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INTRODUCTION
Protein tyrosine nitration (PTN) is a physiological event implicated 

in numerous biological processes modulated by nitric oxide (NO) 

occurring in a number of diseases (Lee et al., 2009a; Schopfer et 

al., 2003). PTN is characterized by series of oxidation processes, 

which is selective modification on the tyrosine residues exposed 

to intramolecular acidic or basic environment. Many recent 

studies have demonstrated that increased tyrosine nitration in 

different diseases, such as cancer, neurodegenerative diseases, 

and cardiovascular injury (Greenacre and Ischiropoulos, 2001; 

Kanski et al., 2005b) of numerous inflammatory responses 

(Kanski and Schoneich, 2005), age-related diseases such as 

age-related macular degeneration (AMD) (Murdaugh et al., 2010), 

cardiovascular disease, stroke, decreased immune responses 

(Ames, 1995; Beal, 1995), and even cancer (Kim et al., 2011). It 

has been reported that protein nitration contributes to cellular 

signaling mechanisms (Di Stasi et al., 1999; Squier and Bigelow, 

2000) as PTN occurs in a specific and reversible way (Gow et 

al., 1996; Kamisaki et al., 1998). As a result of PTN, the structure 

and function of the modified proteins is affected. However, 

little is known about mechanisms and the target proteins for 

endogenous reactive nitrogen species (RNS) or reactive oxygen 

species (ROS). As the first step towards identification of the 

nitrated proteins in biological samples, proteomic technologies 

have been applied to characterize nitrated proteins from tissues 

and cell lines under disease settings. This review highlights the 

significance of PTN in the cellular pathophysiology of aging and 

relevant diseases.

REACTIVE NITROGEN SPECIES
Protein tyrosine nitration is a posttranslational modification in 

response to oxidative stress (Haddad et al., 1994; Ignarro, 1990; 

MacMillan-Crow et al., 1996; Masri, 2010) such as peroxynitrite 

anion (ONOO-) and nitrogen dioxide (•NO2). Radical and non-

radical RNS refer to reactive molecules derived from nitric 

oxide (NO) and supeproxide including nitrosyl cation (NO+), 

peroxynitrous acid (ONOOH), peroxynitrite (ONOO-), and 

nitrylchloride (NO2Cl). There are several ROS found in biological 

system. Protein nitration is the result of combinatorial reactions 

of RNS/ROS (Turko and Murad, 2002). 

NO is a short-lived physiological messenger which is highly 

diffusible and lipophillic (Masri, 2010) in nature. NO regulates 

several significant physiological functions including vasodilation, 

respiration, cell migration, immune response and apoptosis 

(Muntane and la Mata, 2010). Nitric oxide is produced within 

cells by the actions nitric oxide synthases (NOS) (Drew and 

Leeuwenburgh, 2002). There are three distinct isoforms of NOS: 

neuronal NOS (nNOS or NOS-1), inducible NOS (iNOS or NOS-

2), and endothelial NOS (eNOS or NOS-3) (Ignarro et al., 1987; 

Muntane and la Mata, 2010; Nathan, 1992). NO can carry out its 

function as an intracellular as well as extracellular messenger by 

diffusing over several cell diameters within a short time (Ames 

et al., 1993; Lancaster, 1994; Sohal and Orr, 1992). Increased 

NO production and subsequent ONOO- formation have been 

detected under hyperoxygenation states in which O2
.- and O2

.- 
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-derived oxidants are known to be overproduced. 

MASS SPECTROMETRIC ANALYSIS OF PROTEIN 
TYROSINE NITRATION
Recently, mass spectrometry (MS)-based profiling methods 

have been employed to identify protein tyrosine nitration and 

understand their roles (Kanski and Schoneich, 2005), (Bigelow 

and Qian, 2008). While the availability of antibodies for nitro-

tyrosine (Beckmann et al., 1994), (Girault et al., 2001) has 

made it possible to characterize protein tyrosine nitration, the 

low stoichiometry of nitrated tyrosine residues and the lack of 

specificity of the antibodies have hampered identification of 

the modification. Therefore, MS-based identification of nitrated 

proteomes is critical to understand their potential roles in various 

pathophysiological processes. To selectively isolate nitrated 

peptides, various affinity purification methods were previously 

developed including chemical derivation strategies such as 

biotinylation, S-acetylthioacetate formation (Zhang et al., 2007), 

schiff base strategy (Lee et al., 2009b) and fluorinated carbon 

tagging (Kim et al., 2011). These methods have contributed to 
the research of PTN. 

PROTEIN NITRATION IN AGING AND AGE 
RELATED DISEASES
Aging itself is a combination of changes in our body and the 

impact of what we do with our bodies. This happens on multiple 

levels:

Accumulated Damage
Toxins, the UV radiation from sunlight, harmful foods, pollution 

and other toxins all take their toll on our bodies. Over time, these 

toxins can lead to tissue damage and the body “falls behind” in 

maintaining and repairing the cells, tissues and organs. 

