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Abstract

Macrophages are among the first cellular actors facing the invasion of microorganisms. These

cells are able to internalize pathogens and destroy them by means of toxic mediators, many of

which are produced enzymatically and have strong oxidizing capacity. Indeed, macrophages count

on the NADPH oxidase complex activity, which is triggered during pathogen invasion and leads to

the production of superoxide radical inside the phagosome. At the same time, the induction of

nitric oxide synthase results in the production of nitric oxide in the cytosol which is able to readily

diffuse to the phagocytic vacuole. Superoxide radical and nitric oxide react at diffusion controlled

rates with each other inside the phagosome to yield peroxynitrite, a powerful oxidant capable to

kill microorganisms. Peroxynitrite toxicity resides on oxidations and nitrations of biomolecules in

the target cell. The central role of peroxynitrite as a key effector molecule in the control of

infections has been proven in a wide number of models. However, some microorganisms and

virulent strains adapt to survive inside the potentially hostile oxidizing microenvironment of the

phagosome by either impeding peroxynitrite formation or rapidly detoxifying it once formed. In

this context, the outcome of the infection process is a result of the interplay between the

macrophage-derived oxidizing cytotoxins such as peroxynitrite and the antioxidant defense

machinery of the invading pathogens.

1. Macrophage activation, superoxide and nitric oxide generation

It is well known that macrophages play a main role fighting against invading pathogens in

the first stages of an infection. They are able to mount a strong response aimed to create a

hostile environment for pathogens. Nonetheless, its function is not limited to host defense

against foreign organisms, they have a wide range of action regarding important aspects of

homeostasis, e.g. wound healing, clearance of senescent cells, tumoricidal activity, adipose

tissue metabolism, among others (1). All of these varied functions are not performed by a

homogeneous cell population but by sets of cells distinctly stimulated depending on the

tissue context. Two main types of macrophages have been described with antagonistic

actions: M1 or classically activated macrophages are responsible for host defense from

microorganisms and show a pro-inflammatory phenotype; whereas M2 or alternatively

activated macrophages have an immunosuppressive profile regulating re-establishment of

homeostasis after inflammation and wound healing (1). It is beyond the aim of this work

discussing all the aspects of macrophage roles on physiology and pathology, but rather we

will focus on microbicidal mechanisms of classically activated macrophages (M1) to deal

with potentially hazardous organisms.
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Macrophages are equipped with specialized receptors that bind to particular motifs on

pathogens, the so called pattern recognition receptors (PRRs), including the Toll-like

receptors, C-type-lectin receptors and NOD-like receptors. Union between these receptors

and their ligands leads to macrophage activation and production of chemical mediators

which contribute to inter-cell communications. For instance, activated macrophages secrete

IL-12, promoting interferon-γ (IFNγ) production by T-helper lymphocytes; which in turn

further stimulates macrophages (2). One of the more powerful microbicidal tools proven to

be activated by IFNγ and other proinflammatory cytokines (IL-1β, IL-16 and TNF-α) is the

inducible nitric oxide synthase or iNOS, which synthesizes nitric oxide (•NO) from arginine

and NADPH (3). Induction of iNOS upon IFN-γ signaling depends on the activation of

STAT1 (part of the JAK/STAT pathway), responsible of enhancing the transcription rate of

this gene. Conversely, cytokines like IL-4 and IL-13 produced by T-helper cells 2

(regulatory phenotype) activate STAT6, which blocks iNOS gene expression (4–6).

