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ABSTRACT 
 

Peroxynitrite [peroxynitrous acid (ONOOH) and peroxynitrite anion (ONOOˉ)] is 

one of the reactive species generated by phagocytes during the respiratory burst. Many 

peroxynitrite reactions with important biological molecules go through formation of free 

radicals. Peroxynitrite is involved in cellular signal transduction pathways and causes 

formation of reactive oxygen and nitrogen intermediates (ROI/RNIs) including free 

radicals. 

 

Objective 
 

The work aims at revealing the ROI/RNI-mediated mechanisms of peroxynitrite 

action on neutrophil morphology and functions. 

 

Methods 
 

ROI/RNI production by neutrophils was investigated by chemiluminescence 

methods; morphological parameters of neutrophils were analyzed using atomic force 

microscopy (AFM) and light microscopy; apoptotic, necrotic and activated neutrophils 

were assessed by flow cytometry. 
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Results 
 

Peroxynitrite initiates high-intensity luminol-dependent chemiluminescent response 

of neutrophils. In the range of peroxynitrite concentration of 1–200 µM there are  

short-lasting and long-lasting stages in chemiluminescence kinetics, which can be related 

to activation of ROI/RNI production by NADPH oxidase/NO synthase and 

myeloperoxidase correspondingly. In this concentration range peroxynitrite also 

stimulates neutrophil degranulation that has been detected by surface markers (CD11b, 

CD45) expression on neutrophil plasma membrane and neutrophil surface granulating 

parameters (AFM data). We demonstrated that peroxynitrite, depending on its 

concentration, could be an initiator of NETotic or apoptotic or necrotic pathways in 

neutrophils. 

 

Conclusion 
 

Peroxynitrite serves as a regulator of neutrophil functions and an important 

participant in inflammation processes. Peroxynitrite at certain concentrations activates 

exocytosis of neutrophilic granules, accelerates neutrophil adhesion, triggers NETosis 

and activates neutrophil ROI/RNI generating systems that create positive feedback for 

peroxynitrite formation and can promote further inflammation. However, peroxynitrite at 

higher concentrations causes death of neutrophils via apoptotic or necrotic mechanisms. 

 

Keywords: Neutrophils, peroxynitrite, chemiluminescence, atomic force microscopy. 

 

 

INTRODUCTION 
 

Neutrophils (polymorphonuclear leukocytes, PMNs) are the first cells of organism 

defense against infection. The activation of neutrophils leads to their directional migration, 

exocytosis of intracellular granules and activation of enzyme complexes generating reactive 

oxygen and reactive nitrogen intermediates (ROI/RNIs: superoxide anion radicals, hydrogen 

peroxide, hydroxyl radicals, hypochlorite, nitrogen monoxide and dioxides, peroxynitrite and 

others) [1]. Neutrophils contain NADPH oxidase, nitrogen monoxide synthases (NO 

synthases), myeloperoxidase, lipoxygenase and cyclooxygenase. 

NADPH oxidase is a multi-component enzyme complex that plays a crucial role in 

neutrophil functioning. NADPH oxidase catalyzes the production of superoxide anion 

radicals from oxygen and NADPH. The enzyme is formed from two-subunit integral protein, 

flavocytochrome b558 consisting of glycoprotein gp91
phox

 and protein p22
phox

, and  

water-soluble regulatory protein subunits p40
phox

, p47
phox

, p67
phox

 and Rac2, localized in 

cytoplasm [2]. NADPH oxidase becomes activated upon translocation of cytosolic component 

p47
phox

 to the membrane-bound flavocytochrome b558 complex. The activation of NADPH 

oxidase is controlled by the G protein, Rac2. The catalytic moiety of flavocytochrome b558 

(gp91
phox

) is a plasma membrane-associated protein containing a flavin-adenine dinucleotide 

component and two hemes. The activation of phagocytic NADPH oxidase can be induced by 

lipopolysaccharides, lipoproteins and cytokines. 

Stimulation of circulating neutrophils leads to activation of constitutive NO synthase, 

whereas stimulation of neutrophils migrating in tissue to inflammatory site causes the 
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expression of inducible NO synthase [3, 4]. Nitrogen monoxide produced by NO synthase 

regulates important functions of neutrophils including chemotaxis, apoptosis and 

microorganism killing [5]. Furthermore, nitrogen monoxide modulates ROI/RNI production 

by neutrophils [6-8]. NO-mediated modulation of ROI generation has been demonstrated in 

the conditions of hypoxia-reoxygenation [5, 7, 9] and lipopolysaccharide treatment [10]. 

Interaction of nitrogen monoxide with superoxide anion radical leads to formation of 

peroxynitrite. Peroxynitrite has been revealed to be generated by activated neutrophils in 

inflammation sites as well as cells like endothelial, nervous cells, monocytes, and 

marcophages [11-13]. Peroxynitrite [peroxynitrous acid (ONOOH)/ peroxynitrite anion 

(ONOOˉ)] can be synthesized in reactions with the participation of pairs—either •NO/O2•ˉ or 

HNO2/H2O2 [14, 16]. The primary free radicals, superoxide anion radical and nitrogen 

monoxide, can be synthesized by different cells, then radicals diffuse and react at a new site. 

Nitrogen monoxide is able to travel a distance of about 100 µm in blood vesicles [17]. The 

diffusive path of the superoxide anion radical is less and equals about several micrometers. 

So, it is more probable that peroxynitrite synthesis occurs close to the locus of superoxide 

anion radical formation. The rates of peroxynitrite production in vivo in specific 

compartments in the organism have been estimated to be as high as 50–100 μM per min. The 

steady-state concentrations are estimated to be in the nanomolar concentration range, 

however, they are sustained for hours. So, under certain conditions, exposure to peroxynitrite 

can be significant [18]. 