Metabolic Aging
After age 45, the average individual loses around 10% of their 

muscle mass per decade (Janssen and Ross, 2005). This 

equates to losing about one-third to one-half a pound of muscle 

each year. Physical activity plays a role in both body composition 

and metabolism during the aging process. Research shows that 

most individuals gradually reduce their level of physical activity 

as they age, which further reduces their number of calories 

needed to maintain weight. As we go through our day, our cells 

are turning food into energy, which produces byproducts that 

can be harmful. This process of metabolizing and creating energy 

results in damage to our body over time. 

These days some significant progress has been made 

to understand and explain the effects of oxidants (reactive 

oxygen and reactive nitrogen species) on the oxidative stress 

on lipids, proteins, and DNA and how this contributes to 

the aging process (Ames et al., 1993; Leeuwenburgh et al., 

1998; Sohal and Orr, 1992). Till now very little is known about 

the process of aging that makes it remained a mystery. It is 

documented that increased nitration is often contribute to the 

development of age-related diseases. Excess peroxynitrite 

may affect modulation of mitochondrial respiration that can act 

as platform for development of prevalent neurodegenerative 

diseases (Poderoso, 2009). Proteomic analysis by ESI-MS/MS 

had illustrated that flotillin-1 and -tubulin are nitrated in rat as 

a consequence of aging (Dremina et al., 2005). Age dependent 

accumulation of 3-nitrotyrosine (3-NT) on skeletal muscle 

glycogen phosphorylase b (Ph-b) is reported in experimental rat 

model (Fugere et al., 2006). 

Age-Related Macular Degeneration (AMD/ARMD)
Age-Related Macular Degeneration (AMD) is progressive 

condition that results in the gradual deterioration of the macula, 

the portion of the retina provides the ability to see fine detail, 

and loss of vision from the center of the field of vision. AMD is 

the leading cause of vision impairment, resulting in functional 

limitations and legal blindness in the elderly population usually 

over the age of 50 (Mitchell et al., 1995). AMD develops 

when the retina’s blood supply diminishes. The macula’s high 

concentration of cones, the cells responsible for color and fine 

detail vision, makes it especially vulnerable to damage and its 

cells begin to die. The death of the cells results in diminished 

vision. AMD may affect one eye at first, though nearly always 

affects both eyes as it progresses.

There are two forms of AMD, atrophic (commonly known as 

dry) and neovascular (commonly known as wet). All AMD begins 

as the atrophic form, in which the nourishing outer layer of the 

retina withers, or atrophies. Approximately 90 percent of AMD 

remains in this form and progresses slowly. In the remaining 10 

percent, new blood vessels begin to grow erratically within the 

choroid, the blood-rich membrane that nourishes the retina. 

These blood vessels are thin and fragile, and bleed easily. The 

resulting hemorrhages cause the retina to swell, distorting the 

macula and accelerating the loss of cells.

The pathophysiology of AMD cannot be explained simply. 

This may include genetic predispositions, accumulation of 

lipofuscin and drusen, local inflammation and neovascularization 

(Murdaugh et al., 2010). Several research groups screen the 

genomes from different groups of AMD patients and discovered a 

commonly inherited variant (Y402H) of the complement factor H 

(CFH) gene that significantly increases the risk of AMD (Edwards 

et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein et 

al., 2005). Findings of these research groups link up the genetics 

and inflammation to the AMD. Some recent research progresses 

evidence that Components of Drusen, Inflammation and oxidative 

stress involved in the development of AMD (Hollyfield et al., 2008; 

Laine et al., 2007; Skerka et al., 2007; Wang et al., 2008). Large 

fluxes of nitric oxide (NO) are released through the activation of 

inducible nitric oxide synthase  during inflammation (Carreras et 

al., 1994). In AMD patients significantly higher plasma NO levels 

than control subjects are reported (Evereklioglu et al., 2003).  

Bruch’s membrane lies between the choroidal capillary bed and 
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retinal pigment epithelial (RPE) cells. The exchange of various 