Not only IFNγ, but also other pro-inflammatory stimuli such as IL-1β, TNF-α or the

pathogen itself augment iNOS expression, but it occurs through a different mechanism

involving NF-κB. It is the case of Trypanosoma cruzi triggered iNOS induction in

macrophages, which depends on the interaction through the Toll-like receptor 4 (7–8). The

fact that two or more different signals lead to the same result using separate pathways means

that they can synergize and promote a greater effect. Indeed, it is well studied in the murine

model, where expression of iNOS is the maximum in the presence of both IFN-γ, and a

pathogen stimulus such as lipopolisacharide (LPS), see Figure 1. However regulation of the

amount of protein is achieved not only adjusting the transcription rate, but also increasing

the stability of mRNA and the protein itself (3). Experimental induction of iNOS takes 4 to 5

hours of cytokine exposure (or other stimulus), after which, production of •NO remains

active for up to 16 hours (9–10). Once synthesized, part of iNOS total protein is

incorporated in vesicles of 50 to 80 nm that are translocated to phagosome when the

macrophage is activated promoting a local increase in •NO, while the rest of the enzyme is

distributed throughout the cytosol of the cell (11). Nonetheless, •NO is a small and

hydrophobic species and therefore it is able to diffuse and to go across membranes, even

enter the phagosome (12).

Biological effects of •NO are the most varied and are reviewed elsewhere (13–15), but in

large concentrations like it is formed in the context of inflammation, this radical becomes

part of the macrophage artillery to eliminate the threat. The actual responsible for most of

the cytotoxic effect of nitric oxide are derivatives that arise from its reaction with active

redox centers or other radicals (i.e. superoxide).

In a similar way to neutrophils but to a lesser extent, macrophages undergo pronounced

oxygen consumption after pathogen recognition and phagocytosis. This phenomenon is

known as the “respiratory burst” and it is the result of the recruitment of an enzymatic

complex in the phagosome membrane, NADPH oxidase. Cytosolic subunits of the oxidase

are phosphorylated and migrate to the membrane to form a functional enzyme with

membrane-bound subunits (16). Some stimulus, such as LPS or TNFα, has a “priming”

effect, increasing the phosphorylation state of cytosolic subunits (mainly p47phox), resulting

in an enhanced activity of the NADPH oxidase upon activation (17–18). After NADPH
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oxidase assembling, the formation of superoxide (O2
•−) takes place inside the phagosome

for up two hours approximately (Figure 2) (10). Being O2
•− a short lived radical with limited

diffusion within the cell, most of its importance as cytotoxic agent comes from derivative

species (hydrogen peroxide, hydroxyl radical, peroxynitrite). The fate of superoxide in

biological systems depends on the concentration of other actors, such as superoxide

dismutase, metal ion centers and •NO. As aforementioned this latter is formed in the cytosol

of macrophages and readily diffuses across phagosome membrane due to its hydrofobic

nature. Whenever •NO and superoxide meet each other, they react at diffusion-controlled

rate (~1.0 × 1010 M−1s−1, (19)) forming peroxynitrite (ONOO-), a strong oxidant capable of

causing oxidation and nitration of both proteins and lipids. Thus, macrophage manages itself

to form peroxynitrite inside the phagosome where the pathogen is to be eliminated.

2. Peroxynitrite formation and some relevant reactions: oxidations and

nitrations

Under physiological conditions peroxynitrite anion, ONOO−, is in equilibrium with

peroxynitrous acid, ONOOH (pka=6.8), and given their different diffusional and chemical

properties, local pH affects peroxynitrite reactivity. Both can promote one or two electron

oxidation on biomolecules, particularly with transition metal centers and thiols (20–22). In

fact, the reactions with metalloproteins, thiols and carbon dioxide (CO2) are responsible for

most of its consumption in vivo (23).

There are many examples of protein thiols that are oxidized by peroxynitrite. Reaction of

peroxynitrite towards one specific sulfhydryl on glyceraldehide-3-phosphate dehydrogenase

leads to inactivation of the enzyme (24). Likewise, oxidation of critical thiols by

peroxynitrite on complex I and II inhibits the electron transport in the mitochondrial

respiration chain (25). The low molecular weight thiol, glutathione, reaches millimolar

concentrations inside cells and for some time it was considered a direct cellular scavenger of

peroxynitrite. However, the reaction with glutathione is not as fast to prevail over others in

vivo. Rather, it is a target for secondary products of peroxynitrite, (analyzed recently in Ref

(23)).

