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Abstract. Metallic nanoparticles are more and more widely used in an increasing
number of applications. Consequently, they are more and more present in the
environment, and the risk that they may represent for human health must be
evaluated. This requires to increase our knowledge of the cellular responses to
nanoparticles. In this context, macrophages appear as an attractive system. They play
a major role in eliminating foreign matter, e.g. pathogens or infectious agents, by
phagocytosis and inflammatory responses, and are thus highly likely to react to
nanoparticles. We have decided to study their responses to nanoparticles by a
combination of classical and wide-scope approaches such as proteomics. The long
term goal of this study is the better understanding of the responses of macrophages to
nanoparticles, and thus to help to assess their possible impact on human health.

We chose as a model system bone marrow-derived macrophages and studied the
effect of commonly used nanoparticles such as TiO, and Cu. Classical responses of
macrophage were characterized and proteomic approaches based on 2D gels of whole
cell extracts were used. Preliminary proteomic data resulting from whole cell extracts
showed different effects for TiO,-NPs and Cu-NPs. Modifications of the expression
of several proteins involved in different pathways such as, for example, signal
transduction, endosome-lysosome pathway, Krebs cycle, oxidative stress response
have been underscored. These first results validate our proteomics approach and open
a new wide field of investigation for NPs impact on macrophages.

1. Introduction

Nanoparticles (NPs) are increasingly used for developing new tools for biotechnology, as well as
manufacturing widely-used products. They offer interesting properties, regarding for example
electromagnetic characteristics, mechanical properties, chemical and/or biological reactivity.
Nanoparticles can be used for medical imaging and drug delivery, as well as for electronic devices [1-
5]. Moreover, many household products contain NPs of metal oxides, such as sunscreens, cosmetic
products, or clothes [6, 7]. New tools have also been developed for biotechnology and life sciences,
using metallic NPs as well as nanotubes, nanowires or quantum dots [8]. This massive development of
nanotechnologies requires studies to assess potential associated biological risks.

Thus, there is an important corpus of literature assessing the effects of nanoparticles on living
organisms. This literature can be split in two types of studies: on the one hand, there are in vivo
studies on animal models where macroscopic results can be obtained [9-12]. However, because of the
short lifespan of laboratory animals, long-term effects are difficult to derive. Moreover, the in vivo
systems are so complex that it is almost impossible to get mechanistic data that would help to predict
long term effects. On the other hand, there are in vitro studies on cells [6, 8, 13-17]. This simplified
system can be used to derive mechanistic data. However, most of this literature focuses on a few
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cellular parameters (survival, oxidative stress, cytokine productions) so that very little is known on the
possible responses elicited by nanoparticles on cells.

In order to bring new, mechanistic knowledge, we have decided to use a wide-scope, proteomics
approach. As a cell type, we have chosen the macrophage, i.e. the specialized cell type that will
scavenge bacteria or viruses [18] as well as any type of particulate material, nanoparticles [19].
Indeed, macrophages have been shown to be key players in the toxicity of asbestos fibers and silica
nanoparticles, and thus in the etiology of asbestosis and silicosis, by the virtue of their stress response
to the phagocytosis of these particles [20].

Thus, we have decided to apply proteomics to investigate the response of macrophages to TiO2
considering that this NP is widely produced and therefore, potential widespread exposure may occur
during both manufacturing and use. We also compared the effects of TiO, with Cu, which at the
difference of TiO, is a redox metal and can release cupric ions which can be toxic for cells. Moreover,
Cu-NPs are also widely-used NPs because of their antibacterial properties. This work has shown
changes in the central cellular metabolism, as well as a peculiar oxidative stress response.

2. Materials and methods

2.1. Mice

C57BL/6 mice were bred in the animal facility of the Commissariat & I’Energie Atomique, Grenoble,
France. For hind legs recovery, 10-20 week-old mice were sacrificed by cervical dislocation in
accordance with Atomic Energy Commission Care and Use Committee.

