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1. List of original publications 

This thesis is based on four original publications, as well as on some previously 
unpublished data. The original publications are referred to in the text by Roman 
numerals (I-IV) and are reprinted as part of this thesis by permission of the respective 
copyright holders.  
 
 
I Väänänen, AJ; Kankuri, E; Rauhala, P. Nitric oxide –related species-induced 

protein oxidation: reversible, irreversible, and protective effects on enzyme 
function of papain. Free Radical Biology and Medicine 38(8): 1102-1111; 
2005. 

 
 
II Väänänen, AJ; Salmenperä, P; Hukkanen, M; Rauhala, P; Kankuri, E. 

Cathepsin B is a differentiation-resistant target for nitroxyl (HNO) in THP-1 
monocyte/ macrophages. Free Radical Biology and Medicine 41(1): 120-131; 
2006. 

 
 
III Väänänen, AJ; Moed, M; Tuominen, RK; Helkamaa, TH; Wiksten, M; Liesi, 

P; Chiueh, CC; Rauhala, P. Angeli’s salt induces neurotoxicity in 
dopaminergic neurons in vivo and in vitro. Free Radical Research 37(4): 381-
389; 2003. 

  
 
IV Väänänen, AJ; Liebkind, R; Kankuri, E; Liesi, P; Rauhala, P. Angeli’s salt and 

spinal motor neuron injury. Free Radical Research 38(3): 271-282; 2004. 
 

 
Due to its widespread use in the literature of the field, these studies use the term 
“nitroxyl” or HNO/NO¯ to refer to the one electron reduction form of nitric oxide 
(NO), despite the correct IUPAC name, hydrogen oxonitrate [Koppenol and 
Traynham, 1996]. 
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2. Abstract 
Since the discovery of nitric oxide (NO) as an endogenous signaling molecule, 
numerous studies have linked NO with many physiological contexts, such as vascular 
tone regulation, inflammation and neural transmission. NO is a reactive molecule, 
which can undergo reactions with other molecules, such as oxygen (O2) or the 
superoxide radical, thus generating nitrosative and oxidative species, respectively. 
These species are considered to play an important role in numerous 
pathophysiological conditions including neurodegeneration. 

 
Nitroxyl (HNO/NO¯) is the one electron reduced form of NO which under 
physiological conditions is present in the protonated form, HNO. In the recent years, 
the distinct biochemical properties of HNO have begun to emerge. Despite the 
multitude of potential biochemical pathways potentially leading to its generation, 
confirming evidence for the formation of HNO in vivo has not been shown. The high 
reactivity of HNO with thiols and metals has been well established and forms the 
chemical basis for its distinct biochemical properties. Despite numerous reports on the 
generation of oxidant species from the HNO-releasing compound Angeli’s salt, 
leading to cytotoxicity in cultured cells, as well as to modification of various types of 
biologically relevant target molecules, its potential toxicity in vivo has not been 
previously studied.  

 
Oxidative damage to cellular proteins and subsequent dysfunction of cellular 
processes, such as mitochondrial energy production and proteolytic enzymes, has 
been associated with neurodegenerative conditions. In this thesis, oxidative 
modification of proteins and lipids by HNO was assessed in controlled in vitro 
conditions, and then further expanded into cell culture experiments. The neurotoxic 
potential of HNO was also studied under in vivo conditions in rat by infusing Angeli’s 
salt directly into the substantia nigra or the intrathecal space surrounding the lumbal 
spinal cord. The toxicity was assessed by biochemical, immunocytochemical and 
behavioral markers. 

 
The results from these studies indicate that HNO, derived from Angeli’s salt, 
generates oxidants under aerobic in vitro conditions. These oxidants can hydroxylate 
salicylate, as well as cause oxidative modification of such biologically relevant target 
molecules as lipids and proteins. All these effects are probably due to autoxidation of 
HNO and are thus suppressed in the presence of glutathione (GSH), owing to the 
previously estabished higher reactivity of HNO with GSH compared to O2. Thus, 
under cellular conditions thiols, such as GSH, could protect other cellular targets from 
modification by the oxidants generated from the reaction of HNO with O2. Due to the 
generally millimolar intracellular GSH concentration, it has even been proposed that 
GSH might be the sole target for HNO when the donor concentration is kept at 
millimolar levels. However, the intracellular milieu also contains protein-bound 
thiols, which often regulate the activity of critical enzymes, or help to stabilize the 
tertiary structure of a protein. Modification of these cysteines by HNO might be 
deleterious rather than offer protection from pro-oxidative autoxidation products of 
HNO. Upon exposure to Angeli’s salt, protein cysteine thiols are modified, and 
subsequently, the activity of cysteine protease papain is dose-dependently 
compromised in vitro. Furthermore, it was noted that GSH is not a particularly potent 
agent for protecting papain against inactivation by HNO, suggesting that the active 
site cysteine could be a more sensitive target for HNO compared to the main cellular 
thiol GSH. The inhibition of mammalian cysteine protease cathepsin B by Angeli’s 
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salt-released HNO was subsequently shown in human monocyte/macrophage THP-1 
cells. In addition to cathepsin B, the ubiquitin-proteasome system and mitochondrial 
oxidative metabolism were inhibited in LPS-activated THP-1 cells. TPA-induced 
differentiation of THP-1 cells into the macrophageal phenotype was associated with a 
three-fold increase in cellular GSH content and resistance against inhibition of 
mitochondrial respiration and proteasome inhibition by Angeli’s salt. However, 
despite increased intracellular GSH content, inhibition of cathepsin B persisted, even 
after the TPA-induced differentiation of the THP-1 cells. 

 
Infusion of Angeli’s salt into the rat substantia nigra caused loss of dopaminergic 
neurons, which was evident as a dose-dependent loss of striatal dopamine 7 d after 
doses exceeding 100 nmol, while 20 nmol caused detectable tissue damage in the 
substantia nigra at 7 d after the infusion. Exposure to the structurally related 
compound SULFI/NO, which releases nitrous oxide, or to the stable degradation 
product of Angeli’s salt, NaNO2, were devoid of toxicity at 7 d following infusion 
into the substantia nigra, confirming that the observed toxicity was due to HNO 
release from Angeli’s salt upon its thermal degradation within the CNS tissue. 
Infusion of Angeli’s salt (5 µmol) into the lumbal spinal intrathecal space caused a 
transient loss of motor performance 72 h after the infusion, while the rats recovered to 
normal baseline performance by 7 d after the infusion. Changes in sensory functions 
were not noticed, suggesting that motor neurons are more sensitive to functional 
disturbances by HNO. Equimolar doses of degraded Angeli’s salt solution, 
SULFI/NO, or NO-releasing PAPA/NO did not cause changes in the motor or sensory 
performance at 3 or 7 d post infusion. 

 
In conclusion, the in vitro studies indicate that HNO-releasing Angeli’s salt is a much 
more potent generator of oxidative protein modifications compared to donors of NO 
or peroxynitrite. Furthermore, Angeli’s salt can cause lipid modifications under 
aerobic in vitro conditions, as well as potentially irreversible disturbances in cysteine 
modification sensitive processes, such as protein processing and energy production in 
susceptible cells in cell culture. Accumulation of oxidatively modified proteins, 
impaired function of proteolytic enzymes, and dysfunction of mitochondrial energy 
production are all stressful conditions for cells and they have been associated with 
neurodegeneration. The in vivo studies indicate that Angeli’s salt can cause neuronal 
death following direct infusion into the substantia nigra of a rat or temporary 
neuronal dysfunction following infusion into the lumbal intrathecal space. While the 
direct acute neurotoxic potency of Angeli’s salt is relatively low, these studies 
indicate that HNO could cause disturbances in numerous cellular processes with some 
targets, such as cysteine proteases, being more sensitive than others towards HNO-
induced modification. Thus, if formed in vivo within the central nervous system, HNO 
could contribute to stressful conditions and potentially participate in pathological 
processes leading to neurodegeneration. 
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3. List of abbreviations 

4-OH-TEMPO 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl 
6-OHDA  6-Hydroxy-dopamine 
ALS   Amyotrophic lateral sclerosis 
AMC   4-Amino-methyl-coumarine 
ATP   Adenosinetriphosphate 
l-BAPNA  N-Benzoyl-l-arginine-p-nitroanilide   
BCA   Bicinchinonic acid 
BHT   Buthylated hydroxytoluene 
BSA   Bovine serum albumin 
BSO   L-Buthionine sulphoxime 
cAMP   Cyclic adenosine monophosphate 
cGMP   Cyclic guanosine monophosphate 
CGRP   Calcitonin-gene related peptide 
CNS   Central nervous system 
DEA/NO  Diethylamine/NO complex 
DETAPAC  Diethylenetriaminepentaaceticacid 
DHBA   Dihydroxybenzoic acid 
DMSO   Dimethylsulfoxide 
DNP(H)  Dinitrophenyl(hydrazine) 
DTNB   5,5’-dithiobis(2-nitrobenzoic acid) 
DTT   Dithiothreitol 
ECL   Enhanced chemiluminescence 
EDRF   Endothelium derived relaxing factor 
EDTA   Ethylenediaminetetraacetic acid 
ELISA   Enzyme linked immunosorbent assay 
FITC   Fluorescein 5(6)-isothiocyanate 
GADPH  Glyceraldehyde 3-phosphate dehydrogenase 
GFAP   Glial fibrillary acidic protein 
GSH   Glutathione  
GSNO   S-Nitrosoglutathione 
H2O2   Hydrogen peroxide 
HEK   Human embryonic kidney (cell) 
HEPES  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 
HNE   4-Hydroxy-2-trans-nonenal 
HNO   Nitroxyl (hydrogen oxonitrate) 
HONNOH  Hyponitrous acid 
HPLC   High pressure liquid chromatography 
i.p.   Intraperitoneal 
i.v.   Intravenous 
IUPAC  International union of pure and applied chemistry 
LDH   Lactate dehydrogenase 
LPS   Lipopolysaccharide 
MAO   Monoamineoxidase 
MDA   Malondialdehyde 
MK-801  Dizocilpine 
MPTP   1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
MTT   3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid 
NADPH  Nicotinamide adenine dinucleotide phosphate, reduced form 
NaNO2   Sodium nitrite 
Na2S2O5  Sodium metabisulfite 
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NH2OH  Hydroxylamine 
NMDA  N-Methyl-D-aspartic acid 
N2O   Nitrous oxide 
N2O2¯   Hyponitrite radical 
NO    Nitric oxide 
NO2¯   Nitrite 
NO¯   Nitroxyl anion 
NOHA   NG-hydroxy-L-arginine 
NOx Nitrogen oxides 
NOS Nitric oxide synthase(s) 
O2¯ Superoxide 
·OH Hydroxyl radical 
PAPA/NO 1-Propanamine,3-(2-hydroxy- 2-nitroso-1-propylhydrazino)-

propylamine 
PARP Poly(ADP-ribose) polymerase 
PBS   Phosphate buffered saline 
PD   Parkinson’s disease 
PTIO   2-Phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide 
PUFA   Poly-unsaturated fatty acids 
PVDF   Polyvinylidene difluoride 
RNS   Reactive nitrogen species 
ROS   Reactive oxygen species 
SIN-1   3-Morpholinosydnonimine 
SDS   Sodium dodecyl sulphate 
SDS-PAGE  Sodium dodecyl sulphate – polyacryladime electrophoresis 
s.n.    Substantia nigra (pars compacta)   
SNAP   S-Nitrosoacetylpenicillamine 
SOD   Superoxide dismutase 
SULFI/NO  (E)-1-Sulfonato-diazen-1-ium-1,2-diolate 
TCA   Trichloroaceticacid 
TPA   12-O-Tetradecanoyl-phorbol-13-acetate 
TNB   2-Nitro-5-thiobenzoicacid 
TRITC   Tetramethylrhodamine isothiocyanate
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4. Introduction 

The existence of nitroxyl (HNO/NO¯) was first proposed over a century ago by the 
Italian chemist Angelo Angeli [Angeli, 1903] as a transient intermediate in the 
degradation of Angeli’s salt, which he had described a few years earlier [Angeli, 
1896]. Over half a century later, advances in technology enabled direct observation of 
HNO [Brown and Pimentel, 1958] as an intermediate in the photolysis of methyl 
nitrite in solid argon. For the following thirty years, the studies on Angeli’s salt 
degradation and HNO/NO¯ were mostly of interest to researchers of inorganic 
chemistry, as the biological role of nitrogen oxides, referred to as NOXs, was 
generally considered to be limited to environmental pollutants [Morrow, 1975] and 
the bacterial nitrogen cycle [Turk and Hollocher, 1992; Hollocher and Hibbs, 1996].  
 
Following the discovery of nitric oxide (NO) as a potent messenger molecule in the 
1980s [Palmer et al., 1987; Ignarro et al., 1988; Furchgott, 1998], interest in the 
biological properties of nitrogen oxides bloomed. During the past two decades, 
thousands of original studies, review articles, and books have addressed the biological 
effects of NO [for example, Feelish and Stamler, 1996; Wink and Mitchell, 1998; 
Guix et al., 2005], while the biochemistry of HNO, the protonated one-electron 
reduction product of NO, has been subject to only a few dozen publications [for recent 
reviews, see Fukuto et al., 2005A; Fukuto et al., 2005B; Miranda, 2005].  
  
In the early years of NO research, there was uncertainty over the species produced by 
nitric oxide synthase (NOS), and some studies suggested that NOS could actually at 
least under some specific conditions initially produce HNO rather than NO [Murphy 
and Sies, 1991; Fukuto et al., 1992; Hobbs et al., 1994; Schmidt et al., 1996]. Today, 
NO is generally accepted to be the primary species produced by NOS as initially 
proposed [Palmer et al., 1987; Ignarro et al., 1988]. Thus, one of the main reasons for 
the limited interest in HNO has been lack of solid evidence for its generation in vivo, 
partially due to the unsuitability of current measurement methods for biological 
samples. Meanwhile, most of the currently available data on the biological effects 
induced by HNO are derived from studies carried out using donor compound(s), 
which release HNO under experimental conditions. Unfortunately, at the moment 
only one commercially available compound, Angeli’s salt, has been shown to release 
HNO under physiological conditions [Angeli, 1896; Angeli, 1903; Hope and Sequeira 
1973; Maragos et al., 1991; Miranda et al., 2005]. 
 
The pioneering studies conducted on nitrogen oxides began to elucidate the distinct 
biological effects of HNO [Fukuto et al., 1992; Wink et al., 1998], identifying its 
cytotoxic properties compared to NO [Wink et al., 1998; Chazotte-Aubert et al., 1999; 
Ohshima et al., 1999A]. At the time when the first original works III and IV of this 
thesis were under preparation, several papers further characterized oxidants generated 
from Angeli’s salt under aerobic conditions [Miranda et al., 2001; Miranda et al., 
2002; Shavirovich and Lymar, 2002; Ivanova et al., 2003]. Subsequent to the 
demonstration of cytotoxicity and pro-oxidant properties of HNO, further studies 
showing markedly different, often opposing, hemodynamic responces to HNO and 
NO began to arise [Ma et al., 1999; Paolocci et al., 2001; Pagliaro et al., 2003; 
Paolocci et al., 2003]. 
 
The purpose of the studies that form this thesis was to examine the neurotoxic 
potential of HNO generated from Angeli’s salt in vivo (III and IV) and to study the 
effects of HNO on such biochemical processes in vitro and in cell culture that could 
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participate in neurotoxicity (I and II). Oxidative protein modification, such as protein 
carbonyl generation and cysteine modification, was studied in the original study I due 
to previously established carbonyl generation by peroxynitrite (ONOO¯) [Tien et al., 
1999] and pro-oxidative properties of Angeli’s salt-released HNO under aerobic 
conditions [Wink et al., 1998; Ohshima et al., 1999A; Miranda et al., 2001; Miranda 
et al., 2002; Ivanova et al., 2003]. Subsequently, due to the established reactivity of 
HNO with thiols [Wong et al., 1998; Miranda et al., 2001; Liochev and Fridovich, 
2003A; Miranda et al., 2003], the effects of HNO on cysteine modification sensitive 
enzyme, cysteine protease papain, were studied. These studies indicated that the 
activity of cysteine proteases, such as papain, can be severely compromised by HNO 
in vitro. Since HNO can modify cysteines without prior reaction with O2 [Wong et al., 
1998], such pathways are expected to be of greater importance in the intracellular 
milieu. Thus, in study II, the effects of HNO on cysteine modification sensitive 
cellular processes were determined. 
 
The following review of the literature (Chapter 5) presents some background to HNO 
and on how its biochemical properties and reactivity could result in neurotoxicity, if it 
was generated in vivo. 
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Review of the literature 

5. Review of the literature 

5.1. The chemical properties of nitroxyl (HNO/NO¯) and Angeli’s salt 

Nitroxyl (HNO/NO¯) is the commonly used name for hydrogen oxonitrate, the one 
electron reduced form of NO [Koppenol and Traynham, 1996]. The redox-
relationship and nomenclature of the nitrogen oxides is presented in scheme 1. 

Scheme 1. The various redox forms of nitrogen oxides and hydrides. The 
reactions merely indicate the relationship between the species rather than 
biologically relevant or feasible reactions. The numbers on the top row indicate 
the oxidation state of nitrogen. (NO3¯; nitrate; NO2, nitrogen dioxide; NO2¯,
nitrite; NO, nitric oxide; HNO/NO¯, nitroxyl; NH2OH, hydroxylamine; NH3,
ammonia). (Modified from Fukuto et al., 2005A.) 

The discovery of NO [Palmer et al., 1987; Ignarro et al., 1988; Furchgott, 1998], a 
small gaseous molecule, as the endothelium-derived relaxing factor (EDRF) 
[Furchgott and Zawadzki, 1980; Furchgott, 1998], led not only to a whole new 
perspective on the nature of potential messenger molecules, but also opened up a new 
field for biochemical study around nitrogen oxides.  

While NO is a gaseous compound that can be enriched, even purchased in cylinders 
and dissolved in buffer, HNO is a highly reactive molecule. Thus, studies on its 
biological and physical properties are hindered by its rapid dimerization and reactivity 
with numerous targets, including O2 [Shavirovich and Lymar, 2002]. In the absence of 
other targets, HNO undergoes dimerization, generating a labile hyponitrous acid 
intermediate, which dehydrates to yield N2O, a widely used inhalation anaesthetic, 
and H2O (Reaction 1) [Kohout and Lampe, 1965; Bazylinski and Hollocher, 1985]. 

¯ ¯

Since direct detection of HNO is not currently possible in biological systems, the 
dimerization reaction (Reaction 1) has been widely used as an indirect detection 
method due to facile detection of N2O by, for example, gas chromatographic 
separation and mass spectrometry [Bazylinski and Hollocher, 1985], from the head 
space of the reaction mixture. 

The limited number of studies on the biological effects of HNO has revealed striking 
dissimilarities between HNO and NO (see sections 5.4. and 5.5.) in numerous 
biological preparations. The different, often opposing, biological effects of HNO and 
NO are considered to be impossible [Bartberger et al., 2002; Miranda et al., 2003] if a 
readily achievable redox–balance exists between the two species, since most of the 
studies have involved massive exogenous administration of donors generating either 
NO or HNO, and the existence of such a redox-balance would thus generate a flux of 
the other partner as well [Wink et al., 1998; Ma et al., 1999]. This view is also 
supported by theoretical studies on the subject, which have concluded that the direct 
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reduction of free NO to HNO is not likely to take place under biological settings due 
to negative reduction potential of the NO/HNO and NO/NO¯–ion pairs [Bartberger et 
al., 2002; Fukuto et al., 2005A]. Likewise, the opposite reaction, oxidation of HNO to 
NO, is possibly more thermodynamically feasible, but various kinetically more 
favorable reactions, such as dimerization (reaction 1) and reactions of HNO with other 
species, including thiols, transition metals and O2 (see section 5.3.), would readily 
compete with this reaction, thus making its biological significance unlikely [Fukuto et 
al., 2005A].   
 
The discovery of the differential pharmacological and toxicological properties of 
HNO and NO has also prompted recent re-evaluation of some of its chemical 
properties. These studies have revised the pKa value, which determines the acid-base 
balance (reaction 2), and thus the protonation state, of HNO from 4.7 [Grätzel et al., 
1970] to 11.5 [Bartberger et al., 2001; Shavirovich and Lymar, 2002]. This revision 
defines that HNO, the protonated form of NO¯, is the predominant species under 
physiological pH. 
 

HNO  +  H2O  ⇄  NO¯  +  H3O+    (2) 
 
Furthermore, the balance between these species is also affected by the different spin-
states of the species involved. The ground state for HNO is a singlet, while the 
energetic ground state for the deprotonated nitroxyl anion (NO¯) is a triplet [Gallup, 
1975; Bartberger, et al. 2001]. Due to the spin-forbidden nature of the proton transfer 
(2), the equilibrium between the protonated and deprotonated forms of HNO is 
achieved much less rapidly than acid-base equilibrias in general. According to the 
current understanding on the physical properties of HNO, the biologically relevant 
form of the one-electron reduced form of NO is HNO [Bartberger et al., 2001; 
Bartberger et al., 2002; Fukuto et al., 2005A; Miranda, 2005], and therefore, in this 
study, nitroxyl will be referred to as HNO, while the older literature uses nitroxyl 
anion (NO¯) to refer to the same species. 
 
Despite the numerous potential pathways for HNO formation in vivo (see section 
5.2.), the biological role or even presence of HNO in vivo remains unknown. 
Therefore, much of the presently known functions of HNO in biological systems are 
based on studies where HNO has been exogenously generated by donor compounds.  
 
In contrast to the wide array of structurally and functionally different NO donors, only 
two commercially available donors of HNO exist. These donors, Piloty’s acid and 
Angeli’s salt, have strikingly different biochemical properties. Piloty’s acid produces 
HNO in high alkaline pH [Seel and Bliefert, 1972], while in the physiological pH the 
main degradation product is NO [Zamora et al., 1995]. HNO is also released upon 
hydroxylation of cyanamide (H2NCH) by catalase, which upon oxidation to a labile 
N-hydroxycyanamide intermediate decomposes to HNO and cyanide [DeMaster et al., 
1998]. Albeit fascinating as the molecular basis for the pharmacological treatment of 
alcohol dependency, the use of cyanamide as an HNO generator requires oxidation, 
which induces concomitant formation of the highly toxic species cyanide. Therefore, 
the only commercially available compound to reliably produce HNO at physiological 
pH is Angeli’s salt, which structurally belongs to a “NONOate” class of nitrogen 
oxide donors (see section 7.1.) [Maragos et al., 1991; Keefer et al., 1996]. 
 
Angeli’s salt was originally synthesized in the late 19th century by the Italian chemist 
Angelo Angeli [Angeli, 1896], who also suggested that its degradation produces NOH 
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[Angeli, 1903]. Decades later, the molecular mechanism for the degradation of 
Angeli’s salt, and formation of HNO instead of other isomers, was experimentally 
confirmed by substitution of the nitrogen atoms with isotope-labeled nitrogen atoms, 
followed by mass-spectrometric analysis of the products formed [Bonner and Ravid, 
1975; Bonner et al., 1981]. Recent experimental studies and quantum mechanical 
calculations have further verified that Angeli’s salt decomposes under physiological 
conditions to HNO and nitrate (NO2¯) [Dutton et al., 2004; Miranda et al., 2005]. 
Angeli’s salt releases HNO with a half-life of 2.8 minutes at 37ºC over a broad pH 
range of 4.4-8.1; at lower pH, degradation is very rapid and leads to generation of NO, 
whereas higher pH slows down the degradation enabling preparation of relatively 
stable stock solutions in dilute alkali hydroxide solutions [Bonner and Ravid, 1975; 
Hughes and Cammack, 1999]. Degradation is initiated by protonation of the oxygen 
atom at the nitroso group, which then undergoes tautomerisation to an N-protonated 
isomer that, following heterolytic cleavage of the N-N–bond, degrades into HNO and 
NO2¯ (Scheme 2) [Bonner and Ravid, 1975; Bonner et al., 1981; Dutton et al., 2004; 
Miranda et al., 2005].

Scheme 2. The degradation of Angeli’s salt is initiated by protonation of the 
oxygen of the nitroso group. Then upon isomerization of the O-protonated form, 
the N-protonated form undergoes cleavage of the N-N–bond to release HNO and 
NO2¯-ion. (Modified from Miranda et al., 2005) 

5.2. Hypothetical pathways for the formation of HNO in vivo 

As the literature on EDRF and NO started to expand, a class of enzymes that 
synthetize NO was discovered. These enzymes were thus named after their product as 
nitric oxide synthases (NOS), and today three different isoforms of NOS have been 
identified, each with specific functional properties [Ghosh and Salerno, 2003]. 

However, some studies suggested that NO might not be the primary or sole product of 
NOS activity [Hobbs et al., 1994; Schmidt et al., 1996; Rusche et al., 1998; Adak et 
al., 2000], as, for example, the oxidant superoxide dismutase (SOD) was shown to 
increase the yield of NO from NOS [Hobbs et al., 1994; Schmidt et al., 1996]. This 
led to the hypothesis that NOS might not actually produce NO directly, but rather 
some intermediate product, which was subsequently converted into NO. The isoforms 
of SOD are known for their function in reduction of superoxide (O2¯) to hydrogen 
peroxide (H2O2). In addition, SOD has been proposed under specific in vitro
conditions to catalyze reversible conversion of HNO to NO [Murphy and Sies, 1991; 
Liochev and Fridovich, 2001].  

The increased response to EDRF in the presence of SOD can also be explained by the 
increased bioavailability of NO, due to reduced reaction with O2¯ [Ignarro et al., 
1988; Gryglewski et al., 1990]. Nevertheless, these initial works on the nature of 
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EDRF provided evidence favoring generation of HNO by NOS under specific 
conditions, such as by tetrahydrobiopterin co-factor deficient NOS [Rusche et al., 
1998; Adak et al. 2000]. Therefore, while conclusive evidence exists to support 
formation of NO by NOS in vivo, the possibility that HNO could be formed, 
especially under pathological conditions such as ischemia/reperfusion injury or 
inflammation cannot be ruled out.  
 
An additional pathway involving NOS in the generation of HNO has also been 
proposed. During the NOS-catalyzed synthesis of NO from L-arginine, a NG-hydroxy-
L-arginine (NOHA) intermediate product can become decoupled from the enzyme, or 
even released from the cell [Hecker, et al. 1995]. NOHA can give rise to HNO 
following oxidation by various oxidants, such as copper or peroxidase/H2O2 system 
[Fukuto et al., 1993A; Yoo and Fukuto, 1995; Cho et al., 2003; Donzelli et al., 2006]. 
 
Pathways not directly dependent on NOS enzyme have also been suggested for the 
formation of HNO. Upon characterization of reactions between S-nitrosothiols and 
thiols, it was noted that in addition to the classic transnitrosation (Reaction 3) [Hogg, 
1999], more complex reactions can also take place [Wong et al., 1998].  
 

R1-SNO  +  R2-SH  ⇄  R1-SH  +  R2-SNO  (3) 
 

Although the pathways for the formation of S-nitrosothiols have not been throughly 
defined, several potential pathways for their formation have been suggested, such as 
by reaction of thiols with dinitrogen trioxide (N2O3), formed by reaction of NO with 
O2 [Wink et al., 1994; Wink and Mitchell, 1998] (Reactions 4-6). Due to the slow 
reaction of NO with O2, the biological significance of this reaction pathway remains 
unclear and other mechanisms, involving more reactive species, such as reaction of 
ONOO¯ with thiolates (R-S¯) [Schrammel et al., 2003] or thiyl radicals (R-S

·
) with 

NO [Chiueh and Rauhala, 1999; Jourd´heuil et al., 2003], have also been proposed for 
the biological generation of S-nitrosothiols. 