On the other hand, peroxynitrite is able to oxidize a number of proteins bearing transition

metal centers, such as aconitase, whose reaction with peroxynitrite leads to disruption of the

4Fe-4S center and its inactivation (22). Hemoproteins (e.g. myeloperoxydase,

oxyhemoglobin, citocrome c2+) as well as Cu-Zn-, Mn-, and Fe-containing superoxide

dismutases (SODs) are also targets for peroxynitrite.

However, many of the reactions of peroxynitrite with molecular targets depend on the

formation of secondary radicals. At 37ºC and pH 7.4, ONOOH spontaneously homolyses to

hydroxyl (•OH) and nitrogen dioxide (•NO2) radicals with yields of about 30% (26–27).

Being this a relatively slow reaction (rate constant = 0.9s−1) and given the abundance of

other targets for peroxynitrite this turns out to be a minor route in biological systems (28). In

the absence of such targets the rest of peroxynitrite would eventually isomerize to nitrate

(NO3
−).
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The other important target in biological milieu is CO2, present at high concentration both

intra-and extracellularly (1–2 mM). Its reaction with ONOO− produces an unstable

intermediate, nitroso-peroxocarboxylate (ONOOCO2), which decomposes generating

carbonate radical (CO3
•−) and •NO2 in approximately 35% yields (29). Carbonate radical

reacts fast with some metal centers and aminoacidic residues in proteins, mainly tryptophan,

methionine, and tyrosine. Its reaction with the latter gives rise to tyrosyl radical, which

combines with •NO2 at diffusion-controlled rate to result in 3-nitrotyrosine formation.

Carbonate radical is highly effective in the one-electron abstraction needed to form tyrosyl

radical, but it can also be formed by reaction of tyrosine with other oxidants, e.g. oxo-metal

complexes, lipid peroxyl radicals and less relevant, hydroxyl radical.

Other mechanism of nitration independent of peroxynitrite formation is more relevant in

neutrophils and eosinophils, where myeloperoxidase (MPO) and eosinophil peroxidase

(EPO) and •NO end products can lead to tyrosine nitration trough •NO2 formation in a

hemeperoxidase-dependent manner (30–32). For example, MPO -null mice exhibit a

decrease in 3-nitrotyrosine formation in various models of inflammation, though still

considerable level of nitration is usually detected (30, 33–34). In fact, it is possible to detect

nitrated bacteria inside immunostimulated neutrophils (35) and some proposed this

phenomenon to be dependent on MPO in macrophages (36–37). However, current evidence

in macrophages indicates that themain nitrating agent must be peroxynitrite, since MPO

expression normally negligible in these cells (38).

Massive protein oxidation has been shown to be fatal to the cell. Peroxynitrite formation in

macrophages during phagocytosis leads to protein oxidation and nitration in the engulfed

pathogen. Detection of 3-nitrotyrosine in a number of invading parasites and bacteria is in

accordance to peroxynitrite dependent cytotoxicity (38–40). For example, resistant

(C57Bl/6) mice infected with L. amazoniensis parasites showed extensive protein nitration

associated with phagolysosomes at early infection stages, while in susceptible mice

(BALB/c) poor iNOS expression and tyrosine nitration was detected (41). Importantly,

invoking peroxynitrite as the main nitrating species implies that the “timing” of nitration

must parallel the time range when the simultaneous formation of O2
•− and •NO occurs. In

this regard, as the O2
•− production is exhausted more rapidly than that of NO in

immunostimulated macrophages (i.e. in 2 hours), significant protein tyrosine nitration

should be observed at early times, as reported recently (38). While in murine macrophages

under optimal immunostimulation conditions O2
•− and •NO formation rates are similar

resulting in almost stoichiometric peroxynitrite formation rates, conditions that lead to

variable flux ratios of O2
•−/•NO do not preclude peroxynitrite formation, although the levels

will be restricted to the limiting precursor radical. Moreover, and in spite of initial belief,

peroxynitrite-dependent tyrosine nitration is not significantly inhibited under in vivo

conditions by excess O2
•− or •NO (due to interference in the nitration steps) since SOD-

catalyzed dismutation or alternative •NO reactions and diffusion, respectively, minimize

their secondary reactions with, for example, tyrosyl radical (42).