materials between the underlying choriocapillaris and overlying 

RPE occurs through Bruch’s membrane (Sellner, 1986). Several 

researches have suggested that age-related damage to Bruch’s 

membrane allows the accumulation of abnormal extracellular 

deposits, called drusen, between the basal lamina of the RPE 

and the inner collagen layer of Bruch’s membrane (Crabb et al., 

2002; Newsome et al., 1987) which is believed to elicit a local 

inflammatory response (Anderson et al., 2002; Yasukawa et al., 

2007). An impaired RPE function was observed in non-enzymatic 

nitration of RPE basement membrane in tissue culture and also 

tyrosine nitration has been shown to occur in photoreceptor cells 

(Miyagi et al., 2002). 3-nitrotyrosine is a specific hallmark for 

inflammation-induced oxidative damage to proteins. In addition 

to proteins, Bruch’s membrane also contains lipofuscin which 

is a mixture of autofluorescent material that accumulates in the 

RPE cells and is reported to photochemically generate a series 

of reactive oxygen species, including singlet oxygen, hydrogen 

peroxide, and superoxide anions (Rozanowska et al., 1998) that 

can stimulate oxidative stress in RPE. One of the major organic 

soluble chromophores in lipofuscin is A2E (2-[2,6-dimethyl-8-

(2,6,6-trimethyl-1-cyclohexen-1-yl)-1E, 3E,5E,7E-octatetraenyl]-

1-(2-hydroxyethyl )-4-[4-methyl-6-- (2,6,6-tr imethyl-1-

cyclohexen-1-yl)-1E,3E,5E-hexatrienyl]—pyridinium). Increasing 

accumulation of 3-nitrotyrosine and nitro-A2E in human Bruch’s 

membrane with advancing patient age were identified which 

can demonstrate the inflammation mediated and non-enzymatic 

nitration in the progression of AMD. 

Additionally, we summarize nitroproteomic studies with aging 

related tissues using mass spectrometry and their references 

in table 1 in order to help more understanding of aging related 

diseases in terms of PTN.

PROTEIN NITRATION AND CARCINOGENESIS
Carcinogenesis or oncogenesis or tumorigenesis can literally 

be defined as a process by which normal cells are transformed 

into cancer cells. This deadly process is characterized by 

a progression of changes on cellular and genetic level that 

ultimately reprogram a cell to undergo uncontrolled cell division 

and formation of a malignant mass.

Although several researches have been conducted to elucidate 

the mechanism of NO in tumor biology, it is still a mystery to 

the scientists. The growth of tumor is regulated by interactions 

of endothelial cells of the tumor vasculature, tumor-infiltrating 

immune cells such as T lymphocytes and macrophages, and 

the tumor cells themselves (Sutherland et al., 1988). Almost all 

of these cellular components have been shown to generate NO 

in vitro which has been proposed to be an important mediator 

of tumor growth (Jenkins et al., 1994; Lamas et al., 1992; Wink 

et al., 1998). NO has bifunctional role in carcinogenesis leading 

to either promotion or inhibition of tumor growth (Masri, 2010) 

. Both infectious and non-infectious injuries and irritation can 

initiate inflammatory response that can lead to a subsequent 

respiratory burst, an increased uptake of oxygen that leads to 

the release of free radicals from leukocytes, including activated 

macrophages. This process can damage surrounding cells 

and consequently can drive carcinogenesis by altering targets 

and pathways that are crucial to normal tissue homeostasis 

(Coussens and Werb, 2002). Chronic inflammation contributes 

to about one in four of all cancer cases worldwide. RNS induce 

oxidative and nitrosative stress results in DNA damage and 

inhibition of DNA repair enzymes through direct or indirect 

Condition Tissue Species Separation
Method

Detection
Method

# of Nitro
proteins

# of Nitro
peptides Reference

AGING

Skeletal muscle Rat 2DE MALDI-TOF MS
LS-ESI MS/MS 8 - (Kanski et al., 2003)

Heart homogenate

Rat

2DE

LC-ESI MS/MS

13 1

(Kanski et al., 2005a)Heart homogenate
IP/1DE

9
-

Heart mitochondria 35

Skeletal muscle Rat IEF/1DE LC-ESI MS/MS 11 12 (Kanski et al., 2005b)

Brain Rat 1DE LC-ESI MS/MS 2 - (Dremina et al., 2005)

Muscle Rat 1DE LC-ESI MS/MS 1 3 (Sharov et al., 2006)

Muscle Rat 1DE MALDI-TOF MS 5 5 (Fugere et al., 2006)

Brain
(Cerebellum) Rat

2DE

LC-ESI MS/MS

16 -

(Gokulrangan et al., 2007)IEF/1DE 22 -

IEF 4 4

Heart Rat IEF LC-ESI MS/MS 10 10 (Hong et al., 2007)

Brain Dog 2DE MALDI-TOF MS - - (Opii et al., 2008)

TABLE 1 I Nitroproteomic investigation from physiological tissues of aging

Mass Spectrometric Analysis of Protein Tyrosine Nitration in Aging and Relevant Diseases 



29bdjn.org Bio Design  l  Vol.1  l  No.1  l  December 30, 2013

mechanisms. Post-translational modifications of proteins and the 

induction of mutations in cancer-related genes which is mediated 

by nitration, nitrosation, acetylation, phosphorylation or poly-

ADP-ribosylation are some major events that might increase the 

cancer risk (Muntane and la Mata, 2010). High levels of NO can 

develop carcinogenic nitrosamines or can directly modifying DNA 

or DNA repair proteins are proved to be genotoxic (Wink et al., 

1991). In carcinogenesis, mediated by NO, several alterations in 

apoptosis, DNA repair and cell-cycle checkpoints are prominent 

(Jaiswal et al., 2001; Melino et al., 1997; Pervin et al., 2001). 