Peroxynitrite is a strong oxidizing agent modifying the structure of lipids, nucleic acids 

and proteins that leads to functional and structural changes in cells and tissues [14-18]. The 

mechanisms of the majority of peroxynitrite reactions with biologically important molecules 

involve the free radical formation stage. The peroxynitrite anion is relatively stable in alkaline 

solution, but under physiological conditions undergoes protonation (pK 6.8). Peroxynitrous 

acid rapidly isomerizes to nitrate, partially (about 30%) via intermediate radical products 

(•OH and •NO2) [19-21]. In hydrophobic phases of biological membranes these radicals 

initiate lipid peroxidation and lipid and protein nitration processes. In the membranes the 

direct reactions of peroxynitrous acid with metal centers such as hemin or membrane-

associated thiols can occur. A fundamental peroxynitrite reaction in biological systems is its 

reaction with carbon dioxide with formation of carbonate (CO3•ˉ) and nitrogen dioxide 

(•NO2) radicals. These free radicals can oxidize amino acids such as cysteine and tyrosine to 

yield the corresponding cysteinyl and tyrosyl radicals. Nitrogen dioxide can also undergo 

reactions with biomolecule-derived radicals, resulting in nitrated compounds. The rate 

constants of the biomolecule reactions with new-formed free radicals (•NO2, •OH, CO3•ˉ) are 

higher than one with primary free radicals (•NO and O2•ˉ) [18]. 

Peroxynitrite is one of the important reactive species modulating different neutrophil 

functional responses. Many authors noted the ability of peroxynitrite to inhibit chemotactic, 

phagocytic and migration activity of neutrophils both in vitro and in vivo [22-24]. At the 

same time, peroxynitrite was shown to enhance neutrophil adhesion to endothelium causing 

expression of adhesive molecules on the surface of both neutrophils and endothelial cells [25-

27]. Peroxynitrite can activate exocytosis of neutrophilic granules promoting enhancement of 

inflammation [28, 29]. In neutrophils peroxynitrite modifies the structure of myeloperoxidase, 

initiates lipid peroxidation even in absence of redox-active transition metals [30-32]. In 

human neutrophils stimulated with lipopolysaccharides, tumor necrosis factor- and 
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interleukin 1 peroxynitrite has been demonstrated to induce activation of transcription 

factors (nuclear factor-B and activator protein 1) that leads to enhancement of expression 

and production of cytokines including interleukin 8 [29, 33, 34]. 

Peroxynitrite-induced processes in neutrophils depend on agent concentration or primary 

free radicals fluxes. Peroxynitrite at low concentration causes neutrophils transition to a new 

state characterized by heightened sensibility to stimuli (neutrophil priming) [25]. 

Peroxynitrite is well-known mediator of cell death. Peroxynitrite has been shown to induce 

apoptosis, as well as necrosis in various types of cells including cardiac myocytes, neurons, 

thymocytes, islet cells, endothelial cells, epithelial cells and neutrophils. Generally, exposure 

of cells to lower concentrations of peroxynitrite induces apoptosis, while a sudden exposure 

to high concentrations of peroxynitrite can induce necrosis [18, 35]. 

Thus, in neutrophil nature there is very interesting interrelationship between production 

of peroxynitrite and its effects on functions and development pathways of neutrophils. 

Mechanisms of the interrelationship realization have been unclear yet though it is evident that 

they involve ROI and RNI production pathways. 

The work aims at revealing the ROI/RNI-mediated mechanisms of peroxynitrite action 

on neutrophil morphology and functions. 

 

 

MATERIALS AND METHODS 
 

1. Reagents 
 

Urographin was purchased from Schering AG, Germany, heparin, azur-eozin mixture and 

30% H2O2 from Belmedpreparaty, Belarus. All other reagents and materials were of the 

highest purity available and were obtained from either Sigma or Aldrich. 

 

 

2. Isolation of Neutrophils 
 

Human PMNs were isolated from venous blood of donors as described previously [36]. 

Blood conserved with heparin was stirred with 7% dextran-500 in 0.15M NaCl (in 5:1 ratio) 

and incubated for 60 min at 37 °C for erythrocyte sedimentation. Test tubes were filled with 3 

ml of Ficoll-urographin, on which 9 ml of leukocyte-enriched plasma were cautiously layered 

and centrifuged for 30 min at 400 g for separation of leukocytes by their density. After 

centrifugation the supernatant and the mononuclear cell layer were discarded, the sediment 

containing granulocyte fraction was added with 1 ml of ice-cold distilled water, stirred for 20 

s for hypotonic lysis of remaining erythrocytes, and then the solution osmomolarity was 

restored by addition of 1 ml of 0.3M NaCl. The suspension was then centrifuged at 400g for 

10 min and washed three times in either 0.15M NaCl or balanced buffered saline (BBS) (in 

mM): NaCl (116.2), KCl (5.4), NaH2PO4 (0.9), NaHCO3 (26.2), pH 7.2 at room temperature. 

The resulting cell pellets consisted of 96% neutrophils and 98% viable cells. The cells 

were suspended in phosphate buffered saline (PBS) (in mM): NaCl (83), Na2HPO4/NaH2PO4 

(50), KCl (5), CaCl2 (0.3) required pH at room temperature at the final concentration of  
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1-710
5
 cells/ml. Rat PMNs were isolated from blood of healthy outbred rats following the 

same isolation procedures as for isolation of human PMNs. 

 

 

3. Peroxynitrite Synthesis 
 

Peroxynitrite was synthesized using the methods described by Beckman et al. [37] with 

some modifications. Briefly, an ice-cold, flowing solution of 1.2 M NaNO2 was entrained 

with an equal volume of 1.2 M H2O2 acidified by 0.6 M HNO3, and the resultant mixture then 

dripped into a solution of NaOH (at a final concentration of 0.5 M). The solution was filtered 

through granular MnO2 and frozen at -20 °C
 
for up to a week. The final concentration of 

peroxynitrite was determined by absorbance at 302 nm in 1 M NaOH (302nm = 1670 M
-1

cm
-1

) 

by spectrophotometry. 

 

 

4. Chemiluminescence Measurement 
 

Chemiluminescence was measured using biochemiluminometer “(BCL)-1” (Belarus) 

with system of signal registration and handling “Unichrom” (Belarus) in cylindrical glass 

cuvette (2ml sample volume) at 37 C. Luminol, lucigenin and other reagents were added to 

samples before peroxynitrite injection. Readings were started 2 min before the addition of 

peroxynitrite and were continued for up to 30-60 min. 

