liver function 179 8 Figure 2 & 3 .

 8823 Figure 2 & 3. Levels of plasma gluconate (left panel) and total urine excretion of gluconate (right panel) at the end of both experiments *p<0.01 vs. control. Data is presented in box and whiskers are [min-max].

Chapter 8 Balanced fluids and compromised liver function 183 8 brought a large

 88 amount of chloride induced acid-base alteration, it could blunt the benefits of fluid resuscitation, as seen by its lack of efficacy at improving pH levels. While tissue oxygenation might be partially restored with efficient lactate clearance, the existence of a low pH and a low bicarbonate level may invite a further unrequired administration of fluid. This will contribute to increase the plasma level of chloride, prevent metabolic acidosis from being corrected, and increase the fluid load. However, in a large clinical trial including intensive care unit patients, Young et al. did not demonstrate beneficial outcomes of RA-Glu/Mg compared to normal saline, especially on the kidney.5 
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 99 5 mg/kg dexmedetomidine (Dexdomitor, Pfizer Animal Health BV, Capelle aan den IJssel, The Netherlands), and 0.05 mg/kg atropine-sulfate (Centrafarm Pharmaceuticals BV, Etten-Leur, The Netherlands). After a tracheotomy was performed, the animals were mechanically ventilated with a fraction of inspired oxygen (FiO2) of 0.4. Body temperature was maintained at 37±0.5°C during the entire experiment by an external thermal heating pad. Ventilator settings were adjusted to maintain an arterial partial pressure of carbon dioxide (PaCO2) between 35 and 40 mmHg. For drug and fluid administration as well as hemodynamic monitoring, vessels were cannulated with Chapter catheters with an outer diameter of 0.9 mm (Braun, Melsungen, Germany). 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 jugular vein was cannulated for continuous infusion of Ringer's lactate (Baxter, Utrecht, The Netherlands) at a rate of 15 ml/kg/hour and for the maintenance of anesthesia. The right femoral artery was cannulated for drawing blood samples; the right femoral vein, for drug administration. The left kidney was exposed, decapsulated, and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, Germany) via an ~4 cm incision in the left flank in each animal. Renal vessels were carefully separated to preserve the 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., Ithaca, NY, USA) to

  (ml/min) = RBF × arterial oxygen content (1.31 × hemoglobin × SaO2) + (0.003 × PaO2), where SaO2 is the arterial oxygen saturation and PaO2 is the arterial partial pressure of oxygen. Renal oxygen consumption

9 N

 9 Kidney tissues were fixed in 4% formalin and embedded in paraffin. After preparation, kidney sections were incubated with a neutrophil gelatinase-associated lipocalin (NGAL) antibody (NGAL antibody 41105, Abcam, Cambridge, UK) and a polyclonal antibody to rat livertype fatty acid protein (L-FABP) (HP8010, Hycult Biotect, Uden Holland). Antibodies were diluted in a large volume of UltrAb Diluent (TA-125-UD, Thermo Fisher Scientific, Breda, Holland). The slides were counterstained with Mayer's hematoxylin (LabVision TA-125-MH Thermo Fisher Scientific, Breda, Holland) and mounted in a vision mount (LabVision, TA-060-UG, Thermo Fisher Scientific, Breda, Holland) after washing in distilled water. Both the intensity and the distribution of L-FABP and NGAL staining were scored. For each sample, a histological score (HSCORE) value was derived by summing the percentages of cells that were 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.Chapter -Acetylcysteine and renal microcirculation in endotoxemia 197 9

  the renal cortex (CµpO2) (Panel A), in the medulla (MµpO2) (Panel B), renal oxygen delivery (DO2ren) (Panel C), and renal oxygen consumption (VO2ren) (Panel D). * p<0.05, ** p<0.01, *p<0.001 vs Control; + p<0.05 LPS vs. LPS group.

  and renal microcirculation in endotoxemia 200 group (p<0.01). VO2ren/TNa + increased in LPS groups receiving HES-RA and HES+RA+NAC at T3 compared to the control group (p<0.05 and p<0.001, respectively) and the LPS alone group (p<0.05 and p<0.001, respectively). Compared to the control and LPS alone groups, EFNa + values were increased in the LPS groups treated with HES-RA with and without NAC at T2 and T3. NAC administration in the control group tended to decrease TNa + and EFNa + without reaching a significant level. Fluid resuscitation improved urine output regardless of the addition of NAC compared to the LPS group (p<0.001). No effect of NAC on urine output was noted in the control+NAC group compared to the control group, but a significant decrease in Clcreat was observed (p<0.001).

Figure 3 .

 3 Figure 3. Immunostaining intensity (HSCORE) of NGAL (Panel A) and L-FABP (Panel B) in kidney cortex of all groups. *p<0.05, ***p<0.001 versus control group; +p<0.05, +++p<0.001 versus LPS group, ###p<0.001 vs. LPS+HES-RA group.

  protein versus 753.8±122 pg/mg protein, p<0.05, respectively). The same results were observed regarding hyaluronic acid (HA) (4C), nitric oxide (4D) and MDA (4E) after LPS infusion (p<0.05). The addition of NAC to HES-RA during fluid resuscitation resulted in a significant lower level of HA and nitric oxide compared to the LPS group (p<0.01). Infusion of HES-RA alone decreased the levels of MDA compared to LPS alone (p<0.01) (4E). Protein carbonyl levels were not altered (4E).

Figure 4 .

 4 Figure 4. Levels of biomarkers of oxidative stress and pro-inflammatory cytokines in renal tissue Renal tissue TNF-α (Panel A), IL-6 (Panel B), hyaluronic acid (Panel C), nitric oxide (Panel D), MDA (Panel E) and protein carbonyl (Panel F). * p<0.05, **p<0.01, ***p<0.001 vs. control; +p<0.05, ++p<0.01 vs. LPS group
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 121010 Animals were randomized according to a unique code that was generated by an internet website (Sealed Envelope Ltd. 2016. Simple randomization service. [Online] Available from https://www.sealedenvelope.com/simple-randomiser/v1/) and placed in sealed envelopes. A technician prepared the resuscitation fluid according to the generated code on the day of the experiment. The investigator performing the experiments was partially blinded to group assignment or treatment. Control and hemorrhage groups received no fluids. Another investigator who was blinded to the type of randomization performed the data analyses.Animals underwent stabilization period (30 min) and were bled from the left femoral artery catheter at a rate of 1 ml.min -1 using a syringe pump (Harvard 33 syringe pump; Harvard apparatus, South Natick, MA) until reaching a mean arterial pressure (MAP) of ~30 mmHg. This pressure was maintained for 1 h via reinfusing or withdrawing blood. Coagulation of the shed blood was prevented with the addition of 200 IU of heparin in the syringe. The animals were randomized into 6 groups: (1) PEGylated-carboxyhemoglobin with a max. dosage of 320 mg.kg - 6% hydroxyethyl starch (130/0.4) balanced with Ringer's acetate (Volulyte®, Fresenius Kabi, Germany), (3) diluted blood with PEGylated-carboxyhemoglobin's buffer (to the same hemoglobin content as PEGylated-carboxyhemoglobin: 4 g.dl -1 ) (Diluted blood), (4) blood Chapter Blood), (5) nonresuscitated animals and (6) control, in which surgery was performed without hemorrhage. Fluid resuscitation was divided into 2 periods of time: a rescue therapy period of 30 min (rescue period, 30 min after resuscitation), where the fluid tested was administered alone until reaching MAP of 80 mmHg and stopped, and a maintenance period of 30 min (60 min after resuscitation), where the resuscitated groups were all received 6%

  to controls. The CaO2 was superior in the PEGylated-carboxyhemoglobin group compared to balanced hydroxyethyl starch only after the rescue period (30 min) (12.5 ± 1.3 g.dl -1 versus 9.4 ± 1.1 g.dl -1 , mean diff. -3.0, 95%CI [-5.4 to -0.6], P=0.005). This difference was offset at the end of the experiment.

Figure 3 .

 3 Figure 3. Time course of changes in plasma creatinine (A) and creatinine clearance at the end of the experiment (B)

Supplementary Figure 1 .

 1 Renal oxygen delivery at the end of the experiment

10 Figure 4 .

 104 Figure 4. Total volume of fluid administered in each group The volumes are stacked for the sake of clarity. The height of the stacked bins represents the total volume administered. The total volumes (rescue therapy + maintenance) were compared between groups. # adjusted P<0.05 compared to 6% balanced hydroxyethyl starch. Kurskal-Wallis test with Dunn's posttest was used. Data is presented as median [interquartile range]. (n=8 for PEG-carboxyhemoglobin group and n=6/group for other groups).

Figure 5

 5 Figure 5 depicts the Tumor Necrosis Factor-α (5A) and Neutrophil Gelatinase-Associated Lipocalin (5B) histological scores in the kidney. Hemorrhagic shock produced a significant increase in Neutrophil Gelatinase-Associated Lipocalin histological score compared to control rats (270 [210 to 300] versus 225 [197.5 to 251], mean rank diff. -46, P=0.006, respectively). Only PEGylated-carboxyhemoglobin and blood transfusion prevented the alterations in Neutrophil Gelatinase-Associated Lipocalin histological score after hemorrhagic shock and outperformed fluid resuscitation with balanced hydroxyethyl starch (P<0.0005). Consistently, the damage scores in kidney (brush border loss, vacuolization and luminal casts) were markedly decreased in the PEGylated-carboxyhemoglobin, diluted blood transfusion and blood transfusion groups (4 [3.3 to 4.3], 4 [3.7 to 4.7] and 3.7 [3.3 to 4], respectively) compared to balanced hydroxyethyl starch (5 [4.7 to 5]) (P<0.001), but remained significantly higher than the controls (P<0.001) (Figure 5C).