 
2NO  +  O2  →  2NO2     (4) 
NO  +  NO2  ⇄  N2O3     (5) 

R-SH  + N2O3  →  RSNO  + NO2¯  +  H+   (6) 
 
These S-nitrosothiols can degrade to release NO, for example, in the presence of 
transition metals [Stamler et al., 1992A; Smith and Dasgupta, 2000]. In addition to 
degradation or transnitrosation (Reaction 3), reaction of S-nitrosothiols with other 
thiols leads to generation of not only disulfide species, but also a broad spectrum of 
nitrogen oxides, including N2O [Singh et al., 1996]. Wong and co-workers further 
addressed the reaction of S-nitrosoglutathione (GSNO) with GSH and analyzed both 
the GSH-derivatives and nitrogen species generated in the reaction [Wong et al., 
1998]. Interestingly, their results show that the reaction of GSNO with GSH indeed 
generates N2O, suggesting that HNO could have been formed as an intermediate in 
the reaction, particularly since one electron oxidants SOD and methylene blue caused 
generation of NO. The experiments of Wong and co-workers were carried out under 
anaerobic conditions, which avoid the reactions HNO with O2, and therefore cannot 
be directly extrapolated to in vivo conditions. Recently it was shown that reaction of 
S-nitrosated dithiothreitol (DTT) with GSH can generate a low yield of a similar GSH 
product as formed upon treatment of GSH with Angeli’s salt, suggesting that HNO 
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release by S-nitrosothiols upon reaction with excess thiols (Reaction 7) is feasible also 
in aerobic conditions [Donzelli et al., 2006]. However, it must be stressed that the 
reactions involved between these species are complex, and the generation of HNO 
represents only one of the possible reaction pathways [Wong et al., 1998].  
 

 R1-SNO  +  R2-SH  →  R1-S-S-R2  +  HNO  (7) 
 
Several enzymes have been proposed to catalyze the reduction of NO into HNO, 
despite the recently suggested unfeasibility of this reaction under biological 
conditions [Bartberger et al., 2002]. On the other hand, it has been suggested that the  
negative (-0.7 V [Bartberger et al., 2002]) reduction potential of the NO/NO¯-ion pair 
does not necessarily apply to species bound to transition metals [Liochev and 
Fridovich, 2001]. Reduction of NO in aqueous solution by iron has also been shown 
[Bonner and Pearsall, 1982; Stojanovic et al., 2004]. Since redox-active transition 
metals readily form radicals upon reaction with otherwise inert species such as H2O2, 
their concentration must be kept low in the cells (see section 5.6.1.), thus effectively 
limiting this pathway for HNO formation [Miranda, 2005].  On the other hand, several 
enzymes contain coordinated transition metals in their active sites. Cu/Zn-SOD was 
the first enzyme, that was shown to reversibly catalyze reduction of NO into HNO 
[Murphy and Sies, 1991; Liochev and Fridovich, 2001]. Thereafter, other proteins 
such as Mn-SOD [Niketic et al., 1999], cytochrome c [Zhao et al., 1995; Sharpe and 
Cooper, 1998], xanthine oxidase [Saleem and Ohshima, 2004] and ubiquinol 
[Poderoso et al., 1999] have been suggested to reduce NO in vitro.  
 

 
 
Scheme 3. Some of the proposed pathways for the hypothetical formation of 
HNO. HNO could be formed by transition metal, such as Cu-catalyzed oxidation 
of N-hydroxy-L-arginine, or by transition metal-containing protein catalyzed 
reduction of nitric oxide synthase (NOS) generated nitric oxide (NO). Examples 
of such enzymes and co-factors are superoxide dismutase (SOD), ubiquinol 
(UBI-q) and cytochrome C (Cyt c). HNO can also be generated by S-
nitrosothiols (R-SNO) upon reaction with thiols. Refer to text for further details 
and references for each of the pathways. 
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Another potential pathway for HNO formation is from hydroxylamine (NH2OH), 
which is produced by mammalian cells and has been shown to possess vasodilatatory 
properties [Gross, 1985]. Upon reaction with NO, NH2OH has been suggested to 
produce HNO [Bonner et al., 1978]. Furthermore, its disproportionation to HNO by a 
pentacyanoferrate (II) complex catalyzed radical chain reaction has been proposed 
[Alluisette et al., 2004], and transition metal-catalyzed oxidation of NH2OH to HNO 
was also recently shown by the peroxidase-H2O2 system in vitro [Donzelli et al., 
2006]. 
 
Despite the numerous potentially biologically applicable pathways for HNO 
formation, to date no solid evidence for the formation of HNO in vivo by any of these 
pathways has been shown. Some of the proposed mechanisms for the hypothetical 
generation of HNO under in vivo conditions are summarized in Scheme 3. 
 

5.3. The potential biological reactions for HNO 

Several experimental in vitro studies have identified the reactivity of HNO with 
numerous biologically relevant target molecules, such as thiols [Doyle et al., 1988; 
DeMaster et al., 1998; Wink et al., 1998; Wong et al., 1998; Miranda et al., 2001], 
alcohols [Stoyanovsky et al., 1999], and amines [Lemal and Rave, 1965; Bartberger et 
al., 2001; Miranda et al., 2002; Fukuto et al., 2005B]. The reported high reactivity of 
HNO with thiols [Doyle et al., 1988; Wong et al., 1998] led to the presumption that 
the correct form of nitroxyl under physiological conditions was HNO [Miranda et al., 
2001], rather than NO¯, since the latter anionic form is mainly expected to participate 
in electron transfer reactions. The recognition of HNO as the nitroxyl species present 
at physiological pH [Bartberger et al., 2002; Shavirovich and Lymar, 2002] not only 
helped to explain the high reactivity with thiols, but also provided a new perspective 
on the reactivity and potential biologically relevant targets for HNO. 
 
The assessment of reactivity of HNO with biological targets is not easy to perform, 
since all reactions compete with dimerization of HNO, resulting in the generation of 
N2O (reaction 1). Furthermore, many of the reaction products of HNO with, for 
example, thiols are not readily monitored or quantitated [Wong et al., 1998]. The 
publication of a revised rate constant for the dimerization reaction (8 X 106 M-1s-1 
[Shavirovich and Lymar, 2002]) enabled two laboratories to independently estimate 
the relative reactivity of Angeli’s salt-derived HNO with various biomolecules by 
using competitive analysis [Liochev and Fridovich, 2003A; Miranda et al., 2003]. The 
otherwise difficult to assess reactions of HNO with compounds like GSH were 
studied by Miranda and co-workers by inhibiting reactions of HNO with targets such 
as O2, the outcome of which can be readily quantitated by following the oxidation of 
dihydrorhodamine-123 to the fluorescent marker rhodamine [Miranda et al., 2001; 
Miranda et al., 2003]. Essentially similar methodology was also used by Liochev and 
Fridovich [Liochev and Fridovich, 2003A], and the rate constants, which represent the 
current knowledge of the reactivity of HNO with biological targets are shown in Table 
1. Since these rate constants represent calculated values, which depend on such 
variables as dimerization rate, their absolute values are prone to change as the 
knowledge of the properties of HNO increases, although their relative order of 
magnitude is likely to be more correct. 
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Target molecule Rate constant M-1s-1 Concentration 
GSH 2 X 106 a >>1 X 105 b 1-10 mM d 
NAC 5 X 105 a    
oxyMb 1 X 107 a  < 0.2 mM g 

O2 3 X 103 a 1 X 104 b 20-200 µM 
CuZnSOD 1 X 106 a 8 X 104 b 4-10 µM c 
NO 5.8 X 106 e   0.1 - 1 µM f  
MnSOD 7 X 105 a  < 50 µM c 
Catalase 3 X 105 a    
metMb 8 X 105 a     

 
Table 1. The rate constants for reactions of HNO with various biological targets 
and respective cytosolic concentrations for the relevant species. Abbreviations: 
GSH, glutathione; NAC, N-acetylcysteine; oxyMb, oxymyoglobin (Fe

2+
); 

metMb, ferric (Fe
3+

) myoglobin.  
a Miranda et al., 2003 
b Liochev and Fridovich, 2003A 
c Nikano et al., 1990; (mitochondrial concentration for Mn-SOD) 
d Meister and Anderson, 1983 
e Shavirovich and Lymar, 2002 
f Lancaster, 1994 
g Masuda, 1999 (for red muscle, other tissues have significantly lower 

concentrations) 
 
When considering the biological targets in a cellular milieu, the reactivity data of 
HNO with the target molecule must be compared with the concentration of the 
respective target before conclusions about the biochemical fate of HNO can be drawn. 
In Table 1, the rate constants for the reaction of HNO with various biological targets 
and their respective cellular concentrations, when applicable, are shown. 
 
Based on the high reactivity of HNO with GSH and on its high cellular concentration 
[Meister and Andersson, 1983], GSH is considered its main cellular target [Wink et 
al., 1998; Liochev and Fridovich, 2003A; Miranda et al., 2003]. Additionally, HNO 
could react with transition metal-containing proteins, such as oxymyoglobin, by 
complex formation [Doyle et al., 1988; Farmer and Sulc, 2005], and this process has 
been suggested to potentially limit the life-span of HNO in vivo [Wink et al., 2003; 
Miranda, 2005]. Another potential mechanism for the scavenging of HNO in the 
cellular milieu could be a reaction with NO leading to generation of hyponitrite 
radical (N2O2¯) [Grätzel et al., 1970; Shavirovich and Lymar, 2002], which upon 
degradation yields N2O and has also been proposed to generate hydroxyl radicals 
(·OH) [Buchholz and Powell, 1965]. The other reaction pathways, such as reaction of 
HNO with O2 leading to generation of potent oxidants [Wink et al., 1998; Miranda et 
al., 2001], or reactions of HNO with such metal-containing enzymes as Cu/Zn SOD 
yielding NO [Murphy and Sies, 1991; Liochev and Fridovich, 2002], would thus be 
relevant only following exposure to relatively high concentrations of HNO or in 
certain subcellular structures, such as lipid layers, containing lower GSH and higher 
O2  concentrations [Espey et al., 2002].  
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The priority of thiols as biological targets for HNO is, in addition to the relative in 
vitro reaction kinetics and cellular concentrations, also supported by experimental 
data (see section 5.5.1.). Although it could be assumed that the high reactivity of 
HNO with GSH [Miranda et al., 2001; Liochev and Fridovich, 2003A; Miranda et al., 
2003] could be extrapolated to all thiol targets, the reactivity of a specific thiol target 
is governed by both steric availability of the target thiol and its protonation state (i.e. 
pKa value) under experimental conditions, with more nucleophilic thiolates (R-S¯) 
reacting at higher rate compared to thiols (R-SH) [DeMaster et al., 1998]. The limited 
protection by GSH against all thiol targets was first hypothetized [Fukuto et al., 
2005B] and later shown in cell culture by inhibition of GADPH, a cellular thiol-
dependent enzyme involved in glycolysis, following exposure to 50 µM Angeli’s salt, 
which in such a concentration did not affect the cellular GSH content [Lopez et al., 
2005]. Therefore, it is evident that the local environment governing the balance 
between thiol and thiolate can make some protein thiols more reactive towards HNO, 
and if the reactivity markedly exceeds that of HNO with GSH, GSH may not protect 
such thiols from modification by HNO. 
 

5.4. Generation of oxidants by HNO in the presence of O2 

Over the last decade, several studies have identified the marked pro-oxidative 
potential of Angeli’s salt under aerobic conditions [Wink et al., 1998; Miranda et al., 
2001; Miranda et al., 2002; Liochev and Fridovich, 2003A; Miranda et al., 2003]. The 
findings that HNO released by Angeli’s salt causes cytotoxicity under aerobic 
conditions [Wink et al., 1998] and induces oxidative DNA damage [Wink et al., 1998; 
Ohshima et al., 1999A] led to the hypothesis that the reaction of HNO, which at the 
time was presumed to be NO- under physiological conditions, with O2 would produce 
a potent oxidative species. In the case of triplet NO¯, the product would be ONOO¯ 
[Donald et al., 1986]. Miranda and co-workers compared the oxidative profile of 
HNO, released from Angeli’s salt, with that of ONOO¯ and reported that the 
autoxidation product of HNO caused different types of reactions to the extent that 
ONOO¯ was considered to have no part in the HNO mediated oxidative chemistry 
under aerobic conditions and physiological pH [Miranda et al., 2001; Miranda et al., 
2002; Shavirovich and Lymar, 2002].  
  
HNO has been shown to cause DNA fragmentation and to oxidize dimethylsulfoxide 
both in the presence and absence of O2, indicating that degradation of Angeli’s salt 
generates some type of oxidant, even in the absence of O2 [Ohshima et al., 1999A; 
Ivanova et al., 2003]. The oxidant was suggested to be ·OH, based on inhibition of 
DNA strand breakage by various ·OH scavengers, such as DMSO and ethanol 
[Ohshima et al., 1999A]. Two potential mechanisms for the generation of ·OH were 
presented. The first proposed mechanism involved outer sphere electron transfer 
between O2 and NO¯. The concomitant generation of NO and O2¯ could then generate 
ONOO¯ [Blough and Zafiriou, 1985; Beckman et al., 1990; Huie and Padmaja, 1993]. 
However, this pathway was abandoned as neither anaerobic conditions nor SOD could 
protect DNA from oxidation, suggesting that O2¯ did not participate in DNA 
oxidation [Ohshima et al., 1999A]. Therefore, another mechanism for ·OH production 
by HNO was proposed involving reaction of HNO with NO to generate N2O2¯, which 
upon degradation could produce N2O and ·OH [Buchholz and Powell, 1965]. An 
additional suggested pathway for the formation of ·OH is by dimerization of HNO into 
cis-hyponitrous acid (HONNOH), followed by its cleavage to N2 and ·OH [Buchholz 
and Powell, 1965; Stoyanovsky et al., 1999; Ivanova et al., 2003], although this 
pathway has been proposed to present a minor fate of cis-hyponitrous acid, with the 
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main pathway being dehydration to N2O (reaction 1) [Buchholz and Powell, 1965; 
Kirsch and deGroot, 2002]. Thus, it is possible that the DNA damage, requiring high 
micromolar concentrations of Angeli’s salt in vitro, represents the outcome of a minor 
degradation pathway for Angeli’s salt or HNO, leading to generation of potent 
oxidants, such as ·OH.  
 
Despite the effort of several groups to identify the oxidants generated from Angeli’s 
salt, or HNO, to date the pro-oxidative species generated upon reaction of HNO with 
O2 has not been identified. Although the species formed by HNO and O2 was shown 
to be a potent oxidant [Miranda et al., 2001], it was also concluded that the oxidative 
reactions did not resemble those typical of radicals such as ·OH. For example, the 
oxidant generated from HNO and O2 was a potent two-electron oxidant, oxidizing 
dihydrorhodamine [Miranda et al., 2001; Miranda et al., 2002] or NADPH [Wink et 
al., 1998], but did not cause dimerization of p-hydroxyphenylacetic acid via one-
electron oxidation [Miranda et al, 2001]. The lack of ONOO¯-type one-electron 
oxidations was later suggested to be due to use of tertiary-amine containing buffer 
compounds, such as HEPES, which were proposed to have quenched the ONOO¯ 
formed [Kirsch and deGroot, 2002]. Furthermore, these authors provided evidence of 
generation of ONOO¯ from Angeli’s salt at high alkaline pH, which is in agreement 
with an earlier report on reaction of triplet NO¯ with O2 [Donald et al., 1986]. It was 
later shown that buffer compounds, such as HEPES, can compete with O2 for HNO, 
and cause generation of H2O2 [Miranda et al., 2002], mainly showing the versatility of 
potential molecular targets for HNO. Angeli’s salt is now recognized to release HNO, 
which has been shown not to generate ONOO¯ upon reaction with O2 under 
physiological conditions, but does so at high alkaline pH, possibly by the release of 
(ground-state) triplet NO¯ [Shavirovich and Lymar, 2002].  
 
In conclusion, HNO can generate oxidants particularly upon reaction with O2 [Wink 
et al., 1998; Miranda et al., 2001; Kirsch and deGroot, 2002; Miranda et al., 2002]. 
The possible generation of such oxidant(s) is considered [Fukuto et al., 2005A; 
Miranda et al., 2005] unlikely to play a significant part in the HNO biochemistry due 
to the high reactivity and cellular concentration of other HNO reactive targets, such as 
thiols, which readily inhibit the reaction of HNO with O2 and subsequent oxidative 
chemistry [Miranda et al., 2001; Miranda et al., 2003]. According to the same criteria, 
the generation of ·OH by the proposed mechanisms involving either the minor 
degradation pathway of the HNO dimerization product or reaction of HNO with NO 
seems unlikely in vivo unless a sufficient amount of HNO were generated to markedly 
deplete the other scavenging pathways, such as GSH. Therefore, direct reaction of 
HNO with other biological targets (Section 5.3.) is likely to be of greater biological 
relevance compared to generation of oxidants in a reaction of HNO with O2. 
  

5.5. The effects of HNO in biological preparations 
Over the past two decades, the pharmacological and toxicological effects of HNO, 
generated by decomposition of Angeli’s salt, have been studied in isolated cellular 
organelles, at cellular level, and at tissue level, as well as in intact animals.  
 

5.5.1. Cytotoxic effects in cell culture studies 
Cytotoxicity, or cell death, can take place by various different, often over-lapping 
mechanisms. The two classic mechanisms are known as necrosis, and apoptosis 
[Kumar et al., 1997]. However, mammalian cells are today known to die by 
mechanisms which do not strictly belong to either of these classic mechanisms, such 
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as via lysosomal autophagy [Leist and Jäättelä, 2001]. Apoptosis is also known as 
programmed cell death, where the cell undergoes cell death subsequent to a shift in 
the balance between pro-apoptotic and anti-apoptotic factors initiated by either 
withdrawal of trophic factors or exogenous insult. Apoptosis is an energy-requiring 
process involving activation of numerous proteolytic enzymes, such as the cysteine 
protease superfamily member caspaces [Cohen, 1997]. The process culminates in 
condensation of the nuclear chromatin and fragmentation of the cell into apoptotic 
bodies which are phagocytosed by other cells such as macrophages [Kerr et al., 1972; 
Kumar et al., 1997; Leist and Jäättelä, 2001]. In contrast to necrosis, the apoptotic cell 
typically maintains its plasma membrane integrity, while necrosis is characterized by 
swelling of the cellular organelles, and loss of cellular energy production, resulting in 
increased acidosis, denaturation of cellular proteins and ultimately spilling of the 
cellular contents subsequent to loss of cell membrane integrity [Kumar et al., 1997].  

    
The initial cell culture studies showed the high cytotoxic potential of Angeli’s salt, 
compared to kinetically similar NO-donor DEA/NO, and also showed that under 
aerobic conditions HNO was able to cause DNA fragmentation and dose-dependent 
loss of cellular reduced GSH content [Wink et al., 1998]. These findings have led to 
further studies, which have identified potential targets for HNO, such as 
mitochondrial complexes I and II, which have been shown to be inhibited by HNO in 
isolated mitochondria, probably through modification of the active site cysteines 
[Shiva et al., 2004]. While the exact molecular mechanisms of cell death induced by 
exposure to bolus addition of 1-2 mM concentrations of Angeli’s salt remain 
unknown, the limited published studies using several different cell lines have shown 
that generally millimolar concentrations of Angeli’s salt are needed in cell culture to 
induce marked cytotoxicity. Among the cell lines used in such cytotoxicity studies are 
Chinese hamster lung fibroblasts [Wink et al., 1998; Miranda et al., 2002], primary 
mouse neurons [Hewett et al., 2005], breast cancer cells [Chazotte-Aubert et al., 
1999], and primary mouse thymocytes [Bai et al., 2001]. These studies have shown 
that HNO can cause DNA fragmentation [Wink et al., 1998; Miranda et al., 2002; 
Chazotte-Aubert et al., 1999; Bai et al., 2001], and also activate enzymes involved in 
the repair of DNA damage, such as poly(ADP-ribose) polymerase (PARP) [Bai et al., 
2001]. The over-activation of PARP has been proposed to result in necrotic cell death 
[Ha and Snyder, 1999] and PARP-inhibitors have been shown to provide some 
protection against cytotoxicity of Angeli’s salt, while also causing upregulation of 
caspace-3 activity and DNA-strandbreaking. This suggests that inhibition of PARP 
prior to administration of HNO causes a larger portion of the cells to potentially 
undergo apoptotic cell death [Bai et al., 2001]. Furthermore, cell culture studies have 
identified several factors that potentiate the cytotoxicity of Angeli’s salt, such as 
acidosis [Ivanova et al., 2003], co-administration of H2O2 [Chazotte-Aubert et al., 
1999], and depletion of cellular GSH prior to exposure to Angeli’s salt [Wink et al., 
1998]. Taking into consideration the established high reactivity of HNO with thiols 
[Liochev and Fridovich, 2003A; Miranda et al., 2003], the depletion of cellular GSH 
by Angeli’s salt alone [Wink et al., 1998], or potentiation of the cytotoxicity by prior 
GSH depletion [Wink et al., 1998] is not surprising. The depletion of cytosolic GSH 
also suggests that HNO is capable of penetrating cellular membranes, a finding which 
has recently been further documented [Espey et al., 2002]. Furthermore, disruption of 
cellular thiol sensitive proteins has been well established [DeMaster et al., 1998; Cook 
et al., 2003; Lopez et al., 2005], and such thiol sensitive protein inhibition has recently 
been shown to be possible even if the cellular GSH pool is not affected [Lopez et al., 
2005]. This further emphasizes the role of protein thiols, and not only the most 
abundant GSH, as cellular targets for HNO. 
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In conclusion, exposure of various cell types to bolus additions of sufficient, typically 
low millimolar, concentrations of Angeli’s salt can cause cell death by either necrotic 
or apoptotic mechanisms. Based on numerous rather acute exposure studies, the main 
mechanism of cell death would appear to be necrosis [Chazotte-Aubert et al., 1999; 
Bai et al., 2001]. Furthermore, since many of the apoptosis-associated proteases are 
cysteine proteases, it may be possible that inhibition of such proteases by HNO could 
inhibit apoptotic cell death [Lopez et al., 2006; Sections 8.1.4. and 8.2.3.], thus 
promoting necrotic cell death as has been suggested to take place following exposure 
of cells to S-nitrosothiols [Leist et al., 1999]. 
 

5.5.2. Effects of HNO in isolated tissue preparations 
The first published studies with Angeli’s salt on biological preparations were done on 
vascular ring preparations, which were commonly used in the EDRF studies [Fukuto 
et al., 1992]. These studies showed that application of Angeli’s salt can induce 
vascular relaxation. Results showing that HNO mimics some properties of EDRF 
even better than synthetic NO, led to the hypothesis that the NOS-produced EDRF 
could be HNO [Murphy and Sies, 1991; Fukuto et al., 1992; Hobbs et al., 1994; 
Schmidt et al., 1996; Ellis et al., 2000]. However, it remained possible that the 
vascular relaxation by HNO was actually caused by oxidation of HNO to NO by trace 
amounts of copper [Fukuto et al., 1993B; Nelli et al., 2000; Ellis et al., 2001]. A more 
recent study showed that application of NO-quenching carboxy-PTIO did not affect 
the relaxation response to Angeli’s salt, but did inhibit NO-induced relaxation, leading 
to the conclusion that oxidation of HNO to NO is not a prerequisite for vascular 
relaxation by HNO [Irvine et al., 2003]. This was quite surprising since it had been 
reported that HNO does not activate the soluble guanylate cyclase [Dierks and 
Burstyn, 1996], although the validity of this result has been later questioned [Miranda, 
2005] due to the presence of 10 mM DTT in the assay buffer which could readily 
scavenge the effect of up to 500 µM Angeli’s salt used. In conclusion, it is apparent 
that both HNO and NO can cause similar biological effects, such as vascular 
relaxation, potentially by different molecular pathways. 
 

5.5.3. In vivo effects of HNO in intact animals 
Limited studies on the biological effects of HNO have been carried out in intact 
animals. Vascular relaxation can be caused by HNO (Section 5.5.2.), and Angeli’s salt 
has been shown to lower blood pressure following systemic administration in rabbits 
and dogs [Ma et al., 1999; Paolocci et al., 2001]. The first systemic in vivo study 
compared the effects of HNO and NO donors on cardiac reperfusion injury after a 
transient (40 min) ischemia. In this study, a systemic delivery of Angeli’s salt (3 
µmol/kg) by one-minute systemic intravenous infusion 5 min prior to reperfusion led 
to severe aggravation of cardiac tissue injury [Ma et al., 1999]. Based on the low dose 
needed and the increase of myeloperoxidase activity in the necrotic cardiac tissue, it 
was concluded that the damage was mediated by recruitment and activation of 
inflammatory cells, rather than via direct cytotoxicity of Angeli’s salt [Ma et al., 
1999]. In a subsequent study, it was further shown that administration of 
dexamethasone (1 mg/kg), a potent anti-inflammatory corticoid, was able to alleviate 
the ischemia-reperfusion injury induced by neutrophil-infiltration into the kidney 
tissue, while systemic treatment with Angeli’s salt (3 µmol/kg) 5 min prior to 
reperfusion abolished the protective effect of dexamethasone [Takahira et al., 2001]. 
This provided further evidence for the role of pro-inflammatory effects of HNO on 
ischemia-reperfusion injury. More recently it was shown that HNO does not 
necessarily have negative effects on ischemia-reperfusion injury, but rather the effect 
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of HNO delivery could be highly dependent on the timing of HNO administration, as  
administration of HNO (1 µM) prior to ischemia as a preconditioning treatment, can 
actually alleviate reperfusion injury [Pagliaro et al., 2003]. However, this 
preconditioning study [Pagliaro et al., 2003] was performed on isolated buffer-
perfused rat hearts and therefore does not allow direct comparison with the prior study 
[Ma et al., 1999] performed in intact rabbits. This is particularly the case, since the 
aggravation of the reperfusion injury was concluded to be due to tissue infiltration of 
inflammatory cells, a phenomenon which cannot be studied using isolated buffer-
perfused organs.  
 