Chemiluminescence intensity kinetic curves were approximated by a function represented 

as a sum of Lorentz functions with different weighting factors (using software “OriginPro 8 

SRO”). Analysis of obtained data showed that the contribution of Lorentz functions related to 

peaks at 0.1-2 minutes and 5-15 minutes was dominated in integrated intensity (i.e., the area 

under the kinetic curve for a given time) of peroxynitrite-induced luminol-dependent 

chemiluminescence of neutrophils. 

 

 

5. Preparation of Samples, AFM Measurements and AFM Analysis 
 

Peroxynitrite was added to cellular suspensions in PBS (1-7 ×10
5
 cells) as a bolus  

(an aliquot of concentrate solution). The cellular suspensions either without peroxynitrite 

treatment or after peroxynitrite treatment (10 min incubation) were placed on the defatted 

glass slides, incubated for 5-180 minutes at room temperature in wet chamber, fixed with 1% 

glutaraldehyde and rinsed firstly with PBS 3 times, then with distilled water 3 times. The 

samples were dried up at a room temperature. 

AFM scanning was performed with atomic force microscope “NТ-206” 

(MicroTestMachines Co., Belarus) using standard AFM tips (CSC38, level B) (MikroMasch) 

in air at a room temperature. Topography, deflection and torsion images were recorded. 

AFM-images were analyzed using the program of “SurfaceXplore 1.3.11” 

(MicroTestMachines Co., Belarus). 
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6. Light Microscopy of Neutrophils 
 

Morphology of neutrophils was analyzed using azur-eozin staining with microscope 

Nikon Eclipse E 200 (Nikon Corp., Japan), camera and processing program “Chromosome-

01” (Research Institute for Nuclear Problems, Belarusian State University, Belarus). 

 

 

7. Flow Cytometric Analysis of Neutrophil Degranulation, Annexin V 

Binding and Propidium Iodide Staining 
 

Peroxynitrite-induced PMN death was assessed by flow cytometric detection of 

fluorescein isothiocyanate (FITC)-conjugated Annexin V binding to phosphatiylserine 

exposed on the surface of apoptotic cells, or propidium iodide (PI) staining of late 

apoptotic/necrotic cells using a commercial kit (Sigma-Aldrich). Whole blood was treated 

with either peroxynitrite (peroxynitrite was added to blood as a bolus) or equivalent volume 

of 0.4 M NaOH solution (control sample) for 0.5-3 hours at 37 °C. Then PMNs were isolated 

using standard procedures. Cell suspensions were incubated for 10 min in the presence of 

FITC-annexin V in annexin V-binding buffer. Following this incubation period, PI was added 

to the cell suspension/annexin V binding buffer mix for 1 min prior to analysis by Cytomics 

FC 500 flow cytometer (Beckman Coulter, USA). 

PMN degranulation was assessed by flow cytometric detection of surface marker 

expression on plasma membrane. We used double staining
 
with fluorescein isothiocyanate 

(FITC)-conjugated anti-CD11b
 

(Mac-1) and biotin-conjugated anti-CD45
 

followed by 

streptavidin-tricolor (BD Pharmingen). PI was added to each sample for 1 min prior to 

analysis by Cytomics FC 500 flow cytometer (Beckman Coulter, USA). 

“Cyflogic” software was used for analysis of flow cytometric data. 

 

 

8. Statistics 
 

The correlation of data distribution to normal distribution was checked with the Shapiro-

Wilk’s W test. Results are represented as limits of 95 % confidence interval. The comparisons 

between the sample means were carried out with Student’s t test. 

 

 

I. PEROXYNITRITE-STIMULATED ROI/RNI PRODUCTION BY 

NEUTROPHILS 
 

Chemiluminescence is a radiation emitted by the electronically excited product of an 

exoergic reaction at the relaxation to its ground state. ROI/RNIs can generate electronically 

excited products, which emit the weak chemiluminescence during their decay to the ground 

state. Chemiluminescence can be enhanced by specific activating reagents. Luminol and 

lucigenin are frequently used in studies of ROI/RNI production by activated phagocytes  

[38-42]. Luminol, 5-amino-2,3-dihydro-1,4-phthalazinedione, is often used for detection of 

the production of ROI/RNI from enzyme, cell and organ systems and for examining the 
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kinetics and reaction mechanisms of radical processes [4, 43-45]. Luminol penetrates easily 

into cells and reacts with reactive intermediates generating by neutrophils. In order to yield 

light, luminol has to undergo a two-electron oxidation and form an unstable endoperoxide via 

luminol radical formation stage. Then luminol endoperoxide is converted to 3-aminophthalate 

formed in the excited state, which relaxes to the ground state by emitting photon of blue light 

with a wavelength maximum at 425 nm. Peroxynitrite can directly oxidize and nitrate luminol 

molecules unlike nitrogen monoxide and superoxide anion radical which react only with 

luminol radicals formed in reactions of luminol oxidation by hydroxyl radicals, ferryl ion and 

by other oxidants of similar reactivity [46, 47]. Lucigenin purely passes through lipid 

membranes and reacts predominately with superoxide anion radicals. 

We investigated the effects of peroxynitrite on luminol- and lucigenin-dependent 

chemiluminescence of neutrophil suspensions. Chemiluminescence characterizes the 

ROI/RNI production during neutrophil activation. Activation of neutrophils includes both 

degranulation of intracellular granules and formation of NADPH oxidase and 

myeloperoxidase enzyme complexes generating ROI/RNIs. 

Figure 1 shows kinetic curves of luminol-dependent chemiluminescence intensity 

following the addition of peroxynitrite to either cellular suspensions (Figure 1, a) or cell-free 

solution (Figure 1, b). 