Figure 5 . 10 Discussion

 510 Figure 5. Kidney immunochemistry and tubular histological damage scores Left panel. The histological scores of Tumor Necrosis Factor-α (A), and Neutrophil Gelatinase-Associated Lipocalin (B) are presented (see supplementary document 1 for additional information). Tubular histological damage graph (C) was drawn by calculating mean of damages of tubular brush border loss, presence of luminal cast and vacuoles. Right panel. Observation of the corresponding histological images are shown at magnification x400. The scale bar is 50 µm. (A) Kidney sections were incubated overnight at 4°C with rabbit polyclonal TNF-α (1:100) (abcam 6671) or (B) incubated for 1 hour at room temperature with Lipocalin 2 antibody (NGAL, 1/150) (abcam 41105). (C) The kidney sections were stained with periodic acid-schiff reagent (PAS) and hematoxyline to depict tubular damage defined as loss of brush border, vacuolar degeneration, and cast formation. * adjusted P<0.05 compared to control group, # adjusted P<0.05 compared to 6% balanced hydroxyethyl starch. Kurskal-Wallis test with Dunn's posttest was used. A minimum of 40 tubules were examined per group, with n=6/kidney per animal minimum. Data is presented as median [interquartile range].

Chapter 10 Carboxyhemoglobin and kidney protection during hemorrhage 239 10 Conclusions

 1010 PEGylated-carboxyhemoglobin exhibited interesting properties for the resuscitation of hemorrhagic shock, especially because of the limited volume administered. Biomarkers of shock were not corrected as quickly as expected, but there is evidence that PEGylatedcarboxyhemoglobin's dual action protects the kidney against ischemia/reperfusion damages following resuscitation through its CO molecules and sustained urine output, which partially contribute to an increase in the oxygen delivery to tissues during the first hour of resuscitation.Further research on colloidal solutions should be intensified to provide the anesthesiologists and intensive care unit physicians an interesting option for meeting unmet clinical needs. Finally, whether PEGylated-carboxyhemoglobin exhibits long-term protective effects on the kidney without adverse effects on the other organs should be determined in future studies.

Chapter 11 PEGylated carboxyhemoglobin resuscitation in endotoxemia 253 11 Figure 1 .

 11111 Figure 1. Time course of the endotoxemia experiment FR: fluid resuscitation, MAP: mean arterial blood pressure, NE: norepinephrine, PEGHbCO: PEGylated-carboxyhemoglobin, RA: ringer's acetate

  ) time-control group (surgery only), and (6) nonresuscitated endotoxemia shock group (LPS). A MAP (greater than 65 mmHg) was targeted in accordance with the Surviving Sepsis Campaign guidelines. A fixed dose of NE could however overshoot the targeted MAP. A technician prepared the resuscitation fluid according to the generated code on the day of the experiment. The investigator performing the experiments was partially blinded to group assignment or treatment. Control and non-resuscitated endotoxemia groups received no Chapter 11 PEGylated carboxyhemoglobin resuscitation in endotoxemia 254 additional fluids except anesthesia maintenance. Another investigator who was blinded to the type of randomization performed the data analyses.
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 1111 hand-held in vivo microscope using incident dark-field (IDF) imaging, CytoCam™ (Braedius Scientific, Huizen, The Netherlands) was placed on the surface of the exposed biceps femoris to continuously monitor the same microcirculatory spot with the help of a micromanipulator. One hundred frames clips (100 sec) were recorded at every time point. All clips obtained were randomly anonymized and analyzed in a blinded fashion (group and time point). Only vessels with a diameter <20µm were considered. The analysis of the microvasculature was performed at baseline and at each timepoint of sepsis with AVA 3.2 (Microvision Medical, Amsterdam, The Netherlands) for the percentage of non-, intermittent, sluggish and continuously flowing capillaries of the total vessel length by 3 trained operators and experts (Y.I, P.G and M. H.). Chapter

Supplemental Figure 1 .Figure 2

 12 Figure 2 depicts the time course of CµPO2 in the kidney throughout the experiment. The CµPO2 decreased after induction of septic shock in all groups (P<0.0001). At the early phase of fluid resuscitation, only the LPS+RA+PEGHbCO+NE group exhibited a significantly higher CµPO2

  results suggest that resuscitation with PEGHbCO can help sparing norepinephrine use while maintaining an adequate microcirculatory flow.

Figure 3 .

 3 Figure 3. Representative proportion of capillaries graded (per vessel) according to their microvascular flow index (MFI) * denotes adjusted P<0.05 compared to control group, # P<0.05 compared to LPS+RA grou

Figure 4 Figure 4 . 1 . 11 Immunohistochemical

 44111 Figure 4 depicts the different plasma biomarkers of injury. Endotoxemia induced an increase in IL-6 (F (6, 33) = 53.34, P<0.0001) and plasma nitric oxide (F (6, 92) = 4.181, P=0.0009) compared to controls. No differences were noted between the different strategies of fluid resuscitation. None dampened the inflammation nor limited the production of nitric oxide.Syndecan-1 levels were increased in all groups at the end of the experiment irrespective of the fluid used compared to the control group (F (5, 29) = 22.12, P<0.0001). Although PEGHbCO can interfere in the metabolism of HO-1, its plasma level was not altered.

Figure 5 .Supplemental Figure 3 .

 53 Figure 5. Immunohistochemical markers of renal tissue damage at the end of experiment One-way ANOVA test was used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.0001 vs. Control group.

11 Supplemental Figure 4 .

 114 Histological damages assessed by the kidney injury score Kruskal-Wallis test was used with Dunn's correction to adjust for multiple comparisons. * adjusted P<0.01 vs. Control group, # adjusted P<0.01 vs LPS+RA group (n=384/group).

  scavenging mechanisms and caused plasma nitrosyl hemoglobin formation,

- 1 ) 1 ) 11 PEGylated carboxyhemoglobin resuscitation in endotoxemia 273 11 of

 111111 was calculated considering the oxygen carrying capacity of PEGHbCO in the plasma: CaO2=(SaO2 x HbRBC x γHb)+ (SPEGHbCOO2 x HbPEGHbCO x γPEGHbCO)+ PaO2 x 0.0031 where HbRBC is the hemoglobin concentration in red blood cells (g.dl - , S is the arterial oxygen saturation of HbRBC or PEGHbCO, and γ is the oxygen carrying capacity of HbRBC (1.34 mlO2.g -1 Hb for rat blood) or PEGHbCO, as previously determined. Renal delivery Chapter O2 (DO2) (ml O2.min -1 ) was determined at the end of the experiment as follows: Renal DO2= CaO2 x RBF. Venous oxygen content (CvO2) was determined by analysis of a blood gas of the renal vein.

  retrieval was accomplished by microwaving slides in citrate buffer (pH 6.0) (Lab Vision, AP-9003-500) 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 H2O2 for 10 min at room temperature and later rinsed with distilled water and PBS. Blocking reagent (Lab Vision, TA-125-UB) 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 inducible NO synthase (iNOS) (Thermo Fisher Scientific, B-1605-P), tumor necrosis factor-α (TNF-α) (Abcam ab66579) and IL-6 (Abcam, 6672), and incubated for 1 hour at room temperature with myeloperoxidase (MPO) (Thermo Fisher Scientific, RB-373-A), endothelial NO synthase (eNOS) (Thermo Fisher Scientific, RB-9279-P) and neutrophil gelatinase-associated lipocalin (NGAL) (Abcam, 41105) antibodies. Antibodies were diluted in a large volume of UltrAb Diluent (Lab Vision, TA-125-UD). 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 (LabVision, TP-125-BN). After slides were washed in PBS, the streptavidin peroxidase label reagent (LabVision, TS-125-HR) was applied for 30 min at room temperature in a humid chamber. The colored product was developed by incubation with AEC.The slides were counterstained with Mayer's hematoxylin (LabVision, TA-125-MH) and mounted in vision mount (LabVision, TA-060-UG) after being washed in distilled water. Both the intensityChapter 11 PEGylated carboxyhemoglobin resuscitation in endotoxemia 274 and the distribution of specific the antibodies staining were scored. Ten tubular areas (n=10) on each slice per animal were analyzed. For each sample, a 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]. We evaluated MPO reaction in the glomerulus from 300

  found that fluid supplemented with N-acetylcysteine (NAC) improved cortical renal oxygenation, oxygen delivery and oxygen consumption compared to non-supplemented fluid. It suggested that NAC provide beneficial effect on renal microcirculatory PO2, mediated through possible antioxidant effect, independently of renal macrohemodynamics (chapter 9).In the quest for holy grail of fluid resuscitation, the development of a compound combining oxygen carrying capacities, plasma expansion with high viscosity properties, and embedded antioxidant/anti-inflammatory molecules targeting the microcirculation, appears necessary.Fluid resuscitation with PEGylated carboxyhemoglobin during hemorrhage sustained urine output and may protect against acute kidney injury without a significant increase in renal cortical PO2 (chapter 10). During endotoxemia, PEGylated carboxyhemoglobin improved the microcirculation and restored flow in previously sepsis-induced plugged capillaries while increasing microcirculatory oxygen availability in the renal cortex (chapter 11). Considered together, these results suggest that this compound may be an interesting fluid meeting previously unmet needs and require further evaluation.To conclude, microcirculatory disturbances observed during circulatory shock states require a multifaceted approach. In the hope of limiting AKI, the resuscitation of the microcirculation should not only consider the volume expander effect of the fluids but also antiinflammatory or antioxidant aspects targeting ischemia/reperfusion injuries and oxygen carrying properties to sustain microcirculatory oxygen pressure. It is yet to be demonstrated by clinical trials that such a fluid might improve the outcome of patients with critically injured microcirculation. de microcirculatie verschilt aanzienlijk tussen de organen. De microcirculatie van de nier is uniek, zeer heterogeen en vertoont een van de rijkste microvasculaire dichtheden, terwijl verschillende typen endotheelcellen worden ingebed met verschillende gespecialiseerde functies. Aldus, kunnen de waarnemingen van microcirculatie uitgevoerd in andere organen niet strikt worden geëxtrapoleerd naar deze enkelvoudige structuur. Hoewel de nier erg gevoelig is voor ischemie/reperfusie-schade, hypoxemie en bloedarmoede wat acuut nierbeschadiging kan induceren, is de microcirculatie van de nier echter moeilijk te begrijpen aan het bed van de patiënt. In experimentele preklinische onderzoeken is de beoordeling van de microcirculatie van de nier afhankelijk van semi-tot zeer invasieve technieken om verschillende aspecten van de verschillende bestanddelen van de microcirculatie te onderzoeken, maar dit vereist geavanceerde en/of dure technieken. Translatie van experimenteel onderzoek naar de kliniek met betrekking tot de analyse van de microcirculatie van de nieren blijft een uitdagend project. Tot op heden zijn alleen surrogaten van het goed functioneren van de microcirculatie beschikbaar; namelijk biomarkers van de acute nierbeschadiging (AKI), beoordeeld in het plasma of in de urine. Deze metingen bieden echter geen continue monitoring. Een voortdurende monitoring van deze specifieke orgaanfunctie, zoals wat beschikbaar is voor het hart, is de uitdaging voor de komende jaren.

