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1 Introduction 

1.1 The reduced form of nitric oxide: Nitroxyl   

Nitric oxide (NO) is well recognized as an important modulator of vascular homeostasis with 

vasorelaxant, anti-aggregatory, and antiproliferative properties 1. NO produced by NO 

synthase from the conversion of L-arginine to L-citrulline, activates the cytosolic enzyme 

soluble guanylyl cyclase (sGC) which catalysis the conversion of guanosine-5'-triphosphate 

(GTP) to cyclic guanosine monophosphate (cGMP) resulting in blood pressure regulation 2. 

In addition to its vasoprotective effects, NO has been shown to be involved in 

neurotransmission 3, mitochondrial respiration 4, host defenses 5, and to possess antioxidant 

properties 6. However, impairment of NO homeostasis is associated with a plethora of 

harmful effects in biological systems. Indeed, NO is involved in DNA strand breaks 7, tumor 

initiation/progression 8, protein/lipid oxidation 9, enzyme inhibition 10, deamination 11, and 

apoptosis 12. Traditionally, it has been NO the main investigated nitrogen molecule. However, 

in the last years, a reduced form of NO such as nitroxyl (HNO/NO-) has attracted scientific 

interest for its distinct chemical profile and biological effects from that of NO.  These unique 

effects involving mainly the cerebro and cardiovascular systems have made nitroxyl a very 

promising pharmacological agent to be used under these diseases. 

 

1.2 Chemistry of nitroxyl 

Nitroxyl (HNO/NO-) is the one-electron-reduced and protonated sibling of NO. Nitroxyl is 

considered to be one of the newest nitrogen species to be explored. It has been shown that 

the equilibrium constant (pKa) of nitroxyl is 11.4, meaning that the predominant form at 

physiological pH levels is HNO rather than NO- 13. Quantum mechanical considerations 

support this observation. They show that the deprotonation of HNO is very slow due to the 

different energy states. Indeed, the ground state singlet electron configuration of 1HNO is 

energetically more favorable than the ground state triplet of 3NO- 14 (Reaction 1). 

 
1HNO     à     3NO- + H+        (1) 

 

Therefore, the molecular form of nitroxyl in biological systems is accepted to be HNO. HNO 

has been shown to be remarkably reactive towards free thiols, thiol proteins and metal ions, 

while NO must first be activated to a more oxidized nitrogen oxide species 15. Considering 

the high concentration of free thiols in cells (e.g. glutathione; GSH; 1-10 mM) and the high 

reactivity of HNO with thiols (2×106 M−1 s−1) 16, it has been suggested that the scavenging of 

HNO by free thiols (and thus its inactivation) might be the predominant fate of HNO in 
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biological systems. However, several reports have shown that selected thiol proteins can be 

substantially inhibited at very low HNO levels without altering free thiol concentrations 16-17, 

offering to HNO the potential to have biological effects. The reaction of HNO with thiols can 

have at least two possible outcomes depending on the reaction conditions 18. In a first step, 

this reaction leads to the formation of an intermediate N-hydroxy-sulfenamide (R-S-NHOH). 

In the presence of additional thiols (or vicinal thiols), a further reaction occurs resulting in the 

corresponding disulfide (R´SSR) and hydroxylamine (NH2OH; Reaction 2). In the absence of 

additional thiols, a rearrangement occurs giving a sulfinamide species (R-SNH2=O) (Reaction 

3).  

 

R-SH + HNO     à     R-S-NHOH à     R’SSR + NH2OH    (2) 

     à     R-SNH2=O     (3) 

 

These thiol reactions have aroused great interest because they may act as a redox on/off 

switch for enzymes containing cysteine residues. A screening of the entire proteome has 

identified several proteins that are targeted by HNO 19 (See Table 1). 

 

Protein Function Modification Effect 

        

GAPDH Glycolysis Cys-152/156: SS-Bond Inhibition 

  
Cys-247: Sulfonamide 

 

    Cathepsin B Lysosomal protease Active center cysteine: Inhibition 

  
Probably sulfinamide 

 

    NMDA receptor Calcium flux regulation Probably S-S bond Inhibition 

    Complex II Oxidative phosphorylation Probably S-S bond Inhibition  

    Ryanodine receptor 1 and 2 ER calcium channel Probably S-S bond Activation 

    SERCA ER calcium pump Cysteine 674 + GSH: Activation 

  
SS-bond 

 Soluble guanylate cyclase cGMP synthesis 
 

Activation 

    
Transient receptor potential 
channel 1  CGRP release  Cys-665/651 Activation 

 
 Table 1: HNO-modified proteins, ER=endoplasmic reticulum  
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Besides reactions with thiols and thiol proteins, HNO interacts with metalloproteins 16, 20. The 

reaction of HNO with ferrous heme proteins leads to the formation of a ferrous–HNO 

complex (Reaction 4), 

 

Me2+ (heme) + HNO       à      Me2+-N(H)O (heme)     (4) 

 

while the reaction of HNO with ferric heme proteins such as myoglobin generates the 

corresponding ferrous-NO complex in a process referred to as reductive nitrosylation 

(Reaction 5). 

 

Me3+ (heme) + HNO      à      Me2+-NO (heme) + H     (5) 

 

The reaction of HNO with metalloproteins is generally considered to be weak 21 giving HNO 

the possibility of escaping from the heme pocket of the protein and reacting with other 

molecules 22. 

 

Therefore, the major known biological targets of HNO are thiols, thiol proteins and 

metalloproteins, and this offers the possibility to HNO to have biological relevance. However, 

whether HNO is an endogenously generated species is still under debate due to the lack of 

direct and sensitive detection methods. The likelihood of the endogenous generation of HNO 

is described below. 

 

1.3 Does nitroxyl exist as an endogenously generated species? 

Several reports in the HNO field have addressed the concept of putative endogenous HNO 

formation from NO synthase (NOS)-dependent and -independent sources in the myocardium 
23, vasculature 24, and brain 25. NOS works by converting L-arginine to NO and L-citrulline, 

and consumes in this process O2 and NADPH while utilizing the cofactor tetrahydrobiopterin 

(BH4). However, when NOS is in its uncoupled state (induced by the absence of either 

arginine or BH4), it also produces N-hydroxy-L-arginine (NOHA), as well as peroxide and 

superoxide. Under these conditions, HNO is formed by the direct oxidation of NOHA 26 or by 

the catalysis of arginine to citrulline 27. In addition to these NOS-dependent mechanisms, 

there are also a number of possibilities for NOS-independent formation of HNO. Mechanisms 

involving the decomposition of nitrosothiols 18, the dismutation of NO into HNO 28, the 

reduction of NO by xanthine oxidase 29, and the oxidation of hydroxylamine have also been 

described 30. 

Recently, Filipovic’s group provides evidence of endogenous HNO production and 

subsequent activation of a neuroendocrine signalling pathway regulating the vascular tone. 
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These authors have found that HNO is generated by the reaction of NO and hydrogen sulfide 

followed by the direct activation of the transient receptor potential channel A1 via the 

formation of disulfide bonds with cysteine residues in the receptor, resulting in a release of 

calcitonin gene related peptide (CGRP) 31.  

Altogether, there is a high possibility for HNO to be an endogenous generated molecule. 

However, this point is still under debate due to the lack of direct and sensitive detection 

methods and remains the main challenge for the HNO field. Independent of HNO being an 

endogenous generated molecule, exogenous HNO has been shown to have important 

biological effects 32. In these studies the use of HNO donors was necessary due to the high 

HNO reactivity. There are many HNO donors available 33. However, only few of them are 

suitable for in vivo or even in vitro studies. In the present thesis, I used Angeli’s salt 

(Na2N2O3; AS) or 1-nitrosocyclohexyl acetate (NCA) as HNO donors. AS is a very 

established HNO donor but, due to its chemistry, cannot be used for in vivo studies. NCA is a 

new HNO donor with high potential for in vivo applications. Both HNO donors are described 

below. 

 

1.4 Nitroxyl donors  

HNO reacts with itself to form an intermediate dimer which decomposes into water (H2O) and 

nitrous oxide (N2O, reaction 6 34). The high reactivity of HNO precludes its storage; hence it 

is necessary to use an HNO donor in chemical and, especially, in biological studies. 

 

HNO + HNO     à     HON=NOH     à     N2O + H2O    (6) 

 

The most frequently used HNO donor is Angeli’s salt (Na2N2O3; AS). AS was synthesized 

100 years ago by the Italian chemist Angelo Angeli 35. It is commercially available with a 

guaranteed grade of purity. AS is stable in basic solutions which may cause pH 

rearrangements, and it has a half-life of 2.5 min at physiological pH ranges (4-8) 36.  

Unfortunately, decomposition of AS results not only in HNO but also in the formation of one 

equivalent nitrite ion (NO2-) (Reaction 7), which possesses biological activity 37.  

 

N2O3
2- + H+     à     HNO + NO2-       (7) 

 

To overcome AS limitations, co-release of NO2- and short half-life, the HNO donor 1-

nitrosocyclohexyl acetate (NCA) was synthesized by King’s group 38 which possess different 

chemical properties than AS. NCA belongs to the acyloxy nitroso compounds that generate 

HNO and the corresponding ketone upon hydrolysis in aqueous solutions in a pH-dependent 

manner as follows (Reaction 8). 
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                                   (8) 

 

 

 

 

NCA is a bright blue liquid at room temperature with strong UV-vis absorption at 667 nm, ε = 

20.7 M-1 cm-1 and IR absorption for the carbonyl (1750 cm-1) and nitroso groups (vN=o = 1561 

cm-1) 38. NCA releases very low amounts of NO (less than 1%) and total nitrate/nitrite (3-4%). 