Several research results highlighted that substantial modification 

of key biological target(s) including DNA repair proteins and 

transcription factor known to be inhibited by NO.

PROTEIN NITRATION AND IMMUNOMODULATION
Immunomodulation refers to the action undertaken by the 

medication on autoregulating processes that steer the 

immunological defense system that can lead to autoimmune 

diseases. It was documented that the persistence of nitrated 

proteins and peptides may activate the immune system and 

result in the production of immunoglobulins that specifically 

recognize 3-nitrotyrosine in human plasma (Ischiropoulos, 2009; 

Thomson et al., 2007). It has also been reported in the study of 

mouse and rabbit models that nitrated proteins and peptides 

readily elicit production of antibodies (Heijnen et al., 2006; Xu et 

al., 2006). This argument can be supplemented by the work of 

Herzog et al (62). According to this research, tyrosine nitrated 

peptides from hen egg-white lysozyme elicited production of 

monoclonal antibodies in transgenic mice that express hen 

egg-white lysozyme (Herzog et al., 2005). Gendelman and 

co-workers demonstrated that specific immune response to 

nitrated -synuclein produced a dynamic immuno-inflammatory 

response in mice that led to the degeneration of dopamine-

producing neurons (Giasson et al., 2000). Infection of with 

Listeria monocytogenes in mice motivated the generation of 

antigen-presenting cells (APC’s) that contain nitrated peptides, 

demonstrating that APC’s generated nitrated peptides in vivo, 

that may significantly augment the immunogenic response to the 

infectious agent as well. Another functional feature of tyrosine 

nitration in the immune system is that the binding of peptide–

major histocompatibility complex dimers to CD8 (cluster of 

differentiation 8) positive T cells is disrupted by the myeloid-

derived suppressor cells via nitration of tyrosine residues in 

the T cell receptor–CD8 complex (Nagaraj et al., 2007). This 

finding can summarize the tyrosine nitration as a provider of 

novel mechanism of T-cell tolerance in cancer and operator 

as an immune system modulator.  So it can be demonstrated 

that nitration of proteins may elevate generation of antibodies 

to autologous proteins and immunological responses may 
profoundly influence in autoimmune and inflammatory diseases. 

CONCLUSION 
Nitration is an early-stage event that may mechanize onset 

and progression of several diseases. Several experimental 

data suggest that pathogenesis of major, chronic age-related 

diseases are associated with activation of redox-sensitive 

transcription factors. Protein tyrosine nitration appears to be a 

pathologically important posttranslational modification in various 

disease models. Commonly used techniques for characterization 

of protein tyrosine nitration are tandem mass spectrometry 

and immunostaining following 2-D PAGE. Due to extremely 

low stoichiometry of nitrated tyrosine residues of proteins in 

biological samples, it is hard to identify nitrated tyrosine residues 

without suitable enrichment process. The identification of 

nitrated proteins in disease models using a enrichment process 

is necessary for understanding of the pathophysiological roles of 

protein tyrosine nitration in the target diseases. 

ABBREVIATIONS

3-NT 3-nitrotyrosine 

AMD  age-related macular degeneration 

CD8            cluster of differentiation 8

ESI-MS        
electrospray ionization- mass 
spectrometry

MS                mass spectrometry

NO nitric oxide 

NOS            nitric oxide synthases

eNOS or NOS-3  endothelial NOS 

iNOS or NOS-2    inducible NOS 

nNOS or NOS-1    neuronal NOS

RNS reactive nitrogen species

ROS reactive oxygen species  

RPE retinal pigment epithelial cell

PTN   protein tyrosine nitration 

ACKNOWLEDGMENTS
This work was supported by the Basic Science Research 

Program (2009-0074906) through the National Research 

Foundation of Korea (NRF) funded by the Ministry of Education, 

Science, and Technology.

Original Submission: November 1, 2013
Revised Version Received: December 5, 2013
Accepted: December 9, 2013

REFERENCES
Ames, B.N. (1995). Understanding the causes of aging and cancer. 
Microbiologia 11, 305-308.

Ames, B.N., Shigenaga, M.K., and Hagen, T.M. (1993). Oxidants, 
antioxidants, and the degenerative diseases of aging. Proc Natl Acad Sci 
U S A 90, 7915-7922.

Young Jun Kim, Md., Ahsan-UI-Bari and Kwang Pyo Kim 



30 bdjn.orgBio Design  l  Vol.1  l  No.1  l  December 30, 2013

Mass Spectrometric Analysis of Protein Tyrosine Nitration in Aging and Relevant Diseases 

Anderson, D.H., Mullins, R.F., Hageman, G.S., and Johnson, L.V. (2002). A 
role for local inflammation in the formation of drusen in the aging eye. Am 
J Ophthalmol 134, 411-431.

