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Abstract

Increased levels of 3-nitrotyrosine in the central nervous system have been found in patients and mouse models
of familial ALS (fALS), suggesting a possible use of nitrated proteins as biomarkers. We analyzed peripheral
blood mononuclear cells (PBMCs), easily accessible samples, from sporadic ALS (sALS) patients and a rat model
of fALS (a) to establish whether an increased level of nitrated proteins was present in PBMCs, too, and (b) to
identify possible candidate biomarkers. With a proteomic approach, we identified for the first time the major
overnitrated proteins in PBMCs from patients and rats at different disease stages. In the rats, their increased
levels already were measured at a presymptomatic stage. Among them, actin, ATP synthase, and vinculin
overlap between sALS patients and the rat model. Interestingly, in a previous study, actin and ATPase have been
found overnitrated in the spinal cord of a mouse model of fALS before disease onset, suggesting their possible
involvement in motor neuron degeneration. In conclusion, we observed that an increased level of nitrated
proteins was not restricted to the spinal cord but also was present in peripheral cells of patients and an animal
model, and that nitrated proteins are promising candidate biomarkers for early diagnosis of ALS. Antioxid. Redox
Signal. 11, 1559–1567.

Introduction

Peroxynitrite formation as a possible consequence of
upregulation of nitric oxide synthase (NOS) and super-

production of reactive oxygen species (ROS) by the stimu-
lation of NADPH oxidase (Nox) has been implicated in
amyotrophic lateral sclerosis (ALS) (25, 32, 37, 42). Once
formed, peroxynitrite may exert its toxic effect through con-
version of tyrosine to 3-nitrotyrosine (3-NT), leading to pro-
tein nitration and oxidation (33). Increased levels of free 3-NT
have been found in the cerebrospinal fluid (CSF) and serum
of patients with ALS and in the central nervous system (CNS)
of transgenic mice carrying mutations in Cu,Zn superoxide
dismutase (SOD1), mouse models of a subset of the familial
ALS (fALS) (1, 4, 11, 22, 37, 40). Nevertheless, only recently
some 3-NT–modified proteins were properly identified. By

using a proteomic strategy we identified a number of over-
nitrated proteins in the spinal cord of SOD1G93A mice at a
presymptomatic stage of the disease (12). It has been shown
that mutant SOD1 has an increased ability to catalyze aber-
rant oxidative reactions, including protein nitration (5, 21);
however, the possible cause of increased 3-NT in non–SOD1-
linked cases is not clear.

In ALS, increasing evidence suggests that alterations oc-
curring in the CNS of patients and mouse models (including
those related to oxidative stress) also are present in peripheral
cells such as lymphocytes and muscles (16–18).

In search for protein biomarkers in sporadic ALS (sALS)
patients, we decided to analyze whether tyrosine-nitrated
proteins were increased in peripheral blood mononuclear
cells (PBMCs) and if they corresponded to those previously
found in the spinal cord of mouse models. PBMCs are a
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convenient source for protein biomarker discovery in patients
because they can be easily isolated from blood. Moreover,
proteins inside the cells are kept under high reducing condi-
tions until analysis. This makes the analysis of nitrated pro-
teins from PBMCs more reliable than analysis of those from
serum and CSF, where proteins are exposed to an oxidizing
environment that can lead to artifactual nitration (6, 30). We
also examined the PBMCs isolated from a transgenic rat model
of ALS overexpressing SOD1G93A (2, 27). This model shows
phenopathologic features similar to those of the mouse models
but has the great advantage of providing more material for
examinations, including the blood cells, therefore reducing the
number of animals used to the minimum in observance of
the ethical requirements for animal experimentation aimed to
address the 3R principle.

In this work, we found that protein nitration is substan-
tially increased in sALS patients at two degrees of disease
severity as well as in SOD1 mutant rats. Some of these pro-
teins are the same found in the spinal cord of SOD1G93A mice
at the presymptomatic stage and during the progression of the
disease (12). These nitrated proteins have been detected in
PBMCs of the SOD1G93A rats at a presymptomatic stage of the
disease, so indications exist for a possible use as protein bio-
markers for early diagnosis of ALS.

Materials and Methods

Patients

Patients with sALS according to revised El Escorial criteria
(10) were examined after written informed consent. The pa-
tients were then divided in two groups according to the Re-
vised ALS Functional Rating Scale score (ALSFRS-R¼ 0 to 48)
(13): patients with an overall functional status of low severity
(ALSFRS-R> 24) and patients with high severity (ALSFRS-R
�24). None of the patients had systemic inflammatory con-
ditions as detected by the erythrocyte sedimentation rate
test and total blood cell count. Blood samples from healthy
donors were provided, after written informed consent, by the
Transfusional Medical Centre of Policlinico S. Matteo, Pavia,
Italy. For the analysis of total nitrotyrosine level, we exam-
ined: 10 ALSFRS-R> 24 sALS patients (five male and five
female patients; mean age, 57� 9 years), 10 ALSFRS-R� 24
sALS patients (five male and five female patients; mean age,
56� 7 years), 11 healthy controls (five male and six female
patients; mean age, 53� 6); and four multiple sclerosis (MS)
patients in remission (two male and two female patients;
mean age, 55� 5 years). For the nitroproteomic studies, 10
sALS patients (four male and six female patients; mean age,
62� 11 years), five with ALSFRS-R� 24 and five with
ALSFRS-R> 24, and five healthy donors (all male subjects;
mean age, 49� 5 years) were examined.