2.2. Primary macrophages

Unless otherwise stated, all chemical reagents and cell culture products were purchased from Sigma-
Aldrich (Saint Quentin Fallavier, France). Murine primary macrophages were generated from bone
marrow as described [21]. Briefly, the bone marrow cavities of femurs and tibiae were flushed several
times with BM20 medium (DMEM supplemented with 10% FCS, 20% L929 cell-conditioned medium
as a source of M-CSF, 5% horse serum, 1% glutamine and 1% sodium pyruvate). 40-60 x 10° cells
were recovered per mouse and cultured in 50 ml of the same medium. At day 7, the supernatant was
removed. Adherent cells were incubated for 10 min at 4°C in cold 0.02%EDTA in PBS. Cells were
then recovered and transferred in 50 ml BM10 medium (same as BM20 but with 10% L929 cell-
conditioned medium) for 3 additional days. 20-30 x 10° cells were generated at the end of the
differentiation process and most of the resulting cells (> 90%) were CD11b and CD14 positive, as
assessed by flow cytometry. These mature macrophages, derived from bone marrow exactly as occurs
in vivo, are therefore a good model of all the macrophages that exist in vivo, alveolar as well as
peritoneal, dermal or hepatic.

2.3. Flow cytometry analysis

For the analysis of cell surface protein expression, bone marrow-derived macrophages were stained for
30 min at 4°C with conjugated antibodies in PBS containing 3% fetal calf serum and 0.16% sodium
azide. Anti-CD11b and PE-conjugated anti-CD14 were from CliniScience (Montrouge, France),
FITC-conjugated anti-CD86 (B7-2) and PE-conjugated anti IA° were from BD Pharmingen (le Pont de
Claix, France). Data acquisition and analysis were performed with a FacsCalibur flow cytometer
equipped with CellQuest software (Becton Dickinson).

2.4. Preparation of nanoparticle suspensions

Titanium oxide (TiO,, anatase, < 25nm, 99.7% purity) and Copper (Cu, < 50nm, 99.5% purity) were
purchased from Sigma-Aldrich (France). For their sterilization, the NPs were suspended in 95%
ethanol, at a concentration of 10 mg/ml. After 1h incubation at room temperature, the NPs were
diluted to a final concentration of 1 mg/ml in polyvinylpyrrolidone 40 (PVP40) 0.2%, sonicated in a
bath sonicator for 1h and stored at 4°C. PVP40 increases the dispersions of the NPs but there is still



some aggregation in the culture media. Characterization of the particle size distribution was performed
by Dynamic Light Scattering measurements (DLS) which indicated a Z-average of 318.9 nm for TiO2
NPs and of 427.8 nm for Cu NPs after 24h incubation in culture media. We chose to perform this
polymer coating to mimic the opposite phenomena occurring when nanoparticles are in contact with a
biological fluid, whether it is pulmonary surfactant, saliva, lymph or blood. On the one hand the salt
concentration present in all these fluids promote aggregation, so that nanoparticles are never as
dispersed in biological media as they can be in air or in pure water. On the other hand, the polymeric
materials present in biological fluids (polysaccharides, proteins) will act as coating agents and limit
particle aggregation. We have used PVP 40 for its lack of interference with our analyses, while being
perfectly biocompatible and able to limit particles aggregation.

2.5. Exposure of macrophages to nanoparticles
Cells (5x10°) were cultured in Petri dishes and treated for 24h with either 100 pg/ml TiO, or 10 pg/ml
Cu-NPs. Two types of negative controls were done with and without PVVP40.

2.6. Two-dimensional electrophoresis

Primary macrophage cells were harvested by scraping, rinsed 2 times in phosphate-buffered saline and
pellets were suspended in homogeneization buffer (0.25 M sucrose, 10 mM Tris-HCI, pH 7.5, 1 mM
EDTA). A buffer volume approximately equal to the packed cell volume was used. The suspension
was transferred to polyallomer ultracentrifuge tubes, and cells were lysed by the addition of 4 volumes
(respective to the suspension volume) of 8.75 M urea, 2.5 M thiourea, 25 mM spermine and 13 mM
Tris carboxyethylphosphine. After 1 hour at room temperature, the extracts were centrifuged (30 min
at 200,000 x g). The supernatant was collected and the protein content was determined by the Bradford
protein assay using bovine serum albumin as a standard. The protein extracts were stored at —20 °C.
The first dimension of electrophoresis was performed with immobilized pH gradients for isoelectric
focusing. Linear 4-8 pH gradients were used. Home-made pH gradient plates were cast and cut into 4-
mm-wide strips [22, 23]. A total of 150 pg of proteins were diluted in 560 pl of rehydratation buffer (7
M urea, 2 M thiourea, 4% CHAPS, 0.4% ampholytes, 100 mM dithiodiethanol). The samples were
applied onto the strips by in-gel rehydration overnight using a thiourea-urea mixture as denaturing
agent [24]. IEF was carried out for 60,000 Vh at a maximum of 3000 V using the Multiphor Il system
(Amersham-Pharmacia, Sweden). Strips were then equilibrated for 20 min in 0.15 M BisTris/0.1 M
HCI, 6 M urea, 2.5% SDS, 30% glycerol. Strips were placed on top of a SDS-polyacrylamide gel.
After migration, the gels were stained with silver [25]. Expression ratios were estimated by image
analysis of pairs of gels with the Delta2D software (DECODON GmbH, Greifswald, Germany). Spots
of interest (ratio >1.5) were cut and analysed by MS/MS.