Peroxynitrite- dependent nitration is not restricted to proteins, fatty acid present in

membranes and lipoproteins are also susceptible to this modification. Fatty acid nitration

mechanism is not fully understood yet, but peroxynitrite is one of the proposed agents.
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There is evidence that nitro-fatty acids are formed in vivo in the picomolar range and its

concentration increases during inflammatory processes. Nitrated lipids are found in plasma

and other components present in the vascular compartment, and given their anti-

inflammatory properties; they are thought to have a protective role against oxidative damage

associated with inflammatory diseases (43–44). In fact, nitroarachidonic acid has been

recently shown to have anti-inflammatory activities during macrophage activation.

Specifically it inhibits the NADPH oxidase activation modulating the superoxide formation,

through mechanisms that are not fully understood yet (45). All of the aforementioned

oxidation processes take place in a “battle” between the macrophage and the antioxidants

systems developed by pathogens. They are equipped with enzymatic (and non-enzymatic)

tools to detoxify peroxynitrite and it derivatives. Most notably, peroxirredoxins are a group

of enzymes capable of reducing hydrogen peroxide, peroxynitrite (and other peroxides) at

high rates and specificity. Overexpression of these enzymes is often related to pathogen

virulence and this aspect is discussed latter in this review.

3. Peroxynitrite as a cytotoxic effector: evidence in vitro and in vivo

When dealing with oxidants chemistry, special care must be taken in order to identify the

real effector in a particular process. Regarding cytotoxic properties of peroxynitrite we must

be sure the effect comes from itself, and not because of its precursors, i.e. superoxide (as its

dismutation product, hydrogen peroxide) or nitric oxide. Microbicidal activity of

peroxynitrite has been thoroughly demonstrated in vitro, by exposing cells to either fluxes or

bolus addition of ONOO−; or co-culturing them with •NO y O2
•− producing cells; and in

vivo, pharmacologically modulating peroxynitrite formation or even working with knockout

mice for one or more of the enzymes related to oxidant production.

There is growing evidence in literature identifying peroxynitrite as a potent cytotoxic agent

in macrophages when counter-attacking a pathogen invasion (see Table I). The most

common strategies chosen to study the role of peroxynitrite in the host-pathogen interactions

are either based in the use of inhibitors of iNOS and NADPH oxidase or knockout mice

models for one of these proteins with the aim of modulating peroxynitrite formation and

evaluating the outcome from protein oxidation/nitration on cell (or animal) viability. As we

see in table I mice lacking some of the subunits of NADPH oxidase are more prone to

infection of a number of pathogens, as well as iNOS deficiency leads to poorer responses.

This kind of experiments has brought light into many questions regarding peroxynitrite

importance in microorganisms killing. Nevertheless, we must be careful when interpreting

the data they provide. We have to bear in mind antimicrobial mechanisms triggered by each

pathogen may be different. Redundancy and synergy among immune system cytotoxic tools

are crucial properties that assure success in controlling the infection, but also make it

difficult to interpret correctly data obtained in knockout models.

At the moment, there is no effective and specific NADPH oxidase inhibitor. More advances

have been achieved in the development of iNOS inhibitors, but specificity it is dramatically

important in order not to affect physiological •NO production by other isoforms in animal

models. A central aspect regarding the importance of •NO and peroxynitrite toxicity in vivo
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in human pathology, is the difficulty of detecting iNOS protein and activity in human

macrophages. There is a strong argument in the literature about the relevance of

macrophage-derived •NO in controlling invasion of microorganisms given that nobody has

found experimental conditions in vitro to induce iNOS in human cells (unlike what is

observed in murine macrophages). However, data obtained in different inflammatory

pathologies in patients, ranging from inflamed mediastinal lymph nodes (46) to tissue

material from lungs with tuberculosis show higher iNOS expression in macrophages in

relation to control individuals (47–48). In the case of tuberculosis, it has been found

that •NO exhalation is increased in patients (49). Moreover, lung tissue of patients exhibit

augmented nitro-tyrosine immunostaining, unequivocally indicative of enhanced •NO

formation (48). Thus, the data support the existence of iNOS activity during inflammatory

processes in vivo in humans. Perhaps the negative results in the attempt of reproduce this

activity in human cultured macrophages reflect only the fact that no proper conditions and

stimuli have been found for its induction (50).