Rat model

Nontransgenic (NTg) and transgenic rats expressing a high
copy number of mutant human SOD1 with Gly-93-Ala sub-
stitution were bred and maintained at the Mario Negri In-
stitute for Pharmacological Research, Milan, Italy. Animals
were housed at the temperature of 21� 18C with relative
humidity of 55� 10% and 12 h of light. Food (standard pel-
lets) and water were supplied ad libitum. Transgenic rats were
identified with PCR on DNA from tail biopsies. SOD1G93A

rats were killed at presymptomatic, early-symptomatic, and
late-symptomatic stages of disease. NTg rats were used as
controls. Procedures involving animals and their care were
conducted in conformity with the institutional guidelines that
are in compliance with national (D.L. No. 116, Suppl. 40, Feb.
18, 1992 Circolare No. 8, G.U., 14 luglio 1994) and interna-
tional laws and policies (EEC Council Directive 86=609. OJ L
358,1, Dec. 12, 1987; NIH Guide for Care and use of Laboratory
Animals, U.S. National Research Council, 1996).

PBMCs

Samples of peripheral venous blood drawn from patients
and controls and of blood sampled directly by intracardiac
puncture from rats were collected in EDTA precoated vials
(Vacuette K3E K3EDTA; Greiner bio-one). PBMCs were iso-
lated from EDTA-blood by Ficoll-Hypaque (Ficoll-Plaque
Plus; GE Healthcare) density-gradient centrifugation. Mono-
nuclear cells were harvested from the interface and washed
3 times with phosphate-buffered saline (PBS, pH 7.4) (In-
vitrogen, Ltd). Platelets were eliminated by an additional
wash at 200 g, 48C, for 10 min. Patient and control PBMCs
were air-dried for few minutes and stored as pellets at�808C.
Rat PBMCs were resuspended in 250 mM sucrose, Tris-HCl
10 mM, and centrifuged 10 min at 300 g, air-dried for few
minutes, and stored as pellet at �208C. PBMC proteins
were obtained by cell lysis in 20 mM Tris-HCl, pH 7.5, 0.1%
NP40, and 0.1% SDS supplemented with Protease Inhibitors
(Sigma). Proteins were quantified by the BCA protein assay
(Pierce). Rat PBMC proteins were analyzed in pools (70mg)
from SOD1G93A presymptomatic (PS) (n¼ 4), symptomatic (S)
(n¼ 4), end-stage (ES) (n¼ 4) and NTg (n¼ 4) rats.

Dot-blot analysis

An aliquot (3 mg) of PBMC samples was loaded on nitro-
cellulose membrane, Trans-Blot Transfer Medium (Bio-Rad),
by vacuum deposition on the Bio-Dot SF blotting appara-
tus (Bio-Rad). Membranes were probed overnight with the
anti–3-NT monoclonal antibody (clone HM.11; Hycult Bio-
technology) diluted 1:1,000, and then with anti-mouse
peroxidase-conjugated secondary antibody (Santa Cruz Bio-
technology). Blots were developed with Immobilon Western
Chemiluminescent HRP Substrate (Millipore) on the Chemi-
Doc XRS system (Bio-Rad). Densitometry was determined
with Progenesis PG240 v2006 software (Nonlinear Dynamics).
Immunoreactivity was normalized to the actual amount of
proteins loaded on the membrane, as detected after Red Pon-
ceau staining (Fluka).

Two-dimensional gel electrophoresis (2DE)

Proteins from human and rats PBMCs were prepared for
2DE analysis. Proteins were dissolved in Destreak Solution
(GE Healthcare) added with IPG buffer, pH 3–10, NL
0.5% vol=vol (GE Healthcare), and loaded into 7 cm-IPG strip,
pI range, 3–10NL (GE Healthcare). Isoelectrofocusing was
done in an IPGphor apparatus (GE Healthcare) with the fol-
lowing protocol: 30 V for 270 Vh, 200 V for 200 Vh, 2,000 V for
2,000 Vh, a linear gradient of 3,500 V for 1,375 Vh, 3,500 V for
7,000 Vh, a linear gradient of 8,000 V for 8,625 Vh, 8,000 V
for 32,000 Vh, and forever at 30 V. SDS-PAGE was performed
by using precast 10% polyacrylamide SDS gel (Invitrogen).
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Gels for 2D Western blotting were transferred on a low-
fluorescence PVDF membrane (Millipore).

Protein identification

Protein spots were localized and excised from 2D gels with
the EXQuest spot cutter (Bio-Rad). Spots were processed and
gel-digested with modified trypsin from bovine pancreas
(Roche) and identified with mass spectrometry (MS), essen-
tially as previously described (12). Digestion, desalting, and
concentration with ZipTip pipette tips with C18 resin (Milli-
pore) and MALDI target deposition were carried out on an
automated protein digestor DigestPro MS (Intavis AG). Pep-
tide mass fingerprinting and MS=MS analysis were done on
a 4800 MALDI TOF=TOF mass spectrometer (Applied Bio-
systems). The mass spectra were internally calibrated with
trypsin autolysis fragments. The five most abundant precur-
sor ions, of the exclusion mass list (ions from human keratin
and trypsin), were selected for MS=MS analysis. The com-
bined MS and MS=MS data were submitted by the GPS Ex-
plorer v. 3.6 software (Applied Biosystems) to the MASCOT
database search engine (Version 2.1, Matrix Science) and
searched with the following parameters: Swissprot 56.5
database over all Rattus norvegicus or Homo sapiens protein
sequences deposited, no fixed modifications, as possible
modifications carboamidomethylation of cysteine and oxi-
dation of methionine, one missed trypsin cleavage, a mass
tolerance of �0.1 Da for the peptide mass values, and of
�0.3 Da for the MS=MS fragment ion mass values. A protein
was regarded as identified if the MASCOT protein score,
based on combined MS and MS=MS data, was above the 5%
significance threshold for the database (34).