  zuurstof spanning naar de basislijn of controlewaarden kon herstellen.

  een verbinding, die zuurstofdragende capaciteiten combineert met plasma-expansie met hoge viscositeitseigenschappen en ingebedde antioxiderende/ontstekingsremmende moleculen bevat die gericht zijn op de microcirculatie, noodzakelijk. Vochtresuscitatie met gePEGyleerd carboxyhemoglobine tijdens bloeding leidde tot het behouden van urineproductie en kan dus protectief zijn tegen acute nierschade, zonder dat er een significante toename van de nier cortex zuurstofspanning zal ontstaan (hoofdstuk 10). Tijdens endotoxemie verbeterde gepegyleerde carboxyhemoglobine de microcirculatie en herstelde de microvasculaire flows in eerder, door sepsis, verstopte capillairen terwijl de beschikbaarheid van microcirculatoire zuurstof in de niercortex werd verhoogd (hoofdstuk 11). Samenvattend, suggereren deze resultaten dat deze verbinding een interessante vloeistof kan zijn die eerder onvervulde behoeften vervult en verdere evaluatie vereist.Concluderend vereisen microcirculatiestoornissen waargenomen tijdens shock van de bloedsomloop een veelzijdige aanpak. In de hoop AKI te beperken moet bij de resuscitatie van de microcirculatie niet alleen rekening worden gehouden met het volume-expansie-effect van de vloeistoffen, maar ook met ontstekingsremmende of antioxiderende aspecten gericht op ischemie reperfusie-schade en zuurstofdragende eigenschappen, om de microcirculatoire zuurstofspanning te behouden. Uit klinische onderzoeken moet nog worden aangetoond dat

  du système vasculaire de l'Homme et des mammifères terrestres. La microcirculation est un réseau complexe et hétérogène comprenant des artérioles, des capillaires, des veinules mais aussi des lymphatiques. Les principales fonctions de la microcirculation sont d'assurer l'apport d'oxygène aux tissus et aux cellules tout en fournissant des nutriments et en éliminant le dioxyde de carbone produit par le métabolisme cellulaire, afin de répondre aux demandes métaboliques. Les mécanismes de régulation contrôlant le débit microcirculatoire et la perfusion sont divers, redondants et élaborés. La régulation du débit vers et dans la microcirculation est déterminée par : (i) au niveau général, la pression de perfusion des organes, le débit de la pompe cardiaque, et (ii) à l'échelle microscopique par les réponses myogéniques au débit (tension et stress), la demande métabolique et l'équilibre acido-basique (niveau locorégional d'O2, CO2, d'ions H + et de lactate) et les différentes réponses neurohormonales. Le débit sanguin microcirculatoire est régulé à l'aide d'interactions autocrines et paracrines pour répondre à la demande métabolique, principalement par les besoins en oxygène des cellules tissulaires. Ainsi, le niveau d'oxygène microcirculatoire est d'une importance critique. D'un point de vue pragmatique, la structure de la microcirculation comprend trois composants principaux : (i) le contenant défini par les différentes couches de la paroi vasculaire, (ii) le contenu représentant le flux plasmatique qui irrigue les capillaires avec ses éléments figurés (globules rouges, leucocytes) et (iii) le tissu extraluminal environnant. En cas de pathologie, chacun de ces composants peut être altéré séparément ou simultanément. Les cellules endothéliales forment l'interface entre le contenu de la lumière interne des vaisseaux et le tissu environnant. L'endothélium est remarquablement hétérogène dans sa structure et sa fonction et diffère d'un organe à l'autre. Il joue un rôle crucial dans la régulation du trafic macromoléculaire, du tonus vasomoteur, de l'hémostase, des fonctions immunologiques et de la sécrétion de molécules par détection via des mécanotransducteurs, qui déclenchent ensuite la signalisation et l'activation transcellulaires et intracellulaires. Les cellules endothéliales sont reliées entre elles par des composants transcellulaires, y compris des jonctions lacunaires pour la communication électrique pour la régulation vasculaire en amont et des jonctions serrées intercellulaires pour maintenir les barrières vasculaires. Le glycocalyx est une couche mince tapissant la membrane luminale et contribue à la perméabilité microvasculaire de la paroi vasculaire. Il s'agit d'un échafaudage hautement interactif capable de détecter le flux sanguin et abrite de nombreux récepteurs endothéliaux qui interagissent avec les leucocytes et d'autres éléments figurés du sang. Bien que le glycocalyx participe à la perméabilité de la barrière vasculaire, sa contribution relative au passage transcapillaire des macromolécules et des fluides est incomplètement élucidée. En ce qui concerne les éléments figurés du sang circulant dans la microcirculation, les globules rouges et les leucocytes sont parmi les plus étudiés, principalement parce que leur taille permet une identification aisée à l'aide d'un microscope intravital portable. Cependant, la quantité d'oxygène produite par les globules rouges et libérée dans la microcirculation ne peut pas être évaluée par cette technique. Dans de nombreuses situations, la microcirculation peut être altérée ou même compromise et particulièrement chez les patients en état critique. Le rein reste l'un des organes les plus sensibles au dysfonctionnement de la microcirculation, en particulier en cas d'état de choc ou de phénomènes d'ischémie / reperfusion qui entraînent des lésions rénales aiguës. Ces lésions rénales sont l'une des principales causes de mortalité et de morbidité chez les patients de réanimation. Par conséquent, nos recherches se sont principalement axées sur l'étude de la microcirculation rénale, de l'oxygénation et de la fonction rénale. Les objectifs de cette thèse étaient de: (i) fournir un aperçu des dommages des différents composants de la microcirculation dans divers contextes tels que le choc hémorragique, l'endotoxémie, les lésion d'ischémie / reperfusion, (ii) décrire les effets des thérapies passées et actuelles sur ces constituants et (iii) évaluer de nouvelles molécules ayant des capacités de transport d'oxygène et des actions anti-inflammatoires. Les chapitres 2 et 3 de cette thèse examinent les mécanismes structurels et fonctionnels de la microcirculation rénale en condition physiologique et pathologique (infection). Une revue complète des mécanismes de régulation complexes régissant la microcirculation est présentée. Les altérations des différents composants structuraux considérés comme jouant un rôle central dans la régulation du débit sanguin microcapillaire et de la perméabilité de la barrière vasculaire ont été étudiées dans les chapitres suivants. La viscosité du plasma est l'un des principaux modulateurs faisant varier les contraintes de cisaillement de l'endothélium est de ce fait est un des déterminants essentiels de la densité capillaire fonctionnelle. Dans le chapitre 4, les conséquences de 2 stratégies de réanimation liquidienne (en dehors de la transfusion) sur la viscosité plasmatique ont été investiguées lors d'un état de choc hémorragique chez le porc. Dans cette étude, nous avons démontré que la viscosité plasmatique diminuait quelle que soit la stratégie utilisée pour la réanimation liquidienne (faible volume et colloïdes hypertoniques par rapport à l'administration de Ringer lactate). De plus, aucune différence n'a été trouvée entre les groupes pour d'autres variables hémorhéologiques, le débit microcirculatoire ou encore sur la pression partielle en oxygène tissulaire. Dans les chapitres 5 et 6, nous avons entrepris une évaluation intégrative, physiologique du rôle contributif du glycocalyx dans la perméabilité de la barrière vasculaire dans un modèle de choc hémorragique réanimé et d'hémodilution sévère chez le rongeur, respectivement. Les résultats observés ont remis en question l'importance contributive du glycocalyx dans la perméabilité de la barrière vasculaire. En effet, bien que le glycocalyx puisse être endommagé dans ces conditions, il n'a pas altéré la compétence de la barrière vasculaire mais a plutôt provoqué des perturbations microcirculatoires et des altérations du tonus vasculaire probablement lié à un phénomène de mécanotransduction et d'effet de cisaillement diminué. Ces résultats soulignent la complexité de la régulation de la perméabilité de la barrière vasculaire dans le contexte du choc hémorragique et identifient une gradation des lésions vasculaires. Afin de déterminer avec précision la pression en oxygène microcirculatoire dans la structure corticale rénale, un nouvel appareillage utilisant un système de Light Emitting Diodes (LEDs) et reposant sur la méthode d'extinction de la phosphorescence (phosphorescence quenching) en résolution temporelle a été développé et est présenté dans le chapitre 7. Ce dispositif présente plusieurs avantages par rapport aux précédents dispositifs construits de lampes à décharge (« flash lamp »), qui ont comme principal défaut de produire une lueur de plasma persistant pendant des dizaines de microsecondes après la décharge primaire. Les avantages de l'utilisation des LEDs comme source d'excitation lumineuse sont présentés. Ce dispositif a par la suite été utilisé dans plusieurs autres travaux du doctorant. Divers traitements ont été envisagés pour guérir la microcirculation lésée ou compromise en raison d'une condition critique. La réanimation liquidienne reste la pierre angulaire de la gestion des états de choc. Les études sur les effets microcirculatoires comparatifs en ce qui concerne la pression d'oxygène microcirculatoire rénale sont limitées. Dans le chapitre 8, nous avons étudié le rôle de précurseurs de bicarbonate dans les solutés balancés, utilisés en pratique quotidienne, pendant la réanimation de choc hémorragique avec et sans dysfonction hépatique dans un modèle animal murin (rat). Pour cela, une résection hépatique partielle de 70% a été réalisée afin de créer une dysfonction hépatique. Bien que les solutés balancés soient largement utilisés, aucune donnée n'était disponible sur le sort des anions (précurseurs de bicarbonate) les composant. Fait intéressant, les solutés balancés à l'acétate ont montré un effet de tamponnement acido-basique du pH sanguin bien supérieur par rapport à des solutés balancés avec du lactate ou au sérum salé isotonique. Le gluconate lui ne semble pas contribuer au contrôle acido-basique. Les thérapies antioxydantes ont été largement évaluées en tant que stratégies de réanimation microcirculatoire. De nombreuses preuves précliniques sont disponibles dans la littérature concernant l'utilisation de la N-acétylcystéine (NAC) et ses effets protecteurs antioxydants, vasodilatateurs et rénaux. Dans le chapitre 9, nous avons étudié l'effet de l'administration de NAC en conjonction avec la réanimation liquidienne sur l'oxygénation et la fonction rénale dans un modèle d'endotoxémie chez le rat, en faisant l'hypothèse que l'atténuation de l'inflammation dans le rein améliorerait l'oxygénation microcirculatoire rénale et limiterait l'apparition de lésions rénales aiguës. Nous avons montré que l'ajout de NAC améliorait l'oxygénation rénale et atténuait la dysfonction microvasculaire et les lésions rénales aiguës. Ces effets bénéfiques seraient partiellement médiés par une diminution des niveaux d'oxyde nitrique rénal et d'acide hyaluronique. Au cours de ces différents travaux et ces différents modèles, il a été montré que la pression d'oxygène microcirculatoire rénale ne peut pas être entièrement restaurée à un niveau identique à celui du contrôle (sans agression aigue). Ainsi, il existe encore des besoins non satisfaits en matière de réanimation de la microcirculation. Le soi-disant concept de «pink fluid resuscitation» a émergé sur la base de thérapies qui devraient allier un effet d'expansion volémique avec des capacités de transport d'oxygène et d'effet d'antioxydant. Suivant cette idée, une nouvelle génération de transporteur d'oxygène à base d'hémoglobine (HBOC) avec des propriétés antioxydantes supplémentaires, telles que la carboxyhémoglobine PEGylée (PEGHbCO), nous est apparu comme une option intéressante à étudier. Dans le chapitre