Beal, M.F. (1995). Aging, energy, and oxidative stress in neurodegenerative 
diseases. Ann Neurol 38, 357-366.

Beckmann, J.S., Ye, Y.Z., Anderson, P.G., Chen, J., Accavitti, M.A., 
Tarpey, M.M., and White, C.R. (1994). Extensive nitration of protein 
tyrosines in human atherosclerosis detected by immunohistochemistry. 
Biol Chem Hoppe Seyler 375, 81-88.

Bigelow, D.J., and Qian, W.J. (2008). Quantitative proteome mapping of 
nitrotyrosines. Methods Enzymol 440, 191-205.

Carreras, M.C., Pargament, G.A., Catz, S.D., Poderoso, J.J., and Boveris, 
A. (1994). Kinetics of nitric oxide and hydrogen peroxide production 
and formation of peroxynitrite during the respiratory burst of human 
neutrophils. FEBS Lett 341, 65-68.

Coussens, L.M., and Werb, Z. (2002). Inflammation and cancer. Nature 
420, 860-867.

Crabb, J.W., Miyagi, M., Gu, X., Shadrach, K., West, K.A., Sakaguchi, 
H., Kamei, M., Hasan, A., Yan, L., Rayborn, M.E., et al. (2002). Drusen 
proteome analysis: an approach to the etiology of age-related macular 
degeneration. Proc Natl Acad Sci U S A 99, 14682-14687.

Di Stasi, A.M., Mallozzi, C., Macchia, G., Petrucci, T.C., and Minetti, M. 
(1999). Peroxynitrite induces tryosine nitration and modulates tyrosine 
phosphorylation of synaptic proteins. J Neurochem 73, 727-735.

Dremina, E.S., Sharov, V.S., and Schoneich, C. (2005). Protein tyrosine 
nitration in rat brain is associated with raft proteins, flotillin-1 and alpha-
tubulin: effect of biological aging. J Neurochem 93, 1262-1271.

Drew, B., and Leeuwenburgh, C. (2002). Aging and the role of reactive 
nitrogen species. Ann N Y Acad Sci 959, 66-81.

Edwards, A.O., Ritter, R., 3rd, Abel, K.J., Manning, A., Panhuysen, C., and 
Farrer, L.A. (2005). Complement factor H polymorphism and age-related 
macular degeneration. Science 308, 421-424.

Evereklioglu, C., Er, H., Doganay, S., Cekmen, M., Turkoz, Y., Otlu, B., 
and Ozerol, E. (2003). Nitric oxide and lipid peroxidation are increased and 
associated with decreased antioxidant enzyme activities in patients with 
age-related macular degeneration. Doc Ophthalmol 106, 129-136.

Fugere, N.A., Ferrington, D.A., and Thompson, L.V. (2006). Protein 
nitration with aging in the rat semimembranosus and soleus muscles. J 
Gerontol A Biol Sci Med Sci 61, 806-812.

Giasson, B.I., Duda, J.E., Murray, I.V., Chen, Q., Souza, J.M., Hurtig, 
H.I., Ischiropoulos, H., Trojanowski, J.Q., and Lee, V.M. (2000). Oxidative 
damage linked to neurodegeneration by selective alpha-synuclein nitration 
in synucleinopathy lesions. Science 290, 985-989.

Girault, I., Karu, A.E., Schaper, M., Barcellos-Hoff, M.H., Hagen, T., 
Vogel, D.S., Ames, B.N., Christen, S., and Shigenaga, M.K. (2001). 
Immunodetection of 3-nitrotyrosine in the liver of zymosan-treated rats 
with a new monoclonal antibody: comparison to analysis by HPLC. Free 
Radic Biol Med 31, 1375-1387.

Gokulrangan, G., Zaidi, A., Michaelis, M.L., and Schoneich, C. (2007). 
Proteomic analysis of protein nitration in rat cerebellum: effect of biological 
aging. J Neurochem 100, 1494-1504.

Gow, A.J., Duran, D., Malcolm, S., and Ischiropoulos, H. (1996). Effects of 
peroxynitrite-induced protein modifications on tyrosine phosphorylation 
and degradation. FEBS Lett 385, 63-66.

Greenacre, S.A., and Ischiropoulos, H. (2001). Tyrosine nitration: 
localisation, quantification, consequences for protein function and signal 
transduction. Free Radic Res 34, 541-581.

Haddad, I.Y., Pataki, G., Hu, P., Galliani, C., Beckman, J.S., and Matalon, 
S. (1994). Quantitation of nitrotyrosine levels in lung sections of patients 
and animals with acute lung injury. The Journal of clinical investigation 94, 
2407-2413.

Hageman, G.S., Anderson, D.H., Johnson, L.V., Hancox, L.S., Taiber, A.J., 
Hardisty, L.I., Hageman, J.L., Stockman, H.A., Borchardt, J.D., Gehrs, 
K.M., et al. (2005). A common haplotype in the complement regulatory 
gene factor H (HF1/CFH) predisposes individuals to age-related macular 
degeneration. Proc Natl Acad Sci U S A 102, 7227-7232.