4. Redox Biochemistry in the phagosome

The phagosome is a vesicle formed after a microorganism is engulfed by the plasmatic

membrane of the macrophage. Its dimensions depend on the phagocytosed particle, but it

varies in the μm range. Later on, this phagocytic vacuole is fused with lysosomes forming

the phagolysosome, with a decrease in the pH and an increase in proteolytic activity (51).

Concomitantly with pathogen internalization the respiratory burst is triggered and

superoxide is formed towards the interior of the phagocytic vacuole. If nitric oxide is

present, peroxynitrite will be produced as long as the respiratory burst lasts (from 90 to 120

min), see Figure 3 (10). Both ONOO− and ONOOH are able to cross biological membranes

either through the 4,49- diisothiocyanatostilbene-2,29-disulfonic acid (DIDS) sensitive

Cl−/HCl3− exchanger or passive diffusion, respectively (52). Nevertheless, in biological

milieu peroxynitrite diffusion is limited by the presence of other abundant targets, most

notably CO2. Thus, for extracellular microorganisms peroxynitrite toxicity depends on the

distances between the source and the target. The scenario changes in the phagosome,

because during parasite engulfment it is surrounded leaving a very narrow space between the

two membranes. Here, distance between the source of peroxynitrite and the target is minimal

(10–20 nm) so the reaction with carbon dioxide or other targets is minimized and

peroxynitrite reaches the target cell causing the oxidative damage discussed in section 2

(53).

The directional activity of NOX 2 in the phagosome membrane towards the vacuole’s

interior determines the site of formation of peroxynitrite, since superoxide has limited

diffusion while nitric oxide can readily cross membranes. This is extremely important to

assure that powerful oxidants are produced in the same compartment that contains the target

cell in order to prevent its consumption by other reactions. Intraphagosomal formation of

peroxynitrite has been demonstrated by means of fluorescents probes (dihydrorhodamine)

and detection of 3-nitro-tyrosine inside this compartment (Figure 4) (38).

Once we know it is formed, a more difficult question to answer is how much peroxynitrite is

formed, and how much is needed to kill pathogens? Many efforts have been made to
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determine the rates of formation of these oxidants in the course of infection in phagocytic

cells. Different cell types showed distinct levels of superoxide and nitric oxide production,

and it also varies with the stimulus, i.e. pathogen and/or cytokines (54). Moreover, some

techniques used to measure oxidants production may lead to under- or over- estimated

values of concentrations and rates of formation. Most of the published data regarding

cellular production of nitric oxide, superoxide and peroxynitrite are based in addressing

oxidant concentrations in a particular volume (e.g. well or plate containing culture medium).

Perhaps these numbers are not the most relevant to understand events happening in the

phagosome, a compartment in which the space where oxidants are being formed is

extremely scarce. The number of oxidant molecules, and even more interesting, number of

hits of these species upon the phagocytosed pathogen are much more informative data.

Previous works of our group performed exposing Trypanosoma cruzi epimastigotes to

peroxynitrite in absence or in presence of CO2 allowed to establish an LD50 (lethal dosis 50)

of <0.3 nmol/106 cells. Taking this “average” cytotoxicity the estimated amount of ONOO−

needed to kill an individual parasite would be <0.3 fmol/T. cruzi, (~108 molecules) which is

line with the estimated range of its formation inside the phagosome, 0.25–0.35 fmol in 120

min (53). Hurst et al had also determined a LD50 for E.coli of 106–107molecules of ONOO−

per cell.