The hemodynamic effects of HNO and its effects on cardiac function have been 
evaluated in healthy conscious dogs [Paolocci et al., 2001] and during experimental 
heart failure [Paolocci et al., 2003]. These studies have identified that, unlike NO-
donors, Angeli’s salt–induced vasodilatation is not associated with increased plasma 
cGMP, suggesting that soluble guanylate cyclase might not be activated by HNO in 
vivo [Paolocci et al., 2001]. This result supports the earlier in vitro results [Dierks and 
Burstyn, 1996]. Studies on the molecular basis of non-cGMP-mediated vasodilatation 
showed that HNO releases calcitonin-gene-related peptide (CGRP) [Paolocci et al., 
2001], which is one of the most potent endogenous vasodilating agents causing 
activation of soluble adenylate cyclase and consequent increase of intracellular 
cAMP, leading to vascular relaxation [Brain and Grant, 2004]. This mechanism could 
also explain the earlier reports on NO-independent HNO-induced vascular relaxation 
[Irvine et al., 2003]. Furthermore, systemic 5-20 min infusion of Angeli’s salt (10 
µmol/kg/min) was found to increase left ventricle contractility and decrease cardiac 
pre-load by venodilatation, without significant effect on the arterial resistance 
[Paolocci et al., 2001]. This type of effect could be beneficial in cardiac failure, and 
the effects of Angeli’s salt were thus examined in experimental heart failure. As in 
healthy dogs, Angeli’s salt was found to improve the left ventricular function in a 
non-β1-receptor mediated manner, and the inotropic effect was further additively 
enhanced by concomitant administration of β-receptor-stimulating inotropic agent 
dobutamine [Paolocci et al., 2003]. Unlike in the healthy dogs, vascular dilatation was 
more balanced between the venous and arterial sides [Paolocci et al., 2003]. Despite 
promising results in the acute dog study, the hypothetical treatment of cardiac failure 
by HNO donors would require continuous infusion for an extended period of time. 
The effect on long-term survival would be questionable due to reported negative 
effects of cAMP-increasing phosphodiesterase inhibitors on the survival of patients 
with cardiac failure [Lehmann et al., 2003]. Furthermore, long-term use of HNO 
donors could unspecifically affect thiol proteins or GSH. Such thiol modifications 
could accumulate during chronic usage, particularly since HNO-modified GSH has 
recently been proposed to be a stable end product of the reaction of GSH with HNO 
[Donzelli et al., 2006]. 

 

5.5.4. The neurotoxic potential of HNO 
In striking contrast to the vast literature published on the neurotoxicity of such 
reactive nitrogen species as NO or ONOO¯, the neurotoxic potential of HNO has been 
the subject of only three published studies conducted under in vitro conditions. 
 
Over-activation of NMDA receptors can result in excitotoxicity, where excessive 
calcium influx activates NOS and causes mitochondrial generation of reactive oxygen 
species (ROS), leading to DNA damage, cellular energy crisis and cell death [Schulz 
et al., 1995; Mattson, 2003; Dawson and Dawson, 2004]. The role of critical 
regulatory cysteine residues on NMDA receptors has been well established 
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[Aizenman et al., 1989; Choi and Lipton, 2000], and their modification by thiol 
reactive species such as S-nitrosocysteine [Choi et al., 1999], and HNO [Kim et al., 
1999] has been shown to inhibit the receptor activity. In the earliest published study 
on the effects of HNO, generated by Angeli’s salt, on NMDA receptor activity, HNO 
resulted in lower Ca2+ influx and protection against excitotoxicity by subsequently 
administered NMDA [Kim et al., 1999]. Thus, it was concluded that modification of 
NMDA receptor cysteines by HNO could provide protection for neurons against 
subsequent excitotoxicity [Kim et al., 1999]. A more recent study on the NMDA 
receptor effects of HNO found that the down-regulation of Ca2+ influx by prior HNO 
exposure takes place only under hypoxic conditions [Colton et al., 2001], and it was 
suggested that the exposure system used in the prior study [Kim et al., 1999] was 
prone to cause significant O2 depletion. In contrast to the prior report, Angeli’s salt-
released HNO was found to inhibit glycine-independent desensitation in the NR1-
NR2A NMDA-receptor subunit containing HEK cells under aerobic conditions, 
evident as increased steady-state currents following glutamate application [Colton et 
al., 2001]. Thus, it was suggested that HNO could in fact, under aerobic conditions, 
expose neurons to excitotoxicity [Colton et al., 2001]. This early hypothesis was also 
supported by a recent cell culture study on primary mouse neurons, which suggested 
that NMDA receptor antagonist (MK-801) could provide limited protection against 
HNO-induced death of cultured neurons [Hewett et al., 2005]. In conclusion, these 
studies indicate that HNO can affect NMDA receptors in neurons by modifying their 
cysteines. The outcome of such modulations is dependent on the experimental 
conditions [Colton et al., 2001; Hewett et al., 2005]. No prior studies on the 
neurotoxicity of HNO or Angeli’s salt in vivo have been published.  
 

5.6. Nitrogen oxides and neurodegeneration 

5.6.1. General aspects of reactive oxygen and nitrogen species 

The use of O2 as the oxidant in energy production by aerobic organisms has the 
advantage of producing a superior quantity of energy compared to many other 
biochemical alternatives, such as fermentation. However, O2 can generate reactive 
intermediates during mitochondrial respiration, metabolic processing of xenobiotics or 
autoxidation of various compounds, such as catecholamine neurotransmitters. These 
reactive oxygen species (ROS), such as O2¯ and ·OH, can react with most cellular 
targets, including lipids, proteins and nucleic acids [Halliwell and Gutteridge, 1999A; 
Halliwell, 2001]. Several protective factors exist in aerobic organisms to protect the 
cellular system from the ROS. Superoxide dismutases (SOD), such as cytosolic 
Cu/Zn-SOD and mitochondrial Mn-SOD, catalyze the dismutation of O2¯ into H2O2 
[Fridovich, 1995], while catalase further catalyzes reduction of H2O2 to O2 and H2O 
[Chance et al., 1979]. Of these, O2¯ and H2O2 are not as such particularly toxic due to 
their relatively low reactivity with biological targets [Halliwell and Gutteridge, 
1999B], but they can react with transition metal-containing proteins and release small 
amounts of protein-bound transition metals, such as iron [Harel et al., 1988; Bolann 
and Ulvik, 1990]. Keeping metal ions in bound, non-redox active states is an 
important method to limit oxidative stress in vivo [Halliwell and Gutteridge, 1990]. 
Free metal ions readily undergo electron transfer reactions, which can lead to 
generation of more reactive oxidant species, such as ·OH [Halliwell and Gutteridge, 
1992] by for example Fenton reaction (8). Many reducing agents, such as O2¯ 
(reaction 9) or ascorbate, can act as reductants of the ferric (Fe3+) iron, thus 
facilitating redox cycling.   
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 Fe2+  +  H2O2  →  Fe3+  +  ㆍOH  +  OH¯   (8) 

Fe3+  +  O2¯  →  Fe2+  +  O2     (9) 
  
The in vitro and in vivo antioxidant properties of NO are well established [Kanner, et 
al., 1991; Wink et al., 1999]. NO can also augment oxidative reactions when O2¯ is 
produced in stoichiometric (1:1) quantities with NO [Beckman et al., 1990; Radi et 
al., 1991; Rubbo et al., 1994; Miles et al., 1996], due to the generation of potent 
oxidant ONOO¯ by O2¯ and NO [Blough and Zafiriou, 1985; Beckman et al., 1990] 
(reaction 10). NO concentrations exceeding the O2¯ concentrations cause rapid 
quenching of the oxidant generation [Radi et al., 1991; Rubbo et al., 1994; Miles et 
al., 1996]. 
 

NO  +  O2¯  →  ONOO¯     (10) 
 
ONOO¯ readily oxidizes and nitrates various biological targets, including lipids 
[Rubbo et al., 1994], proteins [Tien et al., 1999], and DNA [Yermilov et al., 1996]. 
Despite its rapid formation (6.7 * 109 M-1 s-1) [Huie and Padmaja, 1993], the lifetime 
of ONOO¯ is considered to be greatly limited by the low O2¯/NO-ratio typically 
present in the tissues as well as by the other more potential O2¯ scavenging pathways, 
such as SOD [Fridovich, 1995], which readily compete with NO [Wink and Mitchell, 
1998]. Since the biological concentration of NO is likely to exceed the O2¯ 
concentration, the subsequent reaction of ONOO¯ with NO could produce the 
nitrosating agent N2O3 (reactions 11 and 12) [Wink et al., 1997], thus converting the 
oxidative species into nitrosative species.  
 
 ONOO¯  +  NO  →  NO2   +  NO2¯    (11) 
 NO2  +  NO  →  N2O3     (12) 
 
NO can react with either O2¯ (reactions 10-12) or O2 (reactions 4-5) to generate N2O3 
[Wink et al., 1994; Wink and Mitchell, 1998], with the generation of ONOO¯ being 
limited to such conditions where similar concentrations of both O2¯ and NO are 
generated [Radi et al., 1991; Rubbo et al., 1994; Miles et al., 1996]. Otherwise, N2O3 
is expected to be the predominant species formed upon reaction of NO with either O2¯ 
or O2. N2O3 is a potent nitrosating species, which will readily react with thiols or 
amines, generating S-nitrosothiols or N-nitrosoamines, respectively, or undergo 
hydrolyzation to NO2¯ [Wink et al., 1994; Wink and Mitchell, 1998; Ridnour et al., 
2004]. Such nitrosation of biomolecules can lead to nitrosative stress [Ridnour et al., 
2004]. However, it is likely that the role of nitrosation is not limited to 
pathophysiological conditions. S-nitrosation of key regulatory cysteines in proteins 
has been proposed to be an important mechanism of reversible post-translational 
regulation of the biological action of various proteins containing critical thiols 
[Stamler et al., 1992; Stamler et al., 1992B; Hogg, 2000; Hess et al., 2005].   
 
In contrast to the stoichiometric limitations outlined above for the NO/O2¯ reaction, 
HNO has been shown to react with O2 to generate potent oxidant(s) without 
stoichiometric limitations [Section 5.4.; Ohshima et al., 1999A; Miranda et al., 2001; 
Miranda et al., 2002]. These oxidants have been shown to cause oxidative damage to 
nucleic acids [Wink et al., 1998; Ohshima et al., 1999A] and induce cytotoxicity 
[Section 5.5.1.; Wink et al., 1998; Chazotte-Aubert et al., 1999]. In addition to O2, 
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HNO can react with various biomolecules (Section 5.3.) such as thiols, causing 
generation of a variety of reaction products [Wong et al., 1998; Shen and English, 
2005; Donzelli et al., 2006]. It is therefore evident that either exogenously added or 
hypothetically endogenously generated HNO can make its own contribution to 
oxidative or nitrosative stress by nitrogen oxides particularly in the presence of O2. 
 

5.6.2. Lipids and proteins as subcellular targets for RNS and ROS 

Reactive oxygen or nitrogen species can react with many cellular targets, such as 
DNA, lipids or proteins [Halliwell, 2001]. Lipids, as found on cellular membranes, 
form hydrophobic areas, which can also accumulate lipophilic molecules such as O2, 
NO, and HNO [Lancaster, 1994; Liu et al., 1998; Espey et al., 2002]. The long 
carbohydrate-chains of cellular lipids containing two or more carbon-carbon double 
bonds, known as polyunsaturated fatty acids (PUFAs) readily facilitate initiation of a 
lipid-peroxidation chain-reaction where a reactive species, such as ·OH, distracts a 
hydrogen atom from PUFA-carbohydrate chain, while leaving a carbon radical (R·) on 
the carbohydrate chain. The most likely fate of the newly formed carbon radical is 
reaction with O2, resulting in generation of peroxyl radical (ROO·), which can remove 
another hydrogen atom from an adjacent carbohydrate chain, leaving a lipid 
hydroperoxide in the attacking chain. This chain reaction can continue until 
terminated by formation of a intramolecular cyclic peroxide or by an electron-
accepting antioxidant species, such as tocoferol [Halliwell and Gutteridge, 1999C] or 
NO [Rubbo et al., 1994]. 

 
Lipid hydroperoxides are labile and undergo degradation to aldehyde species, of 
which 4-hydroxy-2-trans-nonenal (HNE) and malondialdehyde (MDA) are best 
known [Moore and Roberts, 1998]. These reactive species can react with proteins, 
generating intra- and intermolecular crosslinks, which can render the modified target 
protein(s) more resistant to degradation by the cytosolic ubiquitin-proteasome system 
[Grune and Davies, 2003]. Furthermore, the reactive lipid peroxidation products can 
also react with DNA, causing modification of DNA bases [Rouzer et al., 1997]. The 
lipid peroxidation chain reaction can be initiated by oxygen radicals, such as ·OH. 
Prior studies have shown that ONOO¯ can initiate lipid peroxidation, while excess 
NO readily suppresses the lipid peroxidation by the NO/O2¯-system [Rubbo et al., 
1994]. NO also acts as a potent inhibitor of lipid peroxidation by Fe-catalyzed 
generation of ROS [Kanner et al., 1991; Rauhala et al., 1996]. The effects of HNO on 
lipid peroxidation have not been previously addressed.   
 
Proteins are another potential target for reactive species, forming approximately 10-15 
% of the tissue wet weight in the brain. As in other cells, neuronal proteins maintain 
the cellular structure and execute vital cellular functions as enzymes. Some reactive 
species can break the amino acid chain by attacking the backbone of the polypeptide, 
leading to cleavage of the protein structure and often loss of function [Berlett and 
Stadtman, 1997]. Such fragmentation has been shown to take place particularly upon 
attack by reactive species on prolyl side chains [Schuessler and Schilling, 1984]. 
Upon attack on most other amino acid side chains, the damage is limited to the single 
site. The side chains of many different amino acids, such as histidine, arginine, proline 
and lysine, can give rise to the same final modification upon reaction with a variety of 
reactive species, ultimately causing fragmentation of the side chains into small 
molecular aldehyde species, while leaving carbonyls on the protein structure [Levine 
et al., 1983; Headlam and Davies, 2004]. Such modification of a single amino acid 
side chain does not nessessarily alter the function of the affected protein, but the 

27



Review of the literature 

modified side chains are likely to have different physical properties, that can affect the 
tertiary structure or stability of the protein. Furthermore, accumulation of side-chain 
modifications over time, assuming the target protein has a sufficient life-time, 
increases the risk of loss of function. Most importantly, the oxidized proteins can form 
adducts with other proteins, or reactive lipid peroxidation products, such as HNE 
[Friguet et al., 1994]. These aggregates have been proposed to be resistant to cellular 
proteolytic processes and have been also proposed to cause inhibition of the 
proteasome system [Friguet and Szweda, 1997]. 
 
Cleavage of the protein structure or oxidation of a side chain, causing carbonyl 
formation, is considered to represent an irreversible process in the cellular milieu 
[Berlett and Stadtman, 1997]. These irreversibly modified proteins are prone to 
degradation by the cellular proteolytic machinery [Rivett, 1985], thus protecting the 
cell from formation of degradation-resistant protein aggreagates [Friguet and Swezda, 
1997; Shringarpure and Davies, 2002]. Normally, proteins are targeted for 
degradation by addition of an ubiquitin tag [Ciechanover et al., 1984] to the protein 
structure, and are subsequently degraded by the cytosolic multicatalytic proteasome 
unit [Hough et al., 1986; Ciechanover, 2005]. It seems probable that oxidatively 
modified proteins are directly identified, and degraded, by the proteasome core unit 
without the requirement of ATP or ubiquitin [Davies, 1987; Shringarpure and Davies, 
2002]. While mildly modified proteins become susceptible to proteolysis, severe 
oxidative modification of a protein [Davies et al., 1987; Shringarpure and Davies, 
2002] can inhibit protein degradation. The relevance of oxidative protein modification 
and improper protein degradation to neurogenerative processes will be addressed in 
section 5.6.5. 

 
To date, various oxidative agents, such as hypochlorous acid [Buss et al., 1997], 
ONOO¯ [Tien et al., 1999], and ferrous iron [He et al., 1999; Ramanathan et al., 
1999] have been shown to cause oxidative protein modification in vitro, while the 
effects of HNO on generation of protein carbonyls has not been previously studied. 
Furthermore, since the proteasome and other parts of the cellular proteolytic 
machinery are themselves proteins, they could be damaged by oxidative species. Such 
insult, potentially causing inactivation of these systems, could aggravate the 
consequences of oxidative stress on the cellular proteome [Reinheckel et al., 1998]. 
Since agents such as ONOO¯ [Reinheckel et al., 1998] and other thiol-modifying 
compounds [Savory and Rivett, 1993] have been shown to inhibit the proteasome 
function, it is also possible that proteasome function could be compromised by HNO. 
However, similar to protein carbonyl generation, no prior studies on the effects of 
HNO on proteolytic systems exist. 
 
While fragmentation or formation of carbonyls is seen to represent an irreversible 
protein modification, some amino acid side chains can in fact be repaired following 
modification. Cysteine and methionine residues are considered to be particularly 
susceptible to modification [Stadtman, 1993] but can be regenerated in most 
instances, such as following the formation of a mixed disulfide from a protein 
cysteine residue [Simplicio et al., 2003]. Another common example of reversible 
amino acid modification is the oxidation of methionine to methionine sulphoxime, 
which can be regenerated by the cellular methionine sulphoxime reductases [Brot and 
Weissbach, 1983]. Due to their high susceptibility to reversible modification, protein 
cysteine and methionine residues have been proposed to act as intramolecular 
antioxidants, forming the last line of defence against more permanent protein damage 
[Levine et al., 1996; Stadtman and Levine, 2003]. 
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Thiols, including protein cysteines [DeMaster et al., 1998; Kim et al., 1999; Cook et 
al., 2003; Miranda et al., 2003; Lopez et al., 2005; Shen and English, 2005], form one 
of the most relevant biological targets for HNO (see section 5.3.). Within proteins, 
they often function as important regulators of steric structure or enzymatic activity, or 
bind critical metal ions [Simplicio, 2003]. In addition to direct modification by HNO, 
the protein cysteines could be affected indirectly via depletion of cellular GSH [Wink 
et al., 1998]. The reaction of thiols with many other nitrogen oxides, with the notable 
exception of ONOO¯ [Radi et al., 1991], results in S-nitrosothiol or mixed disulfide 
species generation [Park, 1988; DeMaster et al., 1998; Hogg, 1999; Xian et al., 2000]. 
The studies of Wong and co-workers on the reactions of GSH with HNO concluded 
that the complex chemistry of the reactions results in the formation of N-
hydroxysulfenamide intermediate, which can react with another thiol to generate a 
mixed disulfide and hydroxylamine [Doyle et al., 1988; Wong et al., 1998]. This 
reaction pathway could be of importance in the case of vicinal thiols or under 
conditions where high concentrations of thiols, such as GSH, are available without 
steric inhibition, as could be the case, for example, on the surface of a protein 
structure [DeMaster et al., 1997; Wong et al., 1998; Donzelli et al., 2006]. However, 
generation of a disulfide is not the only possible outcome of the reaction, since in the 
absence of another thiol, the N-hydroxysulfenamide will, following intramolecular re-
arrangement, generate sulfinamide species [Wong et al., 1998; Shen and English, 
2005; Donzelli et al., 2006]. The sulfinamide form of GSH was recently proposed to 
be stable, and its lack of reactivity with GSH was also verified [Donzelli et al., 2006]. 
Also protein-bound cysteine thiols have recently been shown [Shen and English, 
2005] to undergo similar modifications by HNO as originally proposed for GSH 
[Wong et al., 1998] and aldehyde dehydrogenase [DeMaster et al., 1998] (Scheme 4).  

Importantly, modification of cysteines into sulfinamides may represent a biologically 
irreversible process akin to oxidative protein modification, leading to carbonyl 
generation. S-nitrosated or mixed disulfide forms of cysteine thiols are easily 
regenerated in vivo by the thioredoxin system or in vitro by DTT [DeMaster et al., 
1997; Xian et al., 2000]. At this time, there are no known cellular systems that could 
reduce sulfinamide to either free thiol or  N-hydroxy-sulfenamide.  Theoretically,  the

Scheme 4. Upon reaction of thiols with HNO, an unstable N-
hydroxysulfenamide intermediate is formed, which can react with another thiol 
(R2-SH) to generate disulfide or undergo isomerization to sulfinamide. The 
disulfide can be cleaved to respective free thiol compounds by cellular systems, 
such as thioredoxin (TRX), while the sulfinamide has been proposed to be a 
stable end product. See text for references. 
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sulfinamide could undergo hydrolysis to sulfinic acid [Wong et al., 1998], which has 
been shown in two reports to be reduced to free cysteine in a cellular environment 
[Biteau et al., 2003; Woo et al., 2003]. In conclusion, regeneration of cysteines 
modified by NO in the presence of O2 or by S-nitrosothiols is readily achievable, 
while cysteine modification by HNO can lead to modifications, which are difficult or 
impossible for cellular systems to regenerate into free cysteine [Fukuto et al., 2005A]. 
Thus, HNO could result in irreversible inhibition of such enzymes whose activity is 
dependent on the availability of a catalytically critical cysteine thiol. 
 

5.6.3. The role of oxidative and nitrosative stress in neurodegeneration 

Over the past two decades, hundreds of published studies have linked oxidative 
[Halliwell, 2001] and nitrosative [Guix et al., 2005] stress to neurodegenerative 
conditions. The main body of evidence supporting the role of oxidative stress in 
neurodegenerative conditions comes from studies conducted on post mortem tissue 
samples. In addition, numerous experimental animal models developed to model 
human diseases have been associated with oxidative stress, and often increased 
production of reactive nitrogen species. 

 
One of the fundamental causes of oxidative stress in the CNS is high consumption of 
O2, since the CNS is estimated to account for up to 20 % of the total O2 consumption, 
yet the adult brain mass is only 2-3 % of the total body mass. Thus, there is a constant 
enormous potential for the production of ROS (Section 5.6.1.), if the process 
involving reduction of O2 to H2O as part of the mitochondrial oxidative metabolism is 
affected, for example, by cellular stress, excitotoxicity, trauma, ischemia-reperfusion, 
or toxic agents [Halliwell, 2001]. The high dependancy on oxidative metabolism 
renders neuronal tissue sensitive to inhibitors of mitochondrial respiration, such as 
rotenone and MPTP, which can cause oxidative stress and neurotoxicity upon 
systemic administration [Bove et al., 2005]. In addition to the increased potential for 
oxidative stress due to a high basal oxidative metabolic rate, neurons have other 
functional properties that may predispose them to oxidative damage. One potential 
factor, that may promote oxidative stress, is the presence of neuronal transmitters, 
such as catecholamines. Catecholamines, particularly dopamine, may generate O2¯, 
and subsequently H2O2, upon autoxidation, which can also be catalyzed by 
monoamine oxidase (MAO) [Maker et al., 1981]. The neuronal tissue is also 
particularly sensitive to various types of insults due to the limited regeneration 
capacity of adult neurons. As in most other tissues, any insult to the neuronal tissue 
will trigger an inflammatory response, which is carried out by CNS-specific 
inflammatory cells, the microglia [del Río-Hortega, 1932; Kim and de Vellis, 2005]. 
These cells are considered to be of myeloid origin, and upon recruitment to the site of 
injury, become activated by the cytokines secreted by the injured tissue [Kreutzberg, 
1996]. Upon activation, these cells phagocytose the debris of injured neuronal cells 
[Beyer et al., 2000], while producing ROS [Colton and Gilbert, 1987] and NO [Chao 
et al., 1992]. In addition to clearance of affected neurons, the secreted reactive species 
can also have deleterious effects on the neighboring neurons. Thus, inflammation is 
considered to play a contributing role in most neurodegenerative disorders, neuronal 
trauma, and ischemia-reperfusion injury [Kim and de Vellis, 2005]. In experimental 
animal models, local activation of microglia can be carried out by infusion of bacterial 
lipopolysaccharide (LPS) into the rodent CNS, which causes the death of neurons and 
massive glial reaction at the infusion site within one week after LPS infusion [Castaño 
et al., 1998; Hsieh et al., 2002].  
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Numerous human neurodegenerative disorders have been linked with oxidative stress. 
Conditions such as Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and 
Alzheimer’s disease have been associated with increased markers of protein oxidation 
[Hensley et al., 1995; Alam et al., 1997A; Ferrante et al., 1997], lipid peroxidation 
[Dexter et al., 1989; Pedersen et al., 1998; Butterfield et al., 2002] and oxidative DNA 
damage [Alam et al., 1997B,; Ferrante et al., 1997; Gabbita et al., 1998]. Combined, 
these studies provide evidence supporting the role of oxidative stress in the 
pathogenesis of these conditions. It is, however, noteworthy that neuronal dysfunction 
can itself result in oxidative stress, and thus the presence of increased markers of 
oxidative damage does not as such prove that oxidative stress is the primary cause of 
neuronal death [Andersen, 2004]. 
 

5.6.4. Oxidative stress in experimental models of neurodegeneration 

One of the common arguments for favoring oxidative stress as a causative agent in 
neurodegenerative processes is the involvement of oxidative stress in experimental 
animal models of neurodegeneration. Perhaps the purest oxidative stress model 
involves infusion of ferrous iron into the rat CNS. In this model ferrous iron 
undergoes redox cycling as shown in reactions 8 and 9 (Section 5.6.1.), resulting in 
the rapid death of neurons after local infusion of only a few nanomoles of ferrous iron 
[Ben-Shachar and Youdim, 1991]. Thus, oxidative stress as such is sufficient to 
initiate the death of neurons. Furthermore, increased markers of oxidative stress have 
been shown in the CNS following local infusion of 6-OHDA [Smith and Cass, 2007], 
or MPP+ [Rojas and Rios, 1993], as well as in the spinal cords of familial ALS-
associated G93A SOD transgenic mice [Andrus et al., 1998] and following ischemia-
reperfusion injury [Globus et al., 1995; Warner et al., 2004]. 
 

5.6.5. Oxidative protein modification and neurodegeneration 

In contrast to any rapidly developing animal model, the participation of oxidative 
stress is less straightforward in human neurodegenerative disorders. Since human 
neurodegenerative disorders such as PD and ALS typically, in most sporadic cases, 
affect elderly people, it can be presumed that the underlying disease process takes 
years, even decades, to develop into the respective clinical manifestation. It is 
therefore more likely that some cellular processes become unbalanced at some point 
in life, with the neurons still coping with the stress for some time, until the reserve 
capacity is exceeded and the neuron is sent to an escalating circulus vitiosus involving 
inflammation, release of bound transition metals, excitotoxicity, and compromised 
energy metabolism, which can all cause oxidative stress, while leading to neuronal 
death [Halliwell, 2001; Andersen, 2004]. 

 
One of the proposed mechanisms underlying neurodegenerative disorders is 
irregularities in the normal processing of proteins [Alves-Rodrigues et al., 1998; 
Halliwell, 2001; Jenner, 2003; Gidalevitz et al., 2006]. As outlined above, it has been 
suggested that oxidative protein modification could make protein structures prone to 
aggregation and, potentially, make them less suitable for proteolytic degradation 
(Section 5.6.2). A similar mechanism has been also proposed to underlie many of the 
familial forms of neurodegenerative disorders, where a point mutation in a single gene 
often produces an aggregation-prone form of a specific protein [Taylor et al., 2002]. 
In addition to generation of aggregates consisting of the mutant protein, such 
aggregates or dysfunctional proteins can burden the protein-handling chaperones and 
the protein degradation machinery, leading to accelerated disease process and 
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increased sensitivity to other stresses due to lower reserve capacity to handle modified 
proteins [Jenner, 2003; Gidalevitz et al., 2006]. The protein mishandling hypothesis is 
strongly supported by the presence of ubiquitinylated protein aggregates in numerous 
neurodegenerative conditions, including ALS [Watanabe et al., 2001], PD [Lennox et 
al., 1989], and Alzheimer’s disease [Alves-Rodrigues et al., 1998]. Thus, oxidative 
stress-associated protein modification is considered to be a potential stress factor that 
can either initiate or escalate the neurodegenerative process, which also involves 
many other factors. 
 