2DE Western blotting (WB) and quantification
of the nitration level

Proteins transferred to membrane were visualized with
Sypro Ruby Blot Staining (Bio-Rad) and scanned with Mole-
cular Imager FX Laser Scanner (excitation, 532 nm; Bio-Rad).
Membranes were probed overnight with the anti-3-NT anti-
body (clone HM.11; Hycult Biotechnology) diluted 1:1,000.
Secondary antibody was goat anti-mouse Cy5 conjugated (GE
Healthcare) diluted 1:2,500. The 3-NT signal was captured
with the Molecular Imager FX Laser Scanner (excitation,
635 nm; Bio-Rad). The Sypro Ruby blot signal and the 3-NT
immunoreactivity signal were captured with the laser scanner
with the same parameters for all the membranes of the exper-
iment, controls, and ALS. Densitometry and image analysis
were done with Progenesis PG240 v2006 software (Nonlinear
Dynamics). Sypro Ruby-stained blot and anti-3-NT blot images
were matched by using the specific warping algorithm of the
software in the manual mode. The measurement of the 3-NT
level of the single protein spot was calculated as the ratio of
the pixel volume of the immunoreactive spot on the blot to the
pixel volume of the Sypro Ruby-stained spot on the same
membrane. The fold increase was calculated as the ratio be-
tween the 3-NT level in ALS samples and in controls.

Results

Analysis of total 3-NT level in PBMCs of sALS patients

The analysis of the total 3-NT level was done by dot-
blotting with the specific antibody anti-3-NT. Lysates from

PBMCs of sALS patients with low (ALSFRS-R> 24) and high
(ALSFRS-R� 24) degrees of disease severity, healthy con-
trols, and patients with MS were compared. Figure 1 shows
a representative dot–blot of the analysis and the relative
quantification. Clearly, the sALS patients have a significantly
increased level of 3-NT compared with controls and MS pa-
tients. This indicates that nitrated proteins in PBMCs are good
candidate biomarkers, differentiating ALS at least from MS
patients, which may show similar symptoms in the first phase
of the disease.

Nitroproteomics of PBMCs from sALS patients

To identify the protein targets of tyrosine nitration in
PBMCs, we applied a proteomic approach (12). The ni-
troproteomic analysis was performed on samples from
ALSFRS-R> 24 and ALSFRS-R� 24 sALS patients and con-
trols. The proteins extracted from the cell lysate of each
sample were separated by 2DE, blotted, stained with Sypro
Ruby blot staining, and probed with the anti-3-NT antibody
(Fig. 2A and B). Immunoreactive spots on the membrane were
localized on a twin Sypro Ruby-stained 2D gel, and the cor-
responding proteins identified with mass spectrometry (Fig.
2C and Table 1). All identified proteins, actin, ATP synthase
subunit b (ATPase), integrin a-IIb (CD41), a-actinin, vinculin,
and filamin-A showed a significantly higher level of nitration
in samples from sALS patients if compared with controls
(Table 2), except for actin in the ALSFRS-R� 24 patients. In
ALSFRS-R� 24 patients, only a-actinin had a significantly
higher level of nitration compared with that of ALSFRS-R>
24 patients. The total anti-3-NT immunoreactivity, which
comprises the signal from all protein spots on the membrane
normalized to the Sypro Ruby blot staining, was higher
( p< 0.01) in sALS patients than in controls: 4.5� 1.7-fold for
patients with ALSFRS-R> 24 and 5.3� 1.8-fold for patients

FIG. 1. Analysis of total 3-NT level in PBMCs. Aliquots of
3mg of PBMC lysates from sALS patients, ALSFRS-R> 24
(n¼ 10) and ALSFRS-R� 24 (n¼ 10), healthy controls (CTR)
(n¼ 11), and MS patients (n¼ 4) were examined with anti-3-
NT dot blotting. Representative anti–3-NT blot and relative
Red Ponceau-stained membranes are shown. Histogram
represents the anti–3-NT immunoreactivity normalized to
the actual amount of protein loaded, detected after Red
Ponceau staining. Values are expressed as percentages of
controls and as the mean� SEM. *, Significantly different
from controls and MS patients, as assessed with the Mann–
Whitney test ( p< 0.05).
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with ALSFRS-R �24. Moreover, no differences were found
within the group of the patients if stratified by sex and age
(younger and older than 70 years) (data not shown).

Nitroproteomics of PBMCs from SOD1G93A rats

The analysis of nitrated proteins in SOD1G93A rats was
performed at different disease stages: presymptomatic (PS),
symptomatic (S), and end-stage (ES). For these analyses, we
used pooled samples (n¼ 4) for each condition. Figure 3A and
B shows representative images of the membranes probed with
the anti-3-NT antibody and the corresponding Sypro Ruby-

stained membranes. The proteins were then identified on a
corresponding Sypro Ruby-stained 2D gel (Fig. 3C; Table 3).
The six major nitrated proteins were actin, ATPase, protein
disulfide isomerase (PDI), heat-shock cognate 71-kDa protein
(HSC70), 78-kDa glucose-regulated protein (GRP 78), and
vinculin. In this study, we also measured the level of the
protein nitration at an early stage of the disease, and we found
that all of them except PDI were overnitrated before disease
onset (Table 4). For all the proteins analyzed, except for
vinculin, the level of nitration reached a maximum in cor-
respondence of the symptomatic phase of the disease and
then declined at the end stage. This trend was also reflected