2.7. MS/MS analysis

In gel digestion was performed with an automated protein digestion system, MassPrep Station (Waters
Corp., Milford, USA). The gel plugs were washed twice with 50 puL of 25 mM ammonium hydrogen
carbonate (NH4;HCOs) and 50 pL of acetonitrile. The cysteine residues were reduced by 50 uL of 10
mM dithiothreitol at 57°C and alkylated by 50 uL of 55 mM iodoacetamide. After dehydration with
acetonitrile, the proteins were cleaved in gel with 10 pL of 12.5 ng/uL of modified porcine trypsin
(Promega, Madison, WI, USA) in 25 mM NH,HCOs. The digestion was performed overnight at room
temperature. The generated peptides were extracted with 60% acetonitrile in 5% acid formic.
NanoLC-MS/MS analysis was performed using an Agilent 1100 series nanoLC-Chip system (Agilent
Technologies, Palo Alto, USA) coupled to an HCT Plus ion trap (Bruker Daltonics, Bremen,
Germany). The chip was composed of a Zorbax 300SB-C18 (43 mm x 75 um, with a 5 um particle
size) analytical column and a Zorbax 300SB-C18 (40 nL, 5 um) enrichment column. Elution of the
peptides was performed at a flow rate of 300 nL/min with a 8-40% linear gradient (solvent B,
98%ACN/0.1%FA) over 7 first minutes. The voltage applied to the capillary cap was optimized to -



1750V and the mass range was 250-2500 m/z. For tandem MS experiments, the system was operated
Data-Dependent-Acquisition (DDA) mode with automatic switching between MS and MS/MS. The
three most abundant precursor ions were selected to be further isolated and fragmented. The MS/MS
scanning was performed in the ultrascan resolution mode at a scan rate of 26.000 m/z per second. A
total of six scans were averaged to obtain an MS/MS spectrum. The system was fully controlled by the
ChemStation (v 5.3) and EsquireControl (Rev B.01.03) software (Agilent Technologies and Bruker
Daltonics, respectively). For protein identification, the MS/MS data were interpreted using the
MASCOT 2.2.0. algorithm (Matrix Science, London, UK). Spectra were searched with a mass
tolerance of 0.2 Da in MS and MS/MS modes, allowing a maximum of one trypsin missed cleavage.
Carbamidomethylation of cysteine residues and oxidation of methionine residues were specified as
variable modifications. Following the guidelines for proteomic data publication [26, 27], and to avoid
consideration of poor quality data, filtering criteria based on probability-based scoring of the identified
peptides have been taken into account for high confidence identification and a decoy database was
generated and searched to determine false positive rate in protein identification [28]. The Scaffold
software (v.3, Proteome software Inc., Portland, OR) was used in order to validate identification using
the following criteria; spectra were searched against a target-decoy version of the
UniProtKB/SwissProt database restricted to Mammalia downloaded in January 2010 (1028424 target
and decoy entries). Protein identifications were validated when at least two peptides with Mascot
identity scores of greater than 10 were detected.