Haines, J.L., Hauser, M.A., Schmidt, S., Scott, W.K., Olson, L.M., Gallins, 

P., Spencer, K.L., Kwan, S.Y., Noureddine, M., Gilbert, J.R., et al. (2005). 
Complement factor H variant increases the risk of age-related macular 
degeneration. Science 308, 419-421.

Heijnen, H.F., van Donselaar, E., Slot, J.W., Fries, D.M., Blachard-Fillion, 
B., Hodara, R., Lightfoot, R., Polydoro, M., Spielberg, D., Thomson, L., et 
al. (2006). Subcellular localization of tyrosine-nitrated proteins is dictated 
by reactive oxygen species generating enzymes and by proximity to nitric 
oxide synthase. Free radical biology & medicine 40, 1903-1913.

Herzog, J., Maekawa, Y., Cirrito, T.P., Illian, B.S., and Unanue, E.R. (2005). 
Activated antigen-presenting cells select and present chemically modified 
peptides recognized by unique CD4 T cells. Proc Natl Acad Sci U S A 102, 
7928-7933.

Hollyfield, J.G., Bonilha, V.L., Rayborn, M.E., Yang, X., Shadrach, K.G., Lu, 
L., Ufret, R.L., Salomon, R.G., and Perez, V.L. (2008). Oxidative damage-
induced inflammation initiates age-related macular degeneration. Nat Med 
14, 194-198.

Hong, S.J., Gokulrangan, G., and Schoneich, C. (2007). Proteomic analysis 
of age dependent nitration of rat cardiac proteins by solution isoelectric 
focusing coupled to nanoHPLC tandem mass spectrometry. Exp Gerontol 
42, 639-651.

Ignarro, L.J. (1990). Biosynthesis and metabolism of endothelium-derived 
nitric oxide. Annu Rev Pharmacol Toxicol 30, 535-560.

Ignarro, L.J., Buga, G.M., Wood, K.S., Byrns, R.E., and Chaudhuri, G. 
(1987). Endothelium-derived relaxing factor produced and released from 
artery and vein is nitric oxide. Proc Natl Acad Sci U S A 84, 9265-9269.

Ischiropoulos, H. (2009). Protein tyrosine nitration--an update. Arch 
Biochem Biophys 484, 117-121.

Jaiswal, M., LaRusso, N.F., Nishioka, N., Nakabeppu, Y., and Gores, G.J. 
(2001). Human Ogg1, a protein involved in the repair of 8-oxoguanine, is 
inhibited by nitric oxide. Cancer Res 61, 6388-6393.

Janssen, I., and Ross, R. (2005). Linking age-related changes in skeletal 
muscle mass and composition with metabolism and disease. J Nutr Health 
Aging 9, 408-419.

Jenkins, D.C., Charles, I.G., Baylis, S.A., Lelchuk, R., Radomski, M.W., and 
Moncada, S. (1994). Human colon cancer cell lines show a diverse pattern 
of nitric oxide synthase gene expression and nitric oxide generation. Br J 
Cancer 70, 847-849.

Kamisaki, Y., Wada, K., Bian, K., Balabanli, B., Davis, K., Martin, E., 
Behbod, F., Lee, Y.C., and Murad, F. (1998). An activity in rat tissues that 
modifies nitrotyrosine-containing proteins. Proc Natl Acad Sci U S A 95, 
11584-11589.

Kanski, J., Alterman, M.A., and Schoneich, C. (2003). Proteomic 
identification of age-dependent protein nitration in rat skeletal muscle. 
Free Radic Biol Med 35, 1229-1239.

Kanski, J., Behring, A., Pelling, J., and Schoneich, C. (2005a). Proteomic 
identification of 3-nitrotyrosine-containing rat cardiac proteins: effects of 
biological aging. Am J Physiol Heart Circ Physiol 288, H371-381.

Kanski, J., Hong, S.J., and Schoneich, C. (2005b). Proteomic analysis of 
protein nitration in aging skeletal muscle and identification of nitrotyrosine-
containing sequences in vivo by nanoelectrospray ionization tandem mass 
spectrometry. J Biol Chem 280, 24261-24266.

Kanski, J., and Schoneich, C. (2005). Protein nitration in biological aging: 
proteomic and tandem mass spectrometric characterization of nitrated 
sites. Methods Enzymol 396, 160-171.

Kim, J.K., Lee, J.R., Kang, J.W., Lee, S.J., Shin, G.C., Yeo, W.S., Kim, 
K.H., Park, H.S., and Kim, K.P. (2011). Selective enrichment and mass 
spectrometric identification of nitrated peptides using fluorinated carbon 
tags. Anal Chem 83, 157-163.