FIG. 2. Identification of nitrated proteins in PBMCs of sALS patients and controls by anti–3-NT 2D WB. (A) Re-
presentative anti–3-NT 2D WB with protein samples (80 mg) from PBMCs of healthy donors (CTR) (n¼ 5), ALSFRS-R> 24
sALS patients (n¼ 5), and ALSFRS-R� 24 sALS patients (n¼ 5). Six major 3-NT immunopositive spots were detected. (B) The
anti–3-NT immunoreactivities of the proteins were normalized to the actual protein loaded, as revealed by Sypro Ruby blot
staining on the same membrane. (C) Immunopositive protein spots were localized on corresponding Sypro Ruby-stained 2D
gel (a representative gel is shown) and identified as actin, ATPase, CD41, a-actinin, filamin A, and vinculin with MALDI
TOF=TOF mass spectrometry (see Table 1).
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by the total anti–3-NT immunoreactivity that was higher in
SOD1G93A than in NTg rats at every stage of the disease:
2.3-fold for PS, 4.4-fold for S, and 1.5-fold for ES rats.

Discussion

Increased levels of free and protein-bound 3-NT in the CNS
is considered a marker of oxidative stress for different neu-
rodegenerative diseases (33). This study provides the first
evidence that specific overnitrated proteins are expressed in
the peripheral blood cells of patients and in a rat model of
ALS, indicating that they can be identified as potential pe-
ripheral biomarkers of the disease. Interestingly, some of
these proteins (actin, ATPase, and HSC70) have been found
overnitrated in the spinal cords of SOD1 mutant trans-
genic mice before symptom onset, strengthening the hypoth-
esis of a link between nitrative stress and disease pathogenesis
(5, 12, 21).

Analysis of the total 3-NT level in PBMCs, showing a sig-
nificant remarkable increase in sALS patients in respect to
healthy controls and MS patients, revealed that nitrated pro-
teins are good candidates as biomarkers of ALS. The primary
pathways leading to production of 3-NT are the upregulation
of NOS and the overproduction of ROS, the reaction of which
with NO induces the formation of the highly reactive product,
peroxynitrite (33). The production of ROS and reactive ni-
trogen species in ALS may depend on the aberrant gain of
toxic function of mutant SOD1 (5), as well as the dysregula-
tion of Nox isoforms (25). Interestingly, the Nox4 gene was
identified as significantly linked to certain sporadic forms of
ALS in a whole-genome analysis (19). Both NOS and Nox may
be induced by proinflammatory cytokines like TNF-a (3, 26).
Levels of this cytokine are elevated in the blood of patients
with ALS and in fALS animal models (26, 35), whereas no
difference was reported in patients with MS in respect to
healthy controls (8, 28). High blood levels of TNF-a might be a
key mechanism specifically to induce 3-NT in PBMCs of ALS
patients and transgenic SOD1 mutant rodents, linking the
mechanisms of inflammation to the oxidative stress.

By using a redox proteomic approach, we compared the
changes of the nitrated protein profile of the PBMCs from

sALS patients at two degrees of disease severity with those of
healthy controls with the changes observed in the PBMCs
from SOD1 mutant rats at different stages of the disease.
We identified several major nitrated proteins in PBMCs
and found that nearly all of them were abundantly more
nitrated in disease than in control conditions, both in the
patients and in the animal model.

The advantage in using PBMCs rather than serum or CSF is
that proteins are more stable in a cellular milieu than in bio-
fluids, where they can be easily oxidized during sample
processing; therefore, their redox state can be more accurately
quantified. In our study, a relatively low experimental vari-
ability and a clear-cut difference in protein nitration level
between sALS and controls were observed for almost all the
proteins identified, making easy the discrimination between
case and control samples. In addition, these cells and, in par-
ticular, lymphocytes from ALS patients have alterations in the
intracellular pathway signaling, such as reduction in the an-
tiapoptotic Bcl2 (16, 31) and impairment in the oxidative en-
ergy metabolism and calcium homeostasis similar to those
described in motor neurons (17), suggesting that they may
provide a useful cellular model to study the pathogenetic
processes in ALS patients.

Three major overnitrated proteins were identified to over-
lap between sALS patients and the rat model: actin, ATPase,
and vinculin. These proteins were nitrated more than three-
fold in sALS patients with ALSFRS-R >24 compared with
healthy controls, but were not increasingly nitrated as the
disease progressed. In rats, these proteins were substantially
overnitrated at a presymptomatic stage of the disease, with
even a sixfold increased of nitration for vinculin. At a symp-
tomatic stage for ATPase and actin, the level of nitration
reached the maximum, whereas for vinculin, it started to
decrease, but still remained 2.6-fold higher than that in con-
trols. At the end stage, the level of nitration of these proteins
in the rats did not further increase, but rather decreased,
showing a parallel with the sALS patients.

Currently very little is known on the effect of nitration
on protein and cellular functions. In most reported studies,

Table 2. Nitration Level of Proteins in PBMCs

of sALS Patients with ALSFRS-R> 24 and

ALSFRS-R� 24 in Comparison with Controls

Spot
Protein
name

Fold,a

ALSFRS-R> 24
Fold,a

ALSFRS-R� 24

1 Actin 3.0� 0.9 2.6� 0.9*
2 ATPase 6.0� 0.4 8.2� 0.9
3 CD41 6.6� 0.4 5.6� 0.4
4 a-Actinin 4.4� 0.1 13.9� 1.3**
5 Vinculin 4.1� 0.2 3.2� 0.1
6 Filamin-A 5.2� 0.9 3.6� 0.1

aFold, increase fold of nitration in sALS patients (ALSFRS-R> 24
and ALSFRS-R� 24) compared with controls. 3-NT immunoreactiv-
ity for the single protein spot (Fig. 2A) was normalized to the actual
protein loaded, as revealed by Sypro Ruby blot staining on the same
membrane (Fig. 2B). Values are expressed as the mean� SEM of the
increased fold obtained from each of five experiments. All proteins
show an increased fold significantly >1 ( p< 0.05), by the Bonferroni
test, except for actin in ALSFRS-R� 24patients (*). **, Significantly
higher fold of nitration compared with ALSFRS-R> 24 patients, as
assessed by the Bonferroni test.