5. Evasion from the peroxynitrite-dependent pathogen killing

In spite of the diverse defensive mechanisms mounted by macrophages, many pathogens

manage to survive, sometimes for long periods inside macrophages. They have developed

evasion mechanisms usually intended to detoxify or inhibit •NO or O2
•− (and therefore,

ONOO−) production in macrophages.

One way to prevent peroxynitrite formation is to inhibit NADPH oxidase as a source for

O2
•−. In this sense Leishmania donovani lipophosphoglycan (LPG) prevents NADPH

oxidase assembly in the phagosome (55). Salmonella typhimurium secrets a protein (SPI2)

that also blocks activation of this complex and strains lacking this gene are highly attenuated

for virulence in mice, except in those unable to express NADPH oxidase (56).

Other evasion mechanisms consist in inhibition of •NO synthesis. For instance, adenoviruses

impair •NO production by macrophages by interfering activation of iNOS transcription (57).

Toxoplasma gondii exposes phosphatidylserine and trigger TGF-b1secretion by

macrophages, antagonizing IFNγ mediated iNOS induction (58). Leishmania amazonensis

decreases iNOS activity as well, although without affecting its transcription rate (59).

One common feature found in several pathogens is the ability to induce host arginase or

even their own. This enzyme is part of the urea cycle and it catalyzes hydrolysis of L-

arginine into urea and ornithine. Enhancement of arginase activity reduces •NO production

by host cell due to substrate depletion for iNOS and therefore, contributes to invading

pathogen survival (60). Helicobacter pilori, and Salmonella 13eroxid (serovar

Typhimurium) are two of examples of bacteria where induction of arginase represents a

virulence factor. The first two up-regulate arginase II expression in macrophages, and

deleting or inhibiting this enzyme favors •NO mediated killing (61–62). There is also
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evidence regarding other pathogens which uses arginase for its own benefit, like

Schistosoma S. mansoni, Candida albicans and Hepatitis C virus; for a review see reference

(60).

Instead of inhibition its formation, others have developed enzymes or molecules to detoxify

oxidants once formed. One interesting example are truncated hemoglobins expressed by

Mycobacterium tuberculosis (63) Mycobacterium bovis (64) and Mycobacterium leprae

(65), that serve as •NO scavengers (66).

Trypanosomatids and some bacteria (Mycobacterium spp) have developed complex

antioxidant systems that protect them against the oxidative assault within phagocytes.

Trypanosoma cruzi has five peroxidases located in different subcellular compartments

capable of detoxifying hydrogen peroxide, hydroperoxides and ONOO−. Two of them are 2-

cystein peroxirredoxins, one found in the mitochondria (MPX) and the other in the cytosol

(MPX). Both reduce ONOO−, H2O2, and short-chain organic hydroperoxides at expenses of

reducing power of trypanothione. Overexpression of MPX and CPX results in higher

resistance of T.cruzi to ONOO− challenging in vitro and enhanced survival when infecting

macrophages (38). Interestingly, it has been show that these enzymes are augmented during

differentiation to the infective form, which is the one that faces the oxidative attack of

phagocytes. Moreover, content of these enzymes correlates with virulence of natural strains

(67–68). Similarly, Leishmania spp resistance to peroxides and virulence is also related with

peroxirredoxins expression (69–71).

Another important group of enzymes related to immune response evasion are the superoxide

dismutases (SODs), present in all of the aerobic organisms. These enzymes catalyze the

O2
•−dismutation to H2O2 and protect cells from endogenous generated O2

•− (e.g. in the

mitochondria). Interestingly, some microorganisms have taken advantage of superoxide

dismutases to defend themselves from the oxidative damage when phagocytized by

macrophages, expressing one or more isoform of this enzyme in the periplasm. In this sense,

E.coli and Salmonella typhimurium lower the damage caused by superoxide and secondary

products (ONOO− and H2O2) by having one and two periplasmic CuZn-SODs, respectively

(72–73). The presence of the gene encoding the periplasmic SOD has been shown to

correlate with virulence in different strains of both E.coli and Salmonella typhimurium (74–

75). In the same way, Trypanosoma cruzi apparently also excrete a Fe-SOD as a defense

mechanism (76–77).