The kinetics, products, and the mechanism of HNO released from NCA have been recently 

reported 39. NCA is a long-lasting HNO donor as it hydrolyzes slowly (half-life = 800-890 min) 

under neutral buffer conditions 38.  

 

The properties of the two HNO donors described above are summarized in Table 2. 

  
HNO donor Structure By-products Half-life at pH7 
 
Angeli’s salt 
(Na2N2O3)  

 
Nitrite anion  
(NO2-) 

 
2.3 min 

 
1-Nitrosocyclo-hexyl 
acetate (NCA)  

 
Cyclohexanone, 
acetic acid 

 
>3 h 

 

                        Table 2: The structure and chemical properties of NCA compared to Angeli’s salt  

 

In the present thesis, we have used these donors to investigate the effect of HNO in an in 

vivo mouse stroke model, and the mechanism of action of HNO-induced vasorelaxation in 

healthy mice and in a mouse model of atherosclerosis. 

 

1.5 Ischemic stroke 

According to the Federal Statistical Office, stroke was the most frequent cause of death in 

Germany in 2014, costing a total of 16,753 lives. It is the most frequently reason for 

becoming severely disabled 40, 41. The life-time cost per year has been calculated as 43,000 

€ 42. This highlights the importance of this disease for the scientific and health community. In 

addition, it is a fateful event for the person concerned as well as for his or her relatives.  

The formation of an ischemic stroke thrombus (a mass of aggregated platelets resting at the 

place of origin) or an embolism (an embolus consisting of thrombocytes which, after being 

N 
O 

O 
O 

h y d r o l y s i s 
H N O + C H 3 C O 2 H + 

O CH3 
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transferred by the bloodstream, settle at a site far from their origin) leads to a decrease in the 

blood flow behind the bottleneck, and therefore in a reduced supply of nutrients to the 

neuronal tissue. This leads to three main harmful conditions as shown in Figure 1: (1) 

depletion of adenosine triphosphate (ATP); (2) failure of glutamate homeostasis; and (3) 

formation of free radicals, especially reactive oxygen species (ROS) 43.  

 

 
   Figure 1: Synopsis of mechanisms in ischemic stroke [45], modified.  
 

The inadequate supply of oxygen and glucose to the brain is critical to neurons, as their 

ability to tolerate it is very limited. Indeed, most neurons are not able to store oxygen (in 

neuroglobins) or glucose (in the form of glycogen) 44. It is widely accepted that a breakdown 

in the respiratory chain leads to a rapidly used ATP. Only 15 s of ischemia are followed by 

the total consumption of ATP. This lack of energetic phosphates leads to a decreased activity 

of ATP-dependent membrane ion pumps and hence a progressive collapse of the membrane 
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potential. This is initially followed by a loss of electrical activity (neuronal signal transmission) 

and then by a loss of structure (membrane integrity) 45.   

Table 3 shows the level of cerebral blood flow and its influence on the functionality of 

neurons 46. 
 

CBF situation CBF [mL/g/min] Protective mechanism Electrical activity Membrane integrity

Normal ~ 0.50 Autoregulation ++ ++

Reduced ~ 0.35-0.45 Anaerobic glycolyse ++ ++

compensated

Reduced ~ 0.20-0.35 Reduced metabolism + +

Markly reduced ~ 0.10-0.20 - - +

Severly reduced < 0.10 - - -  
 

    Table 3: Cerebral blood flow and its influence on the functionality of neurons [Hamann 1997, modified] 
 

The direct consequence of a loss of neuron structure is an uncontrolled release of the 

excitatory neurotransmitter glutamate and a lack of its uptake 47. The elevated glutamate 

concentration leads to an uncontrolled overstimulation of N-Methyl-D-aspartate (NMDA) 

receptors 48 and subsequently to a dramatic increase in intracellular Ca2+ concentration 49. 

Glutamate-induced calcium inflow is followed by the induction of apoptotic signal cascades. 

These mechanisms are amplified by the formation of free radicals, such as reactive oxygen 

(ROS) or nitrogen (RNS) species which are able to affect DNA or biological membranes via 

lipid peroxidation 50. However, in areas where perfusion is partially maintained through the 

vasodilation of patent vessels and blood supply from collaterals, the tissue is electrically 

hypoactive but structurally still intact and viable. This tissue surrounding the ischemic core is 

referred to as the penumbra 51.  
 

1.6 Oxidative stress in ischemic stroke 

As mentioned above, ROS and RNS accumulation plays an important role in damaging 

biological membranes via lipid peroxidation in pathological conditions like ischemic stroke. 

ROS are inherently unstable molecule, therefore biomarkers are necessary for measuring 

oxidative stress load 52. Isoprostanes (prostaglandin-like compounds) detection and 

quantification are mostly used as marker of oxidative stress. Isoprostanes formation is 

observed in the non-enzymatic lipid peroxidation of arachidonic acid as shown in Figure 2. 
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Figure 2: Formation of different groups of isoprostanes 53 modified. 

 

Isoprostanes, as end product of that oxidation, are stable and can be quantified in biological 

tissues and liquids 54.  

 

1.7 Nitroxyl and neuroprotection in vitro 

HNO has been shown to regulate protein function through covalent modification of thiol 

groups on protein cysteine residues 55, 56, 57. The NMDA receptor is one of these proteins 

which structure and consequently function is altered by HNO. The NMDA receptor 

possesses a redox modulatory site which consists of critical cysteine residues. It has been 

shown that reduced cysteine residues led to an increase in the magnitude of NMDA-evoked 

responses while oxidized cysteine residues led to a decrease of NMDA effects 58. Many in 

vitro studies have demonstrated that HNO is able to modulate NMDA receptor activity. In 

particular, HNO reacts directly with Cystein-399 in the NR2A subunit of the NMDA receptor 

to downregulate excessive NMDA-evoked responses and subsequent excessive Ca2+ influx 
59, 47, 58, 60. These effects of HNO showed in vitro neuroprotection against increased 

intracellular Ca2+
 levels 59. In addition to the modulatory effect of NMDA receptors, HNO has 

been shown to directly decrease ROS levels through its antioxidant function during lipid 

peroxidation, also leading to neuronal protection 61. Therefore, the ability of HNO to modulate 

NMDA receptor activity in vitro, in parallel with its ability to interact and scavenger ROS, led 

us to hypothesize that HNO effects could apply as well to an in vivo system. Therefore, our 
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main focus was the translation of the in vitro function of HNO on NMDA receptor to an in vivo 

mouse-stroke model, in which stroke was induced by middle cerebral arterial occlusion 

(MCAO). In particular, I quantified the levels of ROS in mice subjected to MCAO intervention 

in presence of HNO treatment or to vehicle. 
 

1.8 Hypertension and atherosclerosis 

In 2014, the Federal Statistical Office considered death from five manifestations of 

cardiovascular disease to be among the ten most frequent causes of death in Germany, 

leading to a total of 338,056 deaths. In 2013, the overall healthcare expenditure in Germany 

was about 315 billion €. Of this, 44 billion € (14 %) were spent in connection with 

cardiovascular diseases proving how prominent are such diseases for the health community. 

The underlying cause of cardiovascular diseases is atherosclerosis, while the main risk 

factors are hypertension, cigarette smoke, diabetes and elevated plasma levels of low-

density lipoprotein (LDL). Hypertension leads to small endothelial lesions as well as 

disruptions in the endothelial repair process. This attracts pro-inflammatory monocytes to 

invade the space between intima and media. Cigarette smoke (probably by boosting ROS 

formation) and diabetes (probably via the glycosylation of critical proteins) amplify this 

process. In the next step, monocytes are transformed into macrophages by expressing an 

LDL scavenger receptor. Fatefully, it is not possible for the macrophages to down-regulate 

the expression of LDL receptors, and thus they become foam cells prior to undergoing 

apoptosis. The accumulation of this necrotic material is called a stable atherosclerotic 

plaque. Under certain conditions, stable plaques become unstable, leading to disruption 

followed by embolism. These conditions lead to a cardiovascular event 62. A synopsis of the 

underlying pathogenesis is given in Figure 3.  

 



Introduction 

 14 

Hyptertension

Angiotensin II

Foam cells

Necrotic Core  
Cholesterol chrystals

Microvessels

SMC invasion

Matrix macromolecules

Scavanger receptor

Artherosclerosis

Thrombosis

Cardiovascular Event

Cigarette smoke Diabetes 

Proinflammatoric monocytes

Disruption

Disturbed endothelian
repair process

Oxidated LDL

 
Figure 3: Synopsis of the pathogenesis of a cardiovascular event 

 

Thus, hypertension is a crucial factor in the development of cardiovascular diseases, 

confirmed also in a large study 63. Based on the results of several randomized controlled 

trials, treatment of – isolated systolic as well as diastolic – hypertension significantly 

improves the outcome of the treated group 64, 65. Despite our knowledge about the 

substantial influence of life-style changes in reducing hypertension, pharmacological 

treatment has unfortunately become ever more prominent. Complex medical and even 

interventional therapeutic or device-based regimes are considered when treating 

hypertension 66.  