  

  

  

  46,47 In addition, Wu et al.

	demonstrated that mice lacking expression of ICAM-1 exhibited reduced AKI, leukocyte infiltration and mortality in response to endotoxin. Chapter 3 Renal endothelial dysfunction in sepsis
	46

48 

ICAM-1 may not solely be crucial for leukocyte-EC interactions, although it may play a pivotal role in endotoxin-induced AKI. Mice lacking expressions of the 2 principal ligands for ICAM-1, ß1 integrin LFA-1 (CD11a/CD18) and

  More than 100 randomized clinical trials have tested the hypothesis of modulating the host response to sepsis, many dedicated to studying target receptors on or in ECs or blocking/modulating molecules known to promote EC injury.
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	and further impairment of renal microcirculation. 112,114 Vascular congestion has also been noted
	as a cause of AKI. 118	
	Therapies targeting renal ECs in sepsis-induced AKI
	Targeting endothelial cells	3
		53

86,112,115 

Subsequent fluid accumulation in renal tissue causes a rise interstitial pressure, increases the pressure gradient across the glomerular capillary, and may result in microcirculatory flow impairment and capillary collapse. In a large cohort of critically ill septic patients presenting AKI, fluid overload was a major contributor of AKI.
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During renal I/R in a murine model, intra-subcapsular pressure increased due to tissue edema, possibly increasing renal vein pressure, and was correlated with considerably reduced tubular excretion rates and renal perfusion.

117 

These considerations suggest that fluid resuscitation during sepsis must be carefully guided to avoid fluid overload

119 

Unfortunately, most studies failed to demonstrate any benefits on outcome. Matejovic et al. analyzed all ongoing experimental and clinical studies, aiming to improve renal microcirculation hemodynamics during sepsis, either in the glomerular or in the peritubular microvascular bed, with promising results that require confirmation.

120 

There is a growing body of evidence suggesting benefits of using corticosteroids during septic shock. 121 However, the specific action of glucocorticoids on ECs in the kidney is incompletely addressed. Selective iNOS inhibition for the treatment of sepsis-induced AKI has also been suggested as a potential EC-targeted therapeutic strategy, outlining the importance of this enzyme as a therapeutic target.

122 

To date, however, specific iNOS inhibitors are not currently in use in clinical practice, although anti-inflammatory drugs such as steroids are potent inhibitors of iNOS. Holthoff et al. investigated the effects of rolipram, a selective phosphodiesterase 4 inhibitor, and resveratrol, a polyphenol vasodilator that is also capable of scavenging reactive nitrogen species, in a rodent model of sepsis-induced AKI induced by CLP.

  126,129 Several authors have demonstrated potential interest of cell-based therapies for treatment of acute renal ischemia/reperfusion injury in rats using EPCs derived from either bone marrow or Wharton's jelly of human umbilical cords.127,130,131 However, it should be emphasized that the reported data regarding EPCs during sepsis are inconsistent. Some authors found that an increased number of EPCs in critically ill patients was positively associated with better outcomes, 132,133 suggesting a positive effect, whereas others reported the opposite.134 

Table 1 . Physico-chemical properties of clinically-used volume expanders
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Table 2 . Systemic hemodynamic variables
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	mL/kg versus LR: 27.9 [26.6 -28.4] mL/kg). As expected,
	at R-60, animals in the LR group received a significantly higher volume expansion (p<0.001): 60.0
	[59.4 -61.5] mL/kg versus a total of 9.0 [6.3 -14.8] ml/kg in HES group. Total dose of sufentanil
	was not different (38 [32-45] vs 39 [36-40] mcg/kg).
	Macrocirculatory hemodynamics
	Baseline values were similar in the two groups. Hemorrhage caused significant changes in
	systemic hemodynamic parameters. Data are summarized in Table 2. During hemorrhagic
	shock, blood pressure, cardiac output, left and right filling pressures and SvO2 decreased
	significantly in both groups as compared with baseline values. Conversely, HR, O2EI, SVRI, PVRI
	and VH increased significantly in both groups, with no difference between groups. Oxygen
	delivery and VO2 were significantly lower at shock state when compared to baseline.
	After resuscitation, the majority of variables returned to baseline values, and endpoints
	(SvO2 and SVI) were achieved with no significant differences between groups, as per protocol.
	Despite ongoing fluid resuscitation, endpoints were only partially met at the end of resuscitation,
	indicating no fluid responsiveness; SVI was significantly lower in both groups compared with
	baseline. Only HR, MPAP and CI were significantly higher in the LR group compared with baseline
	(p<0.05).

Table 3 . Hemorheological variables
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	70, p<0.01) than with fibrinogen

Figure 4. Plasma viscosity measured at each time point of the experiment

  

	Biochemistry and hematologic variables
	A significant increase in plasma lactate concentrations was observed during hemorrhage
	(p<0.001) (Table 4). After initial volume expansion, lactate concentrations were still elevated
	compared to baseline, in both groups (p<0.05). At the end of the experiment, arterial lactate, pH
	and HCO3 -returned to baseline values in both groups. Plasma protein concentration was
	significantly lower at S-30 (p<0.001) whereas hematocrit, hemoglobin and fibrinogen
	concentrations were not affected by hemorrhagic shock (Table 3). Whatever the volume
	expander used for fluid resuscitation, significant decreases in hematocrit, plasma protein and
	fibrinogen concentrations occurred compared with baseline (p<0.001), with no difference	4
	between the groups. Osmolarity was significantly increased in the HES group compared with
	baseline and LR group (Table 4, p<0.001).		
					HES
		1.55			LR
		1.40		
	PV (mPa.s)	1.10 1.25		*	*
		0.4		
		0.0		
		B L	S -3 0	R -0	R -6 0
	Significant difference from baseline value: * (p<0.001). There were no differences between groups.

Table 4 . Arterial blood gas (ABG). lactate and plasma osmolarity values.
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	ABG variable	BL	S-30	R-0	R-60
	pH				
	HES	7.49 [7.47 -7.53]	7.46 [7.42 -7.46]	7.44 [7.41 -7.50]	7.50 [7.45 -7.51]
	LR	7.51 [7.49 -7.53]	7.47 [7.46 -7.48]	7.50 [7.44 -7.52]	7.49 [7.44 -7.54]
	PaCO2 (mmHg)				
	HES	35 [33 -39]	39 [39 -41]	38 [36 -46]	41 [37 -41]
	LR	36 [35 -36]	38 [36 -39]	39 [35 -40]	36 [33 -40]
	HCO3 -(mmol.L -1 )				
	HES	29.5 [25.1 -29.9]	26.8 [24.3 -27.1] a	27.9 [24.8 -28.1]	28.7 [26.7 -30.3]
	LR	27.9 [26.9 -28.5]	27.2 [25.3 -27.3]	27.6 [25.7 -27.9]	28.2 [27.3 -28.2]
	SaO2 (%)				
	HES	99 [99 -100]	99 [99 -100]	99 [98 -100]	99 [98 -100]
	LR	99 [99 -100]	99 [99 -100]	99 [98 -99]	99 [99 -99]
	Lactate (mmol.L -1 )				
	HES	0.8 [0.8 -0.8]	3.3 [3.1 -3.8] c	2.0 [1.8 -2.5] c	0.8 [0.8 -0.9]
	LR	0.8 [0.8 -0.8]	3.1 [3 -3.4] c	1.3 [1.2 -1.7] b	0.8 [0.8 -0.8]
	Osmolarity (mOsmol.L -1 )				
	HES	298 [297 -299]	308 [305 -308]	322 [316 -324] c	318 [316 -320] c
	LR	297 [292 -300]	307 [302 -307]	299 [298 -304] †	303 [301 -303] †
	Significant difference from baseline value: a (p<0.05), b (p<0.01), c (p<0.001). Significant difference from HES group: † (p<0.001).
	Values are Median [IQR].				