5.6.6. NO and neurotoxicity, the potential role for HNO 

Like oxidative stress and its sequelae, such as accumulation of oxidized proteins, 
increased lipid peroxidation and oxidative DNA damage, NO has also been strongly 
associated with neurodegeneration and is often considered as a potential cause of 
oxidative stress [Duncan and Heales, 2005]. Increased production of NO has been 
implicated in the affected brain areas in PD [Hunot et al., 1996], Alzheimer’s disease 
[Smith et al., 1997], and ALS [Abe et al., 1995], which has led to the presumption that 
increased production of NO would lead to increased production of ONOO¯ and 
subsequent neuronal death [Lipton et al., 1993; Duncan and Heales, 2005]. Indeed, it 
has recently been shown that following administration of the ONOO¯-generating 
SIN-1 to the rat substantia nigra (s.n.), dopaminergic neurons die, whereas similar 
treatment with GSNO was devoid of neurotoxicity [Iravani et al., 2006]. In fact, 
infusion of GSNO into the rat s.n. has previously been shown to protect nigral 
neurons from oxidative insult by redox-active iron [Rauhala et al., 1998].  
  
While there is little doubt about the neurotoxic potential of ONOO¯, the biochemical 
conditions potentially causing generation of ONOO¯  have been suggested to be quite 
limited, in contrast to the generation of nitrosative species, such as N2O3 (Section 
5.6.1.) [Radi et al., 1991; Rubbo et al., 1994; Wink et al., 1994; Miles et al., 1996; 
Wink and Mitchell, 1998; Thomas et al., 2002; Ridnour et al., 2004]. Therefore, under 
conditions of excess NO generation, nitrosative chemistry is anticipated to 
predominate over the oxidative chemistry associated with ONOO¯ [Thomas et al., 
2002; Ridnour et al., 2004]. Since the main targets for nitrosation are those that react 
with N2O3 with kinetics fast enough to markedly compete with its spontaneous 
degradation via hydrolysis, excess NO production could result in modification of 
thiols and amines in vivo [Wink and Mitchell, 1998]. In this context, the effects of 
HNO could offer another, potentially deleterious, pathway for reactive nitrogen 
oxides. As with N2O3, thiols represent the main target for HNO (Section 5.3.). The 
chemical modifications induced by these species show dramatic, and critical, 
differences since HNO has been shown to oxidize cysteines to an extent that cannot, 
at least readily, be recovered by cellular systems [Doyle et al., 1988; DeMaster et al., 
1998; Wong et al., 1998; Shen and English, 2005; Donzelli et al., 2006]. Therefore, 
the, at this time hypothetical, endogenous generation or exogenous application of 
HNO to the neuronal system could result in direct inhibition of critical cysteine-
containing enzymes, or predispose neuronal cells to damage by other reactive species 
following depletion of cellular GSH [Wink et al., 1998]. 
 
PD and ALS are two neurodegenerative diseases, which have been closely linked to 
oxidative stress. Furthermore, these diseases have been associated with increased 
production of NO, and therefore the role of oxidative stress and potential role of HNO 
in their pathophysiology will be addressed in more detail in the next two sections. 
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5.6.7. Parkinson’s disease 

Parkinson’s disease (PD) was first described by James Parkinson almost two hundred 
years ago [Parkinson, 1817] as a syndrome consisting of involuntary shaking 
movements, loss of muscular power, difficulties in voluntary movements, and rigidity. 
Today, PD is one of the most common neurodegenerative diseases affecting 
approximately one percent of the over 55-year-old European population [von 
Campenhausen et al., 2005]. 
 
The symptoms of PD are caused by loss of dopaminergic transmission from the s.n. 
pars compacta but the pathological findings associated with the disease are not 
limited to this area only [Braak et al., 2004]. The parkinsonism-like symptoms can 
result from the use of dopamine receptor antagonists, such as anti-psychotic 
medication [Caligiuri et al., 2000], while idiopathic PD becomes symptomatic when 
approximately 70-80 percent of the dopaminergic neurons in the s.n. are lost 
[Bernheimer et al., 1973; Bezard et al., 2003]. The pathological hallmark of 
Parkinson’s disease is the loss of the pigmented neurons of s.n. and accumulation of 
Lewy bodies in the surviving neurons [Braak et al., 2004; Dickson, 2005]. Lewy 
bodies are intracellular lipoprotein inclusions, which are immunoreactive for the main 
constituent proteins α-synuclein [Munoz, 1999] and ubiquitin [Lennox et al., 1989]. 

 
The accumulation of ubiquitin-immunoreactive Lewy bodies indicates a failure of the 
ubiquitin proteasome system at some point during pathogenesis of the disease, and the 
limited studies on the brain pathology of patients in the early phases of PD have 
suggested that their accumulation could be an early event in the disease pathogenesis 
[Wakabayashi et al., 1998]. Further evidence for the involvement of the dysfunctional 
ubiquitin-proteasome system has been provided by the familial forms of PD 
[McNaught et al., 2001]. Thus far, mutations in the α-synyclein [Polymeropoulos et 
al., 1997] and enzymes that ubiquitinylate (Parkin) [Kitada et al., 1998; Shimura et al., 
2000] or de-ubiquitinylate proteins [Leroy et al., 1998] have been reported. Some PD-
associated α-synuclein mutations increase the spontaneous tendency of the α-
synuclein monomers to form oligomers, which are the precursor species for higher 
order aggregates as found in Lewy bodies [Conway et al., 1998]. In contrast to the α-
synuclein mutation-associated PD cases [Zarranz et al., 2004], the Parkin-mutant 
cases are typically devoid of the ubiquitin-rich Lewy bodies [Ishikawa and Takahashi, 
1998]. While the lack of Lewy body formation in Parkin-mutation-associated PD 
cases suggests that proper ubiquitinylation is required for the Lewy body formation, it 
also implies that their generation is not required for the death of dopaminergic 
neurons. On the other hand, it has also been proposed that Lewy bodies could be a 
form of cellular “garbage bags” for protein waste, which cannot be recycled, and 
therefore could actually protect the cells from the potential toxicity of soluble 
mutilated proteins [McNaugh et al., 2001]. Besides α-synuclein and the ubiquitin-
proteasome system, mutations underlying a small portion of recessive familial PD 
cases have been shown in genes known as DJ-1 [Bonivati et al., 2003], PINK1 
[Valente et al., 2004] and LRRK2 [Funayama et al., 2002]. The cellular function of 
DJ-1 is not currently well understood, but its expression has been linked with 
increased cellular tolerance to oxidative stress, putatively due to the antioxidant 
function of its cysteine thiols [Bonivati et al., 2003; Moore et al., 2005]. PINK1 is 
protein kinase which has been localized in mitochondria [Valente et al., 2004]. 
LRRK2 is a protein kinase, which is known to be expressed throughout the body and 
CNS [Paisan-Ruiz et al., 2004]. The exact cellular function remains unknown, 
although it has been postulated to function in cytosceletal regulation [Abeliovich and 
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Beal, 2006], while both DJ-1 and PINK1 have been suggested to protect the neurons 
against mitochondrial damage [Cookson, 2005; Moore et al., 2005]. 

 
The underlying cause of death of dopaminergic neurons in idiopathic PD is unknown. 
On the basis of substantial evidence from post-mortem tissue samples showing 
increased oxidative modification of proteins, DNA, and lipids [Alam et al., 1997A; 
Alam et al., 1997B; Dexter et al., 1989], oxidative stress has been postulated to 
participate in the pathophysiology [Jenner, 2003]. Multiple potential causes of 
oxidative stress have been proposed, such as decreased mitochondrial complex I 
activity [Schapira et al., 1990], increased iron content [Dexter, 1991], microglial 
activation [Hunot et al., 1996; Teissmann and Schulz, 2004], H2O2 formation by 
dopamine autoxidation [Maker et al., 1981], and formation of toxic adducts by 
dopamine semi-quinones with proteins [Graham, 1978; Scheulen et al., 1975]. As 
outlined above, any one of these factors could lead to another, and ultimately result in 
excessive cellular stress and death [Halliwell, 2001; Jenner, 2003], causing similar 
disease phenotype irrespective of the initiating factor. Similar mechanims are also 
supported by toxin-induced degeneration of dopaminergic neurons in humans and 
experimental animals. 6-hydroxy-dopamine (6-OHDA) is one of the most studied 
neurotoxins, which upon uptake into dopaminergic neurons causes generation of free 
radicals [Cohen and Heikkila, 1974], and inhibits the activity of mitochondrial 
complexes I and IV [Glinka et al., 1997]. By chance, a toxic agent was found to cause 
severe parkinsonian syndrome also in humans subsequent to the use of home-made 
pethidine preparation, which was found to contain 1-methyl-4-phenyl-1,2,4,6,-
tetrahydropyridine (MPTP) [Langston et al., 1983]. MPTP was soon thereafter shown 
to be oxidized to MPP+ by MAO-B [Langston et al., 1984] and to inhibit 
mitochondrial complex I activity [Nicklas et al., 1985]. Humans [Langston et al., 
1999] or experimental animals [Shimoji et al., 2005] given MPTP do not generally 
develop Lewy bodies despite a similar phenotype and loss of dopaminergic neurons as 
in idiopathic PD cases. More recently, other toxic agents such as pesticide rotenone 
[Betarbet et al., 2000], have been identified, that cause selective loss of dopaminergic 
neurons in rodents by inhibition of mitochondrial respiration following systemic 
administration. 
 
Both human idiopathic PD and its MPTP-rodent model have been linked with 
increased generation of NO [Hunot et al., 1996; Przedborski et al., 1996]. The main 
body of evidence suggesting that excess NO is generated in the s.n. comes from 
reports on increased nitrotyrosine immunoreactivity [Good et al., 1998]. While such 
nitrotyrosine immunoreactivity does not necessarily demonstrate ONOO¯ production 
[Thomas et al., 2002], it can be taken as an indication of increased NO production 
[Thomas et al., 2002; Ridnour et al., 2004]. Another body of evidence favoring 
increased NO production comes from increased iNOS immunoreactivity within the 
glial cells of the s.n. in PD patients [Hunot et al., 1996]. Like the molecular 
pathogenesis of PD in general, the role of NO in its pathogenesis is not clear. It has 
been suggested that the lower mitochondrial complex I activity seen in the PD s.n. 
[Schapira et al., 1990] could be due to NO, since NO has been shown to inhibit 
complex I activity by S-nitrosation of a critical cysteine residue in a DTT-reversible 
manner [Clementi et al., 1998]. Furthermore, more recent studies have shown that 
reactive nitrogen species can participate in PD pathogenesis by down-regulating the 
ubiquitin-ligase (Parkin) activity in both human idiopathic PD, and in its rodent 
models by S-nitrosation of the active site cysteine [Chung et al., 2004; Yao et al., 
2004]. 
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Over the course of several decades, numerous agents such as 6-hydroxydopamine (6-
OHDA) [Ungerstedt, 1968], iron [Ben-Shachar and Youdim, 1991], MPTP [Chiueh et 
al., 1984], ONOO¯ [Rauhala et al., 1998], SIN-1 [Iravani et al., 2006], GSNO 
[Rauhala et al., 1998] and LPS [Castaño et al., 1998] have been stereotaxically 
infused into the rodent s.n. to study the neurotoxic or neuroprotective properties of 
these agents against the dopaminergic neurons in vivo. These toxin-induced PD 
models also provide convenient and important tools to study symptomatic treatments 
or neuroprotective agents for PD [Schwarting and Huston, 1996A; Bove et al., 2005]. 
Due to the high mortality associated with bilateral 6-OHDA lesions [Ungerstedt, 
1971], the 6-OHDA model is most commonly used as a hemi-Parkinsonism model 
where, following unilateral destruction of the s.n. pars compacta, the ipsilateral 
striatum, or the nigro-striatal pathway by local application of 6-OHDA, the 
dopaminergic innervation from the s.n. to the striatum is lost. Subsequent to 
upregulation of the ipsilateral striatal post-synaptic dopaminergic receptors, the 
lesioned animals show unilateral rotational behavior upon administration of 
dopaminergic agents, with the rate of rotation behavior correlating with the extent of 
the lesion, thus providing a behavioral tool to study the efficacy of neuroprotective 
treatments [Schwarting and Huston, 1996A].  
  
To date, the endogenous generation of HNO has not been demonstrated and thus its 
potential contribution to the pathogenesis of PD cannot be directly assessed. On the 
other hand, in vitro studies have shown that HNO potentially possesses similar 
biological effects as neurotoxins associated with the death of dopaminergic neurons. 
For example, both Angeli’s salt [Shiva et al., 2004] and MPTP [Nicklas et al., 1985] 
have been shown to inhibit mitochondrial complex I activity. Furthermore, it has been 
well established that cellular GSH is depleted by exposure to Angeli’s salt [Wink et 
al., 1998; Lopez et al., 2005], which can render dopaminergic neurons more 
susceptible to attack by other reactive species. Finally, the cytotoxicity of Angeli’s 
salt against cultured neurons was recently shown in vitro [Hewett et al., 2005].   
  

5.6.8. Amyotrophic lateral sclerosis (ALS) 

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, was first 
characterized by Jean-Martin Charcot [Charcot and Joffroy, 1869]. The disease is 
characterized by progressive weakness and spasticity of the muscles, resulting in 
death due to respiratory failure, typically within five years after the onset of 
symptoms [Bruijn et al., 2004; del Aguila et al., 2003]. ALS affects approximately 
1:2000 persons over the age of 55 yrs based on primary causes of death [Maasilta et 
al., 2001]. 
 
The pathological hallmarks of ALS are loss of motor neurons at all levels of the CNS, 
from cortical upper motor neurons to lower spinal motorneurons in the anterior spinal 
cord [Piao et al., 2003]. Despite decades of intensive research, the primary cause of 
death of motorneurons remains unknown, although inflammation [Sargsyan et al., 
2005], oxidative stress [Agar and Durham, 2003], excitotoxicity [Rothstein et al., 
1990], improper endosomal trafficking [Yamanaka et al., 2003], and increased 
expression of neurofilament proteins [Xu et al., 1993] have been suggested to 
participate in the pathogenesis. Evidence for oxidative stress includes increased 
amounts of protein carbonyls in ALS spinal cords [Ferrante et al., 1997]. The 
presence of ubiquitin-immunoreactive protein inclusions in the surviving 
motorneurons further indicates a defect in the normal degradation mechanisms of 
damaged proteins [Watanabe et al., 2001]. Increased nitrotyrosine immunoreactivity, 
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indicating increased NO production, has been shown in ALS spinal cord tissues [Abe 
et al., 1995]. Furthermore, increased NOS immunoreactivity has been shown both in 
dying ventral spinal cord motorneurons [Wong and Strong, 1998], and particularly in 
the reactive astrocytes surrounding these cells [Phul et al., 2000]. 
 
Approximately 5-10 % of all ALS cases are familial, and in these cases, mutations in 
the Cu/Zn-SOD-gene were the first identified cause, underlying approximately 20 % 
of the familial ALS cases [Rosen et al., 1993]. Thus, despite extensive research on 
SOD mutation-associated ALS cases, only 1-2 % of all ALS cases have an underlying 
mutation in the gene. Subsequently, other genes such as endosomal trafficking-
associated ALS2 (ALSIN) [Hadano et al., 2001] have been identified to cause familial 
ALS cases [Bruijn et al., 2004]. Despite these findings, the known genes causing 
familial ALS have not led to the identification of a unified molecular pathway leading 
to death of motor neurons [Bruijn et al., 2004]. Increased oxidative stress subsequent 
to mutations in the SOD gene would appear to be the logical molecular mechanism 
for the SOD mutation-associated ALS cases. Due to the autosomal dominant heritance 
pattern of the SOD mutation-associated familial ALS cases, the lack of motorneuron 
symptoms in Cu/Zn-SOD knockout mice [Reaume et al., 1996], and the lack of 
correlation between disease phenotype and O2¯ scavenging activity [Borchelt et al., 
1994], the motorneuron toxicity of these SODs is, however, unlikely due to alterations 
in their SOD activity. 
 
In vitro studies have shown that the ALS-associated SOD enzymes are more prone to 
lose their affinity for the zinc ion of the enzyme [Crow et al., 1997A]. The role of zinc 
in the enzyme is to stabilize the copper ion of SOD and facilitate higher substrate 
specificity [Tainer et al., 1983]. Zinc-deficient SODs catalyzes reduction of O2 to O2¯ 
thus reversing normal SOD function by utilizing cellular reductants [Estevez et al., 
1999]. Furthermore, following serum deprivation, cultured motor neurons were killed 
in a NO-dependent manner in the presence of ALS-mutant zinc-deficient SODs 
[Estevez et al., 1999]. It was thus concluded that mutant SODs would be prone to lose 
zinc ion, resulting in reduction of O2 by copper. In the presence of NO, ONOO¯ could 
be subsequently formed [Blough and Zafiriou, 1985; Huie and Padmaja, 1993], 
resulting in nitration of protein tyrosines in various proteins, including neurofilaments 
[Crow et al., 1997A; Crow et al., 1997B], and ultimately cause the death of the motor 
neurons by apoptosis [Estevez et al., 1999]. 
 
On the other hand, SOD can reversibly oxidize HNO to NO [Murphy and Sies, 1991]. 
Therefore, the increased reduction tendency of the copper ion in SOD could result in 
reduction of NO to NO¯ (which would subsequently protonate to HNO), as was 
suggested by Liochev and Fridovich, who subsequently pointed out that the oxidation 
of dichlorodihydrofluorescein used by Estévez and co-workers to measure ONOO¯  
formation [Estevéz et al., 1999] does not discriminate between ONOO¯ and the HNO 
autoxidation product [Liochev and Fridovich, 2001], as had also been previously 
shown in a comparative characterization of the two oxidants [Miranda et al., 2001]. If 
the ALS-mutant Cu/Zn-SOD was able to reduce NO, HNO could be steadily 
generated in motor neurons from NO and taking into account its cytotoxic potential 
[Wink et al., 1998], HNO could become one of the contributing species in the 
molecular pathogenesis of ALS.  
 
Generation of NO¯ or HNO by ALS-mutant SOD is opposed by the revised negative 
reduction potential of NO [Bartberger et al., 2002], which suggests that reduction of 
NO would not be likely under in vivo conditions. However, the potential generation of 
HNO by SOD catalyzed reduction of NO has not been well studied, and may be more 
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feasible due to less negative reduction potential (<0.7 V vs. >0.4 V [Bartberger et al., 
2002]). It has been also subsequently noted that the negative reduction potential as 
such does not necessarily determine the biological feasibility of a given reaction, since 
redox reactions with highly negative reduction potential seem to take place in the 
biological systems where scavenging of the product, for example, HNO by thiols, can 
shift the actual redox potentials [Liochev and Fridovich, 2003A]. Furthermore, it was 
suggested that the redox potential does not necessarily apply to species bound at the 
active site of an enzyme, such as at the copper of Cu/Zn-SOD [Liochev and 
Fridovich, 2003A].    
 
The reverse reactivity of normal SOD reaction proposed by Beckman and Estévez to 
underlie the toxic gain of function in ALS-mutant SODs [Estévez et al., 1999; 
Beckman et al., 2001] has been criticised as kinetically impossible [Liochev and 
Fridovich, 2003B]. Likewise, the reversal of the well characterized oxidation of HNO 
by SOD, yielding NO [Murphy and Sies, 1991; Liochev and Fridovich, 2001; Liochev 
and Fridovich, 2003A; Miranda et al., 2003] has been recently proposed to be unlikely 
[Miranda, 2005].  
 
Despite the controversies over the hypothetical generation of HNO by wildtype SOD 
or its ALS-associated mutant forms, no prior published studies exist to evaluate the 
neurotoxic potential of HNO in the spinal cord. Since the SOD mutations associated 
with familial ALS cause death of motor neurons, despite their presence in every cell 
of the body, it is likely that motor neurons are particularly sensitive to toxicity 
associated with such SODs. Therefore, the potential sensitivity of motor neurons to 
HNO was assessed in study (IV) by testing whether local application of Angeli’s salt 
into the spinal intrathecal space could cause motor-neuron-specific neurotoxicity. 

 
The research on animal models of ALS relies on genetic animal models showing 
altered expression of cytosceletal proteins or carrying human familial-ALS-associated 
SOD mutations [Robertson et al., 2002]. One of the most studied models takes 
advantage of the human familial ALS-associated G93A SOD mutation [Gurney et al., 
1994]. The mice carrying this mutation typically begin to show motor deficits by the 
age of 100 days, whereafter the disease progresses rapidly to death within weeks 
[Gurney et al., 1994; Hamadeh and Tarnopolsky, 2006]. Despite research on systemic 
or local delivery of excitotoxic agents, such as kainic acid [Hugon et al., 1989] or l-β-
oxylamino-l-alanine [Sriram et al., 1998], satisfactory toxin-induced animal model for 
ALS has not been described [Doble and Kennel, 2000]. Thus, in contrast to variety of 
toxin-induced PD models [Bove et al., 2005], the experimental animal studies on ALS 
rely mainly on genetic models, such as G93A SOD-1 mice [Guerney et al., 1994; 
Doble and Kennel, 2000].  
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6. Aims of the study 

The main objective of this thesis was to study the pro-oxidative and neurotoxic 
properties of HNO. These properties were analyzed under controlled cell-free in vitro 
conditions, as well in cell culture experiments and in vivo. 
 
The detailed aims of the thesis were: 
 

1. To study generation of oxidative protein modifications, such as protein 
carbonyl residues and loss of biologically active thiol residues in proteins, 
following exposure of proteins to HNO and/or other nitrogen oxides under 
cell-free in vitro conditions. (Study I) 

2. To extend the study on HNO-mediated modification of thiol residues (Study I) 
into the cellular milieu and to characterize potential inhibition of proteolytic 
processes by exogenously applied HNO. (Study II) 

3. To study the neurotoxic potential of HNO against dopaminergic neurons in 
vivo following unilateral infusion into the rat s.n. (Study III) 

4. To investigate the potential motorneuron selectivity of the HNO-mediated 
neurotoxicity observed in study III following intrathecal delivery into the rat 
lumbal spinal cord. (Study IV) 
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7. Materials and methods 

7.1. Chemicals and reagents 

Angeli’s salt, DEA/NO, SULFI/NO and PAPA/NO were purchased from Cayman 
Chemicals (Ann Arbour, MI, USA), while SIN-1, GSNO, and NaNO2 were purchased 
from Sigma (St. Louis, MO, USA) through YA-kemia, Helsinki, Finland. All of the 
nitrogen oxide donors were stored as solids at -80ºC. Unless otherwise specified under 
experimental procedures, all other chemicals were obtained from Sigma. 
 
For all experiments, the donor compounds were dissolved in an ice-cold vehicle and 
used immediately. For some control experiments the Angeli’s salt stock solution was 
allowed to decompose for a specified time at room temperature to produce a HNO- 
exhausted control solution.  
 
For the in vitro experiments, the donor compounds were dissolved in the vehicle to 
produce a 100–fold stock solution, which was added to the buffer or cell culture 
media to produce the desired final donor compound concentration for each 
experimental setup. Like Angeli’s salt, the other NONOate-type nitrogen oxide 
donors are relatively stable at high pH but degrade under physiological conditions into 
the respective parent nucleophile and up to 2 equivalets of NO at a specific 
degradation rate determined by the nucleophile [Maragos et al., 1991; Keefer et al., 
1996]. However, there are notable exceptions, such as SULFI/NO, which upon 
degradation releases N2O, and sulfate ion, instead of NO [Ackermann and Powell, 
1967; Maragos et al., 1991]. In this thesis and the original publications (I-IV), 
Angeli’s salt was used to release HNO, while PAPA/NO and DEA/NO were used as 
NO donors. SULFI/NO was used as a N2O donor, and SIN-1, which releases O2¯ and 
NO under aerobic conditions, was used as an in situ generator of ONOO¯ [Feelisch et 
al., 1989; Hogg et al., 1992]. The structures and properties of Angeli’s salt and the 
other nitrogen oxide donors referred to in these studies are shown in Table 2. 

 
Angeli’s salt, PAPA/NO, DEA/NO, and SULFI/NO were dissolved in 10 mM NaOH 
to avoid their rapid decomposition at physiological pH, while SIN-1 and GSNO were 
dissolved in ice-cold PBS containing 50 µM DETAPAC as a metal-chelating agent to 
avoid the rapid decomposition of S-nitrosothiols in the presence of trace quantities of 
transition metals. The molar concentrations of the produced stock solutions were 
frequently monitored by their UV-absorbance, using absorbance coefficients of A237 
6100 cm-1M-1 [Maragos et al., 1991], A259 8500 cm-1M-1 [Maragos et al., 1991], A250 
8050 cm-1M-1 [Hrabie et al., 1993] for Angeli’s salt, SULFI/NO and PAPA/NO, 
respectively. 
 
For in vivo experiments, donor solutions were produced essentially as described for in 
vitro experiments by producing a solution which contained the desired dose of the 
donor in 1 µl for stereotaxic infusion or in 10 µl for intrathecal delivery into the 
lumbar intrathecal space. Intrathecal delivery of Angeli’s salt into the rat lumbar 
intrathecal space in 10 mM NaOH caused severe irritation in the animals, and 
therefore Angeli’s salt was dissolved in ice-cold 1 M HEPES and injected within 10 
seconds from preparation of the solution in these experiments to minimize the 
irritation, possibly caused by the highly alkaline nature of the stock. 
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Table 2. The structures and properties of the compounds used in the 
experiments. For each compound the commonly used abbreviated name and the 
systematic names are shown.  
a The structures for Angeli’s salt, DEA/NO, PAPA/NO and SULFI/NO are 
shown for the high pH stable anions, while the systematic name indicates the 
respective salt used in the experiments 
b Maragos et al., 1991 
c Bonner and Ravid, 1975 
d Hrabie et al., 1993 
e Mooradian et al., 1995 
f Switkes et al., 1973 
g Arnelle and Stamler, 1995 
h Feelisch et al., 1989 

 

7.2. In vitro experiments 

7.2.1. Hydroxylation of salicylate 

Angeli’s salt (0-1000 µM) or sulphononoate (400 µM) was added to PBS containing 1 
mM sodium salicylate as a ·OH scavenger. The samples were incubated for 5-60 min 
in open capped Eppendorf-tubes under atmospheric O2 tension. After the incubation, 
an aliquote of the reaction solution was injected into a HPLC system for quantitation 
of the formed hydroxylation products of salicylate as described for detection of 
catecholamines [Chiueh et al., 1992; Männistö et al., 1992]. Authentic 2,3-
dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid were used as standards, and 
their yields were added to give an estimate of hydroxylating species generation per 
minute during the incubation time. None of the tested donors, nor NaNO2, caused 
interfering peaks at HPLC, when injected in the absence of sodium salicylate. 
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7.2.2. Lipid peroxidation in a rat brain homogenate 

Rat brains were acquired from control animals of other experiments and, following 
rapid freezing in liquid nitrogen, stored at -80 ºC until used. For the experiments, 
cortical tissue was homogenized by sonication into a 10 ml aliquot of PBS to initiate 
the autoxidation of the tissue lipids, and was then further diluted to a final 
concentration of 50 mg frozen tissue per ml. Brain homogenates were then incubated 
on a shaking waterbath at +37ºC for 2 h in the presence of the donors to study their 
pro/anti-oxidative properties. After the incubation, to a 500 µl aliquot of the sample, 
150 µl of ice-cold methanol and 500 µl of chloroform were added, and the samples 
were thoroughly vortexed and allowed to stand on ice for 10 min prior to 
centrifugation at 6000 g for 10 min. Thereafter, a 300 µl aliquote of the chloroform 
extract was carefully taken, and following addition of 150 µl of HPLC-grade 
methanol, the fluorescence of the brain lipid peroxidation products, cross-linked 
aldehydes with primary amines [Shimasaki, 1994], was recorded with a Perkin Elmer 
LS50B spectrofluorometer (excitation 356 nm and emission 426 nm). The 
fluorescence of a cold sample, kept on ice during the incubation of the experimental 
samples at +37ºC, was deducted from all readings to account for the variation in the 
baseline values of lipid peroxidation products in the brain samples.  
 