 

1.9 Nitroxyl in the healthy vascular system 

In clinic, the current therapeutic interventions to treat chronic hypertension are 

nitrovasodilators such as glyceryl trinitrate (GTN). However, treatment of patients with GTN 

leads to the well-recognized tolerance phenomenon, a condition in which the vasodilatory 

effectiveness of GTN is reduced after long-term use. This phenomenon of tolerance 

development might be attributed to the inactivation of NO, released from GTN, by ROS.  
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Like NO, exogenous HNO has been shown to be a potent vasodilator of both large conduit 26, 
67

 and small resistance arteries 68, and to possess anti-aggregatory 69, and anti-proliferative 

properties 70. Importantly, in contrast to NO, HNO offers several advantages for potential 

therapeutic use. HNO maintains its vasoprotective actions also in spontaneously 

hypertensive rats 71, it is resistant to inactivation by ROS 72, its application in animal models 

does not result in vascular tolerance neither acutely in vitro 73 nor chronically in vivo 74, and 

HNO treatment does not induce cross-tolerance development resulting in a sustained 

vasodilatory effect in animals rendered tolerant to nitrovasodilators 73, 74. These advantages 

of HNO could be of relevance in a clinical setting, making HNO a promising candidate as a 

novel therapeutic addition for treatment of vascular pathologies such as atherosclerosis. 

However, the signaling pathway by which HNO elicits vasorelaxation is still unclear 75, 76. 

One group has suggested that the vascular effects of HNO are, at least in part, mediated by 

increased circulating levels of calcitonin gene-related peptide 75, one of the most potent 

vasodilators known to date and thought to be involved in the regulation of coronary and brain 

circulation 77, 78, 79. Others have suggested that the HNO-induced vasorelaxation is mediated 

by sGC, comparable to the effect of NO 75, 76. Therefore, before promoting HNO as a novel 

and innovative therapeutic intervention, it was necessary to gain understanding of its exact 

mechanism of action and molecular targets in the vascular system.   
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1.10 Objectives 

The goal of the present thesis was to quantify the levels of oxidative stress biomarkers and 

variation in blood pressure in a mouse-stroke model after exogenous application of HNO, 

and to understand the mechanism of how HNO elicits vasorelaxation in healthy and in mice 

subjected to atherosclerosis. To address these questions two specific aims per part were 

pursued: 

 

Effect of nitroxyl in an in vivo mouse-stroke model  

We quantified the effects of exogenous HNO on reactive oxygen species (ROS) levels in an 

in vivo mouse-stroke model. ROS biomarkers such as F2-isoprostanes 8-iso-PGF2α in urine 

and F2-isoprostane iPF2α-VI in blood were analyzed and quantified by gas chromatography 

mass spectrometry (GC-MS) and enzyme-linked immunosorbent assay (ELISA), 

respectively.  

In addition, we measured systolic blood pressure in healthy mice and mice subjected to 

stroke after exogenous injection of HNO by tail-cuff plethysmography.  

 

Effect of nitroxyl in isolated healthy and atherosclerotic vessels 

We investigated the mechanism of how HNO elicits vasorelaxation in large arteries, in 

healthy and vascular-diseased mice. Aortic rings from wild-type (WT) mice were isolated and 

mounted in an organ bath system. The vessels were treated with several pharmacological 

inhibitors of important pathways potentially involved in HNO-mediated vasorelaxation. 

Mice deficient in apolipoprotein E (ApoE-/-) were chosen as mouse model of atherosclerosis.
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2 Materials and Methods 

2.1 Middle brain artery occlusion 

Middle brain artery occlusion (MCAO) was chosen as an in vivo mouse-stroke model 80. 

C57BL/6 male mice (12–15 weeks old) were anesthetized with 3–4% isoflurane during initial 

induction and 1.5–2% during surgery, achieved by passing 100% oxygen (0.4–0.5 L/min) 

through an isoflurane vaporizer set. After the initial induction, mice were injected 

intraperitoneally with buprenorphine (0.05 g/kg) and 100 µL of either Angeli´s salt as HNO 

donor (AS, 40 µmol/kg, neutralized to pH 7 with HCl) or 0.9% NaCl as control. Temporary 

occlusion of the middle cerebral artery was then initiated using the intraluminal filament 

method (6–0 nylon) as previously described 80. Briefly, the left common and external carotid 

arteries were isolated and ligated (5–0 silk). A monofilament (6–0 nylon, blunted 0.22–0.24 

mm) was inserted into the external carotid artery and advanced into the middle cerebral 

artery until light resistance was felt (roughly 9 mm). The filament was removed after 1 h.  

 

The surgical procedure as well as sample collection via metabolic cages was performed by 

Dr. med. Chi-un Choe, Department of Neurology, University Medical Center Hamburg-

Eppendorf (UKE). In addition, his team assessed the neurological clinical outcome of the 

mice and measured the histological infarct size. 

 

2.2 Measurement of systolic blood pressure 

Non-invasively measurement of systolic blood pressure by tail-cuff plethysmography (TSE 

209000; TSE Systems, Bad Homburg, Germany) was used as previously described 81,82. 

C57BL/6 male mice (13-15 weeks) were placed in a tube and the last third of tail was placed 

between a lamp and a photocell. The first third of tail was surrounded by a pressure cuff. The 

recorded data were amplified and visualized using an oscilloscope. Blood pressure was 

measured immediately and 30 min after i.p. injection (100 µL) of either AS (40 µM/kg, 

neutralized to pH 7 with hydrogen chloride; HCl) or 0.9 % NaCl. 

 

2.3 Measurement of F2-isoprostane 8-iso-PGF2α 

Twenty-four hours after MCAO induction, urine was collected over a period of 6 h in specially 

designed metabolic cages and stored at -20°C until analysis. Prior to purification and 

derivatization, the samples were defrosted overnight at 4°C. Part of each sample (50 µL) was 

retained for further measurement of creatinine. Thus, 200 µL of urine were diluted with 800 

µL ultrapure water, and 1 ng/mL of a stable isotope internal standard 16,17,18,19-[2H4]-iPF2α-
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III (Cayman Chemical, Tallinn, Estonia) was added into the sample. The purification of the 

samples was performed using a 5 mL immunoaffinity column coated with antibodies directed 

against F2-isoprostanes 8-iso-PGF2α (Cayman Chemical, Michigan, USA) as described 

elsewhere 54. Before use, the columns were washed twice with a 0.1M phosphate buffer 

prepared by combining 13.3 g dipotassium phosphate (K2HPO4), 32.22 g potassium 

dihydrogen phosphate (KH2PO4), 0.5 g sodium azide (NaN3), and 29.2 g sodium chloride 

(NaCl) diluted to 1.0 L with ultrapure water at pH 7.4. Thereafter, the whole sample was 

allowed to pass through the column followed by 2 mL of ultrapure water. After adding 2 mL of 

ethanol (C2H5OH, 95 % (v/v)) into the column, the throughput under the column was 

collected. Subsequently ethanol was evaporated under a stream of dry nitrogen (N2). Sample 

derivatization was achieved as previously described 83. For the first derivatization, the residue 

was dissolved in a mixture of 100 µL acetonitrile (CH3CN), 10 µL methanol (CH4O), 10 µL 

N,N-diisopropylethylamine (C8H19N) and 10 µL 2,3,4,5,6- pentafluorobenzyl bromide (PFB) 

33 % (v/v) in CH3CN. After 1 h incubation at 30°C, samples were again evaporated under a 

stream of dry nitrogen. For the second derivatization, the residue was dissolved in 100 µL of 

N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) and incubated at 60 °C for 1 h. Thereafter, 

samples were dissolved in methanol and ready for GC-MS measurement.  

GC-MS analyses were performed using a quadrupole mass spectrometer 1200 (Varian, 

Walnut Creek, USA) coupled with a gas chromatograph CP-3800 (Varian). The gaseous 

separation proceeded by means of a 30 m x 0.25 mm (length x diameter) FactorFour-5MS 

capillary column (Varian) with a film thickness of 0.25 µm. The following sequence of 

temperatures was chosen for the heating the capillary column: 70°C for 2 min, heating to 

280°C at a rate of 25°C/min, heating to 325°C at a rate of 5°C/min. Helium was used as the 

carrier gas, with a constant flow of 1 mL/min. The temperature of the injector was 150°C at 

injection. Subsequently, it was immediately adjusted to 300°C at a rate of 100°C/min. The 

injection volume was 2.0 µL in the split/splitless mode. A 1:10 split was used at injection time 

and closed after 20 sec. The transfer line and the ion source were heated to a constant 

temperature of 300°C and 170°C respectively. Under the chosen negative ion chemical 

ionization conditions, the ionization energy was 70 eV and the electron current 160 µA. In the 

ion source, methane was used for chemical ionization. A voltage of 1.4 kV was applied to the 

electron-multiplier for detecting the ions. The concentration of F2-isoprostanes 8-iso-PGF2α 

was normalized to urine creatinine to avoid the influence of the glomerular filtration rate.  

 

The creatinine concentration was kindly analyzed by Dr. med. Haddad in the Department of 

Clinical Chemistry, UKE, using a Hitachi 917 analyzer equipped with a Roche Jaffe 

enzymatic creatinine assay. 
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2.4 Measurement of F2-isoprostane iPF2α-VI  

Two days after MCAO induction, the mice were killed and their blood was collected and 

stored at -80 °C until analysis. The plasma isoprostane F2-isoprostane iPF2α-VI level was 

analyzed using an ELISA according to the manufacturer’s instructions (Cayman Chemical 

Europe). Samples were thawed overnight at 4°C, centrifuged at 9200 g, and subsequently 

analyzed in triplicate (50 µL aliquots). One test tube of each triplicate was spiked with iPF2α -

VI 5 ng/mL. Then, each sample was dissolved in 150 µL of acetone, incubated for 5 min at 4 

°C and centrifuged at 3000 g for 10 min. The supernatant was transferred to a clean tube 

and resuspended in 2 mL of extraction buffer (1 M monosodium citrate (NaH2C6H5O7), pH 

4.0, containing 10 % sodium chloride). The samples were then incubated for 90 min at room 

temperature. After adding 5 mL of methylene chloride, the lower fraction was transferred to a 

clean test tube. Before resuspending each sample in 1 mL of enzyme immunoassay (EIA) 

buffer, aliquots were evaporated to dryness under a stream of dry nitrogen. Subsequently, 

samples were incubated for 90 min at room temperature and ready to use.  One hundred 

microliters of bulk standard (F2-isoprostane iPF2α-VI 50 ng/mL) were transferred into a tube 

followed by a serially logarithmical dilution of the standard by removing 300 µL from the first 

into the second tube and repeating this process in the following tubes. The samples were 

then added into a 96-well plate. After incubation of the plate for 18 hours at 4 °C, Ellman’s 

reagent (5,5'-dithiobis-(2-nitrobenzoic acid)) 84 was reconstituted with 20 mL of ultrapure 

water. Subsequently, the wells were emptied five times with the resulting wash buffer. In 

order to develop the assay, 200 µL of Ellman’s reagent were placed in each well. The plate 

was covered with plastic film and placed on an orbital shaker in the dark for 120 min. 