  The in vivo behavior of HES is different from what could be expected by its in vitro properties. In vivo mean molecular weight of HES may vary over time because HES molecules are hydrolyzed by plasma amylase.
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  1,2 At this time, in clinical practice, plasma viscosity cannot
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	be increased during resuscitation solely with colloids. Given that plasma viscosity is known to
	modulate capillary perfusion and finally organ oxygen delivery and function, it appears
	necessary to restore hemorheological homeostasis. The design of volume expanders, especially
	their rheological properties, should be reconsidered independently of oxygen-carrying capacity.
	The composition of fluids can also have modulatory effect on glycocalyx shedding and VBP. We
	hypothesized that the shedding of the glycocalyx during NTHS has little effect on VBP and that
	the composition of fluids can modulate these effects.	4
	Methods: Fully instrumented Wistar-albino rats were subjected to a pressure-controlled
	NTHS (mean arterial pressure of 30 mmHg) for 60 min. Animals were fluid resuscitated with
	either Ringer's acetate, balanced hydroxyethyl starch (HES) solution or 0.9% NaCl to a MAP of
		83

Table 1 . Arterial Blood Gases and Hematological and Biochemical Parameters

 1 

		.1	1.8±0.1	2.3±0.3	2.5±0.2
	Hemorrhagic shock	2.8±0.3	1.6±0.5 $	1.2±0.4 *$	1.1±0.6 *$
	Balanced crystalloid	2.3±0.5	0.8±0.4* $	2.7±0.7	3±1.4
	Balanced HES	2.5±0.3	1.2±0.8 $	3±0.6	3.7±1
	0.9% NaCl	2.2±0.5	1.1±0.4 $	2.4±0.7	2.3±0.3
	Lactate (mmol L -1 )				
	Control	1.2±0.1	1.7±0.1	1.7±0.2	1.7±0.1
	Hemorrhagic shock	1.2±0.4	4.5±1 *$	4.6±1.3 *$	5.9±1 *$
	Balanced crystalloid	1.4±0.3	5.1±0.9 *$	3.6±0.7 *$	2.2±0.7
	Balanced HES	1.4±0.2	5.2±1.2 *$	2.9±0.8 *$	1.6±0.5
	0.9% NaCl	1.4±0.4	5.7±1.7 *$	3±0.8	

*$ 1.3±0.2 BL= baseline, MAP= Mean arterial pressure, CVP= Central venous pressure, FABF= Femoral artery blood flow, HES = Hydroxyethyl Starch. Differences between groups at the different time points were evaluated using the repeated measures two-way ANOVA with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.05 vs. Control group, $ P<0.05 vs. baseline value within the same group. Values are represented as means±SD, n=6 per group. *$ BE= base excess, HCO3 -= bicarbonate level, PaCO2= Arterial carbon dioxide pressure. Differences between groups at the different time points were evaluated using the repeated measures two-way ANOVA with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.05 vs. Control group, $ P<0.05 vs. baseline value within the same group. Values are represented as mean±SD, n=6 per group Chapter 5 Glycocalyx degradation and vascular permeability in hemorrhage 102 Supplemental Figure 2. Urine output at the end of the experiment * adjusted P<0.05 vs control, $ adjusted P<0.001 vs hemorrhagic shock. Ordinary one-way ANOVA test was used with Bonferroni's correction to adjust for multiple comparisons (n=6/group).

  7, 95%CI [-1456 to -121.1], adjusted P=0.015), non-resuscitated hemorrhagic shock (mean diff. -1668, 95%CI [-2336 to -1001], adjusted P<0.0001), balanced crystalloid (mean diff. -964.2, 95% CI [-1492 to -436.4], adjusted P=0.0001) and HES (mean diff. -1030, 95% CI [-1594 to -465.8], adjusted P=0.0001) groups at the end of the experiment (T3) compared to baseline (BL) values. No changes in syndecan-1 were observed in the 0.9% NaCl group. Fluid resuscitation with either balanced crystalloid (mean diff. 704, 95%CI [163.8 to 1244], adjusted P=0.0067), balanced HES (mean diff. 604.2, 95%CI [49.43 to 1159], adjusted P=0.029) solutions or normal saline (mean diff. 1178, 95%CI [623.7 to 1733], adjusted P=0.0001) significantly reduced levels of syndecan-1 at the end of the experiment compared to the non-resuscitated hemorrhagic shock

group. Hyaluronan levels (Figure

1B

) were significantly higher at the end of the experiment in the non-resuscitated hemorrhage (mean diff. -923.1, 95%CI [-1216 to -630], adjusted P=0.0001) and balanced crystalloid (mean diff. -1039, 95% CI[-1332 to -745.5], adjusted P=0.0001) or HES (mean diff. -394.2, 95% CI[-670.1 to -118.3], adjusted P=0.0027) groups compared to controls.
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  study was approved by the Animal Research Committee of the Academic Medical Center of the University of Amsterdam (DFL 190AA). Care and handling of the animals were in accordance with the guidelines from the Institutional Animal Care and Use Committees. This manuscript adheres to the applicable ARRIVES guidelines. Experiments were performed at 8:30 am in the Department of experimental surgery (Academic Medical Center, Amsterdam, The Netherlands) on male Wistar albino rats (Charles River Laboratories, The Netherlands), aged

10±3 weeks, with a mean±SD body weight (B.W.) of 309±17 g.

  ANH with NaCl 0.9% induced progressive metabolic acidosis (F (3, 15) = 16.89,

P<0.0001) compared to control (mean diff. 0.12, 95%CI [0.09 to 0.15], P<0.0001) and baseline (mean diff. 0.165, 95%CI [0.13 to 0.2], P<0.0001) accompanied by changes in pH and bicarbonate levels (Table

1

Table 1 . Hemodynamics, blood hematocrit, hemoglobin, lactate and arterial partial pressure of CO2 levels throughout experiment

 1 

		BL	Hct 30%	Hct 25%	Hct 20%	Hct 15%
	MAP (mmHg)					
	Control	92±14	80±4	80±11	80±10	84±10
	Balanced HES	95±10	66±1*	60±1*	58±4*	56±5*
	Balanced Crystalloid	87±10	66±11*	54±4*	54±8*	47±7*
	NaCl %0.9	90±12	61±5*	56±5*	50±2*	42±5*
	CVP (mmHg)					
	Control	7±1	7±1	6±2	6.5±1.5	7±1
	Balanced HES	6±1	6±1	7±1	6.9±1.3	7±1
	Balanced Crystalloid	6±1	7±1	7±2	7±2	7±2
	NaCl %0.9	5±1*	5±1*	6±1#	6±1#	6±1*#
	Hemoglobin (g/dl)					
	Control	14.2±0.5	13.5±1.1	12.9±1	13.6±1.1	12.2±1.3
	Balanced HES	14.6±0.8	9.6±0.5*	7.9±0.7*	6.2±0.4*	4.6±0.4*
	Balanced Crystalloid	14.9±0.8	9.9±0.9*	7.8±0.6*	6.2±0.3*	4.7±0.4*
	NaCl %0.9	14.3±1.4	10.1±0.3*	8±0.4*	6.5±0.5*	4.8±0.2*
	Hematocrit (%)					
	Control	44±1	41±3	40±3	41±4	37±4
	Balanced HES	45±2	30±2*	25±1*	20±1*	15±2*
	Balanced Crystalloid	46±3	31±2*	25±2*	20±1*	15±1*
	NaCl %0.9	45±4	31±1*	25±1*	21±1*	15±1*
	pH					
	Control	7.42±0.05	7.40±0.02	7.42±0.03	7.42±0.02	7.41±0.02
	Balanced HES	7.45±0.03	7.44±0.03	7.44±0.04	7.40±0.03	7.39±0.03
	Balanced Crystalloid	7.44±0.03	7.41±0.02	7.40±0.02	7.40±0.02	7.36±0.02*
	NaCl %0.9	7.46±0.03	7.38±0.03	7.34±0.03*#	7.31±0.03*#	7.29±0.05*#
	Lactate (mmol/L)					
	Control	0.9±0.3	1.2±0.3	1.2±0.6	1.5±0.5	1.5±0.5
	Balanced HES	0.9±0.2	1.1±0.3	1.3±0.5	2.1±0.8*	2.7±1*
	Balanced Crystalloid	1.3±0.3	1.4±0.6	1.9±0.7*	2.4±0.7*	2.4±0.7*
	NaCl %0.9	1.1±0.2	1.1±0.7	1.4±0.3*	1.6±0.4#	2.5±0.5*
	PaCO2 (mmHg)					
	Control	34±5	33±4	30±1	30±1	33±3
	Balanced HES	31±3	35±4	36±4*	39±3*	39±2*
	Balanced Crystalloid	31±3	36±5	37±3*	36±3*	41±3*
	NaCl %0.9	30±3	35±3	36±4*	38±5*	36±3#
	MAP; mean arterial pressure, FABF; femoral artery blood flow, HES: Hydroxyethyl starch. Data is presented as mean±SD. * Adjusted
	P <0.05 vs. control group, # adjusted P value vs. balanced HES group			

Total fluid volume administered to achieve a hematocrit level of 15% by the end of experiment

  

Plasma levels of syndecan-1 (panel A), heparan sulfate (panel B) and hyaluronan (panel C) during the experiment

  compared to control group (mean diff. -1213, 95%CI [-2070 to -356], P=0.003, and -66, 95%CI [-115 to -18], P=0.004 respectively). Similarly, balanced crystalloid altered the hyaluronan component (mean diff. -59, 95%CI [-107.6 to -10.33], P=0.013) but without affecting heparan sulfate. ANH using balanced HES produced minimal changes on the various components of the glycocalyx.

	Figure 3.

Increased glycocalyx shedding persists after fluid resuscitation except for the hyaluronan component, which is decreased with balanced HES resuscitation. Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.01 vs. Control group at the same time point, # P<0.05 vs. balanced HES group, $ P<0.05 vs. baseline value within the same group. (n=6/group)

  25,26 Even if ANH with normal saline or balanced crystalloid may negatively impact the glycocalyx, the

	Chapter 6	Vascular permeability in hemodilution
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consequences of such a degradation remain inconclusive. However, Joosten et al. showed that goal-directed administration of balanced HES was associated with fewer postoperative

  9,10 Fluid preparation may be based on a simple, nonbuffered salt solution, such as normal saline or, be balanced with anion substitutes, such as maleate, gluconate, lactate or acetate of which the two latter are considered bicarbonate precursors. Plasma-Lyte (Baxter Healthcare, Illinois, US) is a crystalloid fluid encompassing two weak anions, acetate and gluconate and is engineered to closely mimic the plasma electrolyte content while not altering its osmolality.

11 

However, the role of gluconate in terms of acid-base control is unknown.