6. Concluding Remarks and perspectives

The role of macrophage-derived peroxynitrite as a potent cytotoxic mediator has been

thoroughly addressed in a wide spectrum of models involving different microorganisms and

hosts. The chemistry of peroxynitrite is complex and its formation and effects are sometimes

difficult to prove, but with the combination of the use of proper inhibitors, specific probes

and the study of footprints on biomolecules it is possible to get insights in the mechanisms

mediating peroxynitrite cytotoxicity. The success or fail in pathogen killing is a result of the

interplay between the macrophage oxidant “artillery” and the antioxidant defense
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mechanisms developed by the invading microorganism. Future efforts should be directed to

exploit these biochemical insights for a better resolution of microbial infections.
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Figure 1. Regulation of iNOS expression
PAMPs recognition through TLR-4 leads to the activation of NFκB, which is translocated to the nucleus and moderately

enhances the iNOS promoter activity. IFNγ signaling depends on the JAK/STAT pathway. Phosphorylated STAT1α binds to

the regulatory region of the iNOS gene and also to that of the IFNγ regulatory factor (IRF-1), which in turn promotes iNOS

transcription as well. When both IFNγ and a pathogen motif are present, iNOS expression is maximal.
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Figure 2. NADPH oxidase assembling
The NADPH oxidase is composed of three cytosolic (p67phox, p47phox, and p40phox) and two membrane-bound subunits

(gp91phox and p22phox). Activation during phagocytosis leads to phosphorylation of cytosolic components and their migration

to the membrane to form an active complex. Low doses of LPS or other stimuli, such as TNFα, are not sufficient to promote the

oxidase activation, but lead to the primed state, increasing the phosphorylation level of cytosolic subunits.
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Figure 3. Redox biochemistry in the phagosome
The scheme shows how a parasite (e.g Trypanosoma cruzi) is engulfed and attacked with powerful oxidants in a very narrow

space. NADPH oxidase is activated immediately after phagocytosis directing superoxide production towards the interior of the

phagosome. Superoxide dismutation leads to the formation of hydrogen peroxide, which has a cytotoxic effect at high doses. If

iNOS is active in the cytosol or in small vesicles, nitric oxide will diffuse across membranes exerting cytostatic or cytotoxic

effects on the microorganism. When both superoxide and nitric oxide co-exist in the phagosome they result in peroxynitrite

formation, with lethal consequences for the pathogen.
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Figure 4. Intraphagosomal peroxynitrite formation
T. cruzi trypomastigotes preloaded with DHR were exposed to macrophages, and cells were washed 30 min after incubation. A,

RH 123 accumulation after 2 h of infection in unstimulated (T. cruzi) or preactivated macrophages (IFNγ /LPS + T. cruzi) was

determined in a fluorescence plate reader. The effect of apocynin (NADPH oxidase inhibitor) was evaluated under both

conditions. RFU, relative fluorescence units. B, activated macrophages plated in slides were infected with DHR-loaded

trypomastigotes (5:1, parasite:macrophage ratio). Merged DIC and fluorescence images were obtained 2 h after infection; the

green fluorescence corresponds to oxidized DHR (magnification, X400). This research was originally published in J Biol Chem,

Álvarez MN et al, “Intraphagosomal peroxynitrite as a macrophage-derived cytotoxin against internalized Trypanosoma cruzi:

consequences for oxidative killing and role of microbial peroxiredoxins in infectivity”, J Biol Chem 2011, 286: 6627–6640. ©

the American Society for Biochemistry and Molecular Biology.
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Table I

Evidence of the formation and cytotoxicity of macrophage-derived peroxynitrite towards pathogenic

organisms

Pathogen Model Results Ref.