Measurement of optical density was performed using a microtiter plate well photometer at a 

wavelength of 410 nm. Plasma concentrations of F2-isoprostane iPF2α-VI in pg/mL were 

calculated using a standard curve of authentic F2-isoprostane iPF2α-VI ranging from 50 to 

5000 pg/mL. Plasma concentrations of F2-isoprostane iPF2α-VI determined in C57BL/6 mice 

were similar to levels previously reported in these mice 85. 

 

2.5 Measurement of vascular tension 

WT male C57BL/6 mice (12-15 weeks old) were used to investigate the mechanism of action 

of HNO-induced vasorelaxation. Animals were anesthetized with carbon dioxide (CO2) and 

killed by decapitation. The thorax was opened and an intracardial injection of heparin (0.05 

ml of 10,000 IU/ml stock solution = 500 IU) was carried out about 5-10 min prior to the 

experimental protocol. The thoracic aorta was removed immediately, carefully cleaned of fat 

and connective tissue, and then cut into 3-4 mm wide transverse rings. The rings were 

placed in modified Krebs solution at pH 7.4, 37 °C under a resting optimal tension of 1.1 g, 

and a mixture of 95 % O2 and 5 % CO2 was bubbled through the solution. Isometric tension 
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was recorded using a force displacement transducer (Ingenieurbüro Jäckel, Hanau, 

Germany). The aortic rings in the bath tubes were allowed to equilibrate for 45 min. To check 

the viability of the rings, the aortic rings were pre-constricted twice with potassium chloride 

(KCl, 2 M). To assess the maximum constriction of the vessels, we performed concentration-

response curves to prostaglandin F2α (PGF2α). From the curves obtained, PGF2α 5 µM 

resulted in approximately 75-80% of the maximum PGF2α constriction. Therefore, we used 

this PGF2α concentration through all study. When the vasoconstriction curve of the rings 

reached the plateau phase of the submaximal tension, we applied NCA as HNO donor. A 

cumulative concentration-response curve of NCA from 80 pM to 80 µM was constructed and 

the tension was recorded. The percentage dilation was calculated when the vasodilator curve 

reached the plateau phase of minimum tension.  

To examine the possible targets of HNO in the vasculature, aortic rings were pre-incubated 

for 30 min with various different inhibitors after being pre-constricted with PGF2α. Only one 

inhibitor was tested in each experiment and control responses were compared with the 

responses obtained without the inhibitor within each ring. Since two consecutive 

concentration-response curves to NCA were generated for each aortic ring, the appropriate 

time-control experiment was performed (i.e. two consecutive concentration-response curves 

to NCA in the absence of the inhibitor). In one experiment, different inhibitors were added 

together to check their possible additive effect in the aortic rings.  

The metal chelator diethylene triamine pentaacetic acid (DTPA) was always added to the 

buffer solution to limit the conversion of HNO to NO. 

 

2.6 Mouse model of atherosclerosis 

To investigate the role of the endothelium in the effect of NCA, two models of damaged 

endothelium were used. In the first model, endothelium was removed mechanically by 

inserting a stainless steel wire and gently rubbing the luminal side of the vessel 86. In the 

second model, ApoE-/- mice were used 87. The ApoE-/- mice were characterized by elevated 

plasma cholesterol and were provided by Prof. Dr. rer. nat. Dipl.-Biochem. Jörg Heeren, 

Department of Biochemistry, UKE. Verification of the endothelial damage ex vivo was 

confirmed in both models by failure of the vessel to relax in the presence of acetylcholine 

(ACh).  

 

NCA was dissolved in dimethyl sulfoxide (DMSO) and stock solutions were kept frozen until 

use and protected from light. The structure and purity of NCA were always checked after its 

synthesis by King Laboratories (Department of Chemistry, Wake Forest University, Winston-

Salem, North Carolina).  
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2.7 Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM), with n indicating the 

number of animals in each experiment. A statistical comparison of urinary levels of F2-

isoprostanes 8-iso-PGF2α, levels of F2-isoprostane iPF2α-VI in the blood and systolic blood 

pressure was carried out using Student’s t-test. The effects of NCA were analysed 

statistically by a repeated-measure analysis of variance (ANOVA) followed by the 

Bonferroni's post-test. A probability of less than 0.05 was considered to be significant.  

The analysis of the data and plotting of the figures were performed using Graphpad Prism 

4.0 software.  

 

2.8 Animals 

All animal care and experiments in this thesis were undertaken in accordance with German 

and European legislation regarding the use of animals for experimental protocols and all 

efforts were made to minimize animal suffering and to reduce the number of animals used.  

 

2.9 Buffer recipes 

Phosphate buffer  

Dipotassium phosphate (K2HPO4)   13.3 g  

Potassium dihydrogen phosphate (KH2PO4) 32.22 g  

Sodium azide (NaN3)     0.5 g 

Sodium chloride (NaCl)    29.2 g   

Ultrapure water at pH 7.4    q.s. 1000 mL  

 

Extraction buffer  

According to manufacturer’s instructions 

 

Modified Krebs solution 

Sodium chloride (NaCl)     11.6 g  

Potassium chloride (KCl)     0.7 g 

Calcium chloride (CaCl2)    0.7 g 

Magnesium sulfate (MgSO4)    0.6 g  

Potassium dihydrogen phosphate (KH2PO4) 4.2 g  

Sodium bicarbonate (NaHCO3)   0.3 g  

Glucose (C6H12O6)     4.0 g 

Ultrapure water at pH 7.4    q.s. 2000 mL  
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2.10 Chemicals 

1H-[1,2,4]oxadizolo[4,3-a]quinoxalin-1-one   Sigma GmbH, Steinheim, Germany 

(ODQ)    

1-Nitrosocyclohexyl acetate (NCA)    Wake Forest University, Alabama, USA 

2,3,4,5,6-pentafluorobenzyl bromide (PFB)   Merck KgaA, Darmstadt, Germany 

16,17,18,19-[2H4]-iPF2α-III    Cayman Chemical, Tallinn, Estonia 

4-aminopyridine (4-AP)    Sigma GmbH, Steinheim, Germany 

Acetone ((CH3)2CO)     Cayman Chemical, Michigan, USA 

Acetonitrile (CH3CN)     Sigma GmbH, Steinheim, Germany 

Acetylcholine (ACh)     Sigma GmbH, Steinheim, Germany 

Angeli’s Salt (Na2N2O3)    Cayman Chemical, Michigan, USA 

Calcitonin gene-related peptide receptor  

fragment 8-37 (CGRP 8-37)    Sigma GmbH, Steinheim, Germany 

Calcium chloride (CaCl2)    Merck KgaA, Darmstadt, Germany 

Diethylenetriamine pentaacetic acid (DTPA)  Merck KgaA, Darmstadt, Germany 

Dimethyl sulfoxide (DMSO)    Merck KgaA, Darmstadt, Germany 

Dipotassium phosphate (K2HPO4)   Merck KgaA, Darmstadt, Germany 

Ellman‘s reagent  

(5,5'-dithiobis-(2-nitrobenzoic acid)    Cayman Chemical, Michigan, USA 

Ethanol (C2H5OH)     Merck KgaA, Darmstadt, Germany 

Glibenclamide      Sigma GmbH, Steinheim, Germany 

Glucose (C6H12O6)     Merck KgaA, Darmstadt, Germany 

Heparin       Ratiopharm GmbH, Ulm, Germany 

Hydrogene chloride (HCl) 30% (v/v)   Merck KgaA, Darmstadt, Germany 

Iberiotoxin      Sigma GmbH, Steinheim, Germany 

Isoprenaline (C11H17NO)    Sigma GmbH, Steinheim, Germany 

Magnesium sulfate (MgSO4)    Merck KgaA, Darmstadt, Germany 

Methanol (CH4O)     Merck KgaA, Darmstadt, Germany 

Methylene chloride (CH2Cl2)    Merck KgaA, Darmstadt, Germany 

N,N-Diisopropylethylamine, or Hünig's base  

(C8H19N)      Merck KgaA, Darmstadt, Germany 

N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)  Merck KgaA, Darmstadt, Germany 

Potassium chloride (KCl)     Merck KgaA, Darmstadt, Germany 

Potassium dihydrogen phosphate (KH2PO4) Merck KgaA, Darmstadt, Germany 

Prostaglandin F2α (PGF2α)    Sigma GmbH, Steinheim, Germany 

Reduced glutathione (GSH)     Sigma GmbH, Steinheim, Germany 

Sodium azide (NaN3)     Merck KgaA, Darmstadt, Germany 
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Sodium bicarbonate (NaHCO3)   Merck KgaA, Darmstadt, Germany 