7.2.3. Protein carbonyl quantitation 
Protein carbonyls were quantitated by derivatization of the carbonyls by 2,4’-
dinitrophenyl hydrazine (DNPH), followed by either ELISA [Buss et al., 1992] or 
spectrophometric quantitation of the formed carbonyl DNP-adducts [Levine et al., 
1990]. The proteins were precipitated, after 1 h incubation with the tested nitrogen 
oxide donors, by 10 % TCA on ice for 10 min, followed by centrifugation at 10,000 g 
for 10 min to pellet the protein. The protein pellet was thereafter resuspended in 5 
mM acetate buffer (50 mM NaCl, 0.5 mM EDTA; pH 4.7) to a protein concentration 
of 4 mg/ml. This precipitation-resuspension protocol was needed as some of the tested 
antioxidants caused interference with either the DNPH derivatization of protein 
carbonyls or with the binding of the derivatized samples onto the ELISA plates, 
evident as lower than baseline signals.    
 
The well characterized spectrophotometric [Levine et al., 1990] method for protein 
carbonyl quantitation was used for some of the control samples, as well as for the 
calibration of the BSA standards for ELISA detection. Briefly, to the protein sample a 
three-fold volume of 10 mM DNPH in 2 M HCl was added to derivatize the protein 
carbonyls, and the reaction mixure was thoroughly mixed several times during 
incubation (45 min) at room temperature. To remove excess unbound DNP, the 
protein was precipitated by addition of an equal volume of 20 % TCA and, following 
incubation (10 min) on ice, the protein was pelleted by centrifugation (10.000 g x 10 
min). The pellet was then washed three times with 2 ml of ethyl-acetate ethanol (1:1) 
and the final pellet was resuspended in 6 M guanidine hydrochloride in 0.5 M 
phosphate buffer (pH 2.5). The carbonyls were quantitated by reading the absorbance 
of the samples at 370 nm and referenced to protein peak at 280 nm with a Wallac 
spectrophotometer. The carbonyl content was calculated on the basis of A370 22.000 
M-1cm-1 [Johnson, 1953] as previously described [Levine et al., 1990], and the protein 
content was estimated from A280 and referenced to a BSA standard. The final carbonyl 
content was expressed as nmol/mg protein, and the standard BSA solutions for the 
ELISA detection were constructed by mixing ferrous-citrate-oxidized BSA and 
sodium-borohydride-reduced BSA [He et al., 1999] to obtain BSA solutions 
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containing 0-7.2 nmol carbonyls per mg protein. These standards were found to be 
stable at -80°C for at least a year, and the same batch was used for all assays. 
 
The ELISA detection was used for most of the assays due to its high reproducibility 
and suitability for screening of large numbers of samples. The assay was carried out 
by derivatizing BSA or rat brain/spinal cord samples (typically 15 µl) containing 4 
mg/ml of protein by three volumes of 10 mM DNPH in 6 M guanidine hydrochloride 
(0.5 M phosphate buffer; pH 2.5) for 45 min at room temperature, and by diluting the 
derivatized samples containing 1 mg/ml of protein to a concentration of 5 µg/ml in 
PBS. Then, the diluted samples were pipetted onto Nunc maxisorp ELISA plates 
(Nunc, Denmark) in triplicate and incubated overnight at +4ºC. The non-specific 
binding sites were blocked with 1 mg/ml BSA in PBS for 1.5 h at room temperature. 
Next, polyclonal biotin-linked rabbit anti-DNP (Molecular Probes, Eugene, OR) 
antibody was added at a concentration of 1:4000 to 1:6000 (0.1 % BSA, 0.1 % Tween 
20 in PBS) and the plate was incubated at + 37ºC for 1 h, followed by a further 1 h 
incubation at room temperature with streptavidin-conjugated horseradish peroxidase 
(Amersham international, Buckinghamshire, UK; 1:3000 to 1:6000 in PBS containing 
0.1 % BSA, 0.1 % Tween 20). Bound peroxidase activity was visualized by adding 
200 µl of a freshly prepared solution containing 0.6 mg/ml of the peroxidase substrate 
o-phenylenediamine in 100 mM citrate-phosphate buffer and 1:2000 diluted 30 % 
H2O2 (pH 5.0). After 20 min incubation at room temperature, the reaction was stopped 
by the addition of 100 µl of 2.5 M sulphuric acid. The absorbance of samples and 
standards was measured at 492 nm using a Wallac microtiter plate reader, and protein 
carbonyl concentration was estimated from the spectrophometrically quantitated 
standard curve constructed from sodiumborohydride-reduced BSA and ferrouscitrate-
EDTA-ascorbate oxidized-BSA [He et al., 1999].  
 

7.2.4. Protein cysteine quantitation 

Protein cysteine residues were quantitated by reactivation of S-methyl-inactivated 
papain using cystamine, a small molecular disulfide as a catalyst, as previously 
described [Singh et al., 1995]. L-Cysteine was used as a standard (0-32 µM) and its 
actual concentration was verified by reaction with Ellman’s reagent (DTNB) [Ellman, 
1959]. An aliquot (37.5 µl; 4 mg protein/ml; resuspended in acetate-EDTA buffer) 
was added to 375 µl of solution containing 0.6 mg/ml of papain-SSCH3 in sodium 
phosphate-EDTA buffer, pH 7.5, followed by 15 µl of 4 mM cystamine in the 
acetate/EDTA buffer to act as a catalyst between the bulgy papain molecule and 
potentially sterically hindered protein thiols. After a 1 h incubation at room 
temperature, the standards and samples were loaded onto microtiter plates, and 130 µl 
of papain substrate solution (pH 6.3) containing 4.9 mM l-BAPNA in 50 mM bis-Tris 
buffer (1 mM EDTA; 5.8 % DMSO) was pipetted into each well. Following further 
incubation for 1 h at room temperature, the absorbance was read at 405 nm. The 
protein thiol concentration was referenced to the L-cysteine standard curve and 
expressed as nmol/mg of protein. 
 
The protein thiols were also quantitated in some of the papain samples, which were 
first treated with the donors. For these studies, Ellman’s method was used, based on 
the TNB-chromophore release following reaction of thiols with Ellman’s reagent 
(DTNB). The assay was carried out as previously described [Riener et al., 2002]. 
Briefly, 200 µl of 100 mM borate buffer (0.2 mM EDTA) was added to the papain 
preparation (1 ml; 0.1 mg/ml in PBS). Then, to the parallel samples and controls a 20 
µl aliquote of either Ellman’s reagent (100 mM with 100 mM cystamine) or distilled 
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water was added. Following a 5 min incubation, the A412 was measured, and the thiol 
content calculated by substracting the blank control (Ellman’s reagent without 
protein) from all readings, and the respective control sample (protein without 
Ellman’s reagent) from the respective readings by using absorbance coefficient A412 
14.150 M-1cm-1  for the released TNB [Riddles et al., 1979]. 
    

7.2.5. Papain activity measurement 

Papain activity was measured from the papain samples (0.1 mg in 1 ml PBS) that had 
been treated for 1-2 h with the nitrogen oxide donors essentially as described above 
for the protein thiol determination. To a 100 µl aliquote of the samples per well on a 
microtiter plate was added 80 µl of the papain substrate solution containing 4.9 mM l-
BAPNA in 50 mM bis-Tris buffer with 1 mM EDTA and 5.8 % DMSO, pH 6.3. 
Thereafter, the ΔA405 was monitored for 20 minutes and the activity expressed as a 
percentage of the indicated control. 
 

7.3. Cell-culture experiments 

7.3.1. Cell line and culture conditions 

A monocyte/macrophage cell line (THP-1) was used for the cell system studies. The 
cells were kept in a humidified incubator (37ºC, 5% CO2) in RPMI 1630 medium 
containing 10% fetal calf serum (Gibco BRL, Grand Island, NY, USA) and antibiotics 
(penicillin G 100 U/ml, amphotericin B 250 ng/ml, and streptomycin 100 µg/ml, 
Gibco BRL, Grand Island, NY, USA).  
 
For the experiments, THP-1 cells were either activated with E.coli LPS (O111:B55, 
Sigma; 100 ng/ml) in RPMI media or differentiated into macrophageal phenotype by 
TPA (200 nM) for 48 h. Thereafter, the cells were resuspended in serum and 
antibiotic-free RPMI medium and used for the experiments immediately. At the start 
of the experiment, the donors were added as a 100–fold stock solution. The LPS–
stimulated cell suspensions were then kept protected from the light at atmospheric O2 
tension at +37ºC for 1 h and pelleted by gentle centrifugation (380 g x 3 min), while 
the TPA–differentiated adherent cells were washed once with PBS.  

  

7.3.2. Analysis of cathepsin-B activity in THP-1 cells 

Due to the close structural analogue of mammalian cathepsin-B to the plant cysteine 
protease papain [McGrath, 1999], the effects of HNO were studied on cathepsin-B in 
the cellular milieu. Cathepsin-B activity was measured as described previously for 
cathepsin-L [Barrett and Kirschke, 1980]. Briefly, LPS–activated cells were 
homogenized by sonication (VibraCell cv17, Sonic&Materials Inc., Danbury, CT; 1.7 
s, power 2/10) into 200 µl of homogenization buffer (50 mM sodium acetate, 2.5 mM 
DTT, 2.5 mM EDTA, 1 % Triton X-100; pH 5.5), while TPA–differentiated cells 
were scraped into the 200 µl of homogenization buffer and sonicated as above. The 
debris was pelleted by centrifugation (10.000 g x 10 min), and to a 150 µl aliquote of 
the supernatant, 150 µl of activator (freshly prepared 8 mM DTT in 340 mM sodium 
acetate, 60 mM acetic acid, 4 mM EDTA; pH 5.5) was added. Following activation of 
the cysteine proteases for 1 min at +37ºC, 150 µl of 0.1 % Brij 35 was added as 
detergent to avoid precipitation of the substrate, followed by 150 µl of the cathepsin-B 
substrate Z-Arg-Arg-7-(4-methyl)coumarylamide, (Calbiochem, San Diego, CA, 
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USA; 200 µM in 20 % DMSO). The reaction was allowed to proceed for 13 min in a 
+37ºC waterbath prior to addition of the stopper reagent (100 mM sodium 
monochloroacetate, 30 mM sodium acetate, 70 mM acetic acid, pH 4.3), and the 
released AMC was quantitated spectrofluorometerically (Wallac Victor2, 1420 
Multilabel counter) using excitation and emission wavelengths of 355 nm and 460 
nm, respectively. The reagent blank was deducted from all readings, and the activity 
expressed as a percentage of the non-treated samples’ activity or in terms of rate of 4-
methyl-coumarylamide (AMC) release per second per milligram of protein. 
 
Cathepsin-B activity was also visualized cytochemically in TPA-differentiated 
adherent macrophageal cells as previously described [Spiess et al., 1994]. The cells 
were grown on glass coverslips and the cathepsin B activity was visualized by 15-min 
incubation in the dark with a cell permeable substrate (Z-Arg-Arg-4-methoxy-β-
naphtylamine; 1 mM final concentration) and 5-nitro-salizylic acid (1 mM) as a 
fluorophore precipitant. After the incubation, the coverslips were mounted on glass 
slides with PBS-glycerol (1:1) and visualized with a Leica TCS SP2 system (Leica 
Microsystems AG, Wetzlar, Germany) with HCX PL APO CS 40 1.25 NA objective, 
and argon laser excitation at 488 nm. 

 

7.3.3. Immunocytochemical analysis of cathepsin B localization 

TPA–differentiated cells were grown and treated by the nitrogen oxide donors on 
glass coverslips. After a one-hour treatment, the cells were fixed in ice-cold methanol 
for 15 min and blocked by 3 % horse serum, followed by monoclonal mouse IgG anti-
human cathepsin B (Calbiochem/ EMD Biosciences Inc., La Jolla, CA) overnight at 
+4°C. The bound antibody was visualized by application of 0.4 µg/ml Alexa Fluor 
488–linked goat anti-mouse IgG (Molecular Probes Inc., Eugene, OR) for 1 h at room 
temperature, and the still photos were constructed using the Leica confocal laser 
scanning microscope as described above. 
 

7.3.4. Analysis of the 26S proteasome activity 

The chymotrypsin-like activity of the proteasome core unit was measured by 
homogenizing the cells as described for the cathepsin-B activity measurement into 
250 µl of buffer (10 mM Tris-HCl, 0.5 mM DTT, 5 mM ATP, 0.035 % SDS, 5 mM 
MgCl2 [Keller et al., 2000]), and by pelleting the debris by centrifugation (10.000 g x 
10 min). Thereafter, to a 200 µl aliquote 2 µl of succinyl-Leu-Leu-Val-Tyr-7-(4-
methyl)coumarylamide (5 mM in DMSO) substrate was added, and the sample was 
incubated for 45 min at +37ºC prior to fluorometric quantitation of the released AMC 
as described above for the cathepsin B analysis. The results were expressed in terms 
of AMC fluorescence in arbitrary fluorescence units per second per million cells. 
 

7.3.5. Western-Blot analysis of poly-ubiquitinylated proteins and expression of 

antioxidant enzymes in cellular protein extract 

The poly-ubiquitinylated proteins were determined in cellular extracts after a 1-2-h 
incubation with 100 µM Angeli’s salt, DEA/NO, SIN-1 or their vehicle controls, 
while the antioxidant enzyme expression levels were measured from cell extracts 
without exposure to donors. The cells were homogenized as described under the 
cathepsin B activity assay, and the debris was pelleted by centrifugation (10,000 g for 
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10 min at +4ºC) prior to boiling a 30 µl aliquot with an equal volume of Laemmli 
buffer (4 % SDS, 20 % glycerol, 10 % β-mercaptoethanol, 0.004 % bromophenol blue 
in 125 mM Tris-HCl), and the boiled samples were stored at -20ºC. The protein 
concentration of the cell lysates was measured after a 1:50 dilution in Milli-Q-filtered 
water by the Bradford method [Bradford, 1976] using commercial reagent and 
protocol (Sigma, MO, USA). 
 
The proteins were separated on 4-20 % gradient SDS-PAGE and transferred to 
nitrocellulose membranes. The membranes were blocked by non-fat milk (2.5 % in 
Tris-buffer), and probed with either monoclonal mouse anti-polyubiquitin (Bismol, 
Plymouth Meeting, PA, USA), rabbit anti-γ-glutamyl-cysteine-synthase (GCS; 
Labvision, Fremont, CA, USA), rabbit anti-Cu/Zn SOD (Stressgen, Victoria, BC, 
Canada), or sheep anti-Mn SOD (Calbiochem, La Jolla, CA) antibodies. The bound 
primary antibodies were visualized by horseradish peroxidase–coupled anti-rabbit IgG 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-sheep IgG (Jackson 
Immunoresearch, Cambridgeshire, UK), or anti-mouse IgG and IgM (Jackson 
Immunoresearch, Cambridgeshire, UK), and the ECL reaction (Pierce, Rockford, IL, 
USA) was visualized by the ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, 
CA, USA). 
 

7.3.6. Cellular reduced GSH content 

The concentration of GSH in the cells was measured by o-phataldialdehyde 
derivatization using reduced GSH as a standard as previously described [Hissin and 
Hilf, 1976]. The derivatized samples were fluorometrically quantitated (Wallac 
Victor2, 1420 Multilabel counter) using excitation and emission wavelengths of 355 
nm and 430 nm, respectively. The GSH content was expressed as µg GSH per mg of 
protein in the cellular extract. 
 

7.3.7. Analysis of nitrite (NO2¯) and nitrate (NO3¯) 

To study the potential for endogenous NO production in THP-1 cells, growth media 
samples were analyzed for their NO2¯ and NO3¯ content using commercial kit and 
protocol (Nitrate/Nitrite Fluorometric Assay Kit, Cayman Chemicals, Ann Arbour, 
MI). The assay is based on initial reduction of NO3¯ to NO2¯ by nitrate reductase, 
followed by detection of NO2¯ by naphthotriazole-fluorophore formation upon 
reaction with 2,3-diaminonaphthalene, which was quantitated 
spectrofluorometerically (Wallac Victor2, 1420 Multilabel counter) using excitation 
and emission wavelengths of 355 nm and 430 nm, respectively. 
 

7.3.8. Analysis of cell viability 

The potential cytotoxicity of the nitrogen oxide donors was assessed by measuring the 
release of lactate dehydrogenase (LDH) from the cells to the medium, and by 
measuring the capacity of the cells to reduce MTT. The presence of LDH activity in 
the cell culture medium indicates damage to the cellular lipid membrane and 
subsequent leakage of the intracellular enzyme from the cell. On the other hand, MTT 
is a formazan dye which does not readily pass through the cellular membrane, but is 
endocytosed into the cells, and subsequently reduced into insoluble crystals in 
endosomal vesicles by cellular enzymes in a NADPH–dependent process, which is 

45



Materials and methods 

sensitive to inhibition by cell permeable cysteine modifying agents such as N-
ethylmaleimide [Liu et al., 1997].   
 
The release of LDH from THP-1 cells was measured by a commercially available 
assay kit (Cytotoxicity Detection Kit, Roche, Mannheim, Germany) according to 
themanufacturer’s instructions. For the measurement, a small aliquot of the 
supernatant from the THP-1 cells was taken after the incubation with the donors and 
diluted to 1:100 with Milli-Q-filtered water. The LDH activity of this sample was then 
referenced to a fully lysed control sample (homogenized by sonication in the presence 
of 1 % Triton-X 100), which was taken to represent the maximal release of LDH from 
the studied cell load. 
 
The MTT-cleavage assay was performed essentially as described earlies [Mosmann, 
1983], with some modifications. 4 X 104 cells/well on a 96-well plate (in 100 µl of 
medium as described above) was pretreated for 48 h with either LPS or TPA as 
described above prior to 1-h incubation with the nitrogen oxide donors. Then, 10 
µl/well of MTT (5 mg/ml in PBS) was added and the plate was incubated for 4 h at 
+37ºC. The formed formazan crystals were solubilized by addition of 10 % SDS in 10 
mM HCl (100 µl/well) overnight, and the formazan quantitated by measurement of 
the net absorbance/well at A540 nm – A650 nm. The results are expressed as a 
percentage of the basal (control) values obtained in the absence of nitrogen oxide 
donors. 
   

7.4. In vivo experiments 

7.4.1. Animals 

Male Wistar rats (Harlan, the Neatherlands) were kept on a 12/12-h light/dark cycle 
and on standard lab chow, which along with fresh drinking water was made available 
ad libitum. All animal experiments were performed with the approval of the local 
institutional and municipal authorities (STU 162A/2000 (III) and STU 493A/2000 
(IV)). 

  

7.4.2. Stereotaxic infusion into the substantia nigra (s.n.) 

The rats (200 – 250 g) were anaesthetized with chloral hydrate (350 mg/kg; i.p.) and 
installed into a Stoelting rat-stereotaxic apparatus for infusion of the tested 
compounds into the s.n. pars compacta (3.2 mm anterior, 2.0 mm cranial and 2.1 
lateral from the interaural line [Paxinos and Watson, 1986]). The controlled infusions 
were performed with the microdialysis pump set to deliver 1 µl over a period of 5 min 
and the needle was kept in place for another 5 min minutes after the infusion to avoid 
back-flow of the solution into the needle tract. The body-temperature of the animal 
was kept at +37ºC during and after the operation by a heating blanket and a heating 
lamp, respectively.  
 
After 2-50 d, the rats were sacrificed by decapitation and the brain was promptly 
dissected. The striata were frozen in liquid nitrogen and stored at -80ºC for analysis of 
the striatal catecholamines. The rest of the brain was frozen on dry ice or fixed in 4 % 
paraformaldehyde for immunohistochemistry, or the small tissue sample was 
dissected from the s.n. pars compacta and frozen in liquid nitrogen for the 
biochemical studies. 
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7.4.3. Chronic intrathecal catheterization of the lumbar spinal cord 

The animals were anaesthetized with a combination of midazolam (5 mg/ml; Roche, 
Mannheim, Germany) and fentanyl-fluanisone (0.315 mg/kg and 10 mg/kg; Janssen-
Cilag) for chronic intrathecal catheterization of the lumbal intrathecal space as 
previously described [Yaksh and Rudy, 1976] by using a thin polyethylene tubing 
(diameter 0.25 mm; PE-10, Meadox Surgimed A/S, Stenlose, Denmark) inserted 
through an incision made into the cisterna magna. The catheter was fastened in place 
by a non-resorbable suture through a pre-made knot on the catheter. After the 
operation, the animals were allowed to recover for 7 d. The proper position of the 
catheter was verified by injecting 10 µl of hyperbaric lidocain solution (Lidocain 
Pond, Medipolar, Oulu, Finland), followed by 10 µl of 0.9 % NaCl to flush the 
catheter (volume approximately 7.5 µl). Only those animals showing bilateral 
temporary paralysis of the hindlimbs were used for further testing. 
 
For the experiments, the animals were given an intrathecal dose of the nitrogen oxide 
donors and their motor and sensory functions were monitored during the course of the 
experiment, up to 30 d. 
 

7.4.4. Paw-flick and tail-flick tests 

Sensory functions were monitored in animals that had received an intrathecal dose of 
the tested compounds using appropriate apparatus for both paw- and tail-flick testing 
(Ugo Basile, Comerio, Italy). The paw-flick test was performed by placing the animal 
in a plexiglass box and by heating both of the hindlimbs with an infra-red beam. The 
latency time (cut-off 11 s) was measured as a mean of three measurements, and the 
mean latency time of both hindlimbs was recorded. 
 
The tail-flick test was carried out by placing the animal in a clear restraining tube and 
by heating the middle trimester of the tail with a focused light beam for a maximum 
of 8 s. The mean of three consecutive measurements was calculated. 
 
The animals were trained for the testing conditions for at least 10 min on two 
consequtive days prior to beginning the tests. 
 

7.4.5. Rotarod performance 

The motor performance of the intrathecally treated animals was monitored by placing 
the animals on a rotating rubber-coated drum (Palmer electronic recording drum, 
diameter 80 mm), which was set to rotate at a fixed speed of 10 RPM. The animals 
were trained to walk on the drum prior to application of the tested compounds, and 
only those animals that were able to walk for the full cut-off time of 120 s were used 
for further studies. After the administration of the donors, the rotarod performance 
was monitored by placing the animal on the drum and the longest time of three 
measurements, or the cut-off time (120 s), if reached, was recorded. 
   

7.4.6. Motility testing 

Spontaneous locomotor activity was monitored by placing the animal in a 75 X 75 
cm, dark, noise insulated box equipped with light beam sensors, and the motility 
during a 20-min period was recorded as the total number of light beams cut during the 
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observation period (Kungsbacka Mät- & Regelteknik AB, Kungsbacka, Sweden 
[Ericson et al., 1991]). For this test, the animals were not trained prior to beginning 
the test to obtain higher motility counts in fit animals and therefore better sensitivity 
to compromised locomotor activity. 
 

7.4.7. Analysis of the striatal dopamine 

A small (7-15 mg) tissue sample was dissected from the striatum of the injected side, 
as well as from the contralateral control side, and was rapidly frozen in liquid 
nitrogen. The dissection was carried out by making an incision on the frontal brain in 
the mid-sagittal line, and by rolling the frontal cortexes aside along the lateral 
ventricles, whereafter a tissue samples were taken with cutting forceps from the 
visually identified dorsal striata. The tissue was homogenized by sonication 
(VibraCell cv17, Sonic&Materials Inc., Danbury, CT; 1.7 s, power 2/10) into 500 µl 
of ice-cold sample buffer (5 mM Na2S2O5, 0.4 mM EDTA, 0.4 M HClO4). The debris 
was pelleted by centrifugation (11,000 g, 20 min at +4ºC) and the supernatant was 
further filtered by passage through a PVDF-filter (0.45 µm poresize, Gelman Sciences 
Inc. Ann Arbour, MI, USA) prior to HPLC separation using 10 % methanol in 0.1 M 
phosphate buffer containing 20 mM citric acid, 0.15 mM EDTA and 2.2 mM Na2S2O5 
at pH 2.7 as a mobile phase. The system consisted of a Waters 712 WISP autoinjector 
(Waters Association, Milford, MA, USA), a LiChrospher 100 RP-18 column (Merck, 
Darmstadt, Germany) and an ESA 5100A Coulochem coulometric detector (ESA inc., 
Bedford, MA, USA) as described previously [Männistö et al., 1992]. The data were 
collected on a Hewlett-Packard 3396 series II integrator (Palo Alto, CA, USA) and 
striatal dopamine was referenced to the original tissue sample weight and expressed as 
a percentage of contralateral control side. 
 

7.4.8. Lipid peroxidation assay 

The tissue sample from the injection site in the s.n. pars compacta was homogenized 
into PBS for the measurement of fluorescent lipid peroxidation products as described 
above (7.2.2.) for the brain lipid peroxidation in vitro, but omitting the incubation at 
+37ºC [Sziraki et al., 1998]. 
 

7.4.9. Assay of protein carbonyl residues 

Protein carbonyls were quantitated from approximately 80 mg sections of the lumbal 
spinal cord, which upon dissection were frozen in liquid nitrogen and stored at -80ºC. 
The tissue sample was homogenized by sonication into homogenization buffer (5 % 
SDS, 1 % Triton X-100, 320 mM sucrose, 0.01 % BHT in 10 mM Tris-HCl; pH 7.2; 
supplemented with a Complete Protease Inhibitor cocktail (Roche, Mannheim, 
Germany)) at a concentration of 100 mg frozen tissue per milliliter of buffer. The 
tissue debris was pelleted by centrifugation (1500 g, 15 min at +4ºC). As tissue 
samples, unlike purified proteins such as BSA, contain nucleic acids that can react 
with DNPH-carbonyl derivatization, causing carbonyl signals of non-protein origin, 
the nucleic acids in tissue samples were precipitated by incubation for 10 minutes at 
room temperature with 1 % (final) streptomycin sulphate (Hoechst AG, Frankfurt, 
GmbH). Thereafter, the samples were centrifuged at 11,000 g for 10 min to pellet the 
precipitated nucleic acids. The proteins in the supernatant were precipitated by 
incubation with 10% TCA (final concentration) for ten minutes at room temperature, 
and the precipitated proteins were pelleted by centrifugation as above. The protein 
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pellet was washed once with ethanol/ethylacetate (1:1) and the washed pellet was 
dissolved in 6 M guanidine HCl (in 20 mM potassium phosphate buffer; pH 2.3) at a 
protein concentration of 2 mg/ml as measured by the BCA-method using a 
commercial protein concentration kit according to the manufacturer’s instructions 
(Sigma, St. Louis, MO, USA). Thereafter, the ELISA assay for protein carbonyls was 
carried out as described for the in vitro protein samples. 
 