Table 1. Nitrated Proteins in PBMCs of sALS

Patients and Controls as Identified by MALDI

TOF=TOF Mass Spectrometry

Spot
Protein
name AC Mrcalc pIcalc Mrobs pIobs Cov Pep Score

1 Actin P60709 42 5.3 42 5.3 42 13 341
2 ATPase P06576 56 5.2 55 5.2 34 12 70
3 CD41 P08514 113 5.2 110 5.3 23 19 218
4 A-Actinin P12814 103 5.2 108 5.3 7 31 69
5 Vinculin P18206 124 5.5 103 5.6 9 8 157
6 Filamin-A P21333 281 5.7 107 5.7 10 17 97

AC, accession numbers from SwissProt database; Mrcalc and pIcalc,
calculated Mr and pI; Mrobs and pIobs, observed Mr and pI;
cov, percentage of sequence coverage; pep, matched peptides; score,
protein score based on combined MS and MS=MS spectra from
MALDI-TOF=TOF analysis with MASCOT search engine (Matrix
Science). Spot numbers refer to Fig. 2C. The proteins with a statis-
tically significant ( p< 0.05) protein score (>54) were considered suc-
cessfully identified.
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nitration of tyrosine has been associated with significant loss
of function of the nitrated protein (33). It has been shown that
nitration of actin can alter polymerization, leading to a re-
duced level of actin filaments (14) and, therefore, to an im-
paired ability to modulate the actin cytoskeleton and the
actin-dependent cellular processes, such as chemotaxis,
phagocytosis, secretion, and activation of the respiratory

burst (41). Similar effects could be postulated for the other
cytoskeleton-associated proteins identified: vinculin, a ubiq-
uitously expressed actin-binding protein that is likely to play a
role in cell adhesion, cell shape and motility, and resistance to
apoptosis (15, 23, 39); and filamin-A, which belongs to a class
of actin-binding proteins with multifunctional properties,
such as organization of actin filaments and scaffolds for a wide

FIG. 3. Analysis of nitrated proteins in PBMCs of transgenic SOD1G93A rats and NTg controls by anti–3-NT 2D WB. (A)
Anti–3-NT 2D WB with protein samples (80 mg) from PBMCs of NTg, presymptomatic (PS), symptomatic (S), and end-stage
(ES) SOD1G93A rats. (B) The anti–3-NT immunoreactivities of the proteins were normalized to the actual protein loaded, as
revealed by Sypro Ruby blot staining on the same membrane. (C) Immunopositive protein spots were localized on corre-
sponding Sypro Ruby–stained 2D gel (a representative gel is shown) and identified as actin, ATPase, PDI, GRP 78, HSC70, or
vinculin with MALDI TOF=TOF mass spectrometry (see Table 3).
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range of cytoplasmic signaling proteins (24, 38). Because ni-
trated vinculin and filamin-A were detected in the PBMCs of
patients and SOD1G93A rats, but not in the CNS of mice carrying
the same SOD1 mutation, we argue that these changes may ac-
count for the mechanisms of motor neuron degeneration. These
altered proteins may change the cytoskeletal properties of the
peripheral cells influencing their motility and their resistance
to apoptosis under toxic stimuli, including oxidative stress.

It has been shown that peroxynitrite, possibly through ni-
tration of tyrosine residues, can lead to inhibition of the acti-
vation and proliferation of lymphocytes by promoting
impairment of tyrosine phosphorylation and apoptotic cell
death (9). Recently, studies investigating the systemic im-
mune system of patients with sALS revealed significant
changes in peripheral blood T cells (29, 31, 43) and circulating
monocytes and their MCP-1 chemokine receptor CCR2 (44),
suggesting a major immunologic component in the disease. It
has also been shown that, in conditions of nitrative stress,
ATPase is nitrated and inactivated, suggesting a possible link
between this modification and alterations in the cellular en-
ergy metabolism (36). Previous studies from our laboratory
found actin and ATPase overnitrated in the spinal cord of
SOD1G93A mice at the presymptomatic stage and during
disease progression, suggesting that defective ATP synthesis,
due to ATPase modifications, and disturbance in the cyto-
skeleton dynamics, due to oxidation of actin, may contribute
to mechanisms of motor neuron degeneration (12).

In conclusion, this work indicates that alterations in the
nitrative stress pathways are not restricted to the spinal cord,
the tissue specifically affected by the disease, but extend to the
periphery and are found in SOD1-linked animal models and
sporadic cases. On the basis of these observations, it is pos-
sible to speculate that protein nitration could be the effect of
converging pathogenetic mechanisms and therefore worth-
while to be studied further from a mechanistic point of view.
It would be interesting to know the source of an increased
level of tyrosine nitration in peripheral cells. This may be
linked to systemic dysfunction of several possible factors,
including Nox and mitochondria (17, 25, 42). These elements
are thought to play major roles in motor neuron degeneration
and ALS pathogenesis (7, 20).