Sodium chloride (NaCl)    Merck KgaA, Darmstadt, Germany 

Monosodium citrate (NaH2C6H5O7)   Cayman Chemical, Michigan, USA 

Tetraethylammonium chloride (TEA)   Sigma GmbH, Steinheim, Germany 

Tetrahydro-2-furanyl-9H-purin-6-amine (SQ 22536) Sigma GmbH, Steinheim, Germany 

 

2.11 Consumables 

1,5- and 2-mL Eppis      Eppendorf AG, Hamburg, Germany 

10-, 100- and 1000 µL pipette tips   Sarstedt AG Co, Nümbrecht, Germany 

10-, 100-, and 1000 µL pipettes    Eppendorf AG, Hamburg, Germany 

15 mL Falcon tubes      Sarstedt AG Co, Nümbrecht, Germany 

25 mL serological pipettes     Sarstedt AG Co, Nümbrecht, Germany 

5000 µL pipette tips      Eppendorf AG, Hamburg, Germany 

Centrifugation tubes 15 mL     Sarstedt AG Co, Nümbrecht, Germany 

Culture dishes 100 mm suregrip    Sarstedt AG Co, Nümbrecht, Germany 

Glass envelopes      Schott AG, Mainz, Germany 

Latex gloves       Kimberly-Clark, Zaventem, Belgium 

 

2.12 Equipment 

-80 °C Freezer      Kryotec, Hamburg, Germany 

-20 °C Freezer      Liebherr, Rostock, Germany 

4 – 8 °C Fridge      Liebherr, Rostock, Germany 

96-well plate reader Sunrise     Tecan, Crailsheim, Germany 

Accu jet pipetting aid      Eppendorf AG, Hamburg, Germany 

Analytical balance     Sartorius AG, Göttingen, Germany 

Arc lamp       Cairn Research, Kent, United Kingdom 

Balance       Sartorius AG, Göttingen, Germany 

Benchtop centrifuge Rotina 35 R    Hettich, Tuttlingen, Germany 

Chemical balance     Sartorius AG, Göttingen, Germany 

Fine dosage syringe 1 mL Omnifix F  B. Braun Melsungen AG, Melsungen, 

Germany 

Force transducer Model TM50    Ingenieurbüro Jäckel, Hanau, Germany 

GC-MS       Varian, Walnut Creek, USA 

Hood with laminar vertical airflow    Heraeus, Hanau, Switzerland 

Ice machine Scotsman AF10    Scotsman Ice Systems, Boksburg, USA 
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Magnetic stirrer  Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

Metal hooks   Self-made by Center for Molecular 

Neurobiology Hamburg, Germany 

Micro centrifuge 5415 R     Eppendorf AG, Hamburg, Germany 

Orbital Shaker Heidoplh Titramax 101  Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany  

Organ Chamber   Glasbläserei Brunswieg, Hamburg, 

Germany 

pH-meter, digital      Knick, Berlin, Germany 

Scalpel       Bayha GmbH, Tutlingen, Germany 

Stereomicroscope      Carl Zeiss, Jena, Germany   

Surgical forceps  Fine Science Tools GmbH, Heidelberg, 

Germany 

Surgical scissors   Fine Science Tools GmbH, Heidelberg, 

Germany 

Tail-cuff plethysmograph TSE 209000  TSE Systems, Bad Homburg, Germany 

Ultra-Pure Water System     Millipore, Schwalbach, Germany 

Vortexer Reax top   Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany  

Water quench   Lauda Dr. R. Wobser GmbH, Lauda-

Königshofen, Germany 

 

2.13 Software  

BeMon 2.61  Ingenieurbüro Jäckel, Hanau, Germany 

BeMon Auswertung 2.61    Ingenieurbüro Jäckel, Hanau, Germany 

ChemStation      Varian, Walnut Creek, USA 

Endnote X3      Thomson Reuters, New York, USA 

GIMP 2.6.6      GNOME Foundation, Groton, USA 

Magellan Data Analysis Software   Tecan, Crailsheim, Germany 

Office Excel 2007     Microsoft Corporation , Redmond, USA 

Office Word 2011     Microsoft Corporation , Redmond, USA 

Prism 4.0   GraphPad Software Incorporate, La Jolla, 

USA 

Windows XP Professional    Microsoft Corporation , Redmond, USA
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3 Results 

3.1 Nitroxyl exacerbates oxidative stress in vivo after MCAO induction 

Oxidative stress plays a central role in neuronal death in response to cerebral ischemia. 

Because HNO has been shown in vitro to mediate neuroprotection in part by scavenging 

oxidative stress, we thought to investigate the role of HNO in an in vivo mouse model of 

cerebral ischemia. In vivo, oxidative stress can be accurately measured by quantifying 

urinary excretion or plasma levels of F2-isoprostanes. Therefore, we measured F2-

isoprostane 8-iso-PGF2a excretion in urine and F2-isoprostane iPF2a-VI in blood in healthy 

mice and in mice subjected to MCAO. F2-isoprostane 8-iso-PGF2a excretion in urine, 

collected over a 6 h-period 1 day after MCAO induction was significantly elevated in mice 

injected with AS immediately prior to MCAO, compared to control mice (28.9 ± 2.7 ng/mg 

creatinine vs. 8.1 ± 5.3 ng/g creatinine; p < 0.05; Figure 1, left panel). In blood collected 2 

days after MCAO, the F2-isoprostane iPF2a-VI concentrations in mice treated with AS 

displayed a trend towards higher levels compared with control mice, but this difference was 

not statistically significant (Figure 1, right panel, control 957 ± 309 pg/mL; AS 1369 ± 473 

pg/mL; p = 0.34). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Oxidative stress levels in mice subjected to MCAO after AS or vehicle injection. 

Increased levels of urinary F2-isoprostanes 8-iso-PGF2α (left panel) and blood F2-isoprostane iPF2α-

VI (right panel) in mice injected with AS. Results are expressed as mean ± SEM, n=4-9. *P<0.05 vs. 

control. 
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3.2 Nitroxyl decreases systolic blood pressure in vivo  

Because of the known vasorelaxant properties of AS 88, systolic blood pressure was non-

invasively measured immediately and 30 min after i.p. injection of either AS (40 µmol/kg) or 

vehicle (10 mM NaOH). Blood pressure did not differ significantly immediately after AS 

injection (control 85 ± 14 mmHg; AS 76 ± 16 mmHg; p = 0.24; Figure 2, left panel). However, 

after 30 min we observed a decrease of approximately 30 mmHg (Figure 2, right panel, 

control 88 ± 22 mmHg; AS 57 ± 6 mmHg; p < 0.01). These results indicate a decreased 

blood perfusion associated with AS treatment, as expected.  

 

 

 

 

 

 

 

 

 

 
Figure 2: Systolic blood pressure levels in mice subjected to MCAO after AS or vehicle 

injection. Decreased systolic blood pressure after 30 min in mice injected with AS. Results are 

expressed as mean ± SEM, n=6. **P<0.01 vs. control.  

 

3.3 Nitroxyl induces vasorelaxation in large arteries 

Aortic rings isolated from WT mice were exposed to increasing concentrations of NCA (80 

pM to 80 µM). NCA caused a concentration-dependent vasorelaxation in these vessels with 

an EC50 of 4.4 µM (n= 4-6, Figure 3A). The dependence of NCA-induced vasorelaxation on 

HNO was supported by the lack of effect observed with a structurally similar t-butyl ester of 

NCA, which does not hydrolyze to HNO, and DMSO, the vehicle for NCA (data not shown). 

In previous work, it has been suggested that HNO can be oxidized to NO via CuZn-SOD 83. 

Therefore, to distinguish the effects of HNO from those of NO, we used glutathione (GSH) as 

thiol agent, because thiols act as a potent scavenger of HNO while having little effect on NO 
15, 67. Sodium nitroprusside (SNP) was used as an NO donor and GSH effect on SNP was 

compared to that of NCA. Addition of GSH (1 mM) to the extracellular medium resulted in ≈ 

50% decrease in NCA (80 µM)-induced relaxation (n= 4-6, Figure 3A), while it had no effect 

on SNP-stimulated aortic rings (n= 4-6, Figure 3B). GSH itself caused no relaxation (data not 

shown). These results suggest that HNO is not converted to NO and that the effector species 

that induces vasorelaxation is HNO, rather than NO. 
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Figure 3A: Concentration-dependent effects of NCA in the absence or presence of GSH in wild-

type mice aortic rings. GSH reduced the NCA-mediated vasorelaxation. The rings were pre-

contracted with PGF2α (5 µM). The relaxation effects were expressed as mean percentage ± SEM of 

decrement to the submaximal tension caused by PGF2α, n=4. ***P< 0.001 vs. control. 

 

  
Figure 3B: Concentration-dependent effects of SNP in the absence or presence of GSH in wild-

type mice aortic rings. GSH did not modify SNP-mediated vasorelaxation. The rings were pre-

contracted with PGF2α (5 µM). The relaxation effects were expressed as mean percentage ± SEM of 

decrement to the submaximal tension caused by PGF2α, n=4. *P< 0.05 vs. control. 

 

3.4 Signal transduction pathways in nitroxyl-mediated vasorelaxation  

The mechanism of vasorelaxation induced by HNO released during the decomposition of 

NCA was deduced using a panel of pharmacologic inhibitors on aortic rings isolated from WT 

mice. 