In both cases peroxynitrite injection causes high-intensity chemiluminescence response 

of the samples. In cell-free solution peroxynitrite-induced chemiluminescence kinetics is 

described simple decay function with maximum within the first ten second period of the 

reaction and duration within 2-3 minutes. In neutrophil suspensions luminol-dependent 

chemiluminescence response on peroxynitrite addition is more complex. It lasts over 15-30 

minutes and includes several stages, which can be related to the participation of different 

ROI/ RNI generating systems in neutrophil reactions. In range of middle peroxynitrite 

concentration three-four stages of chemiluminescence kinetics can be distinguishable. The 

first stage is within the first second of the reaction. The characteristic time of the second, the 

third and the fourth stages is 1-10 seconds, 1-3 minutes and 3-30 minutes correspondingly. 
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The chemiluminescence was observed in PBS (рН 7.4) in the presence of 120 µМ peroxynitrite, 50 nM 

luminol (0.8·10
6
 cells/ml). The arrows indicate identifiable peaks of the chemiluminescence 

kinetics. 

Figure 1. Kinetic curves of peroxynitrite-induced luminol chemiluminescence in neutrophil suspensions 

(a) and a cell-free solution (b). 
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Extensive study ROI/RNI production with luminol as a chemiluminescence probe was 

shown that the investigation results were ambiguous to interpret [46]. The luminol 

luminescence as a rule involves multiple stages depended on cellular concentration of several 

oxidants and antioxidants, atmospheric oxygen, and hydrogen ions in media [46]. In order to 

simplify the analysis of our results we grouped chemiluminescence stages into two basic 

groups, which included the stages with maxima at 0.1-2 minutes (short-lasting stage) and  

5-15 minutes (long-lasting stage). 

To reveal enzyme types and ROI/RNIs participating in chemiluminescence response of 

neutrophils to peroxynitrite action some enzyme inhibitors and reactive intermediate traps 

were used. Superoxide dismutase (SOD) catalyses the reaction of dismutation of superoxide 

anion radicals thereby excluding them from the system to be studied. Meanwhile hydrogen 

peroxide formation is intensified. Introduction of superoxide dismutase to neutrophil 

suspensions reduces chemiluminescence intensity within the first two minutes of the reaction 

between cells and peroxynitrite (Figure 2). However, chemiluminescence intensity increases 

over 3 minute interval. That is evidence of superoxide anion radical participation in 

chemiluminescence development during neutrophil interaction with peroxynitrite in the 

presence of luminol. Chemiluminescence enhancement at the last stage of chemiluminescence 

response of cells to peroxynitrite action allows to suggest the participation of hydrogen 

peroxide in long-lasting chemiluminescence stage. 

Hydrogen peroxide is a substrate for myeloperoxidase. The H2O2-myeloperoxidase-

luminol system is known to be characterized by high intensity chemiluminescence. Inhibitors 

of myeloperoxidase are azide, cyanide, and salicylhydroxamic acid [48]. The luminol-

dependent chemiluminescence of neutrophils has been largely attributed to the H2O2-

myeloperoxidase system and its product, hypochlorite (HOCl) [49]. In Figure 3 the effect of 

salicylhydroxamic acid on peroxynitrite-induced luminol-dependent chemiluminescence of 

neutrophil suspensions was shown. 
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The chemiluminescence was observed in PBS (рН 7.7, 0.9·10

6
 cells/ml) in the presence of 120 µМ 

peroxynitrite, 50 nM luminol (1, 2) and 25 ng/ml SOD (2). 

Figure 2. Kinetic curves of peroxynitrite-induced luminol chemiluminescence in neutrophil 

suspensions. 
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The chemiluminescence was observed in PBS (рН 7.7, 0.9·10

6 
cells/ml) in the presence of 120 µМ 

peroxynitrite, 50 nM luminol (1, 2) and 25 µM salicylhydroxamic acid (2). 

Figure 3. Kinetic curves of peroxynitrite-induced luminol chemiluminescence in neutrophil 

suspensions. 
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The chemiluminescence was observed in PBS (рН 7.7, 0.9·10

6
 cells/ml) in the presence of 120 µМ 

peroxynitrite (1, 2) and 50 nM lucigenin (2). 

Figure 4. Kinetic curves of peroxynitrite-induced lucigenin chemiluminescence in neutrophil 

suspensions. 

It turns out that salicylhydroxamic acid has no effect on the chemiluminescence intensity 

of short-lasting stage but reduces chemiluminescence intensity over 3-15 minute interval that 

proves the involvement of both hydrogen peroxide and myeloperoxidase in the long-lasting 

chemiluminescence stage. 

The reaction of lucigenin with myeloperoxidase-hydrogen peroxide system is known not 

to be accompanied by chemiluminescence. Figure 4 represents lucigenin-dependent 

chemiluminescence kinetic curves recorded in either free-cell solutions (curve 1) or cell 

suspensions (curve 2) after peroxynitrite introduction. 

Luminescence induced by peroxynitrite addition to neutrophil suspensions in case of 

lucigenin presence is observed in form of light flash with duration of about 2 minutes. So, our 
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results can be evidence of superoxide anion radical production by neutrophils within the first 

minutes of their reaction with peroxynitrite as well as hydrogen peroxide and 

myeloperoxidase participation in cellular mechanisms of more late response of neutrophils to 

peroxynitrite action. 

Main source of superoxide anion radical production in activated neutrophils is NADPH 

oxidase. Its active enzyme complex contains flavocytochrom b558. One more important 

flavoprotein of neutrophils is NO synthase. We used flavoprotein inhibitors (diphenylene 

iodonium, DPI; proadifen) and NO synthase inhibitor (aminoethylisothiourea, AET, a potent 

inhibitor of inducible NO synthase) to refine the participation of NADPH oxidase and NO 

synthase in peroxynitrite-induced response of neutrophils. 

Preincubation of cells with the inhibitors of ROI/RNI generating systems leads to 

reduction of luminescence intensity during short-lasting stage and to increase in luminescence 

intensity during long-lasting stage of peroxynitrite-induced luminol-dependent 

chemiluminescence of neutrophils (Figure 5). Introduction of NO chelator carboxy-PTIO  

(2-(4-carboxyphenyl)4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl) into studied system 

causes the decrease in luminescence intensity of short-lasting chemiluminescence stage and 

has no influence on long-lasting chemiluminescence stage. Hereby, only short-lasting stage of 

luminol-dependent chemiluminescence response of neutrophils to peroxynitrite action 

depends on NO formation. So, our results demonstrate the involvement of nitrogen monoxide 

and NO synthase into peroxynitrite-induced luminol-dependent chemiluminescence of 

neutrophils. 