Finally, it is important to highlight that nitrated proteins in
PBMCs can underlie disease in an early phase of disease
progression and therefore are promising candidate biomark-
ers. Antibodies that specifically recognized these modified
proteins may be sensitive and affordable tools with a great
potential in biomarker development.
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Table 4. Nitration Level of Proteins in PBMCs

of SOD1G93A

Rats at Presymptomatic (PS),

Symptomatic (S), and End Stage (ES) of Disease

in Comparison with NTg Rats

Spot
Protein
name

Fold,
SOD1G93A PS

Fold,
SOD1G93A S

Fold,
SOD1G93A ES

1 Actin 1.3 3.0 1.7
2 ATPase 3.4 4.1 2.0
3 PDI 1.0 3.4 —
4 GRP 78 2.0 8.8 3.8
5 HSC70 2.0 7.1 3.0
6 Vinculin 6.0 2.6 1.4

Fold, increased fold of nitration in SOD1G93A rats at three stages of
the disease compared with controls. 3-NT immunoreactivity for the
single protein spot (Fig. 3A) was normalized to the actual protein
loaded, as revealed by Sypro Ruby blot staining on the same
membrane (Fig. 3B). The fold increase was calculated as the ratio
between the nitration level in SOD1G93A samples and the NTg
controls. Samples are pools of four animals for each condition. —,
3-NT immunoreactivity not detected.

Table 3. Nitrated Proteins in PBMCs

of SOD1G93A

and NTg Rats as Identified

with MALDI TOF=TOF Mass Spectrometry

Spot
Protein
name AC Mrcalc pIcalc Mrobs pIobs Cov Pep Score

1 Actin P60711 42 5.3 42 5.2 32 14 387
2 ATPase P10719 56 5.2 56 5.0 29 16 254
3 PDI P04785 57 4.8 57 4.5 9 7 206
4 GRP 78 P06761 72 5.1 74 4.5 30 21 250
5 HSC70 P63018 71 5.4 74 5.5 13 9 100
6 Vinculin P85972 123 5.5 125 5.7 6 7 79

AC, accession numbers from SwissProt database; Mrcalc and
pIcalc, calculated Mr and pI; Mrobs and pIobs, observed Mr and pI;
cov, percentage of sequence coverage; pep, matched peptides; score,
protein score based on combined MS and MS=MS spectra from
MALDI-TOF=TOF analysis with the MASCOT search engine (Matrix
Science). Spot numbers refer to Fig. 3C. The proteins with a
statistically significant ( p< 0.05) protein score (>51) were considered
successfully identified.

NITROPROTEOMICS OF PBMCs 1565



References

1. Abe K, Pan LH, Watanabe M, Konno H, Kato T, and
Itoyama Y. Upregulation of protein-tyrosine nitration in the
anterior horn cells of amyotrophic lateral sclerosis. Neurol
Res 19: 124–128, 1997.

2. Aoki M, Kato S, Nagai M, and Itoyama Y. Development of a
rat model of amyotrophic lateral sclerosis expressing a hu-
man SOD1 transgene. Neuropathology 25: 365–370, 2005.

3. Basuroy S, Bhattacharya S, Leffler CW, and Parfenova H.
Nox4 NADPH oxidase mediates oxidative stress and apo-
ptosis caused by TNF{alpha} in cerebral vascular endothelial
cells. Am J Physiol Cell Physiol 296: C422–C432, 2009.

4. Beal MF, Ferrante RJ, Browne SE, Matthews RT, Kowall
NW, and Brown RH Jr. Increased 3-nitrotyrosine in both
sporadic and familial amyotrophic lateral sclerosis. Ann
Neurol 42: 644–654, 1997.

5. Beckman JS, Carson M, Smith CD, and Koppenol WH. ALS,
SOD and peroxynitrite. Nature 364: 584, 1993.

6. Bian K, Gao Z, Weisbrodt N, and Murad F. The nature of
heme=iron-induced protein tyrosine nitration. Proc Natl Acad
Sci U S A 100: 5712–5717, 2003.

7. Boillee S and Cleveland DW. Revisiting oxidative damage in
ALS: microglia, Nox, and mutant SOD1. J Clin Invest 118:
474–478, 2008.

8. Braun Hashemi CA, Zang YC, Arbona JA, Bauerle JA,
Frazer ML, Lee H, Flury L, Moore ES, Kolar MC, Wash-
ington RY, and Kolar OJ. Serum immunologic markers in
multiple sclerosis patients on continuous combined therapy
with beta-interferon 1a, prednisone and azathioprine. Mult
Scler 12: 652–658, 2006.

9. Brito C, Naviliat M, Tiscornia AC, Vuillier F, Gualco G,
Dighiero G, Radi R, and Cayota AM. Peroxynitrite inhibits T
lymphocyte activation and proliferation by promoting im-
pairment of tyrosine phosphorylation and peroxynitrite-
driven apoptotic death. J Immunol 162: 3356–3366, 1999.

10. Brooks BR. El Escorial World Federation of Neurology cri-
teria for the diagnosis of amyotrophic lateral sclerosis:
Subcommittee on Motor Neuron Diseases=Amyotrophic
Lateral Sclerosis of the World Federation of Neurology Re-
search Group on Neuromuscular Diseases and the El Es-
corial: ‘‘Clinical limits of amyotrophic lateral sclerosis’’
workshop contributors. J Neurol Sci 124(suppl): 96–107, 1994.

11. Bruijn LI, Beal MF, Becher MW, Schulz JB, Wong PC, Price
DL, and Cleveland DW. Elevated free nitrotyrosine levels,
but not protein-bound nitrotyrosine or hydroxyl radicals,
throughout amyotrophic lateral sclerosis (ALS)-like disease
implicate tyrosine nitration as an aberrant in vivo property of
one familial ALS-linked superoxide dismutase 1 mutant.
Proc Natl Acad Sci U S A 94: 7606–7611, 1997.