Klein, R.J., Zeiss, C., Chew, E.Y., Tsai, J.Y., Sackler, R.S., Haynes, C., 
Henning, A.K., SanGiovanni, J.P., Mane, S.M., Mayne, S.T., et al. (2005). 
Complement factor H polymorphism in age-related macular degeneration. 
Science 308, 385-389.

Laine, M., Jarva, H., Seitsonen, S., Haapasalo, K., Lehtinen, M.J., 
Lindeman, N., Anderson, D.H., Johnson, P.T., Jarvela, I., Jokiranta, T.S., 
et al. (2007). Y402H polymorphism of complement factor H affects binding 
affinity to C-reactive protein. J Immunol 178, 3831-3836.

Lamas, S., Marsden, P.A., Li, G.K., Tempst, P., and Michel, T. (1992). 



31bdjn.org Bio Design  l  Vol.1  l  No.1  l  December 30, 2013

Endothelial nitric oxide synthase: molecular cloning and characterization 
of a distinct constitutive enzyme isoform. Proc Natl Acad Sci U S A 89, 63 
48-6352.

Lancaster, J.R., Jr. (1994). Simulation of the diffusion and reaction of 
endogenously produced nitric oxide. Proc Natl Acad Sci U S A 91, 8137-8141.

Lee, J.R., Kim, J.K., Lee, S.J., and Kim, K.P. (2009a). Role of protein 
tyrosine nitration in neurodegenerative diseases and atherosclerosis. Arch 
Pharm Res 32, 1109-1118.

Lee, J.R., Lee, S.J., Kim, T.W., Kim, J.K., Park, H.S., Kim, D.E., Kim, K.P., 
and Yeo, W.S. (2009b). Chemical approach for specific enrichment and 
mass analysis of nitrated peptides. Anal Chem 81, 6620-6626.

Leeuwenburgh, C., Hansen, P., Shaish, A., Holloszy, J.O., and Heinecke, 
J.W. (1998). Markers of protein oxidation by hydroxyl radical and reactive 
nitrogen species in tissues of aging rats. Am J Physiol 274, R453-461.

MacMillan-Crow, L.A., Crow, J.P., Kerby, J.D., Beckman, J.S., and 
Thompson, J.A. (1996). Nitration and inactivation of manganese 
superoxide dismutase in chronic rejection of human renal allografts. Proc 
Natl Acad Sci U S A 93, 11853-11858.

Masri, F. (2010). Role of nitric oxide and its metabolites as potential 
markers in lung cancer. Ann Thorac Med 5, 123-127.

Melino, G., Bernassola, F., Knight, R.A., Corasaniti, M.T., Nistico, G., and 
Finazzi-Agro, A. (1997). S-nitrosylation regulates apoptosis. Nature 388, 
432-433.

Mitchell, P., Smith, W., Attebo, K., and Wang, J.J. (1995). Prevalence of 
age-related maculopathy in Australia. The Blue Mountains Eye Study. 
Ophthalmology 102, 1450-1460.

Miyagi, M., Sakaguchi, H., Darrow, R.M., Yan, L., West, K.A., Aulak, K.S., 
Stuehr, D.J., Hollyfield, J.G., Organisciak, D.T., and Crabb, J.W. (2002). 
Evidence that light modulates protein nitration in rat retina. Molecular & 
cellular proteomics : MCP 1, 293-303.

Muntane, J., and la Mata, M.D. (2010). Nitric oxide and cancer. World J 
Hepatol 2, 337-344.

Murdaugh, L.S., Wang, Z., Del Priore, L.V., Dillon, J., and Gaillard, E.R. 
(2010). Age-related accumulation of 3-nitrotyrosine and nitro-A2E in 
human Bruch's membrane. Exp Eye Res 90, 564-571.

Nagaraj, S., Gupta, K., Pisarev, V., Kinarsky, L., Sherman, S., Kang, L., 
Herber, D.L., Schneck, J., and Gabrilovich, D.I. (2007). Altered recognition 
of antigen is a mechanism of CD8+ T cell tolerance in cancer. Nat Med 13, 
828-835.

Nathan, C. (1992). Nitric oxide as a secretory product of mammalian cells. 
FASEB J 6, 3051-3064.

Newsome, D.A., Huh, W., and Green, W.R. (1987). Bruch's membrane 
age-related changes vary by region. Curr Eye Res 6, 1211-1221.

Opii, W.O., Joshi, G., Head, E., Milgram, N.W., Muggenburg, B.A., 
Klein, J.B., Pierce, W.M., Cotman, C.W., and Butterfield, D.A. (2008). 
Proteomic identification of brain proteins in the canine model of human 
aging following a long-term treatment with antioxidants and a program of 
behavioral enrichment: relevance to Alzheimer's disease. Neurobiol Aging 
29, 51-70.

Pervin, S., Singh, R., and Chaudhuri, G. (2001). Nitric oxide-induced 
cytostasis and cell cycle arrest of a human breast cancer cell line (MDA-
MB-231): potential role of cyclin D1. Proc Natl Acad Sci U S A 98, 3583-
3588.