 

 

B
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Role of sGC pathway in the vascular effects of nitroxyl  

Nitric oxide (NO) activates the cytosolic enzyme sGC which catalyses the conversion of GTP 

to cGMP to induce vasorelaxation 89. Therefore, the selective sGC inhibitor 1H-

[1,2,4]oxadizolo[4,3-a]quinoxalin-1-one (ODQ, 5 µM) 72 was used to investigate the possible 

involvement of sGC in NCA effect. ODQ shifted the concentration-response curve of NCA to 

the right by ~1/2 an order of magnitude thereby reducing vasodilation effects (n= 6, Figure 

4A) which is consistent with prior findings 91, 68, 93. Since a previous study in aortae isolated 

from mice indicated that ODQ causes a concentration-dependent inhibition of HNO-mediated 

vasorelaxation 91, we tested a higher concentration of ODQ (10 µM) in this setting. ODQ 

failed to abolish NCA-induced vasorelaxation (data not shown). Therefore, we examined 

cGMP-independent mechanisms to investigate NCA-induced vasorelaxation.  

  

 
Figure 4A: Involvement of sGC in the vascular effects of NCA. Concentration-dependent effects of 

NCA in presence of ODQ, a sGC inhibitor. ODQ decreased NCA-mediated vasorelaxation. The 

relaxation effects were expressed as mean percentage ± SEM of decrement to the submaximal 

tension caused by PGF2α, n=4 ** P< 0.01 vs. control. 

 

 

Role of AC pathway in the vascular effects of nitroxyl 

β1-adrenergic stimulation leads to the activation of adenylyl cyclase (AC) resulting in an 

increase in intracellular cyclic adenosine monophosphate (cAMP) levels and subsequently in 

the activation of Protein Kinase A leading vasorelaxation 93. To investigate whether HNO 

effects are in part mediated by AC stimulation we used tetrahydro-2-furanyl-9H-purin-6-

amine (SQ 22536, 100 µM 94), a selective blocker of AC 95. As control, we administered the β-

adrenergic agonist isoprenaline. While SQ 22536 completely blocked aortic ring relaxation 

induced by activation of AC via isoprenaline (data not shown), it had no influence on the 

vasorelaxation induced by NCA (n= 6, Figure 4B), suggesting that AC is not a target of HNO 

in the vasculature.  
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Figure 4B: Involvement of AC in the vascular effects of NCA. Concentration-dependent effects of 

NCA in presence of SQ22,536, an AC inhibitor. SQ22,536 did not modify NCA-mediated vasorelaxation. 

The rings were precontracted with PGF2α (5 µM). The relaxation effects were expressed as mean 

percentage ± SEM of decrement to the submaximal tension caused by PGF2α, n=4-6. P> 0.05 vs. 

control. 

 

Role of K+ channels in the vascular effects of nitroxyl  

Several potassium (K+) channels play a major role in the regulation of vasculature tone 96. To 

investigate whether these channels were involved in the action of NCA, we added to the 

organ bath the unselective K+ channel blocker tetraethylammonium (TEA, 1 mM) 97. After 30 

min we observed an increase in the resting tension. The increase is a reproducibly manifest 

with a constant oscillation in the shape of a sine wave (~0.002 Hz.) This oscillation persisted 

until the end of the experimental setting. The effect of NCA was significantly reduced at NCA 

80 µM in the TEA treated group versus control (n=4, Figure 5A, Control: 95.06 ± 3.787 SEM 

vs. NCA: 59.02 ±6.55 SEM), suggesting an involvement of K+ channels in the action of HNO. 

  
Figure 5A: Involvement of K+ channels in the vascular effects of NCA. Concentration-dependent 

effects of NCA in presence of TEA, a non-selective K+ channel blocker. TEA decreased NCA-
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mediated vasorelaxation. The rings were precontracted with PGF2α (5 µM). The relaxation effects were 

expressed as mean percentage ± SEM of decrement to the submaximal tension caused by PGF2α, 

n=4. * P< 0.05 vs. control. *** P< 0.001 vs. control. 

 

 

Role of ATP-sensitive K+ channels in the veascular effects of nitroxyl  

The involvement of thiol-dependent redox mechanisms in ATP-sensitive K+ channels (KATP) 

has been demonstrated in skeletal musculature 98. Nevertheless, it is widely accepted that 

KATP are involved in the regulation of vascular tone as shown in previous work 99. The aim of 

the present experiment was to investigate whether the activation of KATP can explain in part 

the vasorelaxation effect of HNO. For this reason, we used glibenclamide (1 µM), a well-

known blocker of KATP 100. The vasorelaxation effect of NCA was not affected by the presence 

of glibenclamide (n= 6, Figure 5B), suggesting no involvement of KATP in the action of NCA.  

 
Figure 5B: Involvement of KATP channels in the vascular effects of NCA. Concentration-

dependent effects of NCA in presence of glibenclamide, a KATP channels blocker. Glibenclamide did 

not modify NCA-mediated vasorelaxation. The rings were pre-contracted with PGF2α (5 µM). The 

relaxation effects were expressed as mean percentage ± SEM of decrement to the submaximal 

tension caused by PGF2α, n=6. P> 0.05 vs. control. 

 

 

Role of high-conductance Ca2+-activated K+ channels in the vascular effects of nitroxyl  

Previous work has shown a critical role of redox modification of cysteine residues in the 

activity of high-conductance Ca2+-activated K+ channels (maxi-K) 101. To investigate whether 

HNO mediates a redox modification of maxi-K channel, we used iberiotoxin (200 nM), a 

verum from the Indian red scorpion Buthus tamulus, for the selective inhibition of maxi-K 

channels 102. As shown in Figure 5C, we observed similar effect of HNO in presence or 

absence of iberiotoxin, suggesting that maxi-K channels were not involved in the action of 

HNO.  
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Figure 5C: Involvement of maxi-K channels in the vascular effects of NCA. Concentration-

dependent effects of NCA in presence of iberiotoxin, a maxi-K channels blocker. Iberiotoxin did not 

modify NCA-mediated vasorelaxation. The rings were precontracted with PGF2α (5 µM). The relaxation 

effects were expressed as mean percentage ± SEM of decrement to the submaximal tension caused 

by PGF2α, n=6. P> 0.05 vs. control. 

 

 

Role of voltage-dependent K+ channels in the vascular effects of nitroxyl  

A thiol-based redox regulation of voltage-dependent K+ channels (Kv) has been observed in 

previous work 103. To examine a redox effect of HNO in the regulation of Kv, we used 4-

aminopyridine (4-AP; 10 µM 104) as  specific blocker of Kv channels. We observed a stable 

increase in the resting tension, indicating that 4-AP was blocking Kv. Figure 5D shows a 

significant shift to the right of the concentration-response curve of NCA, indicating an 

involvement of these channels in HNO-induced vasorelaxation. 

  

 

Figure 5D: Involvement of Kv channels in the vascular effects of NCA. Concentration-dependent 

effects of NCA in presence of 4-AP, a Kv channels blocker. 4-AP decreased NCA-mediated 

vasorelaxation. The rings were precontracted with PGF2α (5 µM). The relaxation effects were 
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expressed as mean percentage ± SEM of decrement to the submaximal tension caused by PGF2α, 

n=6. * P< 0.05 vs. control. 

 

 

Role of CGRP receptors in the effect of nitroxyl 

Calcitonin gene-related peptide is considered to be one of the most potent vasodilators in 

biological systems 105. In addition, it has been suggested that intravenous AS administration 

exerts positive cardiac inotropy via the stimulation of CGRP receptors in vivo 75. Moreover, 

elevated plasma levels of calcitonin gene-related peptide have been observed after 

intravenous administration of AS in a model of cardiac failure induced by chronic tachycardia 

pacing in vivo 88. To investigate whether HNO is able to interact with CGRP receptors in vitro, 

the calcitonin gene-related peptide receptor antagonist fragment 8-37 (CGRP 8-37, 1 µM) was 

added 30 min prior to NCA administration. Inhibition of CGRP receptors in vitro reduced the 

effect of NCA at 8 µM in the CGRP 8-37-treated group vs. control (n=4, Figure 6, NCA: 47.66 ± 

14.27 SEM vs. control: 90.97 ± 7.20 SEM), suggesting an involvement of CGRP receptors in 

the mode of action of HNO.  

 
Figure 6: Involvement of CGRP receptors in the vascular effects of NCA. Concentration-

dependent effects of NCA in presence of CGRP8-37, a CGRP receptor antagonist. CGRP8-37 decreased 

NCA-mediated vasorelaxation. The relaxation effects were expressed as mean percentage ± SEM of 

decrement to the submaximal tension caused by PGF2α, n=4. * P< 0.05 vs. control. 

 

 

Effect of blocking sGC, CGRP receptors and K+
v channels 

Because sGC, voltage-dependent K+ channels and CGRP receptors were involved in the 

HNO-mediated vasorelaxation, we thought whether blocking these three targets could 

abolish HNO effect. Therefore, we added in the organ bath, at the same time and 30 min 

prior to NCA administration, ODQ (5 µM), 4-AP (10 µM) and CGRP8-37 (200 nM). This 

resulted in an increase in resting tension and, as shown in Figure 7, a sub-maximal 
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abolishment of the vasodilation effect of NCA, indicating that more possible targets are 

involved in the mechanisms of HNO. 

 
Figure 7: Inhibition of sGC, CGRP receptors and voltage dependent K+ channels. Concentration-

dependent effects of NCA in presence of ODQ (5 µM), 4-AP (10 µM) and CGRP8-37 (200 nM). The 

three inhibitors reduced but not abolished NCA-mediated vasorelaxation. The relaxation effects were 

expressed as mean percentage ± SEM of decrement to the submaximal tension caused by PGF2α, 

n=4. *** P< 0.001 vs. control. 