7.4.10. Immunocytochemistry of brain and spinal cord tissue sections 

For immunohistochemical studies the frozen tissue sample was cut into 10 µm 
cryostat sections and thaw-mounted on silane-coated slides (SuperFrost plus; Menzel, 
Braunschweig, Germany). Thereafter, the tissue sections were processed for 
immunocytochemistry as previously described [Liesi and Silver, 1988; Väänänen et 
al., 2006]. The slides were dried and fixed in 0.4 % p-benzoquinone in PBS (Fluka, 
Buchs, Switzerland) for 15 min. Following dehydration-rehydration through 
ascending and descending water-ethanol-xylene series (50-70-96-100 %-xylene; 15 
min), the slides were incubated overnight with normal goat serum (Sigma, St. Louis, 
MO; 1:30 in PBS containing 0.01 % sodium azide). Then, the slides were incubated 
overnight with anti-tyrosine hydroxylase (1:1000 in diluted goat-serum; Chemicon, 
Temecula, CA), anti-nitrotyrosine (2.5 µg/ml; Upstate Biotechnology, Lake Placid, 
NY, USA) or anti-γ1-laminin antibodies [Murtomäki et al., 1992], followed by a 1-h 
incubation with FITC-conjugated anti-rabbit IgG (Cappel Laboratories, Cochranville, 
PA, USA) or TRITC-conjugated anti-mouse IgG (Cappel Laboratories, Cochranville, 
PA, USA) antibodies. Photographs were taken under an Olympus BH2 microscope 
equipped with appropriate filters. 
 

7.5. Statistical analysis 
The data from in vitro experiments were analysed by using two-tailed non-paired T-
test using Graph Pad Prism software (GraphPad Software, San Diego, CA), while the 
data from the animal experiments were analysed by Neuman-Keuls test by using 
Pharmacological Calculations System (Version 4, Springer-Verlag, New York, 1986). 
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8. Results and discussion 

8.1. Generation of reactive species and oxidation of biological targets in vitro 

The generation of pro-oxidant species by degrading Angeli’s salt in the aerobic buffer 
is well established [Wink et al., 1998; Ohshima et al., 1999A; Miranda et al., 2001; 
Liochev and Fridovich, 2002; Miranda et al., 2002]. Such pro-oxidative properties are 
in sharp contrast to NO, which is a strong anti-oxidant [Kanner et al., 1991; Rubbo et 
al., 1994; Wink and Mitchell, 1998]. The oxidative DNA damage by Angeli’s salt has 
been characterized in vitro [Chazotte-Aubert et al., 1999; Ohshima et al., 1999A], as 
well as in cell culture [Wink et al., 1998; Miranda et al., 2002]. In the in vitro 
experiments of this thesis the generation of oxidants and subsequent oxidative 
modification of such biologically relevant target molecules as lipids and proteins by 
HNO is evaluated. 
  

8.1.1. Oxidant generation 

Trapping of ·OH by salicylate is a commonly used method to detect generation of 
such radical species in vitro, and from in vivo obtained microdialysis samples [Chiueh 
et al., 1992]. The species generated in the reaction such as 2,5-dihyroxybenzoic acid 
(2,5-DHBA) and 2,3-dihydroxybenzoic acid (2,3-DHBA) are readily separated by 
HPLC and quantitated by electrochemical detection. This assay is both sensitive and 
accurate being able to detect nanomolar concentrations of hydroxylation products.  
 
In this assay, Angeli’s salt-derived HNO caused both time- and concentration–
dependent (III: Fig 4A) generation of hydroxylating species leading to generation of 
both 3’ and 5’-hydroxylated salicylate congeners in vitro. The peak generation of 
these species was seen within the first 15 min fifteen after addition of Angeli’s salt 
into the salicylate solution, which is in line with the previously documented 
degradation half-life of Angeli’s salt [Maragos et al., 1991]. SULFI/NO, PAPA/NO or 
GSNO did not generate detectable salicylate hydroxylating species. Furthermore, 
scavenging HNO by the thiol compounds L-cysteine and GSH, which readily react 
with HNO [Liochev and Fridovich, 2003A; Miranda et al., 2003], suppressing the 
HNO autoxidation–driven oxidative chemistry [Miranda et al., 2001], also inhibited 
generation of salicylate hydroxylating species (III: Fig 4B). In line with the lower 
reactivity of HNO with L-cysteine compared to GSH [Miranda et al., 2003], the 
potency of L-cysteine to inhibit hydroxylation of salicylate was weaker compared to 
GSH (III: Fig 4B). 
 
The salicylate trapping assay has been criticized for its unspecificity, particularly 
when used with reactive nitrogen species, such as ONOO¯ [Kaur et al., 1997] and, 
therefore, the same uncertainty over the hydroxylating species must be extended to 
HNO and its autoxidation products. Therefore, despite reports on ·OH generation by 
Angeli’s salt [Buchholz and Powell, 1965; Stoyanovsky et al., 1999; Ivanova et al., 
2003], the chemical nature of the hydroxylating species remains presently unknown 
[Miranda et al., 2001]. Similar experimentation has been utilized by other researchers, 
who suggested that the hydroxylating species formed by HNO autoxidation, causing 
hydroxylation of benzoic acid, could be an isomer of ONOO¯, but not ONOO¯ per se 
[Miranda et al., 2001; Liochev and Fridovich, 2002; Miranda et al., 2002].  
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This sensitive salicylate (1 mM) assay shows that even small (10 µM) concentrations 
of Angeli’s salt cause detectable hydroxylation. Furthermore, the generation of 
salicylate hydroxylating species by Angeli’s salt was markedly higher at 31 µM 
compared to equimolar synthetic ONOO¯ (Rauhala; unpublished observation), which 
is in agreement with the results on hydroxylation of benzoic acid by these agents 
[Miranda et al., 2001; Miranda et al., 2002]. Thus, while some uncertainty remains 
over the exact chemical nature of the oxidants formed by HNO under aerobic 
conditions [Miranda et al., 2001], the salicylate trapping assay can be considered to be 
a relatively sensitive and accurate assay for studying modification of a non-thiolic 
target by nitrogen oxides, including HNO, under aerobic in vitro conditions.   
 

8.1.2. Lipid peroxidation in rat brain homogenate 

The salicylate trapping assay shows the pro-oxidant potential of Angeli’s salt in the 
presence of O2 in a solution containing only salicylate and buffer salts. To evaluate 
the pro-oxidant potential of Angeli’s salt in a more complex mixture of potential 
reactive targets, its effects on lipid peroxidation in a rat brain homogenate were 
investigated. 
  
Tissue-disruption-induced autoxidation of brain lipids is a useful in vitro tool to 
monitor the anti- or pro-oxidative effects of compounds. In this experimental setup, 
Angeli’s salt alone caused a marked increase of lipid peroxidation at 10-100 µM 
concentrations (Table 3; III: Fig 5A) during the 2-h incubation, while higher 
concentrations (1 mM) showed lower than vehicle control lipid peroxidation product 
formation, suggesting inhibition of the formation of lipid peroxidation products. The 
pro-oxidant effect shows a bell-shaped dose-response curve, whereas the effect of the 
100 µM concentration varied to some extent between the experiments (III: Fig 5). 
The pro-oxidant effects of Angeli’s salt were further verified by co-treatment with 
GSH or Cu2+, which either scavenge HNO [Wong et al., 1998; Miranda et al., 2001; 
Liochev and Fridovich, 2003A; Miranda et al., 2003], or oxidize it to NO [Fukuto et 
al., 1993B; Nelli et al., 2000]. Addition of GSH or Cu2+ eliminated the pro-oxidative 
effect of Angeli’s salt (Table 3; III: Fig 5B), while addition of Cu2+ turned the pro-
oxidant effect of Angeli’s salt into an anti-oxidant, that reduced generation of the lipid 
peroxidation products during the 2-h incubation (III: Fig 5A).  

 
The marked shifting of the effects by the addition of Cu2+ suggests that HNO readily 
reacts with transition metal ions, potentially forming NO [Fukuto et al., 1993B; Nelli 
et al., 2000; Miranda, 2005]. NO, if formed in this system, is likely to have a 
significantly longer lifetime compared to the more reactive HNO. Thus, any NO 
formed could potentially act as a direct inhibitor of the lipid peroxidation chain 
reaction [Kanner et al., 1991; Rauhala et al., 1996], or additionally work as a 
scavenger by reacting directly with HNO [Buchholz and Powell, 1965; Shavirovich 
and Lymar, 2002].  

 
In agreement with the hydroxylation of salicylate in vitro, low concentrations of 
Angeli’s salt (10-100 µM) can cause a moderate, yet detectable, increase in lipid 
peroxidation products in rat brain homogenate. The relatively mild 50 % increase of 
lipid peroxidation products is probably due to initiation of the lipid peroxidation chain 
reaction, and the detected lipid peroxidation products are products formed by the 
autoxidation chain reaction following such initiation, causing amplification of the 
initial lipid hydroperoxides formed upon initial exposure to a very limited amount of 
oxidants. Likewise, the depletion of lipid peroxidation by the higher concentrations (1 
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mM) may be due to suppression of the lipid peroxidation chain reaction by HNO or 
NO generated from Angeli’s salt in the presence of transition metals [Fukuto et al., 
1993B; Nelli et al., 2000] in the homogenate. In conclusion, these results suggest that 
Angeli’s salt can possess either pro- or anti-oxidant properties under aerobic 
conditions, which in this experimental setup are highly dependent on the 
concentration of Angeli’s salt and redox conditions, such as the presence of thiols and 
redox-active transition metals. 
 

Treatment   (µM)    % of control  ± SEM 
AS 0    100 ± 1,4 
  1    122 ± 2,8* 
  10    145 ± 6,8* 
  100    142 ± 5,5* 
  1000    33 ± 1,4* 
AS 10       168 ± 6,5 
AS 0 + GSH 1000 100 ± 4,5 
AS 10 + GSH 1000 94 ± 2,9* 

AS 0 + CuSO4 100 175 ± 3,9 
AS 100 + CuSO4 100 81 ± 5,5* 

 
 
Table 3. The effect of Angeli’s salt (AS) on tissue-disruption-induced 
generation of fluorescent lipid peroxidation products. The results are shown as 
percentage of vehicle control for net increase of fluorescence ((experimental 
compound(s) – cold control) / (vehicle control – cold control) X 100 %) for 
three different experiments for n=3-4 samples. Mean ± SEM is shown for 2-h 
incubations at +37 °C under aerobic O2 tension. * p<0.05 compared to 
respective control. All concentrations expressed as µM. 

 

8.1.3. Protein carbonyl generation 

Protein carbonyl residues are the common final product of oxidative modification of 
such protein amino acid side chains as arginine, proline and lysine [Section 5.6.2.; 
Levine, 1983; Headlam and Davies, 2004]. Under in vitro conditions, Angeli’s salt 
caused a marked increase of protein carbonyls in BSA (4 mg/ml) in concentrations 
above 100 µM (I: Fig 1A). It is noteworthy that, at pH 7.4 concentrations of Angeli’s 
salt above 100 µM were more potent carbonyl generators than SIN-1, which generates 
ONOO¯ by concomitant release of NO and O2¯ [Feelisch et al., 1989; Hogg et al., 
1992]. Upon 1-h incubation, 1 mM Angeli’s salt or SIN-1 caused 107 and 60 % 
increases in carbonyl content, respectively (I: Fig 1A). The addition of GSH in a 
stoichiometric quantity to Angeli’s salt (I: Fig 3B), or degradation of Angeli’s salt 
prior to addition to the BSA solution, abolished the generation of carbonyls. 
Furthermore, the levels of carbonyls generated were similar in the presence or absence 
of metal chelator DETAPAC (50 µM), indicating that transition metals did not play a 
central role in the carbonyl generation by HNO.  

 
The effect of BSA (1-32 mg/ml) was further studied by incubating BSA with 1 mM 
Angelis’s salt for 1 h. A dose-dependent increase occurs up to 8 mg/ml, at which point 
carbonyl generation reached plateau (Fig 1, Väänänen, Kankuri, Rauhala, unpublished 
data). This result indicates that more protein carbonyls are formed if the BSA target 

52



Results and discussion 

concentration is increased from the 4 mg/ml level used in study I. However, as shown 
by the high SEM at 8-32 mg/ml BSA concentration in Figure 1, the accuracy of the 
assay is compromized when the changes in actual carbonyl concentration of BSA are 
low. Furthermore, protein cysteines, which react readily with HNO [Miranda et al., 
2003], can compete with O2, thus potentially reducing the total amount of carbonyls 
formed at higher BSA concentrations. 

Figure 1. The effect of BSA concentration 
on protein carbonyl yield by Angeli’s salt 
(1 mM) following 1-h incubation. The 
concentration of carbonyls is shown in 
solid squares (nmol/mg), while the 
carbonyl content of vehicle (NaOH 0.1 
mM; final) treated BSA is shown as 
dashed line. The increase in total amount 
of carbonyls is shown in open circles 
(nmol). Data (mean ± SEM) from single 
experiment performed in triplicate. 
Unpublished data.

Angeli’s salt can also generate protein carbonyls in the brain homogenate setup, 
which was previously utilized for the study of lipid peroxidation by HNO. Angeli’s 
salt (1 mM) caused 87 percent increase in protein carbonyls, while neither GSNO (1 
mM) nor PAPA/NO (500 mM, which releases equivalent to 1 mM NO over the 
degradation time [Maragos et al., 1991]) caused increased carbonyl quantities 
compared to vehicle control (Väänänen, Kankuri, Rauhala, unpublished data). The 
GSH concentration of the brain tissue used in these experiments was 2 mM, and, 
therefore, the 50 mg/ml brain homogenate is expected to contain 100 μM GSH, 
partially explaining the lack of detectable carbonyl generation by 316 μM Angeli’s 
salt (data not shown). 

Generation of protein carbonyls indicates that protein structures can be oxidatively 
modified by Angeli’s salt in the presence of O2. Protein carbonyls represent robust 
protein modifications, indicating fragmentation of the protein side chains [Headlam 
and Davies, 2004], and it is clear that 100 μM Angeli’s salt can cause such 
modifications under aerobic in vitro conditions. Protein carbonyl generation is 
probably caused by oxidant(s) formed upon reaction of HNO with O2, and is therefore 
scavenged by HNO reactive species, such as GSH (I: Fig 3B). Likewise, endogenous 
GSH can protect cellular targets, such as proteins, from modifications by the 
autoxidation products of HNO. Therefore it is more likely that HNO would react 
directly with protein thiols, causing potentially irreversible protein modifications by a 
mechanism not requiring prior autoxidation (See following section). 

8.1.4. Reactivity of HNO with protein cysteines 

The thiol groups present in the protein cysteine side chains form reactive targets for 
modification by various agents, including reactive nitrogen oxides, such as HNO 
[Section 5.3.; DeMaster et al., 1998; Cook et al., 2003; Shiva et al., 2004; Lopez et al., 
2005; Shen and English, 2005]. Angeli’s salt, SIN-1, PAPA/NO and GSNO all caused 
dose–dependent modification of protein cysteine thiols in BSA and papain under 
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aerobic conditions (I: Figs 1B and 1C). Interestingly, the relative potencies of these 
nitrogen oxide donors were strikingly different. Angeli’s salt, SIN-1, PAPA/NO and 
GSNO caused 87, 85, 32, and 29 % depletion of thiol groups in BSA, respectively, at 
100 µM concentration.  
 
The effect of HNO on protein cysteine residues was further studied by using papain, a 
well characterized cysteine protease, whose activity is directly dependent on the 
availability of the active site’s cysteine thiol group [McGrath, 1999]. The nitrogen 
oxide donors modified the cysteine thiols of papain (I: Fig 1C) with qualitatively 
similar potencies compared to cysteine modification in BSA. At 10 µM, both Angeli’s 
salt and SIN-1 caused almost complete loss of the papain preparation’s initial 6.3 µM 
thiol concentration (I: Fig 1C). Reflecting the modification of thiol groups, the papain 
activity was also dose-dependently compromised by the donors (I: Fig 2A), with 
Angeli’s salt and SIN-1 showing markedly higher potency compared to PAPA/NO or 
GSNO. The IC50-values for papain (0.1 mg/ml) inhibition by Angeli’s salt, SIN-1, 
PAPA/NO, and GSNO were 0.62, 2.3, 54 and 80 µM, respectively, in the presence of 
50 µM DETAPAC. Degraded Angeli’s salt, consisting mainly of NaNO2 and 
potentially trace quantities of dissolved N2O [Bonner and Ravid, 1975; Bonner et al., 
1981; Dutton et al., 2004; Miranda et al., 2005], did not inhibit papain. 
 
On the basis of prior studies, it is likely that the reactions of the various nitrogen 
oxides with the active site cysteine can produce different final products (I: Fig 6). If 
similar modifications were formed in vivo, they would probably also show different 
regeneration potency [Fukuto et al., 2005B]. To test the potential biological 
reversibility of these modifications, the samples were incubated for 1 h with 10 mM 
DTT, which reactivates both S-nitrosated and mixed disulfide forms of papain into 
active papain [DeMaster et al., 1997; Xian et al., 2000], thus mimicking the action of 
the thioredoxin system in vivo [Holmgren, 1979]. This experimental setup reveals that 
Angeli’s salt causes mainly DTT-irreversible modification of the active site cysteine 
of papain, while SIN-1 causes partially irreversible inactivation. In contrast, the 
activity of papain samples inactivated with either PAPA/NO or GSNO is completely 
recovered by DTT post-treatment (Table 4, and I: Fig 2B). 

 
The apparent differences in the reactivation by DTT post-treatment raise the 
possibility that papain samples, which are previously inactivated by reversible 
modification (S-nitrosation) of the active site cysteine, could be protected against 
subsequent treatment by agents causing DTT-irreversible modification of the active 
site cysteine. This would also verify that the DTT-irreversible inactivation occurs by 
active site cysteine modification, rather than by other irreversible mechanisms such as 
denaturation. Exposure of papain to S-nitrosating GSNO (I: Figs. 4 and 5A), or NO-
releasing PAPA/NO under aerobic conditions (I: Fig. 5C) caused dose-dependent 
protection of papain against DTT-irreversible modification by Angeli’s salt. Therefore 
it can be concluded that the active site cysteine is modified by HNO. Furthermore, 
similar rescue of papain activity was seen with prior S-methylation of the active site 
of papain.  
 
Use of papain activity as a measure of active-site thiol modification enabled study of 
the effects of various HNO scavenging agents such as GSH on papain inhibition by 
Angeli’s salt. In line with the well-established reactivity of HNO with thiols 
[DeMaster et al., 1998; Wong et al., 1998; Miranda et al., 2001; Miranda et al., 2003; 
Liochev and Fridovich, 2003A], GSH, but not antioxidants such as 4-OH-TEMPO, 
ascorbate or salicylate, were able to protect papain against inhibition by Angeli’s salt 
(I: Fig 3A). 
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Compound [μM] 
Activity
(% of control) 

    1 h  + 1h DTT 
Angeli's salt 3.16 1.7 17 
SIN-1 10 1.5 49 
PAPA/NO 158 15 96 
GSNO 316 3.6 136 

Table 4. The activity of papain (0.1 
mg/ml) incubated with the indicated 
concentration of various nitrogen oxide 
donors for 1 h. The activity is expressed 
as mean percentage of a vehicle-treated 
control sample activity (n=3). 
Thereafter, the samples were further 
incubated for 1 h with 10 mM DTT, and 
the activity was referenced to parallel 
vehicle control also incubated with 10 
mM DTT. 

In terms of biological systems, both NO and GSH could offer significant protection 
against reactions of protein cysteines with HNO. Both species react with HNO at a 
higher rate compared to L-cysteine (Section 5.3.: Table 1). Since GSH is often present 
in millimolar concentrations in the intracellular space, thus exceeding the 
concentration of NO by several orders of magnitude, its importance is expected to be 
higher. The effect of GSH on inhibition of papain was studied under controlled in
vitro conditions by adding varied concentrations of GSH to a papain solution prior to 
(one-hour) incubation with a sufficient concentration of Angeli’s salt known to cause 
complete inhibition of papain (IC100 = 2.7 μM). As expected, GSH does provide dose-
dependent protection against inhibition of papain by Angeli’s salt (Fig. 2B, Väänänen, 
Kankuri, Rauhala, unpublished data). However, 10-fold molar excess over Angeli’s 
salt is needed for 50 % protection. This protocol resulted in competition between the 
papain cysteines and GSH for the HNO released by degrading Angeli’s salt. Upon 
reaction of HNO with either GSH or papain thiol, a transient N-hydroxysulfenamide 
is expected to be initially formed [Schemes 4 and 5; Wong et al., 1998; Lopez et al., 
2005; Donzelli et al., 2006]. This transient species could then react with another 
papain or GSH thiol, resulting in the formation of mixed disulfide between papain and 
GSH, papain disulfide, or GSSG (Scheme 5) [Wong et al., 1998; Donzelli et al., 
2006].  A similar reaction scheme  has been  previously  proposed  to take place  upon

Figure 2. The activity of papain (0.1 mg/ml) incubated for 1 h with 2.7 μM 
Angeli’s salt and indicated concentrations of DEA/NO (A) or GSH (B). The 
activity is expressed (solid squares) as the mean percentage of DEA/NO (A) or 
GSH (B) treated control samples’ activity for n=3 independently running 
samples. Thereafter, the samples were further incubated for 1 h with 10 mM DTT 
and the activity (open squares) was referenced to parallel controls, also incubated 
with 10 mM DTT. Unpublished data, Väänänen, Kankuri, Rauhala. 
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inactivation of GADPH by HNO in the presence of GSH [Lopez et al., 2005]. Thus, 
the initial reaction of HNO with either papain or GSH could result in the same final 
product, which as a mixed disulfide would be reactivated by DTT post-treatment 
[Xian et al., 2000]. 
 
When NO is generated simultaneously with HNO in the reaction mixture, the high 
rate of reaction between NO and HNO [Shavirovich and Lymar, 2002] could consume 
a significant portion of the HNO, thus leaving the papain molecules in non-modified 
active form. Alternatively, NO could, following reaction with O2, S-nitrosate the 
papain’s active site cysteine causing DTT-reversible inactivation of the papain 
molecule [I: Fig 5C].  
 
The relatively weak potency of NO or GSH (Fig. 2) to protect papain against 
inactivation by HNO is somewhat surprising. Taking into account the higher 
reactivity of HNO with GSH [Miranda et al., 2003] compared to L-cysteine [Section 
5.3.: Table 1], equimolar GSH compared to HNO should offer at least 50 % 
protection. Likewise, the reported reactivity of NO with HNO is in a similar range to 
that of L-cysteine with HNO [Section 5.3.: Table 1; Shavirovich and Lymar, 2002; 
Miranda et al., 2003]. However, it is apparent that approximately 10-fold molar 
excess of GSH is needed for 50 % protection of papain against Angeli’s salt (Fig. 2B; 
I: Fig 3A). DEA/NO, which releases twice as much NO as compared to HNO release 
from Angeli’s salt but with similar kinetics [Maragos et al., 1991], is an even less 
effective agent to protect papain from inhibition, while 50-100-fold concentrations of 
DEA/NO show some protection following post-treatment with DTT (Fig. 2A). This 
protection against the DTT-irreversible inhibition is possibly due to reactivation of 
some papain molecules which were protected by initial S-nitrosation by DEA/NO–
released NO under the aerobic conditions (Fig 2A). Likewise, in study I, the 3.2 µM 
Angeli’s salt causes practically complete inhibition of papain (I: Fig 2A), which is 
associated with only 25 % depletion of the thiols in the papain preparation (I: Fig 1C). 
Papain molecule contains seven cysteines, six of which form three disulfide bonds and 
the last is found at the active site [Glazer and Smith, 1965]. The thiol concentration of 
the papain (0.1 mg/ml = 4.2 µM) preparation used in these studies was 6.3 µM and, 
therefore some of the three disulfide bonds were probably cleaved by the initial 
reduction procedure [Riener et al., 2002]. Alternatively residual DTT may have been 
present after reduction and subsequent dialysis. In either case, it appears that papain 
activity is lost after exposure to 3.2 µM Angeli’s salt, while 10 µM Angeli’s salt is 
needed to modify all thiols in the papain preparation. Part of this discrepancy could be 
due to methodological problems associated with quantification of protein thiols with 
Ellman’s reagent. This is however unlikely, since modification of papain thiols and 
loss of activity are in direct proportion following exposure to SIN-1 (I: Figs 1C and 
2A).  
 

Therefore, the higher loss of papain activity compared to modification of thiols, 
and the relatively low potency of GSH to protect papain from inhibition by HNO 
support the recent hypothesis [Lopez et al., 2005] that active site cysteines in some 
enzymes are more prone to covalent modification by HNO compared to other thiol 
targets, including GSH. Furthermore, since papain inactivated by HNO in the 
presence of excess GSH is not reactivated after the DTT post-treatment (Fig 2), it is 
likely that the inactivation takes place by initial reaction of the papain’s active site 
cysteine with HNO, which then undergoes rearrangement into the non-DTT reversible 
sulfinamide species (Scheme 5). Thus, the irreversible pathway outlined in Schemes 4 
and 5 appears to dominate even in the presence of significant excess of GSH, while 
any protection by the excess GSH is due to quenching of HNO from the system by 
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GSH rather than being due to reaction of papain sulfenamide with GSH (Scheme 5). 
The potential mechanisms underlying the higher sensitivity of the active site cysteines 
to HNO will be further discussed in section 8.2.3. 

 
 
Scheme 5. A schematic presentation of papain modification in a reaction system 
consisting of glutathione (GSH), papain and HNO. Due to its high reactivity with 
thiols, HNO can react with papain and GSH generating respective transient N-
hydroxy-sulfenamide species as outlined in scheme 4. The formed sulfenamide 
species could then subsequently react with another papain or GSH molecule 
generating a mixed disulfide species, such as papain-S-S-G. Such mixed 
disulfides would be readily cleaved into the respective original thiols by DTT 
post-treatment. Alternatively, the sulfenamide species can undergo 
rearrangement into DTT-irreversible sulfinamide (see Scheme 4). Based on the 
lack of DTT-induced reactivation of papain samples inactivated by Angeli’s salt 
in the presence of excess GSH (Fig. 2B), it appears that the major pathway for 
papain inactivation by HNO involves the generation of DTT-irreversible 
sulfinamide species even in the presence of excess GSH, while higher GSH 
concentrations mainly compete with papain for the HNO released into the 
system. Main pathways appear as bolded arrows. 

   
In conclusion, papain was used in these experiments as a model protein to study 
HNO-induced cysteine modification. The results from these experiments indicate that 
protein cysteines react readily with HNO and that such modifications are not readily 
cleaved by treatments such as DTT, which regenerate mixed disulfide or S-
nitrosothiol species [DeMaster et al., 1997; DeMaster et al., 1998; Xian et al., 2000]. 
The results are in good agreement with prior studies on inhibition of cysteine-
dependent enzymes by HNO [DeMaster et al., 1998; Shiva et al., 2004; Lopez et al., 
2005]. Furthermore, these results suggest that prior S-nitrosation or mixed disulfide 
formation may effectively protect protein cysteines from the more regeneration-
resistant, possibly irreversible, modification by HNO. These results could be of 
importance if HNO is formed in vivo under conditions where formation of NO would 
also be increased. Furthermore, since the reversibility of the sulfinamide formed upon 
reaction of thiols with HNO [Wong et al., 1998; DeMaster et al., 1998; Lopez et al., 
2005; Shen and English, 2005; Donzelli et al., 2006] is currently unknown [Fukuto et 
al., 2005B], such potentially irreversible modifications of protein cysteines may be 
considered functionally equivalent to irreversible protein damage through formation 
of protein carbonyls (previous section). However, modification of protein cysteines 
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does not require prior reaction of HNO with O2 and thus can take place under 
exposure to significantly lower concentrations of HNO. 
 