Summarizing obtained data (Table 1) we can suggest the following chain of 

peroxynitrite-induced events occurred in neutrophils. Within the first minutes of peroxynitrite 

reaction with neutrophils the activation of NADPH oxidase (superoxide anion radical 

generation) and NO synthase (nitrogen monoxide generation) takes place. In a reaction 

between superoxide anion radical and nitrogen monoxide “secondary” peroxynitrite can be 

formed. Then new formed ROI/RNIs including peroxynitrite regulate neutrophil 

degranulation causing myeloperoxidase release outside the cells or into the phagosomes. 

Hydrogen peroxide formed in superoxide anion radical recombination process activates 

released myeloperoxidase. 
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(a) The chemiluminescence was observed in PBS (рН 7.7, 0.9·10

6
 cells/ml) in the presence of 120 µМ 

peroxynitrite, 50 nM luminol (1-3), 50 µM DPI (2) and 50 µM proadifen (3). 

(b) The chemiluminescence was observed in PBS (рН 7.7, 0.9·10
6
 cells/ml) in the presence of 120 µМ 

peroxynitrite, 50 nM luminol (1-3), 1 µM PTIO (2) and 2.5 µM AET (3). 

Figure 5. Kinetic curves of peroxynitrite-induced luminol chemiluminescence in neutrophil 

suspensions. 
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Table 1. The stages of peroxynitrite-induced luminol-dependent 

chemiluminescence in neutrophils 
 

Stage Peak Conditions ROI/RNI generating 

systems  

Short-lasting 0-10 seconds It is inhibited by SOD, 

presents at the replacement 

luminol for lucigenin in a 

solution. 

NADPH oxidase 

1-2 minutes It is eliminated by application 

of NO traps and NO synthase 

inhibitors  

NO synthase 

Long-lasting 5-15 minutes It is inhibited by 

myeloperoxidase inhibitor 

Myeloperoxidase 

 

Contribution of different ROI/RNI generating systems related to two stages of 

chemiluminescence response into the peroxynitrite-induced respiratory burst varies with 

peroxynitrite concentration change. Figure 6 shows that the contribution of NADPH oxidase- 

and NO synthase-mediated processes increases with peroxynitrite concentration increase. 

However, the contribution of myeloperoxidase-dependent pathways is maximal in the middle 

range of peroxynitrite concentration and decreases at high concentration of peroxynitrite 

(Figure 6, b). 

 

   
Contribution of short-lasting stage (a) and long-lasting stage (b) into overall luminescence. The kinetic 

curves of chemiluminescence intensity were approximated by a function represented as a sum of 

Lorentz functions with different weighting factors. The dominating contribution to integrated 

intensity was made by Lorentz functions with peaks at 0.1-2 minutes (short-lasting stage) and 5-15 

minutes (long-lasting stage). The chemiluminescence was observed in PBS (рН 7.4, 0.9 ·10
6
 

cells/ml) in the presence of 50 nM luminol. 

Figure 6. Integrated intensity of luminol chemiluminescence in neutrophil suspensions as a function of 

peroxynitrite concentration. 
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II. MORPHOLOGY OF PEROXYNITRITE-ACTIVATED NEUTROPHILS 

(ATOMIC FORCE MICROSCOPY AND LIGHT MICROSCOPY 

INVESTIGATIONS) 
 

Contact of peroxynitrite-treated neutrophils to the surface of glass slide triggers the 

processes leading to neutrophil morphological changes. The ball-shape of resting cells 

changes for bell-shape of adherent cells. The formation of lamellipodia and filopodia is 

observed. Neutrophil surface becomes granular one. Neutrophils flatten and spread on glass 

surface. The similar processes are observed in case of control neutrophils (without 

peroxynitrite treatment). But peroxynitrite accelerates spreading cells on glass surface and 

granulating cellular surface at middle concentration of peroxynitrite (in range of micromoles 

per liter to some hundred micromoles per liter). At high concentration of peroxynitrite the 

neutrophils lose their spread on the substrate. Figure 7 represents diameter distribution of 

neutrophil depending on peroxynitrite concentration. 

At concentration of 1 to 100 M peroxynitrite causes appearance of right wing in the 

diameter distribution pointing to increase in cellular diameter during spreading process. At 

concentration of 600 M the maximum of diameter distribution of neutrophils shifts in 

direction of smaller cellular diameters. High concentration of peroxynitrite is known to 

modify actin structures, primarily by nitration, resulting in an inhibition of G-actin 

polymerization and a promotion of F-actin depolymerization [23, 50]. It was found that actin 

was one of the most heavily nitrated proteins of peroxynitrite-treated neutrophils. Because 

actin is one of main proteins of actin cytoskeletal structures, so, under the considered 

conditions the neutrophils lose ability to form structures like lamellipodia and filopodia, 

which are responsible for cellular attachment to a substrate. 

Middle concentrations of peroxynitrite, as contrasted to high peroxynitrite concentrations, 

deserve special attention due to their effect on neutrophil morphology through the activation 

of cytoskeleton rearrangements. On AFM analyzing the shapes, surface and internal structure 

of neutrophils we can suggest the classification of peroxynitrite-activated neutrophils by 

types. 3D AFM images of four different neutrophil types are shown in Figure 8. 

The geometrical parameters of four types of neutrophils are represented in Table 2. The 

geometrical parameter, which is especially important for our classification is the ratio of 

cellular diameter to cellular height (D/h). It reflects the degree of neutrophil spreading on a 

substrate. The first type of neutrophils includes bell-shaped cells with neither developed 

structures of lamellipodia and filopodia nor granulated cellular surface (Figure 8, a). Two 

next types of neutrophils correspond to cells with active actin cytoskeleton. The second type 

includes cells with well-marked structures of lamellipodia and filopodia (Figure 8, b). The 

third type involves cells with well-granulated surface. In the last case granules on the cellular 

surface can be either neutrophilic granules approached to plasmalemma or vacuoles 

(Figure 8, c). 