 

3.5 Nitroxyl induces vasorelaxation in ApoE-/- mice 

Since the groundbreaking work of Furchgott 86 showing that endothelium is critical for the 

regulation of vasotone, it is widely accepted that NO formation in the endothelium leads to 

cGMP activation and subsequently to vasodilation 106. To examine the effect of the 

endothelium in the HNO-mediated vasorelaxation, we compared the effect of NCA on aortic 

rings isolated from WT and ApoE-/- mice and in endothelial-denuded aortae. NCA (80 pM to 

80 µM) caused a concentration-dependent vasorelaxation that was similar in all groups 

(EC50: 4.4 µM, n=6, Figure 8A), suggesting that HNO acts independently of the endothelium. 

We showed damage of the endothelium in ApoE-/- mice and in mechanically denuded aortic 

rings by measuring the dilatory response of isolated vessels in presence of acetylcholine 

(ACh). The effect of ACh was significantly reduced at NCA 80 µM in ApoE-/- vs. control (n=4, 

Figure 8B, ApoE-/- : 43.35 ±9.30 SEM vs. control: 79.58 ±3.67 SEM). We observed similar 

results in endothelium-removed mice vs. control (n=4, Figure 8B, ApoE-/- : 17.86 ±3.97 SEM 

vs. control: 79.58 ±3.67 SEM). These results suggest a significant damage of the 
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endothelium in ApoE-/- mice and in mechanically denuded aortic rings with subsequent 

endothelial dysfunction.  

Figure 8A: Comparison of the vasodilator effects of NCA in healthy and damaged vasculature. 

NCA at increasing micromolar concentrations caused a potent and similar vasorelaxation of intact 

endothelium as well as damaged endothelium (ApoE-/- mice and mechanically endothelium-denuded 

aortae). The relaxation effects were expressed as mean percentage ± SEM of decrement to the 

submaximal tension caused by PGF2α, n=4-6. 

 

 

 
Figure 8B: Endothelial damage confirmed by failure of the vessel to relax, either partly or 

completely, in presence of acetylcholine (ACh). ACh effect was significantly reduced in ApoE-/- and 

in the endothelium-removed aortae. The relaxation effects were expressed as mean percentage ± 

SEM of decrement to the submaximal tension caused by PGF2α, n=4-6. §§§ P< 0.001 -endothelium 

vs. wild-type ** P< 0.01 ApoE-KO vs. wild- type. 
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4 Discussion 

Previous in vitro reports have shown that HNO mediates neuroprotection by downregulation 

of excessive NMDA-evoked responses with subsequent decrease of excessive Ca2+ influx, 

therefore leading to decreased apoptotic signal cascades 60. In addition, HNO has been 

shown to react directly with oxidants and to possess antioxidant properties 107. Therefore, the 

ability of HNO to modulate NMDA receptor activity in vitro, in parallel with its ability to interact 

and scavenger oxidants, led us to hypothesize that HNO effects could apply as well to an in 

vivo model of cerebral ischemia. As in vivo mouse-stroke model, we used MCAO that is the 

most frequently used method to mimic permanent or transient focal cerebral ischemia in 

rodents 108, 109. In collaboration with the Department of Neurology, UKE, we found that 

systemic administration of HNO has a detrimental effect in MCAO leading to an increased 

infarct size and an exacerbated persistent neurological deficit. In the first part of the present 

thesis, my main focus was to find possible explanations for the observed detrimental effects 

of HNO in this cerebral ischemia model. We found that increased isoprostanes levels in 

serum and urine, and reduced blood pressure in vivo were the cause for the observed HNO 

effects. Therefore, our current in vivo findings do not support the in vitro observations 

mentioned above. Oxidative stress is involved in ischemic neuronal death 110 and 

compromise of antioxidant mechanisms increase infarct size in animal models of ischemic 

stroke 111. The nucleophilicity of HNO may accelerate the depletion of antioxidant reserves, in 

particular via oxidation of sacrificial thiol pools such as GSH 55. In ischemic conditions where 

the oxygen levels are reduced, it is reasonable that oxidants formation should be increased. 

GSH is necessary to reduce oxidants formation even in healthy systems 112. Therefore, 

depletion of GSH by HNO could lead to increased oxidants levels, augmented lipid 

peroxidation and thus elevation of isoprostanes levels. Furthermore, HNO may increase 

oxidative inflammatory interactions at the level of cerebral vessels, leading to an increased 

recruitment-extravasation of neutrophils and monocytes into ischemic brain parenchyma. An 

additional burden of leukocytic infiltrants would serve to worsen the severity of the injury and 

increase lesion size 113.  Feelisch and his group have already proposed a similar mechanism 

mediated by HNO during myocardial ischemia reperfusion 15. Indeed, HNO was thought to 

exacerbate myocardial ischemia reperfusion injury through endothelial thiol oxidation and 

resultant increased neutrophil adhesion in afflicted zones 114. However, further investigations 

are needed to determine whether these or other mechanisms may be contributing to injury in 

our experimental model.  

Hypotension or drop of blood pressure in the arteries is aggravating clinical outcome of acute 

ischemic stroke 115. Because HNO is known to be a potent vasorelaxant molecule 26, 76, 91, 

we sought to investigate whether these effects were preserved during vascular diseases 
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where it is observed damage in the endothelium.  Figure 8A shows that HNO maintains its 

vasorelaxant effect in two different models of endothelium injury suggesting that HNO acts 

independently of the endothelium. Therefore, HNO-mediated hypotension in this model of 

cerebral ischemia-reperfusion injury may explain at least part of the deleterious neuronal 

effects of HNO. These results are in accordance with the view that HNO maintains its 

vasorelaxant effects during oxidative stress as shown by Leo were HNO effects were 

preserved in diabetes-induced oxidative stress 116. In addition to the hypotensive effects, 

HNO may have local action on brain tissue. Indeed, HNO may enter into the brain by two 

possible mechanisms, disruption of the blood-brain barrier after cerebral ischemia, and 

significant increase in blood-brain barrier permeability after HNO administration 117, 118. 

Further investigations are needed to verify this hypothesis.   

The second part of my thesis was to elucidate the signaling pathway of HNO-mediated 

vasorelaxation. In large conduit arteries, mechanisms in addition to sGC activation are 

unknown 26. The vasodilator effects of HNO on aorta were partially decreased by ODQ, 

suggesting contribution of sGC. This finding is consistent with prior reports 91, 68. The 

underlying molecular mechanism is considered to be the activation of the ferrous but not 

ferric heme part of sGC 17. Nevertheless, a study by Zeller indicates that HNO first requires 

oxidation to NO by SOD prior to appreciable activation of purified or endothelial sGC 119. 

These findings suggest that HNO can activate sGC, yet intracellular oxidation of HNO to NO 

cannot be excluded. However, since ODQ failed to abolish HNO-induced vasorelaxation, the 

HNO effect may occur, at least in part, through a cGMP-independent mechanism and led us 

to examine several alternative pathways. CGRP, a potent relaxation-promoting peptide, has 

been implicated in HNO-mediated coronary vasodilation ex vivo and the CGRP-receptor 

antagonist suppressed the maximum vasodilator response to HNO by ~30% 76. In our 

setting, CGRP8-37 reduced the vasodilator response to HNO, suggesting that CGRP 

contribute partially to the vasorelaxation effect of HNO in isolated aortic rings.  K+ channels 

are a diverse and ubiquitous family of membrane proteins that play key roles in cellular 

signaling processes, such as smooth muscle contraction 120. In vascular smooth muscle 

cells, opening K+ channels promotes K+ efflux, membrane repolarization, and closure of 

voltage-dependent Ca2+ channels, leading to relaxation. A wide variety of active intracellular 

messengers modify the activity of K+ channels, including cGMP-dependent protein kinase 121. 

Although at least four distinct types of K+ channels are expressed in vascular smooth muscle 

cells, the vasodilator response to HNO was significantly inhibited by the non-selective K+ 

channel blocker tetraethylammonium chloride and the selective Kv blocker 4-aminopyridine. 

By contrast, the KATP blocker glibenclamide or the maxi-K blocker iberiotoxin had no effect on 

NCA vasodilation. The exclusive involvement of Kv channels observed in the present study is 

consistent with similar findings in rat mesenteric arteries 92, but in contrast to that in the 
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coronary vasculature where an involvement of KATP has been demonstrated 68. Whether HNO 

activation of K+ channels is direct or cGMP-dependent remains to be elucidated; HNO-thiol 

interactions could enable the direct modulation of Kv channels independently of cGMP 68. 

Overall, the involvement of sGC, CGRP and Kv channels in HNO-induced vasorelaxation is 

consistent with previous reports 76. 

In summary, the present thesis has shown that HNO has a detrimental effect in an in vivo 

mouse-stroke model by increasing systemic oxidative stress and reducing blood pressure. 

The ability of HNO to reduce blood pressure was found to occur through a variety of 

pathways. 

 

Limitations of the present study 

 

It should be noted that despite many promising pre-clinical trials, no drugs are clinically used 

for neuroprotection in stroke 122. This drawback leads to the investigation of neuroprotective 

agents 123. A posteriori, the idea of improving the neurological outcome after MCAO by 

inactivating only one receptor, especially in complex medical conditions such as stroke, 

appears to be daring. Beyond this point, there are several methodical reasons that make it 

difficult to interpret our results. In our study there is no evidence that HNO released from 

Angeli´s salt was transported by the blood stream to the brain. In addition, there is no 

evidence for its passage through the blood-brain barrier. Temporary occlusion of the middle 

cerebral artery by insertion of a monofilament into the external carotid artery and advanced 

into the middle cerebral artery was initiated immediately after injection of AS to the mouse. 