Table 1 Physico-chemical properties of fluids used in the study compared to human plasma

 1 Use Committees. A total of 75 rats were needed in these experiments (n=6 per group), including 3 animals for setting up the model of PLR. Experiments were performed on male Sprague-

		Plasma	Normal saline (9‰)	Ringer's Lactate (RL)	Ringer's Acetate (RA)	Plasma-Lyte (RA-Glu/Mg)
	Sodium (mmol L -1 )	142	154	131	130	140
	Chloride (mmol L -1 )	103	154	111	110	98
	Potassium (mmol L -1 )	4.5		5	4	5
	Calcium (mmol L -1 )	2.5		2	2	
	Magnesium (mmol L -1 )	1.25			1	1,5
	Lactate (mmol L -1 )	1.5		29		
	Acetate (mmol L -1 )				30	27
	Gluconate (mmol L -1 )					23
	HCO3 (mmol L -1 )	24				
	Albumin	30-52				
	Proteinate	20				
	Effective Strong Ion Difference	24	0	29	27	50
	Theoretical osmolarity (mosmol L -1 )	291	308	276	277	294.5
	Water content (%)	94	99.7	99.7	99.7	99.7
	Theoretical osmolality (mosmol kg -1 )	310	308	276	276	294.5
	Osmotic coefficient	0.926	0.926	0.926	0.926	0.926
	Actual osmolality (mosmol kg -1 )	287	286	256	256	272.7
	Material and methods				
	Animals					
	All experiments in this study were approved by the Animal Research Committee of the

Academic Medical Centre of the University of Amsterdam (DFL 102919). Care and handling of the animals were in accordance with the guidelines from the Institutional and Animal Care and

Table 1 Systemic and renal haemodynamics during haemorrhagic shock with and without partial liver resection

 1 

		Baseline	Shock	R60
	MAP (mmHg)			
	Control	101 ± 10	106 ± 8	89 ± 11
	HS	103 ± 12	31 ± 1 *	27 ± 3 *
	HS+RL	101 ± 11	30 ± 1 *	63 ± 7 * +
	HS+RA	106 ± 13	30 ± 1 *	66 ± 0 * +
	HS+RA-Glu/Mg	99 ± 9	31 ± 1 *	62 ± 4 +
	HS+Saline	104 ± 17	30 ± 1 *	66 ± 1 * +
	PLR	91 ± 11	92 ± 10 *	71 ± 4 *
	PLR+HS	98 ± 7	31 ± 1 *	30 ± 4 *
	PLR+HS+RL	102 ± 6	31 ± 1 *	65 ± 1 * +
	PLR+HS+RA	99 ± 6	31 ± 1 *	65 ± 1 * +
	PLR+HS+RA-Glu/Mg	91 ± 8	30 ± 1 *	60 ± 5 * +
	PLR+HS+Saline	99 ± 10	30 ± 1 *	65 ± 1 * +
	RBF (mL min -1 )			
	Control	5.5 ± 1.3	4.5 ± 1.0	4.3 ± 1.0
	HS	6.2 ± 1.9	0.6 ± 0.5 *	0.3 ± 0.5 *
	HS+RL	7.3 ± 1.4	0.0 ± 0.0 *	4.2 ± 1.2 +
	HS+RA	6.9 ± 1.8	0.3 ± 0.6 *	4.4 ± 1.6 +
	HS+RA-Glu/Mg	4.9 ± 2.2	0.2 ± 0.2 *	3.6 ± 2.2 +
	HS+Saline	7.7 ± 1.4 *	0.0 ± 0.0 *	4.2 ± 0.8 +
	PLR	5.7 ± 1.5	5.0 ± 1.5	3.7 ± 0.9
	PLR+HS	6.5 ± 1.0	0.3 ± 0.4 *	0.6 ± 0.5 *
	PLR+HS+RL	6.7 ± 1.3	0.1 ± 0.1 *	3.5 ± 1.2 +
	PLR+HS+RA	5.6 ± 0.5	0.0 ± 0.0 *	4.5 ± 1.2 +
	PLR+HS+RA-Glu/Mg	6.3 ± 1.3	0.1 ± 0.2 *	4.2 ± 2.2 +
	PLR+HS+Saline	5.3 ± 0.9	0.0 ± 0.0 *	3.4 ± 1.4

+

Mean arterial pressure (MAP), renal blood flow (RBF), haemorrhagic shock (HS), partial liver resection (PLR), Ringer's lactate (RL),

Ringer's Acetate (RA), PlasmaLyte (RA-Glu/Mg), baseline (BL), after 60 minutes of hemorrhagic shock (Shock), and 60 minutes after starting resuscitation (R60) (*p<0.01 vs. Control, + p< 0.01 vs. HS group). Values are represented as a Mean±SD

  ). The shock time point was removed from the table because almost all animals presented anuria. * p<0.05 vs. control

	Chapter 8	Balanced fluids and compromised liver function
	PLR+HS	1.6 ± 0.6	/
	PLR+HS+RL	1.5 ± 1	32.9 ± 39*
	PLR+HS+RA	1.3 ± 0.6	46 ± 36.3*
	PLR+HS+RA-Glu/Mg	2 ± 1.3	45.2 ± 11*
	PLR+HS+Saline	1.6 ± 1.5	58.1 ± 28.9*
			8
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  B.E.: Study design, carried out experiments, data analysis and writing up of the first draft and reviewing of manuscript; A.K: Study design, carried out experiments, data analysis and writing up of the first draft and reviewing of manuscript; P.G.: Data analysis, writing final version and reviewing of manuscript; C.I.: study design, writing final version and reviewing of manuscript.
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Table 1 .

 1 . Infusion of LPS induced an early drop in the MAP (76.8±9.3 mmHg vs 45.8±7.9 mmHg, p<0.001) and RBF (4.5±1.5 ml/min vs 0.7±0.6 ml/min, p<0.001) in the control group vs the LPS group, respectively, Evolution of systemic and renal hemodynamics parameters during the experiment

	Chapter 9	N-Acetylcysteine and renal microcirculation in endotoxemia

at T3. Fluid resuscitation with HES-RA both with and without NAC significantly improved RBF compared to the LPS alone group (p<0.05). Both HES-RA and HES-RA+NAC significantly decreased the RVR compared to LPS alone (p<0.001). After LPS, the addition of NAC to the fluid did not result in improved hemodynamic parameters compared to fluid resuscitation alone. The infusion of NAC led to a decrease in the MAP in the absence of LPS (57.3±5.6 mmHg vs 76.8±9.3 mmHg in the control group, p<0.001). LPS=lipopolysaccharide; HES-RA= Hydroxyethyl starch-ringer acetate; NAC= N-acetyl cysteine. Values are presented as mean ± SD * p<0.05, ** p<0.01 and *** p<0.001 Control vs. other groups; + p<0.05, ++ p<0.01 and +++ p<0.001 LPS vs. other groups

Table 2 . Parameters of renal function and excretion at different time points of the experiment

 2 

	TNa+, tubular sodium reabsorption; Clcreat, clearance of creatinine; LPS, lipopolysaccharide; HES-RA, Hydroxyethyl starch-ringer

acetate; NAC, N-acetyl cysteine. Values are presented as mean ± SD. * p<0.05, ** p<0.01 and *** p<0.001 vs. control; + p<0.05 and +++ p<0.001 vs. LPS.

Table 1 . Systemic and renal hemodynamics and urine excretion

 1 Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.01 vs. Control group at the same time point, # adjusted P<0.05 vs. 6% balanced hydroxyethyl starch group at the same time point, $ P<0.01 vs. baseline value within the same group.

				Rescue phase	Maintenance
		Baseline	Shock	(30 min after	(60 min after
				resuscitation)	resuscitation)
	MAP (mmHg)				
	Control	94 ± 10	81 ± 5	84 ± 6	90 ± 6
	Non-resuscitated	92 ± 5	32 ± 2*	32 ± 1*	30 ± 1*
	6% balanced hydroxyethyl starch	92 ± 10	32 ± 1*	81 ± 4	83 ± 6
	PEGylated-carboxyhemoglobin	91 ± 7	32 ± 2*	76 ± 11	81 ± 3
	Blood transfusion	89 ± 4	32 ± 2*	86 ± 8	87 ± 10
	Diluted blood transfusion	90 ± 6	33 ± 2 *	81 ± 1	79 ± 4*
	Renal blood flow (ml.min -1 )				
	Control	9.8 ± 2.3	7.9 ± 2.6	7.4 ± 2.4	7 ± 2.4
	Non-resuscitated	10.5 ± 3.2	3.0 ± 1*	3.2 ± 1.1*	3.0 ± 1*
	6% balanced hydroxyethyl starch	9.7 ± 1.3	3.9± 2.4*	7.4 ± 2.4	8.4 ± 2.9
	PEGylated-carboxyhemoglobin	11.6 ± 2	2.8 ± 0.5*	6.3 ± 1.2	8.3 ± 1.6
	Blood transfusion	10.0 ± 1.7	2.3 ± 0.3*	5.0 ± 0.3	5.4 ± 0.5#
	Diluted blood transfusion	11.6 ± 1.2	3.1 ± 1.5*	7.0 ± 1.7	7.3 ± 1.6
	Urine output (ml.h -1 )				
	Control	2.80 ± 0.73	2.2 ± 1.42	2.46 ± 0.94	1.87 ± 0.53
	Non-resuscitated	4.68 ± 1.8	0 ± 0 $	0 ± 0$	0 ± 0$
	6% balanced hydroxyethyl starch	2.77 ± 0.91	0 ± 0 $	2.55 ± 0.75	3.93 ± 2.35
	PEGylated-carboxyhemoglobin	4.01 ± 2.3	0 ± 0 $	0.76 ± 0.55$	3.97 ± 1.43
	Blood transfusion	3.29 ± 1.94	0 ± 0 $	0.85 ± 0.52$	2.2 ± 1.43
	Diluted blood transfusion	4.04 ± 1.31	0 ± 0 $	1.63 ± 1.20$	3.63 ± 1.75
	MAP: Mean Arterial Pressure, PEGylated: polyethylene glycolated.		

Table 1

 1 

	2.44, 95%CI [0.93

Table 2 . Acid-base balance and arterial lactate levels during experiment

 2 ).

	Chapter 10	Carboxyhemoglobin and kidney protection during hemorrhage

Renal cortical microcirculatory PO2 during the experiment

  

	For the sake of clarity only significant differences were shown at the end of the experiment. Repeated measures 2-way ANOVA
	test used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.005 vs. Control group, # adjusted
	P<0.05 compared to 6% balanced hydroxyethyl starch at the same time point. Data is presented as mean±SD. (n=8 for PEG-
	carboxyhemoglobin group and n=6/group for other groups).

Table 3 . Hemoglogin levels, arterial oxygen content and fractions of PEGylated- carboxyhemoglobin's derivatives

 3 

	Values are presented as mean±SD. CaO2: Arterial oxygen content, PEGylated: polyethylene glycolated
	Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.01 vs.
	Control group at the same time point, # adjusted P<0.01 vs. 6% balanced hydroxyethyl starch group at the same time point, $
	P<0.05 vs. baseline value within the same group.