The fourth type of neutrophils is more probable to observe after certain incubation 

interval (about 3 hours). That cellular type is specific to neutrophils. Recently, a novel 

antimicrobial mechanism of neutrophils was revealed [51-54]. In that way upon activation, 

neutrophils release extracellular traps (neutrophil extracellular traps, NETs) effectively killing 

gram-positive and gram-negative bacteria as well as some fungi. NETs are composed of 

chromatin and granular proteins. NETs are formed during active cell death [53]. To form a 
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NET, the nucleus of an activated neutrophil loses its classic lobular appearance as the nuclear 

membrane dissolves mixing chromatin with cytoplasmic granules. At last NETs are formed 

when the plasma membrane is ruptured. The type 4 neutrophil observed by us seems to 

correspond to the stage of active death program just before plasma membrane ruptures to 

form NETs, when the nuclear content fills the intercellular space except small space occupied 

by remaining neutrophil granules (Figure 9, d). Peroxynitrite can induce a number of 

processes inside neutrophils resulting in the nuclear membrane rupture. After rupture the 

nuclear content seems to be distributed within the cell like an avalanche and wash away 

neutrophil granules to plasma membrane. As result, the surface of the type 4 neutrophils 

becomes heterogeneous: smooth areas alternate granular areas (Figure 9). 
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The cells were isolated from whole human blood and treated with peroxynitrite as described in 

Materials and Methods. Then cells were placed on the defatted glass slides, incubated for 60 

minutes at 25 C in wet chamber, fixed with 1% glutaraldehyde and rinsed firstly with PBS 3 

times, then with distilled water 3 times. The samples were dried up at a room temperature. 

Neutrophils’ diameters were measured in the light microscopy pictures using analysis tools of 

program ImageJ. 

Figure 7. Diameter distriburion of neutrophils (frequency polygon) adhered to glass surfaces depending 

on peroxynitrite concentration. 
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The cell sample were prepared as described in Materials and Methods. Topography images of cells 

were obtained in contact scanning mode (atomic force microscope “NT-206”(Belarus)) and 

represented in view of 3D pictures using program “SurfaceXplore”. Scanning area sizes are 10.0 

m 10.0 m (a), 12.0 m 10.9 m (b), 16.2 m 16.2 m (c), 16.2 m 17.0 m (d). 

Figure 8. 3D AFM images of four types of peroxynitrite-activated neutrophils adhered to glass surfaces. 

 

Table 2. Geometrical characteristics of peroxynitrite-activated neutrophils (AFM data) 
 

Types of 

neutrophils 
Diameter (D), m Height (h), m D/h n (cells) 

1 9.2±0.8 2.60±0.30 3.4±0.6 8 

2 10.3±3.3 1.00±0.30 10.3±1.5 8 

3 16.3±0.8 0.62±0.03 26.6±1.0 5 

4 14.8±1.0 1.00±0.10 16.2±2.7 8 

Results are expressed as 95 % confidence interval limits. 

 

 

III. NEUTROPHIL DEGRANULATION INDUCED BY PEROXYNITRITE 
 

Stimulated exocytosis of neutrophilic granules plays a critical role in conversion of 

inactive, circulating cells to fully activated cells capable of chemotaxis, phagocytosis, and 

bacterial killing [55]. Human neutrophils contain four major subsets of granules. They are 

secretory vesicles, gelatinase (tertiary) granules, specific (secondary) granules, and azurophil 

(primary) granules. Secretory vesicles can be created by endocytosis of plasma membrane, 

while gelatinase, specific, and azurophil granules are formed from the trans-Golgi network 

during neutrophil maturation. According to theory of graded exocytosis (hierarchical 

mobilization of four granule subsets) secretory vesicles are most easily mobilized, followed by 

gelatinase, then specific, and finally azurophil granules. Graded exocytosis is suggested to 

produce a stepwise transformation of neutrophils from passive circulating cells into active cells 

capable of activities of their main functions in an organism [56]. Key role in mechanism of 

graded exocytosis is assigned actin cytoskeleton [56-59]. Actin can serve as both activator and 

inhibitor of exocytosis. The cortical actin network can act like a physical barrier, preventing 

granule access to the plasma membrane. For example, disruption of actin structures by special 

drugs lead to enhanced basal and stimulus-coupled exocytosis. Alternatively, actin may 

facilitate exocytosis by mediating granule translocation to a target membrane [56]. 

Observed in considered case the granulation of neutrophilic surface is one from the stages 

of the exocytosis of intracellular granules (neutrophil degranulation) caused by peroxynitrite 

when granules of neutrophils go to plasma membrane, link to it, embed in it, burst and 

increase the membrane surface area facilitating neutrophil spreading on a substrate. The 

changes in both the granule sizes and granule distribution on neutrophil surface are observed 

for types 1-3 neutrophils. We found two types of structural heterogeneities on neutrophil 

surface. They are heterogeneities with size less than 100-200 nm and heterogeneities with size 

higher 200 nm. The surface structural heterogeneities with smaller sizes can be linked either 

to the actin network in the vicinity of plasma membrane [60, 61] or to small diameter 
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granules in neutrophils like secretory vesicles, gelatinase and specific granules. Larger 

heterogeneities in AFM images of neutrophil surface likely reflect the presence of large 

azurophil granules and vacuoles near cellular surface. Figure 10 shows the distribution of 

surface structural heterogeneities with respect to their sizes (diameter and height) on  

(types 1-3) neutrophil surface. 

It is clear that the cellular types 2 and 3 represent the stages of the neutrophil 

degranulation. The most mobile granules are secretory vesicles, gelatinase and specific 

granules. Their sizes are about 200 nm in diameter. Peroxynitrite activates the processes, 

which cause the movement of the subset of these small mobile granules to the membranes. 