12. Casoni F, Basso M, Massignan T, Gianazza E, Cheroni C,
Salmona M, Bendotti C, and Bonetto V. Protein nitration in a
mouse model of familial amyotrophic lateral sclerosis: pos-
sible multifunctional role in the pathogenesis. J Biol Chem
280: 16295–16304, 2005.

13. Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D,
Thurmond B, and Nakanishi A. The ALSFRS-R: a revised
ALS functional rating scale that incorporates assessments of
respiratory function: BDNF ALS Study Group (Phase III). J
Neurol Sci 169: 13–21, 1999.

14. Clements MK, Siemsen DW, Swain SD, Hanson AJ, Nelson-
Overton LK, Rohn TT, and Quinn MT. Inhibition of actin
polymerization by peroxynitrite modulates neutrophil
functional responses. J Leukoc Biol 73: 344–355, 2003.

15. Coll JL, Ben-Ze’ev A, Ezzell RM, Rodriguez Fernandez JL,
Baribault H, Oshima RG, and Adamson ED. Targeted dis-
ruption of vinculin genes in F9 and embryonic stem cells
changes cell morphology, adhesion, and locomotion. Proc
Natl Acad Sci U S A 92: 9161–9165, 1995.

16. Cova E, Cereda C, Galli A, Curti D, Finotti C, Di Poto C,
Corato M, Mazzini G, and Ceroni M. Modified expression of
Bcl-2 and SOD1 proteins in lymphocytes from sporadic ALS
patients. Neurosci Lett 399: 186–190, 2006.

17. Curti D, Malaspina A, Facchetti G, Camana C, Mazzini L,
Tosca P, Zerbi F, and Ceroni M. Amyotrophic lateral sclerosis:
oxidative energy metabolism and calcium homeostasis in
peripheral blood lymphocytes. Neurology 47: 1060–1064, 1996.

18. Dobrowolny G, Aucello M, Rizzuto E, Beccafico S, Mam-
mucari C, Bonconpagni S, Belia S, Wannenes F, Nicoletti C,
Del Prete Z, Rosenthal N, Molinaro M, Protasi F, Fano G,
Sandri M, and Musaro A. Skeletal muscle is a primary target
of SOD1G93A-mediated toxicity. Cell Metab 8: 425–436, 2008.

19. Dunckley T, Huentelman MJ, Craig DW, Pearson JV, Sze-
linger S, Joshipura K, Halperin RF, Stamper C, Jensen KR,
Letizia D, Hesterlee SE, Pestronk A, Levine T, Bertorini T,
Graves MC, Mozaffar T, Jackson CE, Bosch P, McVey A,
Dick A, Barohn R, Lomen-Hoerth C, Rosenfeld J, O’Connor
D T, Zhang K, Crook R, Ryberg H, Hutton M, Katz J,
Simpson EP, Mitsumoto H, Bowser R, Miller RG, Appel SH,
and Stephan DA. Whole-genome analysis of sporadic
amyotrophic lateral sclerosis. N Engl J Med 357: 775–788,
2007.

20. Dupuis L, Gonzalez de Aguilar JL, Oudart H, de Tapia M,
Barbeito L, and Loeffler JP. Mitochondria in amyotrophic
lateral sclerosis: a trigger and a target. Neurodegener Dis 1:
245–254, 2004.

21. Estevez AG, Crow JP, Sampson JB, Reiter C, Zhuang Y,
Richardson GJ, Tarpey MM, Barbeito L, and Beckman JS.
Induction of nitric oxide-dependent apoptosis in motor
neurons by zinc-deficient superoxide dismutase. Science 286:
2498–2500, 1999.

22. Ferrante RJ, Shinobu LA, Schulz JB, Matthews RT, Thomas
CE, Kowall NW, Gurney ME, and Beal MF. Increased 3-
nitrotyrosine and oxidative damage in mice with a human
copper=zinc superoxide dismutase mutation. Ann Neurol 42:
326–334, 1997.

23. Geiger B, Tokuyasu KT, Dutton AH, and Singer SJ. Vinculin,
an intracellular protein localized at specialized sites where
microfilament bundles terminate at cell membranes. Proc
Natl Acad Sci U S A 77: 4127–4131, 1980.

24. Gorlin JB, Yamin R, Egan S, Stewart M, Stossel TP, Kwiat-
kowski DJ, and Hartwig JH. Human endothelial actin-
binding protein (ABP-280, nonmuscle filamin): a molecular
leaf spring. J Cell Biol 111: 1089–1105, 1990.

25. Harraz MM, Marden JJ, Zhou W, Zhang Y, Williams A,
Sharov VS, Nelson K, Luo M, Paulson H, Schoneich C, and
Engelhardt JF. SOD1 mutations disrupt redox-sensitive Rac
regulation of NADPH oxidase in a familial ALS model. J Clin
Invest 118: 659–670, 2008.

26. Hensley K, Mhatre M, Mou S, Pye QN, Stewart C, West M,
and Williamson KS. On the relation of oxidative stress to
neuroinflammation: lessons learned from the G93A-SOD1
mouse model of amyotrophic lateral sclerosis. Antioxid Redox
Signal 8: 2075–2087, 2006.

27. Howland DS, Liu J, She Y, Goad B, Maragakis NJ, Kim
B, Erickson J, Kulik J, DeVito L, Psaltis G, DeGennaro LJ,
Cleveland DW, and Rothstein JD. Focal loss of the gluta-
mate transporter EAAT2 in a transgenic rat model of SOD1

1566 NARDO ET AL.



mutant-mediated amyotrophic lateral sclerosis (ALS). Proc
Natl Acad Sci U S A 99: 1604–1609, 2002.