  P=0.004 and -17.13, P=0.029 respectively).

	Chapter 10	Carboxyhemoglobin and kidney protection during hemorrhage
	bioavailability of NO in the plasma compared to balanced hydroxyethyl starch (mean rank diff. -
	20.97,				
				Rescue phase	Maintenance
		Baseline	Shock	(30 min after	(60 min after
				resuscitation)	resuscitation)
	Total hemoglobin concentration				
	(g.dl -1 )				
	Control	14.4 ± 0.9	14.5 ± 0.5	14.3 ± 0.8	13.0 ± 0.3
	Non-resuscitated	15.1 ± 0.9	10.5 ± 2.0*	10.3 ± 1.2*#	9.3 ± 0.7*#
	6% balanced hydroxyethyl starch	14.8 ± 1.5	9.7 ± 1.0*	6.6 ± 0.8*	5.5 ± 0.5*
	PEGylated-carboxyhemoglobin	15.6 ± 0.9	11.2 ± 1.0	8.6 ± 0.9	7 ± 1
	Blood transfusion	15.3 ± 0.5	9.9 ± 0.8	13.5 ± 1.3	12.4 ± 0.9
	Diluted blood transfusion	14.8 ± 0.2	10.1 ± 0.7	11.0 ± 0.6	10.9 ± 0.2
	Hematocrit (%)				
	Control	44 ± 3	45 ± 1	43 ± 3	40 ± 1
	Non-resuscitated	46 ± 3	32 ± 6*	32 ± 4*#	29 ± 2*#
	6% balanced hydroxyethyl starch	45 ± 5	30 ± 3*	21 ± 2*	17 ± 2*
	PEGylated-carboxyhemoglobin	48 ± 3	35 ± 3	28 ± 3	22 ± 3
	Blood transfusion	47 ± 1	31 ± 3	41 ±4	38 ± 3
	Diluted blood transfusion	45 ± 0.5	31 ± 2	34 ± 1.7	34 ± 0.7
	PEGylated-carboxyhemoglobin				
	and derivatives				
	Plasma PEGylated-				
	carboxyhemoglobin concentration	-	-	N/D	0.6 ± 0.1
	(g.dl -1 )				
	PEGylated-carboxyhemoglobin fraction (%)	-	-	N/D	23.6 ± 9
	CaO2 (ml O2.dl -1 )				
	Control	19.8 ± 1.2	20.1 ± 0.6	19.8 ± 1	18.1 ± 0.4
	Non-resuscitated	20.8 ± 1.2	14.7 ± 2.7*	14.5 ± 1.6*#	13.1 ± 0.9*#
	6% balanced hydroxyethyl starch	20.4 ± 2.10	13.6 ± 1.40*	9.5 ± 1.10*	8.0 ± 0.7*
	PEGylated-carboxyhemoglobin	21.6 ± 1.1	15.7 ± 1.2	13 ± 1.3	10.4 ± 1.5
	Blood transfusion	21.1 ± 0.6	13.9 ± 1.1	18.7 ± 1.7	17.2 ± 1.2
	Diluted blood transfusion	20.4 ± 0.2	14.2 ± 1	15.3 ± 0.8	15.3 ± 0.3
					10
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  Panel A) Kurskal-Wallis test with Dunn's posttest was used for plasma NO. Data is presented as median [interquartile range].

	Panel (B) Ordinary one-way ANOVA with Bonferroni's multiple comparisons test used for heme-oxygenase-1. (n=8 for PEG-
	carboxyhemoglobin group and n=6/group for other groups). Data is presented as mean±SD. * adjusted P<0.01 compared to
	control group, # adjusted P<0.05 compared to 6% balanced hydroxyethyl starch.

  Animal Research Committee of the Academic Medical Centre of the University of Amsterdam approved all experiments in this study (DFL103073). Care and handling of the animals were performed in accordance with the guidelines from the Institutional and Animal Care and Use Committees. This study and the following reporting adhere to the applicable ARRIVE guidelines. All experiments were performed at 09:00am (weekdays) at the Department of Experimental Surgery, University Medical Center, Amsterdam, The Netherlands. Male Wistar-

	Albinos rats (Charles River, The Netherlands), aged 12±3 weeks with a mean±SD body weight of
	384±41 g were included.

Table 1 . Systemic and renal hemodynamics, acid-base balance and arterial lactate levels during experiment

 1 As independent variable fixed effects induction of septic shock and resuscitation, as well as type of resuscitation solution, were entered into the model without interaction terms. As random effects, intercepts for subjects as well as per-subject random slopes for the effect on dependent variables were employed. P values for individual fixed effects were obtained by twosided Satterthwaite approximation. For subgroups analysis, where a statistically significant effect was detected, a one-way linear mixed effect model was applied. The overall significance level for each hypothesis was 0.05. Adjusted P-values were reported throughout the manuscript in post hoc tests. Statistical analysis was performed using GraphPad Prism version 8.1.0 for Mac (GraphPad Software, La Jolla, USA).

	Values are expressed as mean±SD when normally distributed (Kolmogorov-Smirnov test),
	or as median [IQR] otherwise. Repeated measures 2-way analysis of variance (RM-ANOVA) (2
	factors: time as a related within-animal factor and group as a between-animal factor) with post
	hoc Bonferroni's correction test for multiple analysis were used to determine intergroup and/or

intragroup differences of hemodynamics, CµPO2, and biochemical data. When significant interaction was observed between time and group, we reported simple main effects of group (type of fluid) compared to the control and to the RA groups at each timepoint and the simple

  µmol.l -1 , mean rank diff. -27.08, P<0.0001).

	Creatine clearance was significantly lower in the LPS+RA and LPS+RA+PEGHbCO+NE groups, 0
	[0-0.03] and 0.22 [0.07-0.36] ml.min -1 respectively, than in controls, 0.74 [0.55-1.80] ml.min -1
	(mean rank diff. 21.21, P<0.0001 and 14.33, P=0.025 respectively). Although MAP was greater in
	groups where NE was infused, creatinine clearance was not different than in the
	LPS+RA+PEGHbCO group.

Time course of renal cortical microcirculatory PO2

  

	Chapter 11 Chapter 11	PEGylated carboxyhemoglobin resuscitation in endotoxemia PEGylated carboxyhemoglobin resuscitation in endotoxemia
	compared to LPS+RA alone (P=0.02). At a later timepoint, CµPO2 was higher in groups
	resuscitated with PEGHbCO, 36±6 mmHg (mean diff. -13.53, 95%CI[-26.35; -0.7156], P=0.035)
	and 37±10 mmHg (-14.3, 95%CI[-27.12; -1.482], P=0.023), for LPS+RA+PEGHbCO and
	LPS+RA+PEGHbCO+NE respectively, compared to 23±12mmHg for LPS+RA.
	Cortical Renal	microciculatory PO 2 (mmHg)	20 40 60 80 100	*	*	#	*	#	LPS+RA+PEGHbCO LPS+RA+PEGHbCO+NE Control LPS LPS+RA LPS+RA+NE
								)	
			0						
	B L Supplemental Figure 2	S h o c k	R e s . E a r l y	R e s . L a t e		No urine
	Figure 2. The renal oxygen delivery (Renal DO2), consumption (Renal VO2) and the renal energy
	efficiency for sodium transport (VO2/TNa + ) at the end of the experiment are presented in
	Supplemental Figure 2. Renal VO2 was significantly higher in non-resuscitated LPS and LPS+RA	11
	groups compared to controls (mean diff. -0.501 95% CI [-0.750 to -0.252], P=0.0001 and -0.345
	95% CI [-0.59 to -0.096], P=0.004 respectively). However, the renal DO2 was similarly decreased
	in all groups compared to the time control group (F(5, 34) = 9.045, P<0.0001). Fluid resuscitation
	with either PEGHbCO or RA combined or not to NE infusion did not improve renal DO2.
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LPS: non-resuscitated LPS infused group, LPS+RA: resuscitated with ringer's acetate (total volume of 30 ml.kg -1 ), LPS+RA+NE: resuscitated with ringer's acetate (total volume of 30 ml.kg -1 ) plus norepinephrine at a fixed dose of 0.5 µg.kg. -1 min -1 , LPS+RA+S: resuscitated with ringer's acetate + PEGHbCO (max 320 mg.kg -1 ) for a total volume of 30 ml.kg -1 , LPS+RA+S+NE: resuscitated with ringer's acetate + PEGHbCO (max 320 mg.kg -1 ) for a total volume of 30 ml.kg -1 plus norepinephrine at a fixed dose of 0.5 µg.kg. -1 min -1 . Repeated measures 2-way ANOVA test used with Bonferroni's correction to adjust for multiple comparisons. * denotes adjusted P<0.05 compared to control group, # adjusted P<0.05 compared to LPS+RA group

. Renal oxygen delivery and consumption

  

One-way ANOVA test was used with Bonferroni's correction to adjust for multiple comparisons. * adjusted P<0.05 vs. Control group LPS: lipopolysaccharide, RA: ringer's acetate, PEGHbCO: pegylated-carboxyhemoglobin, NE: norepinephrine

  killing have been reported.29,30 It should be noted that histopathological markers of AKI were not significantly altered in PEGHbCO-resuscitated animals compared to other groups in this short term model of endotoxemia. Very few therapies demonstrated a significant improvement in reestablishing normal microcirculatory flow within these plugged capillaries. Administration of PEGHbCO in this model of endotoxemia not only restored the macrohemodynamics but improved disturbed microcirculatory flow with an increased number of flowing capillaries compared to animals resuscitated with RA with the addition of NE. Interestingly, the restoration of skeletal muscle microcirculatory flow was accompanied with an increase in CµPO2 suggesting an improvement in other organs. Besides, the addition of NE to PEGHbCO did neither further improve CµPO2 nor microcirculatory flow. Thus, resuscitation with PEGHbCO outperformed RA alone for fluid resuscitation of sepsis and should be further investigated as a valuable colloid alternative in this context.