During degranulation process the subset of small mobile granules decreases in size and at the 

last stage of degranulation the large diameter granules (azurophil granules and/or vacuoles) 

predominate in neutrophils. Experimental estimation of granular diameters gives 214.4±17.8 

nm (n=171) for type 1 neutrophils, 602.5±48.3 nm (n=101) for type 2 neutrophils and 

913.1±76.4 nm (n=45) for type 3 neutrophils. Due to exocytosis the ratio of cellular surface to 

cellular volume increases and the cells spread on a substrate more effectively. It results in 

increase of an apparent diameter of neutrophils on the surface of glass after peroxynitrite 

treatment of cells. 

The ordered exocytosis of granule subpopulations appears to correspond with states of 

neutrophil activation. Neutrophil activation study indicates that secretory vesicles loss 

facilitates functional activation of neutrophil conversing resting neutrophils into a proadherent 

state. The exocytosis of primary and secondary granules initiates the microbicidal state of 

neutrophil function at the infected site [62, 63]. In the process of exocytosis the adhesive 

proteins, protein-receptors and protein-blocks for formation of NADPH oxidase appear on 

external surface of neutrophils. 
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Figure 10. Geometrical sizes of granules of the type 1-3 neutrophil surface. 
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Rat PMNs (1·10

6
 cells/mL) were preincubated in the absence (grey) or presence (black) of 75 µM 

peroxynitrite for 10 min at 37 °C. After preincubation, peroxynitrite-treated and untreated PMNs 

were labeled with monoclonal antibodies specific for either Mac-1 or CD45, and flow cytometric 

analysis was performed as described in Materials and Methods. Data represent the typical 

luminescence intensity distribution. 

Figure 11. Flow cytometric analysis of surface markers expression in peroxynitrite-treated neutrophils. 

 
Blood samples after peroxynitrite treatment were incubated before flow cytometry over certain time 

interval at 37C. Cells were stained with Annexin V-FITC and propidium iodide (PI) and  

two-color analysis was performed by flow cytometry. 

Figure 12. Relative content of apoptotic and necrotic phagocytes in peroxynitrite-activated blood 

samples. 

Rohn with coauthors showed that 300 µM peroxynitrite induced shedding of L-selectin 

(85% decrease) and increased expression of Mac-1 (450% increase), fMLP receptor (280% 

increase), and flavocytochrome b (240% increase) [25]. Using rat polymorphonuclear 

leucocytes we obtained increase in expression of Mac-1 and CD45 at 75 µM peroxynitrite 

(Figure 11). CD45 is an integral membrane protein which functions to anchor fodrin, the 

nonerythroid spectrin homologue, to the plasma membrane in an analogous manner to the 

Band 3/ankyrin complex, anchoring spectrin in the erythrocyte membrane [64]. CD45 along 

with fodrin, actin, and ezrin plays an essential role in organizing the cell surface of human 

leukocytes and in the assembly and function of signaling complexes. Translocation of CD45 
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from cytosolic region into plasma membrane was revealed at priming process of suspended 

neutrophils and was associated with a large-scale reorganization of the plasma membrane and 

associated membrane cortex [62]. Cross-linking of CD45 can prime phagocytes, including 

neutrophils, for activation of the respiratory burst by specific cytokines [65]. Mac-1 

(CD11b/CD18b) is a protein from 2-integrin family of adhesion molecules. Cross-linking of 

CD18 on human neutrophils can induce an increase in intracellular free Ca
2+

, accompanied by 

exocytosis of azurophil granules, up-regulation of CD18, shedding of L-selectin from the cell 

surface, actin polymerization, and leukotriene release [66]. CD18 cross-linking can also cause 

significant activation of the respiratory burst in neutrophils or prime neutrophils for the 

respiratory burst in response to specific stimuli (TNF-a, fMLP, and GM-CSF). [67] 

So, peroxynitrite-induced exocytosis promotes adhesion of neutrophils to a substrate and 

activation of ROI generating complexes (NADPH oxidase and myeloperoxidase). The last 

processes enhance ROI production by neutrophils. 

Expression of Mac-1 on neutrophil surface (a). Expression of CD45 on neutrophil 

surface (b). 

 

 

IV. PEROXYNITRITE-INDUCED NEUTROPHIL DEATH PROGRAMS 
 

Peroxynitrite induces the activation of neutrophil respiratory burst resulting in increase in 

the concentration of reactive oxygen and nitrogen intermediates, including peroxynitrite, in 

inflammatory site. So, during the inflammation development phase there is positive feedback 

between the initial concentrations of peroxynitrite inducing neutrophils activation and the 

final concentration of peroxynitrite generated by activated cells. Successful resolution of the 

inflammatory response requires triggering an intracellular program for “silent”  

self-destruction of neutrophils called apoptosis. If cell death occurs by necrosis the cytotoxic 

cargo of neutrophils is released, inducing tissue damage and promoting further inflammation. 

The apoptotic program induces the morphological changes in neutrophils including arrest of 

exocytosis. Cessation of degranulation processes leads to termination of respiratory burst in 

neutrophils. That is observed at low temperature. Between 10 and 20 C it was demonstrated 

a reduction in membrane lipid fluidity, decrease in the rate of protein translocation, and an 

inhibition of vesicular trafficking and neutrophil respiratory burst activity [68]. At the same 

time, proinflammatory mediators and cytokines can prolong the functional life of neutrophils 

by delaying apoptosis. Neutrophil apoptosis is known to be inhibited at low level of cells 

activation, for example, at low pathogen-to-phagocyte ratios, but is activated at high 

activation level, at high ratios of pathogen-to-phagocytes [69]. Thereby, high rate of reactive 

oxygen and nitrogen intermediates production can trigger apoptotic program in neutrophils 

and reduce the degree of respiratory burst, realizing the negative feedback between initial and 

final concentrations of reactive species including peroxynitrite. One of the key features 

associated with apoptosis is the externalization of phosphatidylserine, which is normally 

localized on the inner leaflet of the lipid bilayer. Among early events in apoptotic aging there 

is loss of lipid asymmetry in the plasma membrane, by the action of a scramblase, and the 

appearance of phosphatidylserine on the outer leaflet. Figure 12 represents the relative 

content of apoptotic cells in neutrophil suspensions depending on peroxynitrite concentration. 