Bacteria

Escherichia coli Exposure to •NO and peroxynitrite.
More toxicity of peroxynitrite. Identification

of nitrated proteins. (78–80)

Salmonella thiphimurium
Infection in vitro and in vivo with a
Cu-Zn SOD deficient strain of S.

thiphimurium.

Cu-Zn SOD deficient S. thiphimurium
showed less virulence in vivo and in vivo.

Infection in macrophages unable to
form •NO or O2

•− restores it infectivity.

(81–82)

Brucella abortus

Infection in macrophages and
treatment with inhibitors. Infection

in knockout mice for iNOS and
gp91phox.

IFNγ-activated macrophages present
enhanced B.abortus killing capacity, and

inhibition of iNOS resulted in poor control
of pathogen replication. iNOS and

gp91phox KO mice are less effective
controlling infection.

(83–84)

Mycobacterium tuberculosis
Exposure to peroxynitrite. Infection
in vitro (macrophages) and in vivo in

knockout mice for iNOS.

Peroxynitrite effectively killed M.
tuberculosis while •NO or O2

•− alone did
not. Peroxynitrite-forming macrophages

controlled the infection. iNOS -/- mice are
more susceptible to infection.

(85)

Rhodococus equi
Exposure to oxidants in vitro.

Infection in iNOS and NADPH
oxidase deficient mice.

R. equi is susceptible to peroxynitrite
exposure. IFNγ is involved in control of

infection in vivo. Knockout mice for iNOS
and NADPH oxidase succumb to infection.

(86)

Parasites

Cryptosporidium parvum
Infection in piglets. Treatment with
iNOS inhibitors and peroxynitrite

scavengers.

Animals treated with iNOS inhibitors or
peroxynitrite scavengers are more

susceptible to infection. Co-localization of
iNOS and nitro-tyrosine.

(39)

Leishmania amazoniensis Exposure of amastigotes to •NO and
peroxynitrite. Infection in mice.

•NO is cytostatic and peroxynitrite is
cytotoxic. NO2-Tyr detection on phagocytic

vacuole and in the parasite.
(40–41)

Leishmania major

Infection in macrophages and mice
with L.major strain deficient in a

pseudoperoxidase capable of
detoxifying peroxynitrite.

Deletion of a pseudoperoxidase in L. major
renders the cell more susceptible to SIN-1,

and less infective in macrophages and mice.
(87)

Leishmania donovani Infection in mice deficient it iNOS
and NADPH oxidase.

KO mice present higher susceptibility to L.
donovani infection. (88)

Leishmania chagasi
Overexpression of 2 L. chagasi
peroxirredoxins and infection in

macrophages.

Enhanced expression of peroxirredoxins
resulted in higher resistance to oxidants and
promoted parasite survival in macrophages.

(69)

Trypanosoma cruzi

Infection in macrophages and mice
with peroxirredoxins overexpressers

and wt strains. Use of both iNOS
and NADPH oxidase inhibitors.

Control of infection dependent of
peroxynitrite formation. Detection of NO2-
Tyr on internalized parasites. Mice showed
higher parasite loads when inoculated with

strains overexpressing peroxirredoxins.

(38)

Virus Coxsackievirus
Exposure to peroxynitrite. Infection
in mice, using iNOS inhibitors and

peroxynitrite scavengers.

Peorxynitrite inhibits viral replication in
vitro. iNOS inhibitors and peroxynitrite

scavengers favor viral replication. NO2-Tyr
associated with viral proteins.

(89)

Fungus Candida albicans

Exposure to oxidant in vitro.
Infection in macrophages; treatment

with iNOS inhibitors and O2
•−

scavengers.

Peroxynitrite showed candidacidal activity
in vitro. (90)

Nematodes Brugia malayi

Co-cultures with macrophages and
use of iNOS inhibitors. Exposure

to •NO and ONOO− in vitro.
Characterization of resistant and

Parasites are susceptible to macrophages-
derived peroxynitrite. Resistant rodents

showed higher of •NO and O2
•− production.

(91–92)
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Pathogen Model Results Ref.

susceptible rodents derived
macrophages.
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