	Chapter 11 Chapter 11 Chapter 11	PEGylated carboxyhemoglobin resuscitation in endotoxemia PEGylated carboxyhemoglobin resuscitation in endotoxemia PEGylated carboxyhemoglobin resuscitation in endotoxemia
	Summary • PEGHbCO+RA in comparison to RA alone resuscitation improves the microcirculation and modulation and bacterial Microcirculatory flow abnormalities occur during sepsis. Hemodynamic coherence may be restores flow in previously sepsis-induced plugged capillaries with a significant decreased
	jeopardized, making resuscitation of septic shock more challenging especially due to plugged number of sluggish ad/or intermittent flow capillaries
	• • • capillaries. 3 Conclusion Increased microcirculatory oxygen availability in the renal cortex parallels the improved skeletal microcirculatory capillary blood flow The infusion of NE did not further improve microcirculation in the muscle nor the renal cortical renal microcirculatory PO2 levels. PEGHbCO+RA resuscitation performed similarly to RA+NE resuscitation in this model of endotoxemia. There were no significant effects on renal function or inflammatory parameters although there was a slight increase across the board on all parameters in favor of PEGHbCO. In any case, PEGHbCO did not cause harm on the overall parameters of kidney function and inflammation.
	In a model of sepsis-induced AKI, fluid resuscitation with PEGHbCO in addition with RA not only restored macrohemodynamics without the need of additional vasopressors but enhanced	11
	renal CµPO2 while restoring skeletal muscle microcirculatory flow in previously plugged
	capillaries. This study was not able to demonstrate a significant modulation of inflammation in
	the kidney, however PEGHbCO did not cause harm on the overall parameters of the renal
	function.	
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Limitations

First, endotoxemia model of sepsis may cause different tissue injuries and dysfunctions compared to the cecal, ligation and puncture model. Second, this is a rather short-term model of sepsis. Further research is warranted to investigate mid-to long-term (> 14 days) effects of PEGHbCO on renal function. Third, the different isoforms of PEGHb (deoxy-, oxy-or met-) and the effectiveness of CO release were not investigated at the end of the experiment.

10, nous avons étudié l'efficacité du PEGHbCO sur la pression d'oxygène microcirculatoire corticale rénale et le rôle de sa molécule de monoxyde de carbone incorporé sur l'atténuation des lésions rénales aiguës lors de la réanimation à faible volume du choc hémorragique. Bien qu'il ne puisse pas rivaliser avec la transfusion sanguine en termes d'oxygénation corticale rénale, ce composé limite les dommages tubulaires avec volume de liquide nécessaire inférieur pour maintenir une stabilité hémodynamique macrocirculatoire. Au contraire, dans chapitre 11, la réanimation avec de la carboxyhémoglobine PEGylée a amélioré l'oxygénation corticale rénale tout en rétablissant le flux microcirculatoire des muscles squelettiques dans des capillaires auparavant non perméables (sans flux) dans un modèle murin d'endotoxémie mais sans pour autant atténuer la lésion rénale aiguë induite par la septicémie du moins dans ce modèle à court terme. En conclusion, les altérations microcirculatoires observées lors des états de choc nécessitent une approche multiparamétrique. Dans l'espoir de limiter les lésions rénales aigues, la réanimation de la microcirculation devrait non seulement prendre en compte l'effet d'expansion du volume des fluides mais aussi les aspects anti-inflammatoires ou antioxydants ciblant les lésions d'ischémie / reperfusion tout en possédant des propriétés de transport d'oxygène pour maintenir une pression d'oxygène microcirculatoire. Il n'a pas encore été démontré par des essais cliniques qu'un tel fluide pourrait améliorer le devenir de patients présentant une microcirculation sévèrement altérée.
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What We Already Know About This Topic

• Acute kidney injury is a frequent complication following hemorrhagic shock resuscitation.

• Low concentrations of carbon monoxide produce vasodilation via a direct action on vascular smooth muscle and anti-inflammatory effects.

• Data on the effects of polyethylene glycolated (PEGylated)-carboxyhemoglobin on the kidney are scarce

What This Article Tells Us That Is New

• PEGylated-carboxyhemoglobin may be used as a low volume resuscitation fluid

• PEGylated-carboxyhemoglobin sustains urine output and may protect against acute kidney injury following resuscitation of hemorrhagic shock

•

Increase in oxygen-carrying capacity and delivery may not be the primary mechanism involved in protecting the kidney from injury

Abstract

Background: Primary resuscitation fluid to treat hemorrhagic shock remains controversial.

Use of hydroxyethyl starches raised concerns of acute kidney injury. Polyethylene glycolated (PEGylated)-carboxyhemoglobin, which has CO-releasing molecules and oxygen-carrying properties was hypothesized to sustain cortical renal microcirculatory PO2 following hemorrhagic shock and reduce kidney injury.

Methods: Anesthetized and ventilated rats (n=42) were subjected to pressure-controlled hemorrhagic shock for 1 hour. Renal cortical Po2 was measured in exposed kidneys using a phosphorescence quenching method. Rats were randomly assigned to 6 groups: PEGylatedcarboxyhemoglobin 320 mg.kg 

Oxygen binding capacity

The oxygen binding/carrying capacity of polyethylene glycolated (PEGylated)carboxyhemoglobin was determined at 37°C under normal atmosphere similarly to the methodology described elsewhere. 1,2 Briefly, PEGylated-carboxyhemoglobin (40 mg.ml -1 ) was diluted in its own buffer (pH 7.38 -7.40) for a final concentration of 4.0 mg.ml -1 . A fiber optic oxygen micro sensor using luminescence lifetime (MiniTip, Oxy Micro, World Precision Instruments, FL, USA) was used for the determination of oxygen concentration and was calibrated by a simple two-point calibration, 100% air-saturation and 0% air saturation (dithionite) with barometric pressure and temperature adjustment according to the manufacturer's recommendations. The fiber optic was placed in a double jacked thermostated Chapter 10

Carboxyhemoglobin and kidney protection during hemorrhage 244 (37°C) small cuvette through a dedicated hole (side) and sealed with a rubber. Two milliliters and a half (2.5 ml) of the solution were placed in the cuvette, continuously stirred with a magnetic bar and allowed to equilibrate to room air before being hermetically sealed. The concentration of oxygen (µmol.l -1 ) in the medium was continuously recorded. After stabilization of the oxygen concentration in the cuvette, 10 µL K3Fe(CN)6 1M (kept at 37°C in a thermostated bath and equilibrated at room air) was added through the rubber with a precise syringe. The release of bound-oxygen due to the conversion of oxy-to met-Hb was monitored.

The oxygen binding/carrying capacity was calculated as follows:

∆𝑛 (!)*+*,-*. = 𝑛 (! 010&0,+ -𝑛 (! 201,+ = 𝐶 (! 010&0,+ 𝑥 𝑉 010&0,+ -𝐶 (! 201,+ 𝑥 𝑉 201,+ Eq. 1

where n is the number of moles of O2 (mol), C is the concentration of O2 provided by the fiber optic sensor (mol.L-1) and V is the volume in the cuvette before (initial) and after (final) adding K3Fe(CN)6.

𝑉 (! = ∆𝑛 (!)*+*,-*. 𝑥 𝑉 3 Eq. 2

where 𝑉 !! (L) represents the volume of oxygen released in the cuvette and Vm the molar volume (L.mol -1 ) which is 25.45 L.mol -1 at 37°C (310.15°K) and under 1 atm (ideal gas law).

𝑂𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑉 ( ! 𝑉 201,+ 𝑥 10 4 Eq. 3

where the oxygen content concentration (ml O2.L -1 ) represents the volume of oxygen dissolved in the cuvette 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑜𝑥𝑦𝑒𝑛 𝑐𝑎𝑟𝑟𝑦𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐶 56 201,+ Eq. 4

where oxygen carrying capacity is expressed in mL O2.g -1 Hb and 𝐶 "# %&'() is the final concentration of hemoglobin/HBOC (g.L -1 ) in the cuvette.

The difference between the solubility coefficients of oxygen in PEGylatedcarboxyhemoglobin +buffer and K3Fe(CN)6 has been neglected.
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Spectrophotometric analysis of PEGylated-carboxyhemoglobin and derivatives

The observed total absorption spectrum of each plasma sample was then compared to the known spectra of the different derivatives of bovine hemoglobin with their absorptivities. 3 With the use of the classical least squares method (mixture of 4 components and at 150 wavelengths), the different concentrations of each component were recovered. We used the methodology proposed by Prof. Tom O'Haver (https://terpconnect.umd.edu/~toh/spectrum), to recover the concentration of each component after entering the 4 known spectra of bovine hemoglobin:

oxy-Hb, deoxy-Hb, met-Hb and carboxy-Hb. However, the met-Hb could not be accurately determined due to a possible interference with Pd-TCCP. The original spectra of PEGylatedcarboxyhemoglobin were provided by Prolong Pharmaceuticals and were found to perfectly match with the bovine hemoglobin spectra found in the publication of Zijlstra et al. 3 The oxygen saturation of PEGylated-carboxyhemoglobin was determined as follows: 

Immunohistochemical analysis and histology

Kidney sections (4 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) (Thermo Scientific, AP-9003-500) 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 (Lab Vision, TA-125-UB) was applied to each slide followed by 10 min incubation at room temperature in a humid chamber. Kidney sections were incubated for overnight at 4°C with rabbit polyclonal Tumor Necrosis Factor-α (1:100) (abcam 6671) and incubated for 1 h at room temperature with Lipocalin 2 antibody (Neutrophil Gelatinase-Associated Lipocalin, 1/150) (abcam 41105). Antibodies were diluted in a large volume of UltrAb Diluent (Thermo Scientific, TA-125-UD). 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 (LabVision, TP-125-BN). After slides were washed in PBS, the streptavidin peroxidase label reagent (LabVision, TS-125-HR) was applied for 30 min at room temperature in a humid The kidney sections were stained with periodic acid-schiff reagent (PAS) and hematoxyline.

Histologic changes in the cortex were assessed by quantitative measurements of tissue damage.

Tubular damage was defined as loss of brush border, vacuolar degeneration, cast formation, and invagination. The degree of kidney damage was estimated at 400x magnification using 10 randomly selected fields for each animal by the following criteria: 0, normal; 1, areas of damage <10% of tubules; 2, damage involving 10% to 25% of tubules; 3, damage involving 25% to 50% of tubules; 4, damage involving 50% to 75% of tubules; 5, damage more than 75% of tubules. A minimum of 40 tubules were examined per group, with n=6/kidney per animal minimum.
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