АВТО
РС

КИ
Й
 Э

КЗ
ЕМ

П
ЛЯ

Р

                         M. N. Starodubtseva, A. I. Kavalenka, D. R. Petrenyov et al. 

The apoptosis level decreases at middle peroxynitrite concentrations and increased at higher 

concentrations (500 µM). 

 

 

Figure 13. Relative content of “netotic” cells in neutrophil population adhered to glass (a). Light 

microscopy picture of dyed type 4 neutrophil and neutrophils with disrupted plasma membrane and 

NET (b). 

That is in good agreement with morphological changes induced by peroxynitrite (Figure 8). 

Cell rounding, adhesive contact loss and disappearance of granules from neutrophil surface at 

high peroxynitrite concentration correspond to apoptosis state of neutrophils that confirms 

higher exposure level of phosphatidylserine on external surface of cells (Figure 14). Ward 

with coauthors also observed apoptosis of neutrophils caused by peroxynitrite in 

concentration higher than 100 µM [70]. Concerning necrosis, the considered peroxynitrite 

concentrations does not influence significantly necrotic cells level (Figure 14). Necrosis is 

characterized by the breakdown of plasma membrane integrity that was measured by the 

uptake of the cell impermeable dye propidium iodide. Peroxynitrite has been shown to induce 

apoptosis, as well as necrosis in cardiac myocytes, neurons, thymocytes, islet cells, 

endothelial cells, epithelial cells and a multitude of other cell types [17]. There is current 

opinion that low concentrations of peroxynitrite trigger apoptotic death, whereas higher 

concentrations of peroxynitrite induce necrosis with inhibition of cellular energetics [17, 18]. 

So, under chosen experimental conditions (medium, peroxynitrite introduction manner) the 

concentration of peroxynitrite up to 500 µM can be considered not to be necrotic yet for 

neutrophils in classical interpretation of necrosis phenomenon. At high peroxynitrite 

concentration (about 1 mM) neutrophils undergo rapid necrosis (data are not shown). Taking 

into consideration a very short half-life of peroxynitrite at physiological pH (about 1 s) the 

actual effective peroxynitrite concentration expressed as a ‘‘concentration time product’’ for 

bolus peroxynitrite concentrations of 150 µM could be about 3.9 µM/min and the effective 

steady-state concentration of peroxynitrite could be about 0.26 µM for the 15-min incubation 

period [25]. Therefore, the bolus peroxynitrite concentration of 600 µM corresponds to the 

effective steady-state peroxynitrite concentration of micromole per liter. The comparative 

concentrations of nitric oxide and superoxide can be achieved in inflammation sites [17, 71]. 

Necrosis of neutrophils seemingly takes place at millimolar concentration of peroxynitrite 

when peroxynitrite-induced nitration of some important cellular proteins leads to inhibition of 

apoptotic pathways and promotion of necrotic ones [72]. 

Activated neutrophil can kill microorganisms by extracellular killing mechanism via 

death program named NETosis [51, 53, 54]. Neutrophil extracellular traps are considered to 

be part of the human innate immunity. NETs are involved in host defense during 

pneumococcal pneumonia, streptococcal necrotizing fasciitis, appendicitis and insemination 

[73]. NETs are formed by activated neutrophils and consist of a DNA backbone with 

embedded antimicrobial peptides and enzymes. Reactive oxygen species are known to trigger 

the NET formation. So, hydrogen peroxide was demonstrated to be a potent inducer of NETs 

at physiological concentrations [53]. NET formation is currently considered as an active 

process that involves the rearrangement of the nuclear and granular architecture but exact 

molecular mechanisms of NET formation have not been understood yet. It has been 

demonstrated that NET components are released at the moment the cell membrane ruptures 
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and the cell dies. According to Brinkman and Zychlinsky the NET formation occurs 45–240 

minutes after cells activation depending on the experimental conditions [51]. NETosis is 

different from both apoptosis and necrosis. The cell death program led to NET formation is 

unique, because it does not require caspases and is not accompanied by DNA fragmentation, 

but is not the result of a direct disruption of the cell membrane [51]. At middle concentration 

peroxynitrite appears to be a potential trigger of NETosis like hydrogen peroxide (Figure 13). 

The number of cells that died through the NET mechanism significantly increases after 3 hour 

incubation (Figure 13) that agrees with Brinkman and Zychlinsky’s results. 

 

 

CONCLUSION 
 

It appears that peroxynitrite serves as one of the native regulators of neutrophil functions 

and important participants of inflammation processes. Early stages of inflammation are 

accompanied by the rapid recruitment of neutrophils to the inflammation site that produces 

large amounts of ROI/ RNIs including peroxynitrite. In order of concentration ascending 

peroxynitrite activates exocytosis of neutrophilic granules, accelerates neutrophil adhesion, 

triggers NETosis and activates neutrophil ROI/RNI generating systems that creates positive 

feedback for peroxynitrite formation and can promote further inflammation. When 

peroxynitrite concentration achieves some hundred micromoles per liter, the mechanisms of 

shutting-down of exocytosis, adhesion and respiratory burst are “switched on” and 

neutrophils die via either apoptotic or necrotic mechanisms, which depend on peroxynitrite 

concentration. The details of regulatory mechanisms of both peroxynitrite-induced apoptosis 

and necrosis have to be a subject of prospective study. 
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ROI, reactive oxygen intermediate; RNI, reactive nitrogen intermediate; PMN, 

polymorphonuclear leukocyte (neutrophil); AFM, atomic force microscopy; PBS, phosphate 

buffered saline, BBS, balanced buffered saline; DPI, diphenylene iodonium; AET, 

aminoethylisothiourea; IL, interleukin; PI, propidium iodide; FITC, fluorescein 

isothiocyanate; NET, neutrophilic extracellular traps; fMLP, N-formyl-methionylleucyl-

phenylalanine; Mac-1, macrophage antigen 1 (2-integrin, CD11b/CD18); GM-CSF, 

granulocyte–macrophage-colony-stimulating factor; NO, nitrogen monoxide; carboxy-PTIO, 

2-(4-carboxyphenyl)4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl; SOD, superoxide 

dismutase; D, diameter; h, height. 
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