The filament was removed after 1 h. Given that AS possess a half-life of 2.5 min and the 

intervention lasted for 1 h, it is unlikely that HNO would reach the neurons and enhance 

reperfusion damage. Thus, any consideration about the direct influence of HNO on neuronal 

damage is speculative. To provide evidence, AS should be isotopically labeled and its 

kinetics after intraperitoneal injection should be observed via positron emission tomography. 

However, the characterization of the pharmacokinetics of an agent with a half-life of 2.5 

minutes will be very difficult. Nevertheless, assuming that AS/HNO does reach and pass 

through the blood-brain barrier, we were not able to show that the NMDA receptor is 

modulated in vivo by HNO. Studying NMDA receptor activity in vivo is very difficult and 

currently no methods are available to measure it.  

Administration of AS was performed prior the induction of stroke. In clinical conditions, 

however, application of a neuroprotective agent for preventing cerebral ischemia reperfusion 

injury would be performed after stroke and before lysis. If we could have administered AS 

after middle brain artery occlusion, it could have been impossible for AS to reach the 

infarcted area, as mice have an insufficient circulus arteriosus cerebri willisii (the reason why 
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they are preferred for generating reproducible neuronal damage 124). Unfortunately, so far all 

animal models of stroke lack portability to clinical situations. Thus, the implementation of new 

animal models of stroke could be a promising undertaking.  

Regarding the elevated isoprostanes levels, it must be mentioned that although iPF2a species 

are very specific markers for oxidative stress, they are unusable to determine its place of 

formation. The short half-life of AS and the intraperitoneal application suggests HNO release 

and possible harmful effects in intraperitoneal organs such as the bowels and liver. One way 

to prove it could be to monitor organ-specific biomarkers, like alanine aminotransferase or 

gamma glutamyltransferase, or to measure the effect of intraperitoneal application of AS on 

the iPF2a levels without MCAO induction. In addition, the measurement of more neuron-

specific markers of oxidative stress, like neurofurans may be an option 125. 

Despite the various methodological problems occurred in the present thesis, we show that 

AS is harmful in ischemic stroke. However the exact mechanisms still remain unclear and 

demand further investigations.  

Regarding the investigation of NCA effects and mechanism of action in the vasculature, I felt 

confident with the organ bath measurements, since this methodology is robust and well 

established. However, there are some points worth noting that make the interpretation of the 

results difficult. 

After adding ODQ to the organ bath, I observed an increase in the resting tension of the 

aortic rings. It suggests that the inhibitor has reached its target molecule, in this case sGC. 

However, an elevated resting tension means that the vasodilator has to act against a greater 

force compared to the control group. Therefore, the observed influence on the mode of 

action of HNO could in part be explained simply by the increase in the resting tension. It 

explains why the starting conditions in the control and in the treated group might be different. 

An alternative setting could be to administer the inhibitor first, followed by a titration of PGF2a. 

In this case, it would be possible to equalize the resting tension in both control and treated 

group. However, also in this case, the starting conditions will be different with respect to 

PGF2a concentrations.  

In contrast, inhibitors like iberiotoxin did not result in a change of the resting tension. It could 

be due to counter-regulation, such as the improved activation of sGC. Nevertheless, in this 

experimental setting there is no evidence for a blockage of Ca2+ channels by this inhibitor. 

Patch clamp techniques and x-ray crystal analysis may be useful tools to provide more 

evidence in the HNO-mediated activation of ion channels. 

Concentration-response curves of NCA were obtained in the range from 80 pM to 80 µM. It is 

stated that NCA releases NO per se, but less than 1 % of total. Nonetheless, at 80 µM this 

equates to several hundred pM of NO. At this concentration, NO likely may have a 

vasorelaxant effect. Further experiments have been conducted by our workgroup in the 
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presence of an NO-scavenger like 2-4-carboxyphenyl-4,4,5,5-tetramethylmidazoline-1-oxyl-

3-oxide (carboxy-PTIO). No reduction in NCA-mediated vasodilation could be shown. 

Another possibility is to perform fluorescence-activated cell sorting (FACS) analysis in 

smooth muscle cells incubated with NO-scavengers in direct comparison with direct NO-

donors. 

We were able to show an HNO-mediated effect via a CGRP pathway in vitro 126. However, 

we have no evidence for the underlying molecular process of this observation. Several 

mechanisms are possible and require intensive investigations, such as HNO-mediated 

release of CGRP from intramuscular synaptic endings, the direct activation of CGRP 

receptors or the enhancement of the downstream cascade relating to CGRP receptors.  

Another observation is that NCA-mediated vasorelaxation is reversible. Interestingly, until 

now there are no reports about mechanisms which retract the effects of HNO in vivo or in 

vitro.
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5 Summary 

Around 100 years after its discovery by the Italian chemist Angelo Angeli, nitroxyl (HNO), the 

one-electron reduced form of nitric oxide, is enjoying a renaissance. Several reports have 

shown numerous beneficial effects of HNO in the cardiovascular system, leading HNO 

releasing donor compounds to emerge as promising therapeutic reagents for treating 

cardiovascular-related diseases, with pre-clinical trials ongoing. In contrast, the role of HNO 

in the central nervous system is less well understood. In the present thesis, we have studied 

the effect of HNO using AS in a well-established model of cerebral ischemia, the middle 

cerebral artery occlusion, in mice. We demonstrate that HNO exacerbates the cerebral 

infarct size and the permanent neurological deficit in MCAO model. The increased injury was 

associated with a drop in systolic blood pressure and an increase in systemic oxidative 

stress. Importantly, the micromolar concentrations of HNO shown to be detrimental in the 

nervous system have been shown to be cardioprotective. Therefore, the presented data 

highlight the uniquely different functions of HNO in the cardiovascular and central nervous 

systems with respect to effects on ischemia-reperfusion injury. 

Furthermore, we have shown that HNO released from NCA (the newest NCA donor 

compound) lowers blood pressure through a variety of pathways, and maintain its 

vasorelaxant effect in a diseased vascular system.  

 

Rund 100 Jahre nach seiner Entdeckung durch den italienischen Chemiker Angelo Angeli 

erlebt Nitroxyl (HNO), die einfach reduzierte Form von Stickstoffmonoxid, eine Renaissance. 

Zahlreiche Arbeiten zeigten positive Effekte von HNO im kardiovaskulären System. Im 

Gegensatz dazu ist die Rolle von HNO im zentralen Nervensystem kaum verstanden. In der 

vorliegenden Arbeit wurden zunächst die Effekte von HNO beziehungsweise seines 

gängigen Donators AS in einem etablierten Schlaganfallmodell in der Maus untersucht. Wir 

konnten zeigen, dass die Größe des Schlaganfalls nach histologischen Kriterien zunahm und 

sich das klinisch neurologisch Outcome der Mäuse unter AS Applikation verschlechterte. Als 

ursächlich hierfür zeigte sich eine hypotensive Blutdrucksituation sowie eine Zunahme des 

oxidativen Stress. Die gewählte AS-Konzentration war vergleichbar mit derer, die in den 

Vorarbeiten einen kardioprotektiven Effekt gezeigt hatte.  

Zusätzlich wurde in dieser Arbeit ein neuartiger HNO Donor, namentlich NCA bezüglich 

seiner Pharmakodynamik untersucht und es konnten verschiedene Wirkmechanismen 

aufgeklärt werden über die es zu einer Vasorelaxation, auch in pathologisch veränderten 

Gefäßen, kommt.   
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6 Abbreviations  

° C       Degree Celsius 

AC      Adenyl cyclase  

ALDH-2     Aldehyddehydrogenase 2  

ANOVA     Analysis of variance  

ApoE      Apolipoprotein E  

AS      Angeli’s Salt  

ATP      Adenosine triphosphate  

Ca2+      Calcium ion  

cAMP      Cyclic adenosine monophosphate 

cGMP      Cyclic guanosine monophosphate  

CGRP      Calcitonin-related peptide  

DNA      Deoxyribonucleic acid  

EIA      Enzymeimmunoassay  

ELISA      Enzyme-linked immunosorbent assay  

eV      Electronvolt  

FACS       Fluorescence-activated cell sorting  

g      Gram 

GAPDH     Glyceraldehyde-3-phosphate dehydrogenase  

GCMS      Gas chromatography mass spectrometry 

GTP      Guanosine-5'-triphosphate 

h       Hour 

H2S      Hydrogen sulphide 

[Ca2+]i       Intracellular calcium level 

iPF2α       Isoprostane prostaglandine F2α  

IU      International Unit 

JNK      c-Jun N-terminal kinase  

K+      Potassium ion 

KATP  ATP-sensitive potassium channel 

KO      Knockout   

kV      Kilovolt 

Kv  Voltage-dependent potassium channel 

LDL      Low density lipoprotein  

m      Meter 

M      Molar 

maxi-K High conductance Ca2+ activated K+ 
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MCAO      Middle brain artery occlusion  

min      Minute 

mL      Milliliter 

mm      Millimeter 

NCA      1-Nitrosocyclohexyl acetate. 

ng      Nanogram 

nm      Nanometer 

NMDA      N-methyl-D-aspartate  

NO       Nitric oxide 

NOS      Nitric oxide synthase 

pg      Picogram 

pKa       Equilibrium constant  

q.s.       quantum satis (up to) 

ROS      Reactive oxygen species  

Ryr2      Ryanodine receptors  

s       Second 

SEM      Standard error of the mean  

SERCA   Sarcoplasmic/endoplasmic reticulum calcium 

ATPase  

sGC      Soluble guanylcyclase  

SOD      Superoxide dismutase 

SR      Sarcoplasmatic reticulum  

t1/2      Half-life 

UKE      University Medical Center Hamburg-Eppendorf 

vs.      Versus 

µL      Microliter
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