8.2. Cell culture experiments 

The in vitro experiments revealed generation of oxidants capable of inducing 
permanent protein modifications in vitro. The generation of these modifications under 
atmospheric O2 tension does not, however, mean that they would be generated under 
cellular conditions, where O2 tension is lower and GSH is often present in millimolar 
concentrations. This condition dependence is well demonstrated with generation of 
protein carbonyls, which are readily formed under aerobic in vitro conditions, but are 
not detected in cultured THP-1 monocyte/macrophage cells even after exposure to 1 
mM Angeli’s salt (data not shown). Such modifications may in fact occur but at 
undetected levels under cellular conditions, even when studied by the rather sensitive 
methodology utilized. Nonetheless, the study suggests that carbonyl generation by 
HNO is likely to be of little biological significance in the intracellular milieu. 
  
In contrast to generation of carbonyls, modification of cysteines by HNO does not 
require O2 [Wong et al., 1998]. Since accumulation of dysfunctional proteins and 
inhibition of cellular proteolytic machinery have been associated with numerous 
pathological conditions, including neurodegenerative disorders (section 5.6.5.), the 
potential of HNO to cause dysfunction of cysteine modification sensitive proteolytic 
processes in a cellular environment was studied in a THP-1 monocyte/macrophage 
cell line. 
  

8.2.1. The effect of LPS activation or TPA differentiation on antioxidant enzymes 

and GSH in THP-1 cells 

THP-1 is a malignant immortal human monocyte/macrophage cell line, which was 
chosen for the studies due to its high activity of cysteine protease cathepsin B, which 
is a close mammalian analogue to the plant cysteine protease papain [McGrath, 1999]. 
As the THP-1 cell line is malignant cell line, it is possible that these cells are rather 
resistant against the potentially toxic species. Therefore, although this cell line 
facilitates the study of biological effects of nitrogen oxides in a cellular environment, 
the results may not be directly extrapolated to other tissues or cell types. For the 
nitrogen oxide donor studies, the THP-1 cells were first either activated by E. Coli 
LPS, or  differentiated  into  macrophageal phenotype by TPA  [Tsuchiya et al., 1982]  
 
 
 

  Control LPS TPA 
Mn-SOD 1 5.1 1.8** 
Cu/Zn-SOD 1 0.81 1.5 
γGCS 1 0.72 1.8** 
GSH (µg/mg) 10 6.6 21** 
NO3¯ (µM) 9.1 7.4 4.3 

 
 
 
 

Table 5. Densitometric analysis of Mn-
SOD, Cu/Zn-SOD and γ-glutamylcysteine 
synthetase (γGCS) protein expression, GSH 
concentration (per mg protein) and growth 
media NO3¯ in native (control), LPS–
activated, and TPA–differentiated THP-1 
cells. The mean of relative (control = 1) 
optical densities for six samples is shown. 
** p<0.01 by non-paired T-test for TPA 
differentiation compared to LPS activation. 
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for 48 hours prior to donor treatment. These pretreatments resulted in 150 percent 
upregulation of lysosomal cathepsin B activity. Furthermore, they caused significant 
changes in the expression of such anti-oxidant enzymes as Mn-SOD, Cu/Zn-SOD, as 
well as γ-glutamyl-cysteine synthetase (Table 5; II: Fig 5), which is the rate-limiting 
enzyme in GSH synthesis [Meister and Anderson, 1983]. The concentrations of 
reduced GSH also increased subsequent to increased expression of γ-glutamyl-
cysteine synthetase in TPA-differentiated cells (Table 5; II: Fig 5). Despite these 
changes, the NO3¯ content of the growth media was not affected by these 
manipulations during the 48-hour incubation (Table 5), indicating that the endogenous 
NO production was not affected. 
 

8.2.2. The effect of HNO on proteasome activity 

The main cellular mechanism responsible for degradation of dysfunctional or 
otherwise unneccessary proteins in the cells is the ubiquitin-proteasome system, 
where the target protein is marked for degradation by step-wise addition of ubiquitin 
monomers into the protein structure. The poly-ubiquitin tagged protein is then 
detected by the proteasome complex and degraded into polypeptides and, finally, 
amino acids, while the polyubiquitin tag is degraded to ubiquitin monomers, which 
are recycled [Ciechanover et al., 1984; Hough et al., 1986; Ciechanover, 2005]. The 
20S proteasome core has three distinct proteolytic activities towards different 
substrates [Orlowski and Wilk, 2000], and of these the “chymotrypsin-like” and 
“trypsin-like” activities have been shown to be sensitive to cysteine-modifying agents 
[Savory and Rivett, 1993]. Inhibition of the chymotrypsin-like activity of the 
proteasome has been shown to specifically inhibit the degradation of ubiquitin-labeled 
proteins [Figueiredo-Pereira et al., 1994]. 
   
Previous results showing generation of permanent protein modifications, including 
carbonyls (I), in proteins in vitro, as well as the well established reactivity of HNO 
with cysteine targets [DeMaster et al., 1998; Wong et al., 1998; Miranda et al., 2001; 
Miranda et al., 2003; Liochev and Fridovich, 2003] prompted study of the effects of 
Angeli’s salt on the proteasome system in cellular conditions. Since previous studies 
have shown that the chymotrypsin-like proteasome activity can be affected by 
nitrogen oxides such as ONOO¯ [Reinheckel et al., 1998], or S-nitrosothiols 
[Glockzin et al., 1999], the effects of Angeli’s salt against the proteasome core 
chymotrypsin-like activity were evaluated in THP-1 cells.  
 
The chymotrypsin-like proteasome activity was compromised in LPS-activated THP-
1 cells by Angeli’s salt, which at 316 µM caused a 62 percent inhibition compared to 
vehicle control (II: Fig 1A). Inhibition of proteasome chymotrypsin-like activity by 
N-ethylmaleimide–induced covalent thiol modification has been previously shown 
[Savory and Rivett, 1993], and it is conceivable that HNO caused inhibition by a 
similar mechanism in the LPS-activated THP-1 cells. In this experimental setup, 
exposure to SIN-1 or DEA/NO did not cause inhibition of the proteasome activity in 
concentrations up to 316 µM in either LPS or TPA -pretreated THP-1 cells (II: Figs 
1A and 1B). Interestingly, the proteasome activity was not inhibited by Angeli’s salt 
after TPA-induced differentiation (II: Fig 1B), but did occur in non-pretreated THP-1 
cells in a similar manner as in the LPS-activated cells. Thus TPA-induced 
differentiation provided significant protection against proteasome inhibition by 
Angeli’s salt.  
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Pretreatment of THP-1 cells for 48 hours with TPA induces, in association with the 
induction of the macrophageal phenotype [Tsuchiya et al., 1982], potent scavenging 
factors that protect the cytosolic proteasome from disturbances by HNO (Table 5). 
Based on the high reactivity of HNO with GSH (see section 5.3.; Liochev and 
Fridovich, 2003; Miranda et al., 2003), the three-fold increase in cellular GSH (Table 
5) could be one of these protective factors. It is, however, likely that other factors 
besides GSH underlie the protection, since inhibition of the TPA-induced increase of 
cellular GSH by BSO (3 mM) did not sensitize the proteasome to inhibition by HNO 
(data not shown). 
    
While there is evidence suggesting that oxidatively modified proteins are directly 
degraded by the proteasome without prior ubiquitinylation [Pacifici et al., 1993; 
Davies, 2001], both oxidative stress and proteasome inhibition have been shown to 
cause a rapid increase in the amount of ubiquitinylated proteins in a rat brain 
preparation in vitro [Ramanathan et al., 1999]. Thus, inhibition of proteasome activity 
could result in increased ubiquitin-labeling of cellular proteins. Since the LPS-
activated THP-1 cells showed significant proteasome core inhibition by HNO, the 
inhibition mechanism was further studied by assessment of the accumulation of poly-
ubiquitinylated proteins in the LPS–activated cells. Following 2-h incubation with 
vehicle, Angeli’s salt, SIN-1, or DEA/NO (100 µM), there was a marked 
accumulation of poly-ubiquitinylated proteins in the protein extracts from Angeli’s 
salt-treated cells (II: Fig 1C). The other nitrogen oxide donors did not affect ubiquitin 
labeling.  
 
Accumulation of poly-ubiquitinylated proteins indicates an imbalance of the 
ubiquitin-proteasome system and could be due to reduced degradation of 
ubiquitinylated proteins. On the other hand, such accumulation could be due to 
increased labeling of the proteins following exposure to Angeli’s salt. Since the extent 
of labeling was found to be higher in the samples that were incubated for 2 h 
compared to samples incubated for 1 h, it is possible that the increase of polyubiquitin 
immunoreactive proteins is due to inhibition of their degradation by the 26S 
proteasome complex caused by Angeli’s salt. It is also noteworthy that 100 µM 
Angeli’s salt, which caused detectable accumulation of ubiquitinylated proteins (II; 
Fig 1C), caused only 29 % inhibition of the 20S proteasome core activity (II; Fig 1A). 
This may reflect the previously shown higher sensitivity of the ubiquitin-dependent 
26S proteasome system to oxidative insult compared to the 20S proteasome core unit 
[Reinheckel et al., 1998]. 
 
In conclusion, these results suggest that proteasome activity can be affected by HNO 
in susceptible cells. Thus, if HNO was endogenously formed, it remains possible that 
it could affect the delicate ubiquitin-proteasome system under specific conditions, 
such as oxidative stress, by causing an increased burden on maintainance of the 
cellular protein homeostasis.  
 

8.2.3. The cysteine protease cathepsin B as a target for HNO 

On the basis of previously established (I) inactivation of the cysteine protease papain 
in vitro, as well as on the high reactivity of Angeli’s salt-derived HNO with both 
protein-bound and free thiols [DeMaster et al., 1998; Wong et al., 1998; Miranda et 
al., 2001; Cook et al., 2003; Shiva et al., 2004; Lopez et al., 2005], the effect of HNO 
on the cysteine protease cathepsin B was studied in the THP-1 monocyte/macrophage 
cells. Exposure of THP-1 cells to Angeli’s salt, after 48-hour LPS activation or TPA 
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differentiation into macrophageal phenotype, respectively, caused marked dose-
dependent loss of cathepsin B activity. Angeli’s salt (316 µM) caused a 90 % 
inhibition of cathepsin B activity in LPS–activated cells, whereas in TPA–
differentiated cells, the inhibition was 59 % after 1 h. The other nitrogen oxide 
donors, DEA/NO or SIN-1, respectively, were ineffective at concentrations reaching 
316 µM (II: Figs 2A-2C). This could be, at least partially, due to the use of DTT in 
the assay, which reduces the S-nitrosothiols and mixed disulfide species [DeMaster et 
al., 1997; Xian et al., 2000] potentially generated by these species. 
 
That TPA-differentiated THP-1 cells are adherent enabled visualization of cathepsin 
B inhibition cytochemically by using a different substrate and detection system (II: 
Fig 3). This was followed be immunocytochemical verification of the subcellular 
localization and expression of cathepsin B enzyme in the Angeli’s salt-treated cells 
(II: Fig 3). This experimental setup verified that cathepsin B retained its lysosomal 
localisation but lost its activity subsequent to exposure to Angeli’s salt (316 µM), 
whereas degraded Angeli’s salt, DEA/NO, or SIN-1 in the same concentration did not 
inhibit cathepsin B (II: Fig 3). 
  
These results show that in vitro inhibition of cysteine protease papain by HNO can be 
extended to intracellular cysteine proteases, or at least to cathepsin B, which is 
inhibited by HNO in both LPS-activated and TPA-differentiated THP-1 cells. 
Furthermore, studies from our laboratory indicate that cathepsin B inactivation occurs 
also in fibroblasts and murine macrophages (Väänänen and Kankuri, unpublished 
findings). Thus, intracellular GSH cannot overcome the effects of HNO against all 
protein cysteines. Both cathepsin B and papain are structurally and functionally 
closely related [McGrath, 1999]. Taking into account the surprisingly low potential of 
GSH to protect the papain in vitro (Fig 2; I: Fig 3A; Section 8.1.4.), it is possible that 
the proteolytic mechanism of cysteine proteases makes them more susceptible to 
covalent modification of the active site cysteine by HNO, as was recently proposed by 
Lopez and co-workers [Lopez et al., 2005]. Such sensitization was proposed to be due 
to increased acidity of the active site cysteine thiol, caused by adjacent nucleophilic 
amino acids, which act as part of the catalytic site to stabilize the aldehyde group of 
the substrate. Thus the active site cysteine is at physiological pH in thiolate (R-S¯) 
form, and since the reactivity of HNO is higher with thiolates [DeMaster et al., 1998], 
such acidification could predispose the active site cysteine to modification by HNO. A 
similar effect underlies the inhibition of both papain and cathepsin B by peptide 
inhibitors containing an aldehyde structure, which facilitates their relatively specific 
covalent binding by nucleophilic attack at the active site cysteine [Otto and 
Schirmeister, 1997]. Therefore, as previously proposed [Fukuto et al., 2005A; Lopez 
et al., 2005], certain enzymes such as cysteine proteases could form sensitive targets 
for HNO due to the structural mimicking of their natural substrates, or inhibitors, by 
HNO.  
 

8.2.4. Cytotoxicity of HNO in THP-1 cells 

Immediate cellular damage, or necrosis, induced by Angeli’s salt, DEA/NO, or SIN-1 
was studied by the LDH-release method after one hour incubation. None of the donors 
caused increased LDH-leakage from the cells at 316 µM (II: Fig 4C). This result 
indicates that the treatments as such did not cause immediate loss of cell membrane 
integrity in either LPS-activated or TPA-differentiated THP-1 cells. 
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In addition, cellular cleavage of MTT, a commonly used method to measure cellular 
generation of reducing factors such as NADPH as an index of oxidative metabolism 
[Mossmann, 1983], was studied. In LPS-activated THP-1 cells, both Angeli’s salt and 
DEA/NO caused marked inhibition of MTT-cleavage with IC50 values of 46 µM and 
38 µM, respectively, while SIN-1 (316 µM) caused a 52 percent inhibition. The TPA-
differentiated macrophageal THP-1 cells did not show inhibition of the MTT–
cleavage capacity by any of the tested nitrogen oxide donors in concentrations up to 
316 µM (II: Figs 4A and 4B). Thus, TPA differentiation protected THP-1 cells 
against inhibition of both proteasome activity and oxidative metabolism, but provided 
only limited protection against inhibition of cathepsin B. The loss of MTT-cleavage 
capacity following exposure of LPS-activated THP-1 cells to 100 or 316 µM 
concentrations of the tested nitrogen oxide donors may indicate severe cellular 
dysfunction or induction of apoptotic cell death. It is however noteworthy that despite 
inhibition of MTT-cleavage capacity by both Angeli’s salt and DEA/NO, only 
Angeli’s salt affected the cathepsin B activity in LPS-activated THP-1 cells. Thus, the 
inhibition of cathepsin B in these cells is not due to compromised viability. 
 

8.3. In vivo experiments 

Both PD and ALS have been linked to increased oxidative stress [Agar and Durham, 
2003; Jenner, 2003], and NO [Abe et al., 1995; Wong and Strong, 1998; Hunot et al., 
1996; Przedborski et al., 1996] has been proposed to play a role in disease 
pathogenesis in both of these neurodegenerative conditions. Since there are no prior 
data on the potential toxicity of HNO towards motor neurons or dopaminergic 
neurons, the effect of local infusion of Angeli’s salt or other nitrogen oxide donors 
into the CNS was studied in rats. 
 

8.3.1. Neurotoxicity in the rat substantia nigra (s.n.) 

Dopaminergic neurons of the s.n. have been proposed to be particularly sensitive to 
oxidative stress (section 5.6.7.). Based on the established pro-oxidative properties of 
Angeli’s salt (section 5.4.), a local infusion of Angeli’s salt into the rat s.n. was used 
to study the neurotoxic potential of HNO against dopaminergic neurons in vivo. 
 
Infusion of Angeli’s salt into the rat s.n. caused a dose-dependent loss of dopamine in 
striatal tissue samples, reflecting loss of dopaminergic cells in the s.n. area and 
consequent loss of dopaminergic nerve terminals in the ipsilateral striatum. A 400 
nmol dose caused a 79 % loss of striatal dopamine, while a 100 nmol dose caused a 
24 % loss 7 d after the Angeli’s salt infusion (Table 6; III: Fig 1A). Despite the short 
half-life of Angeli’s salt in vivo (2-3 minutes [Maragos et al., 1991]), the loss of 
striatal dopamine does not take place immediately, as 2 d after the infusion of a 100 
nmol dose of Angeli’s salt there was no detectable loss. The effect of a 100 nmol dose 
was then propagated during a period of 8 to 50 d after the Angeli’s salt infusion, 
reaching 45 percent loss by 50 d (Table 6; III: Fig 1B). The potential toxicity of the 
other degradation products of Angeli’s salt was further studied by infusion of either 
the N2O-releasing SULFI/NO [Ackermann and Powell, 1967; Maragos et al., 1991] or 
NaNO2, which at 400 nmol did not affect striatal dopamine 7 d after nigral 
administration (Table 6; III: Fig 1C). 
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Treatment nmol Days
DA % of control 
side 

AS 0 7 93 ± 8 
  100 7 70 ± 11 

  400 7 19 ± 8* 
AS 100 2 115 ± 10 
  100 8 83 ± 8 

  100 50 55 ± 5* 
SULFI/NO 400 7 89 ± 2 

NaNO2 400 7 79 ± 4 
 

Table 6. The effect of 
unilateral infusion of 
Angeli’s salt (AS), 
SULFI/NO, or NaNO2 on 
striatal dopamine (DA) 
content at indicated time 
point. The mean ± SEM of 
ipsilateral dopamine is 
shown as percentage of 
intact contalateral dopamine 
content for n= 4-8 rats.  
* p<0.05 by Neuman-Keuls 
test compared to vehicle (10 
mM NaOH) treated rats. 

 
 

The death of dopaminergic neurons was further verified by immunocytochemical 
demonstration of the tyrosine hydroxylase-expressing dopaminergic cells, which 
showed marked loss of tissue at the injection site at 18 d after infusion of a 200 nmol 
dose of Angeli’s salt, as well as loss of dopaminergic neurons in the s.n. area around 
the necrotic lesion site (III: Figs 2A and B). The infusion of vehicle (10 mM NaOH) 
alone did not cause marked tissue damage (III: Figs 2C and D). 
 
Upon histological evaluation, the doses needed to cause detectable loss in the content 
of dopamine in the ipsilateral s.n., also caused massive destruction in the infused s.n. 
and the brain tissue in its surroundings (III: Fig 2). Thus, it became evident that 
histological evaluation of the effects of local Angeli’s salt infusion has superior 
sensitivity compared to the measurement of striatal dopamine content as an indicator 
of neuronal damage by Angeli’s salt. Subsequently, the effect of a single 20 nmol 
Angeli’s salt dose on the survival of the dopaminergic neurons was studied one week 
after infusion. As seen previously, this particular dose did not affect the striatal 
concentration of dopamine. However, the exact site of injection was clearly verifiable 
by serial cryostat sectioning of the midbrain. Unlike after an infusion of 100-400 nmol 
doses into the s.n., the tissue at the infusion site remained relatively physically intact 
through the immunocytochemical staining procedure, and there was no obvious 
necrotic hole in the processed tissue at the lesion site. Despite the physical integrity of 
the tissue, a prominent loss of tyrosine hydroxylase-expressing dopaminergic neurons 
(Fig 3A and 3B) was evident and extended several hundred µm away from the exact 
infusion site. 

 
All normal dopaminergic neurons of the adult rat s.n. express γ1 laminin [Väänänen et 
al., 2006]. Thus, immunocytochemical demonstration of γ1 laminin serves as a 
reliable marker to evaluate the potential loss of dopaminergic neurons in the s.n. 
Immunocytochemistry for γ1 laminin at the infusion site seven days after a 20 nmol 
dose of Angeli’s salt showed that the brain tissue around the injection site contained 
no γ1 laminin positive neurons (Fig 3C). In contrast, γ1 laminin immunoreactivity 
was evident in the processes of reactive astrocytes, also immunoreactive for GFAP 
[Palu and Liesi, 2002; Wiksten et al., 2004A; Väänänen et al., 2006]. This result 
indicates a glial reaction to injury or a neurodegenerative process as shown earlier 
[Murtomäki et al., 1992; Palu and Liesi, 2002].  

 
Neuronal expression of γ1 laminin is known as a requirement for survival of adult 
hippocampal neurons [Chen and Strickland, 1997], whereas its expression in adult 
motor  neurons of the  spinal  cord signifies a trauma  reaction induced by  mechanical  

63



Results and discussion 

 
 
injury [Liesi and Kauppila, 2002; Wiksten et al., 2004B]. As normal adult 
dopaminergic neurons of the s.n. express γ1 laminin [Väänänen et al., 2006], and a 
chemical trauma by 6-OHDA results in disappearance of both the neurons and γ1 
laminin immunoreactivity, it is possible that expression of γ1 laminin in the 
dopaminergic neurons is also a pre-requirement for their survival. 
 
To date, no other in vivo study involving infusion of Angeli’s salt directly into blood-
perfused tissue has been published. Based on the numerous published in vitro studies, 
approximately 1-5 mM concentrations of Angeli’s salt have been shown to be 
cytotoxic to various cell types [Wink et al., 1998; Chazotte-Aubert et al., 1999; Bai et  
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Figure 3 (adjacent page). In A, an immunohistochemical demonstration of 
tyrosine hydroxylase (TH)-positive neurons in the adult rat substantia nigra (s.n.) 
one week after a unilateral infusion of 20 nmol dose of Angeli’s salt into the s.n. 
Angeli`s salt (20 nmol) caused a marked loss of dopaminergic neurons in this 
section 7 d after the infusion, leaving a local lesion (white dashed line) at the site 
of infusion, surrounded by a loss of TH-immunoreactive cells on the injected 
(ipsi) side compared to the non-injected control side (contra) s.n. (white oval; 
solid line). Scale bar 0.3 mm. In B, a higher magnification view from the 
injection site (white box in A) showing some TH -immunoreactive neurons in the 
medial s.n. (white arrow). Scale bar for B, 75 µm. In C through F, 
photomicrographs from a second animal with the same 20 nmol Angeli’s salt 
treatment. In C, γ1 laminin immunostaining showing marked gliosis and 
processes of reactive astrocytes (white circles) above the dark lesion site. In this 
animal, the lesion site is immediately below the cell-body (white arrow) -rich s.n. 
pars compacta. Notice the needle tract pointing from the lesion to capillary, 
which is clearly identified by γ1 laminin positive basal lamina. Asterix marks the 
capillary. Scale bar 75 µm. In D, TH-immunostaining of an area surrounding the 
destroyed lesion site is shown. Notice that the TH-immunoreactivity is not clearly 
confined to the dopaminergic cells, but some TH-reactive punctate deposits are 
scattered around the more intact appearing cells (white arrows). In E and F, γ1 
laminin immunostaining showing gliosis at the infusion site. In E, the dead or 
dying neuronal cell casts are loaded with fluorescent lipofuscin (white 
arrowheads), surrounded by reactive astrocytes (white circle) Scale bar for D and 
E, 30 µm. In F, higher magnification photomicrograph of the lesion site showing 
undulating processes of reactive astrocytes (white circles). Scale bar for F, 10 
µm. (Väänänen, Rauhala, Liesi; unpublished results) 

 
al., 2001; Ivanova et al., 2003], including neurons [Hewett et al., 2005]. Cultured 
neuronal cells undergo necrotic cell death within 24 h after a transient 15-60 min 
exposure to 3-5 mM  Angeli’s salt  [Hewett et al., 2005].  In our study, a 1 µl of a 20- 
400 mM Angeli’s salt solution was infused over a period of 5 min to locally release a 
20-400 nmol dose of HNO. Upon comparison of the donor concentrations used in this 
study with the cell-culture cytotoxicity studies, it is not surprising that a marked local 
necrosis at the site of injection is seen one week after the 100 - 400 nmol doses, which 
have probably caused millimolar local concentrations of Angeli’s salt at the exact 
infusion site. However, these experiments also reveal the loss of dopaminergic 
neurons in an area that is markedly larger than the necrotic lesion, or a hole, at the 
infusion site. 
 
Interestingly, the 20 nmol did not cause massive necrosis, but did cause loss of 
tyrosine hydroxylase-expressing dopaminergic neurons even several hundred 
micrometers away from the exact site of injection (Fig 3, Väänänen Rauhala, Liesi, 
unpublished results). The few published studies carried out with donors of ROS and 
RNS provide some perspective for the comparison of the Angeli’s salt-induced 
toxicity towards the dopaminergic neurons in the s.n. Infusion of a 33.6 nmol of 
ONOO¯ in 0.3 M NaOH has been shown to not affect the striatal dopamine content, 
while, in the same study, a 10 nmol dose of ferrous citrate caused complete loss of 
ipsilateral dopamine [Rauhala et al., 1998]. While it is evident that infusion of 33.6 
mM ONOO¯ into brain tissue is toxic to neurons at the infusion site, it also points to 
the fact that highly reactive, rapidly degrading toxins can be infused in high doses 
without severe effects on the whole population of nigral dopaminergic cells, as 
reflected by the striatal dopamine concentration. In contrast, iron is relatively stable, 
and can therefore diffuse to a larger area and cause damage by continuous redox 
cycling at the expense of reducing agents present in the tissue. Unfortunatelly, 
histological evaluation of the nigral effects was not included in the study, since very 
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recently it was shown that infusion of 100 pmol of SIN-1 into the rat s.n. caused a 
qualitatively similar loss of dopaminergic neurons as 20 nmol Angeli’s salt in our 
studies [Iravani et al., 2006]. The two donors, Angeli’s salt and SIN-1, have been 
shown, in two separate publications from the same laboratory, to possess similar 
neurotoxic potential in mixed cortical cultures [Trackey et al., 2001; Hewett et al., 
2005]. The apparently lower neurotoxicity from Angeli’s salt in vivo may also reflect 
the longer life-time of SIN-1 after infusion into the brain tissue and, similar to iron, a 
wider distribution into the tissue, while the entire Angeli’s salt dose undergoes rapid 
degradation in a smaller area.  
 
In addition to iron and SIN-1, the effects of Angeli’s salt can also be compared with 
other established neurotoxins. The most widely used toxin to induce death of 
dopaminergic neurons in rodents is 6-hydroxydopamine (6-OHDA) [Ungerstedt, 
1968; Schwarting and Huston, 1996B]. The required dose of 6-OHDA for a complete 
unilateral loss of dopaminergic neurons, and subsequently striatal dopamine, is 10 µg 
or 40 nmol [Agid et al., 1973; Schwarting and Huston, 1996B]. The 40 nmol dose also 
causes similar focal necrosis, evident as a hole in the processed brain tissue, as 100–
400 nmol doses of Angeli’s salt [Väänänen et al., 2006]. Furthermore, the time course 
of striatal dopamine loss after Angeli’s salt infusion into the s.n. is comparable with 
the effects of 6-OHDA, as the striatal dopamine content is transiently increased for 
12-24 h after the infusion and thereafter depleted, reaching maximal permanent 
depletion within 3-4 days [Mishra et al., 1980; Schwarting and Huston, 1996B].  
 