Poderoso, J.J. (2009). The formation of peroxynitrite in the applied physiology 
of mitochondrial nitric oxide. Arch Biochem Biophys 484, 214-220.

Rozanowska, M., Wessels, J., Boulton, M., Burke, J.M., Rodgers, M.A., 
Truscott, T.G., and Sarna, T. (1998). Blue light-induced singlet oxygen 
generation by retinal lipofuscin in non-polar media. Free radical biology & 
medicine 24, 1107-1112.

Schopfer, F.J., Baker, P.R., and Freeman, B.A. (2003). NO-dependent 
protein nitration: a cell signaling event or an oxidative inflammatory 
response? Trends Biochem Sci 28, 646-654.

Sellner, P.A. (1986). The movement of organic solutes between the retina 
and pigment epithelium. Exp Eye Res 43, 631-639.

Sharov, V.S., Galeva, N.A., Kanski, J., Williams, T.D., and Schoneich, C. 
(2006). Age-associated tyrosine nitration of rat skeletal muscle glycogen 
phosphorylase b: characterization by HPLC-nanoelectrospray-tandem 
mass spectrometry. Exp Gerontol 41, 407-416.

Skerka, C., Lauer, N., Weinberger, A.A., Keilhauer, C.N., Suhnel, J., Smith, 
R., Schlotzer-Schrehardt, U., Fritsche, L., Heinen, S., Hartmann, A., et al. 
(2007). Defective complement control of factor H (Y402H) and FHL-1 in 
age-related macular degeneration. Mol Immunol 44, 3398-3406.

Sohal, R.S., and Orr, W.C. (1992). Relationship between antioxidants, 
prooxidants, and the aging process. Ann N Y Acad Sci 663, 74-84.

Squier, T.C., and Bigelow, D.J. (2000). Protein oxidation and age-
dependent alterations in calcium homeostasis. Front Biosci 5, D504-526.

Sutherland, R.M., Rasey, J.S., and Hill, R.P. (1988). Tumor biology. Am J 
Clin Oncol 11, 253-274.

Thomson, L., Christie, J., Vadseth, C., Lanken, P.N., Fu, X., Hazen, S.L., 
and Ischiropoulos, H. (2007). Identification of immunoglobulins that 
recognize 3-nitrotyrosine in patients with acute lung injury after major 
trauma. Am J Respir Cell Mol Biol 36, 152-157.

Turko, I.V., and Murad, F. (2002). Protein nitration in cardiovascular 
diseases. Pharmacological reviews 54, 619-634.

Wang, J., Ohno-Matsui, K., Yoshida, T., Kojima, A., Shimada, N., 
Nakahama, K., Safranova, O., Iwata, N., Saido, T.C., Mochizuki, M., et al. 
(2008). Altered function of factor I caused by amyloid beta: implication 
for pathogenesis of age-related macular degeneration from Drusen. J 
Immunol 181, 712-720.

Wink, D.A., Kasprzak, K.S., Maragos, C.M., Elespuru, R.K., Misra, M., 
Dunams, T.M., Cebula, T.A., Koch, W.H., Andrews, A.W., Allen, J.S., et 
al. (1991). DNA deaminating ability and genotoxicity of nitric oxide and its 
progenitors. Science 254, 1001-1003.

Wink, D.A., Vodovotz, Y., Laval, J., Laval, F., Dewhirst, M.W., and Mitchell, 
J.B. (1998). The multifaceted roles of nitric oxide in cancer. Carcinogenesis 
19, 711-721.

Xu, S., Ying, J., Jiang, B., Guo, W., Adachi, T., Sharov, V., Lazar, H., 
Menzoian, J., Knyushko, T.V., Bigelow, D., et al. (2006). Detection of 
sequence-specific tyrosine nitration of manganese SOD and SERCA in 
cardiovascular disease and aging. Am J Physiol Heart Circ Physiol 290, 
H2220-2227.

Yasukawa, T., Wiedemann, P., Hoffmann, S., Kacza, J., Eichler, W., 
Wang, Y.S., Nishiwaki, A., Seeger, J., and Ogura, Y. (2007). Glycoxidized 
particles mimic lipofuscin accumulation in aging eyes: a new age-related 
macular degeneration model in rabbits. Graefes Arch Clin Exp Ophthalmol 
245, 1475-1485.

Zhang, Q., Qian, W.J., Knyushko, T.V., Clauss, T.R., Purvine, S.O., Moore, 
R.J., Sacksteder, C.A., Chin, M.H., Smith, D.J., Camp, D.G., 2nd, et al. 
(2007). A method for selective enrichment and analysis of nitrotyrosine-
containing peptides in complex proteome samples. J Proteome Res 6, 
2257-2268.

Young Jun Kim, Md., Ahsan-UI-Bari and Kwang Pyo Kim 