28. Kanabrocki EL, Ryan MD, Lathers D, Achille N, Young
MR, Cauteren JV, Foley S, Johnson MC, Friedman NC,
Siegel G, and Nemchausky BA. Circadian distribution of
serum cytokines in multiple sclerosis. Clin Ter 158: 157–162,
2007.

29. Katchar K, Osorio L, Conradi S, Wigzell H, and Gigliotti D.
Disturbances in the peripheral T-cell repertoire of patients
with motor neuron disease: high levels of activation and
indirect evidence of superantigen. Scand J Immunol 54: 220–
224, 2001.

30. Kilinc K, Kilinc A, Wolf RE, and Grisham MB. Myoglobin-
catalyzed tyrosine nitration: no need for peroxynitrite. Bio-
chem Biophys Res Commun 285: 273–276, 2001.

31. Mantovani S, Garbelli S, Pasini A, Alimonti D, Perotti C,
Melazzini M, Bendotti C, and Mora G. Reduced CD4þ
CD25þ regulatory T cells and immune system alterations
in blood of sporadic amyotrophic lateral sclerosis patients.
J Neuroimmunol (in press), 2009.

32. Marden JJ, Harraz MM, Williams AJ, Nelson K, Luo M,
Paulson H, and Engelhardt JF. Redox modifier genes in
amyotrophic lateral sclerosis in mice. J Clin Invest 117: 2913–
2919, 2007.

33. Pacher P, Beckman JS, and Liaudet L. Nitric oxide and per-
oxynitrite in health and disease. Physiol Rev 87: 315–424, 2007.

34. Pappin DJ, Hojrup P, and Bleasby AJ. Rapid identification of
proteins by peptide-mass fingerprinting. Curr Biol 3: 327–
332, 1993.

35. Poloni M, Facchetti D, Mai R, Micheli A, Agnoletti L, Fran-
colini G, Mora G, Camana C, Mazzini L, and Bachetti T.
Circulating levels of tumour necrosis factor-alpha and its
soluble receptors are increased in the blood of patients with
amyotrophic lateral sclerosis. Neurosci Lett 287: 211–214, 2000.

36. Radi R, Cassina A, Hodara R, Quijano C, and Castro L.
Peroxynitrite reactions and formation in mitochondria. Free
Radic Biol Med 33: 1451–1464, 2002.

37. Sasaki S, Warita H, Abe K, and Iwata M. Inducible nitric
oxide synthase (iNOS) and nitrotyrosine immunoreactivity
in the spinal cords of transgenic mice with a G93A mutant
SOD1 gene. J Neuropathol Exp Neurol 60: 839–846, 2001.

38. Stossel TP, Condeelis J, Cooley L, Hartwig JH, Noegel A,
Schleicher M, and Shapiro SS. Filamins as integrators of cell
mechanics and signalling. Nat Rev Mol Cell Biol 2: 138–145,
2001.

39. Subauste MC, Pertz O, Adamson ED, Turner CE, Junger S,
and Hahn KM. Vinculin modulation of paxillin-FAK inter-
actions regulates ERK to control survival and motility. J Cell
Biol 165: 371–381, 2004.

40. Tohgi H, Abe T, Yamazaki K, Murata T, Ishizaki E, and
Isobe C. Remarkable increase in cerebrospinal fluid 3-
nitrotyrosine in patients with sporadic amyotrophic lateral
sclerosis. Ann Neurol 46: 129–131, 1999.

41. Torres M and Coates TD. Function of the cytoskeleton in
human neutrophils and methods for evaluation. J Immunol
Methods 232: 89–109, 1999.

42. Wu DC, Re DB, Nagai M, Ischiropoulos H, and Przedborski
S. The inflammatory NADPH oxidase enzyme modulates
motor neuron degeneration in amyotrophic lateral sclerosis
mice. Proc Natl Acad Sci U S A 103: 12132–12137, 2006.

43. Zhang R, Gascon R, Miller RG, Gelinas DF, Mass J, Hadlock
K, Jin X, Reis J, Narvaez A, and McGrath MS. Evidence for
systemic immune system alterations in sporadic amyotrophic
lateral sclerosis (sALS). J Neuroimmunol 159: 215–224, 2005.

44. Zhang R, Gascon R, Miller RG, Gelinas DF, Mass J, Lancero
M, Narvaez A, and McGrath MS. MCP-1 chemokine recep-
tor CCR2 is decreased on circulating monocytes in sporadic
amyotrophic lateral sclerosis (sALS). J Neuroimmunol 179:
87–93, 2006.

Address reprint requests to:
Valentina Bonetto

Dulbecco Telethon Institute and ‘‘Mario Negri’’ Institute for
Pharmacological Research

Via La Masa 19
20156 Milan, Italy

E-mail: bonetto@marionegri.it

Date of first submission to ARS Central, March 3, 2009; date of
acceptance, March 14, 2009.

NITROPROTEOMICS OF PBMCs 1567





This article has been cited by:

1. Caterina Bendotti , Maria Teresa Carrì . 2009. Amyotrophic Lateral Sclerosis: Mechanisms and CountermeasuresAmyotrophic
Lateral Sclerosis: Mechanisms and Countermeasures. Antioxidants & Redox Signaling 11:7, 1519-1522. [Citation] [PDF] [PDF
Plus]

http://dx.doi.org/10.1089/ars.2009.2620
http://www.liebertonline.com/doi/pdf/10.1089/ars.2009.2620
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2009.2620
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2009.2620