In conclusion, infusion of Angeli’s salt into the s.n. causes neurotoxicity towards 
dopaminergic neurons, at least in doses exceeding 20 nmol. The required dose needed 
to deplete striatal dopamine the toxicity is significantly lower compared to SIN-1 
[Iravani et al., 2006] or ferrous citrate [Ben-Shachar and Youdim, 1991; Rauhala et 
al., 1998], and approximately five-fold lower than that of 6-OHDA [Ungerstedt, 1968; 
Agid et al., 1973]. It is noteworthy that under in vivo conditions, SIN-1, iron, and 6-
OHDA are all markedly more stable than Angeli’s salt. Thus, all of these compounds 
have more time to diffuse to a larger area. Furthermore, agents like 6-OHDA have a 
specific mechanism of action against dopaminergic neurons. Even so, a 40 nmol is 
needed for the complete death of nigral neurons [Agid et al., 1973].  
 
The mechanism of Angeli’s salt toxicity towards dopaminergic neurons remains 
unknown. It is likely that the higher doses cause necrotic death of the brain tissue at 
the injection site, possibly due to massive oxidative damage of the cellular 
components, including DNA [Wink et al., 1998; Ohshima et al., 1999]. The apparent 
loss of dopaminergic neurons in the areas surrounding the necrotic area may be due to 
disruption of cellular cysteine modification sensitive processes, such as mitochondrial 
respiration [Shiva et al., 2004], since dopaminergic neurons are known to be sensitive 
to mitochondrial inhibitors [Nicklas et al., 1985; Betarbet et al., 2000]. Finally, the 
continued loss of dopaminergic neurons during days 8 to 50 following a 100 nmol 
intranigral dose could be due to inflammation, induced either by the local necrosis or 
even Angeli’s salt itself, since brief exposure to Angeli’s salt has been shown to 
recruit inflammatory cells into the cardiac muscle [Ma et al., 1999]. Furthermore, 
infusion of a 400 nmol dose of Angeli’s salt into the rat s.n. has been shown to 
increase inflammation-associated catechol-o-methyl-transferase (COMT) activity in 
the rat s.n. for at least 14 days after infusion (Helkamaa, Reenilä, Väänänen, Soinila, 
Tuominen, Rauhala, unpublished results). 
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8.3.2. Motorneuron toxicity following local infusion of Angeli’s salt into the rat 

lumbar cerebro-spinal fluid 

The hypothetical and controversial pathway potentially leading to generation of HNO 
from NO by the familial ALS-associated Cu/Zn SODs is outlined in section 5.6.8. The 
potential motorneuron specific toxicity of HNO was tested by observing motor 
performance and sensory functions in the hindlimbs after infusion of Angeli’s salt into 
the rat lumbal intrathecal space (IV). 
 
The limited initial tests conducted on different doses of intrathecally delivered 
Angeli’s salt showed that a 10 µmol dose causes nearly complete paralysis of the 
hindlimbs. None of the rats that received the 10 µmol dose could completely bear 
weight on their hindlimbs, and likewise their performance on the rotating drum (IV: 
Fig 1) and their open field locomotor activity were poor (IV: Table 1). The loss of 
hind limb function was associated with the degradation of Angeli’s salt, since 
intrathecal delivery of a 10 µmol of degraded Angeli’s salt did not affect motor 
functions (IV: Fig 3 and Table 2). Furthermore the N2O donor SULFI/NO or the NO 
donor PAPA/NO [Maragos et al., 1991] did not affect hindlimb function (IV: Fig 3 
and Table 2). Thus, it is evident that a species released during the rapid degradation of 
a relatively high dose of Angeli’s salt in the spinal intrathecal space can cause 
neuronal toxicity. It is also evident that a 10 µmol dose compromised the motor 
functions to the extent that no reliable testing of the sensory functions could be 
performed.  
 
In further studies, a 5 µmol dose was found to be more appropriate, as loss of motor 
functions was less severe, such that the animals could typically bear weight on their 
hindlimbs and move normally in their cages. The most severe loss of motor 
performance on the rotating drum was seen at 72 h after intrathecal Angeli’s salt 
delivery (IV: Fig 2A), which then recovered to normal within the first week. Despite 
the loss of motor performance, there was no loss of sensory function in the hindlimbs 
as measured by the paw-flick test during the first week after nitrogen oxide donor 
delivery (Table 7; IV: Fig 2B).  
 

Test     AS 0 µmol      AS 5 µmol 
Paw flick (s) 7,3 ± 0,6   7,2 ± 0,4   
Tail flick (s) 3,6 ± 0,5   3,7 ± 0,3   
Rotarod (s) 112 ± 7,5   7,5 ± 3,2*  
Locomotor 
activity (counts) 1784 ± 122 914 ± 175*  

 
Table 7. The behavioral effects of a single intrathecally delivered dose of 
Angeli’s salt (AS) at 72 hours after administration into the rat lumbal 
intrathecal space. The sensory functions (paw flick and tail flick) did not differ 
from those of HEPES 1 M vehicle (AS 0 µmol) treated animals. The motor 
functions as determined by the ability to walk on the rotating drum (Rotarod) 
and in the open field (Locomotor activity) show marked deterioration. * p<0.05 
by Neuman-Keuls test for n=4-8 animals per experimental group. 

 
The effect of repeated administration of Angeli’s salt was also tested by infusing an 
ineffective 2 µmol dose of Angeli’s salt daily on five consequtive days to compare  
the toxicity of a more chronically delivered highly toxic (10 µmol) dose. Some 
accumulation of the toxic effect in motor performance was observed, since there was 
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a marked persistant loss of performance on the rotating drum evident at 24 h after the 
second dose. Motor performance returned permanently to normal baseline level by 7 d 
after the last dose (IV: Fig 4A). During motor deficiency, there was no detectable 
effect on sensory functions. However, at 7 d after the last 2 µmol dose, some of the 
animals developed severe defects of nociception, which were persistent until the 
termination of the experiment at one month after the first dose (IV: Fig 4B). 
 
Histological evaluation of the effects of Angeli’s salt on the spinal cord did not show 
similar necrosis to that seen following delivery of Angeli’s salt directly into the brain 
tissue (III) probably due to rapid dilution of Angeli’s salt to the cerebrospinal fluid. 
However, trauma-related changes, such as increased GFAP immunoreactivity, 
reflecting increased gliosis, were evident throughout the lumbar spinal cord in vehicle 
(HEPES) treated animals compared to normal rats, which had not had intrathecal 
catheters inserted (IV: Fig 5). GFAP immunostaining of the lumbal spinal cord 
sections from the animals that had received Angeli’s salt 7 d earlier revealed an even 
more intense glial reaction (IV: Fig 5). The glial reaction was also evident as the 
presence of reactive astrocytes, which were immunoreactive for γ1 laminin (IV: Fig 
6), similar to that seen in the s.n. (Fig 3). Furthermore, the motor neurons of the 
animals that had received Angeli’s salt intrathecally expressed γ1 laminin (IV: Fig 6), 
unlike HEPES-treated control animals (IV: Fig 6) or normal rats [Liesi and Kauppila, 
2002]. Similar motor neuronal expression of γ1 laminin has previously been shown 
following avulsion of ipsilateral dorsal roots [Liesi and Kauppila, 2002]. 
 
Angeli’s salt has been shown to cause protein tyrosine nitration in vitro [Ohshima et 
al., 1999B] and in cell culture [Hewett et al., 2005]. Several studies have shown 
contradictory results [Bai et al., 2001; Shiva et al., 2004] for Angeli’s salt-induced 
tyrosine nitration, possibly due to the sensitivity of tyrosine nitration to experimental 
conditions, and the reported lower potential of Angeli’s salt to cause tyrosine nitration 
under aerobic conditions as compared to ONOO¯ [Ohshima et al., 1999B]. The 
immunocytochemical studies on the spinal cords from the area of infusion as well as 
from the sections caudal to the infusion area show that the high 5 µmol dose of 
Angeli’s salt did not cause necrosis or other massive destruction of the spinal cord 
tissue. Furthermore, protein extracts from some of the animals were processed for 
SDS-PAGE analysis and the blots were probed for nitrotyrosine immunoreactivity, 
but increased nitration of tyrosine residues was not observed (data not shown). 
Likewise, the tissue samples did not show increased protein carbonyl content (IV: 
Table III). However, since the functional defect was rather specific to motor 
functions, it is possible that the molecular changes could be limited to motor neurons, 
and therefore be diluted in the tissue homogenate to such an extent that limits 
detection. Therefore, the presence of nitrated proteins was further evaluated by 
immunocytochemistry, which revealed nitrotyrosine immunoreactivity in the 
capillaries and glial fibers of both HEPES and Angeli’s salt-treated animals (IV: Fig 
7). The most marked difference was, however, the intense nitrotyrosine 
immunoreactivity of the motor neurons in the Angeli’s salt-treated animals compared 
to the vehicle-treated controls (IV: Fig 7).  
 
Penetration of Angeli’s salt or HNO from the intrathecal liquor space into the ventral 
spinal cord and induction of events therein leading to tyrosine nitration in the motor 
neurons, while leaving the surrounding spinal cord tissue intact seems unlikely. Thus, 
induction of nitrotyrosine immunoreactivity in the motorneurons is more likely to be 
due to an indirect effect of Angeli’s salt infusion. Since increased motorneuronal 
expression of both nitrotyrosine [Martin et al., 1999] and γ1 laminin [Liesi and 
Kauppila, 2002] has been shown following mechanical damage to spinal roots, it 
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remains possible that both of the molecular motorneuronal effects seen in this study 
are in fact due to toxic insult by Angeli’s salt infusion to spinal roots or the axons of 
the motor neurons. 
 
It is evident that infusion of Angeli’s salt, but not other structurally related nitrogen 
oxide donors, such as SULFI/NO, PAPA/NO, or degraded Angeli’s salt, causes 
transient loss of motor functions. The molecular mechanisms of the effects remain 
unknown. However, based on the known high reactivity of HNO with thiol targets and 
reactivity of HNO with O2 (Section 5.3.), it is safe to conclude that administration of 
Angeli’s salt into the spinal intrathecal space will have reacted with thiol targets such 
as GSH and potentially caused local depletion of O2. Such depletion would likely 
have been quite transient due to the relatively small affected area, which is 
continuously replenished with oxygenated blood. Furthermore, since necrosis was not 
detected in the area of infusion, it is unlikely that massive generation of the oxidants 
by HNO and O2 took place in the spinal cord tissue. On the other hand, experiments 
carried out in vitro have shown that Angeli’s salt can readily affect protein structures, 
such as receptors [Kim et al., 1999; Colton et al., 2001; Hewett et al., 2005], thus 
potentially causing irreversible covalent modifications of cysteine residues of the 
proteins. Such modification would then be reversed only by replacement of the 
protein moiety by a new, functional, protein.  
 
Although the need to produce functional receptor and enzyme proteins could explain 
the reversible inhibition of motor functions, it would not explain the observed lag 
period prior to onset of the motor symptoms, since most animals were operating 
normally at 24 h after the intrathecal Angeli’s salt infusion. The delayed, yet transient, 
dysfunction of motor neurons may therefore be due to inflammation-associated 
cytokines secreted by activated astrocytes observed around the motor neurons after 
Angeli’s salt infusion (IV: Figs 5B and Fig 7A). Prior studies focusing on sensory 
effects of intrathecally delivered nitrogen oxide donors have utilized SIN-1 in doses 
reaching 0.5 µmol, which was shown not to cause marked hyperalgesia within the 60-
minute observation period after infusion [Sousa and Prado, 2001]. To date, other 
studies on the effects of nitrogen oxide donors on motor functions have not been 
published.  
 
In conclusion, these results show that freshly prepared Angeli’s salt can cause dose-
dependent neuronal dysfunction following intrathecal delivery into the rat lumbal 
spinal cord. The functional deficit seen after a 5 µmol dose shows remarkable 
specificity towards motor functions and is reversible. Furthermore, motor deficiency 
is associated with increased expression of trauma-related biochemical markers, such 
as γ1 laminin and nitrotyrosine, in motor neurons. Despite the specificity of the 
behavioral and molecular changes induced by intrathecal Angeli’s salt infusion, the 
effects to motor neurons are more likely to be due to indirect effects of Angeli’s salt 
on the spinal cord or its roots rather than a direct effect on the motor neurons per se. 
Furthermore, since the functional effect on motor neurons is transient even after a 
rather high (5 μmol) bolus dose of Angeli’s salt, it must be conluded that local 
delivery of Angeli’s salt into the lumbal spinal intrathecal space does not provide a 
useful animal model to study the mechanism of nitrogen oxide-induced death of 
motor neurons. 
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8.4. General discussion 

The results from studies I-III show that under aerobic conditions Angeli’s salt can 
generate potent oxidants capable of causing oxidative modification of various 
biologically relevant targets such as lipids and proteins. Together with the previously 
characterized oxidative DNA damage [Wink et al., 1998; Chazotte-Aubert et al., 
1999; Ohshima et al., 1999], it is evident that all major cellular components can be 
modified by HNO, at least in vitro. 

 
The chemical nature of the oxidants formed by HNO upon reaction with O2 remains 
unknown at this time [Miranda et al., 2001]. Furthermore, the biological significance 
of such oxidants is considered questionable under intracellular conditions, because of 
other more potential scavenging pathways for HNO [Fukuto et al., 2005; Miranda, 
2005]. For example, thiols such as GSH and protein cysteines, are usually present in 
higher concentration than O2 in the intracellular milieu and react with HNO at a rate 
exceeding that of O2 [Liochev and Fridovich, 2003; Miranda et al., 2003]. Thus, GSH 
can inhibit HNO-induced oxidative reactions such as generation of carbonyls in BSA 
(I: Fig. 3B), oxidative modification of salicylate (III: Fig. 4B), and accumulation of 
lipid peroxidation products in the brain homogenate (Table 4; III: Fig. 5B) under 
aerobic in vitro conditions and in the intracellular milieu.  

 
While thiols can protect other cellular structures from HNO-induced modification, 
they also represent one of the most relevant cellular targets for HNO [Wink et al., 
1998; Fukuto et al., 2005; Fukuto et al., 2005B; Miranda, 2005; Lopez et al., 2005; 
Donzelli et al., 2006]. Upon reaction with thiols, HNO causes covalent modification 
of the target thiol by a mechanism that is considered unique among the characterized 
reactions of nitrogen oxides with thiols [Donzelli et al., 2006]. HNO is now known to 
modify non-vicinal thiols or GSH to sulfinamide species, which are resistant to 
regeneration by cellular mechanisms that normally regenerate S-nitrosated or 
disulfide-modified thiols [DeMaster et al., 1997; DeMaster et al., 1998; Wong et al., 
1998; Shiva et al., 2004; Lopez et al., 2005; Shen and English, 2005; Donzelli et al., 
2006]. The ultimate reversibility of HNO-induced cysteine modifications is currently 
unknown, and these modifications may prove to be either difficult or impossible to 
regenerate into the original thiol [Fukuto et al., 2005]. Should this be the case, HNO 
could cause irreversible inhibition of cysteine sensitive enzymatic processes, which 
include such vital cellular functions as mitochondrial respiration and proteolysis 
[Lopez et al., 2005]. However, protein cysteines form only a fraction of the cellular 
thiol pool, with the main cellular target for thiol-reactive species, including HNO, 
being GSH [Wink et al., 1998; Simplicio et al., 2003; Lopez et al., 2005]. Depletion 
of intracellular GSH content following exposure of the cell culture to Angeli’s salt has 
been well established [Wink et al., 1998] and taking into account its high cellular 
concentration and higher reactivity with HNO compared to L-cysteine [Miranda et al., 
2003], it could be argued that many cellular proteins would be well protected against 
modification by HNO.  

 
The results from study I on the effects of GSH on inhibition of papain by HNO, 
however, suggest that some protein cysteines may be significantly more prone to react 
with HNO than others. For example, GSH can protect papain from inhibition, but an 
approximately 10-fold molar excess is needed for a 50 % rescue of papain from 
inhibition by an IC100-concentration of Angeli’s salt (Fig 2; I: Fig 3A). Subsequently, 
in study II, cathepsin B is inhibited in the THP-1 cells even after TPA-induced 
macrophageal differentiation, which induces a 3-fold increase in cellular GSH 
content. Similar to cysteine proteases, it was recently shown that yeast GADPH, a 
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thiol modification sensitive enzyme participating in glycolysis, can be inhibited by 
exposure of yeast cells to concentrations of Angeli’s salt, that do not affect the cellular 
GSH content [Lopez et al., 2005]. Therefore, it is evident that some cellular proteins 
may show increased sensitivity to HNO, which would be of great significance if HNO 
is generated in vivo. 
 
The results from the in vitro studies (I, II) have identified numerous potential effects 
for HNO, which could participate in pathogenesis of such chronic conditions as 
neurodegenerative disorders. Most neurodegenerative diseases, including PD and 
ALS, have been linked with oxidative stress, oxidative protein damage, impaired 
clearance of damaged proteins by the ubiquitin proteasome system, and mitochondrial 
dysfunction (Section 5.6.). The results from study I show that HNO autoxidation can 
induce oxidative damage to proteins as shown by carbonyl generation, while study II 
shows that HNO can potentially affect proteasome function leading to accumulation 
of ubiquitinylated proteins associated with dysfunction of the proteasome and loss of 
mitochondrial oxidative metabolism. Since both PD and ALS have also been 
associated with increased NOS expression and production of nitrogen oxides (Section 
5.6.6.), the potential grounds for the generation of HNO by NOS become more 
probable. However, it must be stressed that proof of generation of HNO under in vivo 
conditions has not, at least yet, been shown. Meanwhile, the potential biological 
effects of HNO have been studied using a donor compound, Angeli’s salt, which 
releases HNO. The prior in vitro studies suggest that Angeli’s salt–released HNO 
could have neurotoxic potential, and such potential toxicity was addressed in studies 
III and IV.   

 
Despite the well characterized cytotoxic potential of HNO in cell culture [Wink et al., 
1998; Miranda et al., 2002; Chazotte-Aubert et al., 1999; Bai et al., 2001; Hewett et 
al., 2005], the toxicological potential of HNO or Angeli’s salt has received little 
attention in vivo. The published in vivo studies on the cardiovascular effects of 
Angeli’s salt have utilized a systemic administration of micromolar doses by 
continuous i.v. infusion for 15 min or a bolus injection [Ma et al., 1999; Paolocci et 
al., 2001; Paolocci et al., 2003]. However, prior in vivo studies on the neurotoxic 
potential of HNO or Angeli’s salt have not been published. 

 
Study III shows that infusion of 100-400 nmol doses of Angeli’s salt directly into the 
rat s.n. causes death of dopaminergic neurons, with the loss of dopaminergic neurons 
reaching such an extent after a 100 nmol dose that the concentration of dopamine in 
the striatum is markedly and dose-dependently compromised. Even lower doses of 20 
nmol caused clearly detectable effects on s.n. tissue despite lack of dopamine loss in 
the striatum. Infusion of SULFI/NO or NaNO2 into the s.n. does not cause toxicity. 
Thus, it appears that the degradation of Angeli’s salt, releasing HNO, caused the death 
of dopaminergic neurons in the rat s.n.  

 
The neuronal effects are not limited to dopaminergic neurons, since infusion of 
Angeli’s salt into the rat lumbal intrathecal space surrounding the spinal cord can 
cause motor dysfunction, which is reversible, up to 5 µmol dose (IV). Again, only 
active Angeli’s salt solution caused deterioration of motor performance, while neither 
SULFI/NO nor PAPA/NO caused motor dysfunction. Furthermore, there were no 
signs of sensory deficits in the hindlimbs during motor dysfunction.  

 
Studies III and IV indicate that Angeli’s salt does have neurotoxic potential. 
However, the relevance of these results has recently been questioned [Fukuto et al., 
2005A] due to the high doses of Angeli’s salt needed for the effects to appear. The 
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infusions into the s.n. were placed directly into the brain tissue, where the infused 
solution has limited diffusibility. Thus, it is clear that the approximately 2 mM 
threshold concentration seen for cytotoxicity in cell culture [Wink et al., 1998; 
Miranda et al., 2002; Chazotte-Aubert et al., 1999; Bai et al., 2001; Hewett et al., 
2005] is undoubtly reached at the infusion site, where 1 µl of 20-400 mM Angeli’s 
salt was infused in this study. This site is also easily recognized as a necrotic area in 
the brain tissue at doses exceeding 100 nmol. However, loss of dopaminergic neurons 
extends from the necrotic area to adjacent intact brain tissue (Fig 3; III: Fig. 2). HNO 
has been shown to readily penetrate cells [Espey et al., 2002], whereas the wide 
diffusion of the Angeli’s salt itself is unlikely due to its short half-life [Maragos et al., 
1991] and ionic charge. Nevertheless, the concentrations of Angeli’s salt or HNO can 
be expected to fall rapidly as the distance from the infusion site increases. Infusions 
into the spinal intrathecal space were 10-fold higher in volume, and since the infusion 
was rapidly diluted into the cerebrospinal fluid surrounding the spinal cord, it is 
probable that the local concentrations of Angeli’s salt did not reach concentrations 
similar to those following infusion into the s.n. Likewise, necrosis was not observed 
in the spinal cord tissue on autopsy. The death and functional disturbances of neurons 
observed in vivo (III, IV) is probably due to damage to and dysfunction of the cellular 
processes as outlined by the in vitro studies (I, II), while direct molecular pathways, if 
they even exist, cannot yet be defined. Both studied animal models represent robust 
models involving massive bolus administration of donors. Therefore, the molecular 
mechanisms involved in the observed effects are also unlikely to have many 
similarities with human neurodegenerative conditions. 

 
Our limited knowledge of the generation of HNO in vivo and its rapid dimerization (8 
X 106 M-1s-1 [Shavirovich and Lymar, 2002] necessitates the use of donor compounds 
to generate HNO under any experimental conditions. The use of donors sets 
significant limitations on the type of experimental models that can be used, yet many 
studies on biological effects of markedly less reactive NO are carried out using 
donors. Particularly when using donors to release such short-lived species as HNO, it 
must be borne in mind that donor concentrations used in experiments are never equal 
to the steady-state concentration of the released species. Since the degradation half-
life for Angeli’s salt at +37°C is approximately 2 min [Maragos et al., 1991], the 
molar dose of Angeli’s salt delivered into any experimental system in vitro or in vivo 
will release an equimolar amount of HNO within the time required for its practically 
complete degradation, or approximately ten minutes. Taking into account the rapid 
quenching of the released HNO by dimerization, thiols, O2 and other scavenging 
pathways (Table 1), the concentration of HNO present in the experimental system at 
any given time point is low. It has been proposed that millimolar concentrations of 
Angeli’s salt would produce micromolar steady-state concentrations [Hewett et al., 
2005]. It may be that a steady-state concentration is not reached, but rather, following 
administration of Angeli’s salt into blood-perfused tissue, there is an initial burst of 
HNO from Angeli’s salt after administration when most HNO reactive substances 
within reach react with HNO, while excess HNO will rapidly dimerize (Reaction 1). 
During the ten minute degradation time, there are many competing pathways with 
fresh blood entering the tissue carrying O2, thiols, and heme proteins to supply new 
potential targets for HNO.  

 
Depletion of cellular GSH by exposure to Angeli’s salt [Wink et al., 1998] may be an 
important pathway in extending the timeframe of damage. Since GSH is modified by 
HNO into a sulfinamide [Scheme 4; Wong et al., 1998; Donzelli et al., 2006], it is 
removed from the physiological recycling of the GSH/GSSG pair and, thus even short 
exposure to HNO could result in significantly longer-lasting effects on the most 
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important cellular antioxidant system. Such loss of GSH could then make the cell 
more vulnerable to attack by other reactive species, such as oxygen radicals generated 
by the HNO-injured mitochondria [Shiva et al., 2004] or cause disturbances in the 
proper maintainance of protein cysteine homeostasis, in which GSH has a central role 
[Simplicio et al., 2003]. 
 
Bolus infusions of Angeli’s salt, or any other experimental donor compound with a 
limited half-life, will produce a short flux of the released species. This severely limits 
generalization of the obtained results to a situation where the released species would 
be slowly generated endogenously over days to years. In the latter scenario, the 
irreversibility of the effects would be an important aspect, since if the modified target, 
such as protein, had a long enough life-time the modifications could become additive. 
Furthermore, protein modifications that could result in inhibition of their degradation 
could affect cellular protein homeostasis and result in cellular stress, causing 
disturbances in processing normal, non-modified proteins [Shringarpure and Davies, 
2002]. Likewise, a similar scenario could be caused by direct inhibition of proteolytic 
enzymes such as the ubiquitin-proteasome system [Reinheckel et al., 1998]. 

 
In conclusion, the results from these studies (I-III) have shown the pro-oxidative 
properties of HNO derived from Angeli’s salt under aerobic in vitro conditions. Both 
lipids (III) and proteins (I, II) can be modified by HNO, and loss of cysteine sensitive 
processes can also take place in the cellular milieu (II), where the generation of potent 
oxidants by autoxidation of HNO is less likely. The in vitro studies show that protein 
cysteines are modified by exposure to an order of magnitude lower concentration of 
Angeli’s salt compared to donors of NO. Furthermore, SIN-1 and NO donors did not 
affect cysteine modification sensitive cellular processes, while Angeli’s salt showed 
potent inhibition of such processes as cathepsin B, proteasome activity or MTT-
cleavage capacity. Thus, if significant fluxes of HNO were generated in vivo, the 
depletion of cellular GSH and modification of other cellular critical cysteine targets 
could affect the cellular homeostasis in a manner that could cause cellular dysfunction 
and, ultimately result in death of disturbance-sensitive cells, such as neurons.  
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9. Conclusions 

 
I HNO, released from Angeli’s salt, can cause permanent protein modifications 

in BSA and papain in vitro. The protein cysteines appear to be more sensitive 
to modification compared to oxidative protein modification, generating protein 
carbonyls. Furthermore, equimolar GSH abolishes the generation of protein 
carbonyls, while a ten-fold excess of GSH is required to protect papain from 
inhibition by covalent modification of the active site cysteine by HNO. This 
cysteine modification cannot be reversed by S-nitrosothiol or mixed disulfide-
cleaving conditions, suggesting that its reversal in vivo by thioredoxin system 
or thiol antioxidants would be difficult or even impossible.  

 
II Several cysteine modification sensitive processes, such as proteasome activity, 

mitochondrial energy production and lysosomal cathepsin B activity, are 
disturbed in LPS-activated or native THP-1 monocyte cells by Angeli’s salt. 
Following macrophageal differentiation, the THP-1 cells become resistant to 
many of the disturbances induced by Angeli’s salt, while inhibition of cysteine 
protease cathepsin B persists. SIN-1, DEA/NO or degraded Angeli’s salt did 
not cause inhibition of the proteolytic systems. 

 
III Infusion of Angeli’s salt into the rat s.n. pars compacta causes dose-dependent 

loss of dopaminergic cells after administration of a local 100-400 nmol dose, 
while SULFI/NO or NaNO2 are devoid of toxicity. Angeli’s salt is also shown 
to augment lipid peroxidation in brain homogenate, and to cause oxidative 
salicylate modifications in low micromolar concentrations in vitro, showing 
the pro-oxidative potential of HNO under aerobic conditions. 

 
IV Infusion of Angeli’s salt (5 µmol) into the rat lumbal intrathecal space causes 

motor dysfunction, which is completely reversible, leaving no permanent 
dysfunction in the animal. Intrathecal administration of degraded Angeli’s salt, 
SULFI/NO, or PAPA/NO did not cause motor dysfunction. 
Immunocytochemical analysis of the lumbal spinal cord tissue showed 
increased gliosis and trauma-related changes in the motor neurons, such as 
increased expression on nitrotyrosine and γ1 laminin.   
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