3. Results and discussion

Before adding the NPs onto the bone marrow-derived macrophages, we checked by flow cytometry
that these cells were mature macrophages, expressing both CD11b and CD14. Moreover, the cells
obtained could be activated by LPS, as shown by release of TNFa and NO (data not shown). Using
fluorescent beads, we also verified by flow cytometry that they were phagocytic. The concentration of
NPs used was determined beforehand by viability tests (LD20). These doses are not intended to
represent doses for a given body weight and a typical exposure. However, they are legitimate for a
mechanistic study to exemplify what deleterious mechanisms can be at play during pathogenesis.
Moreover, it should be kept in mind that doses per body weight are also an approximation, and that
"overloads" can exist locally in vivo, e.g. in the dermis just below a wound in the case of cutaneous
exposure, and that a single dose in vitro can also mimic the accumulation of low doses occurring vivo
during the lifespan of a macrophage, as macrophages are known to accumulate nanoparticles [10].
Furthermore, in the case of cancers where a single event can lead to the pathology, this "hotspot"
model is relevant.

We performed two comparative proteomics analysis: control versus TiO, treated cells and control
versus Cu treated cells.

3.1. Analysis of total proteome changes after NPs-TiO, exposure

A total of 9 protein spots with an increased intensity as well as 1 spot with a decreased intensity after
TiO, treatment could be detected (Figure 1, Table 1). They were excised from gels and analyzed by
MS. All these spots were identified. TiO, treatment altered metabolism as showed by increase of spots
corresponding to malate deshydrogenase, aldehyde deshydrogenase and glucosidase. We also
observed an increase in VDAC (mitochondrial porin), peroxiredoxin 4 (Prx 4), normal form and
proteasome alpha6 subunit, which are usually seen in various stress conditions. All these proteins
belong to the “déja vu in proteomics” [29, 30].
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Figure 1. Comparison of the total extract patterns of control primary macrophages and TiO,-NPs
treated cells. Primary macrophages were treated with 100 pg/ml TiO,-NPs for 24h. 150 ug of total
proteins were separated by 2-D and detected with silver staining as described in Section 2. Gel images
were analyzed by Delta-2D. (A) control cells, (B) TiO,-NPs treated cells. Solid and empty arrows
point at increased (>1.50-fold) and decreased (<0.67) proteins, respectively.

Cells responded to such a “light stress” by increasing general metabolism and some classical
proteins. We identified some more original proteins: Gnbl, a G-protein implicated in signal
transduction, ferritin (light chain) implicated in iron homeostasis and O,-regulated protein, which is
activated by hypoxia. This suggests that TiO, treatment may induce hypoxia-like conditions. At last,
we noted that the subunit c¢1 of H* lysosomal pump was decreased. It is not surprising that the
lysosomal pathway is altered by NPs phagocytosis as it is known that NPs can use the endosome-
lysosome pathway [19].

3.2. Analysis of total proteome changes after NPs-Cu exposure

The same process was repeated for the 6 protein spots increased after Cu treatment and for the one
with decreased intensity (Figure 2, Table 1). Again, Cu treatment increased some proteins spots
belonging to metabolism and “déja vu” in proteomics, such as ATPase subunit d, prohibitin and
HSP70 (chaperone). Cells responded to stress by increasing metabolism, energy production and by
increasing chaperones for protein refolding. More interestingly, an increase in heme oxygenase and
peroxiredoxinl (Prx 1), oxidized form was a signature of an oxidative stress response. In basal
condition, this spot is very weak but increased almost 4 times upon Cu treatment. The oxidized spot
level of Prx is a well-known indicator of the oxidative injury to the cell [31]. Heme oxygenase is
generally induced when the level of free heme increases and this is associated to an oxidative stress.
Moreover, heme oxygenase appears to be a potential defense against oxidative stress [32]. This result
is consistent with a metal redox stress. In addition, two proteins implicated in endosome-lysosome
pathway were also modified. MVB prot 4b was decreased and the d1 subunit of H* lysosomal pump
was increased.
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Figure 2. Comparison of the total extract patterns of control primary macrophages and Cu-NPs treated
cells. Primary macrophages were treated with 10 pug/ml Cu-NPs for 24h. 150 ug of total proteins were
separated by 2-DE and detected with silver staining as described in Section 2. Gel images were
analyzed by Delta-2D. (A) control cells, (B) Cu-NPs treated cells. Solid and empty arrows point at
increased (>1.50-fold) and decreased (<0.67) proteins, respectively.

3.3. Comparison of total proteome changes after TiO,-NPs and Cu-NPs exposure

When we compared the two lists of proteins, we observed that there was no protein in common
(tablel). In both cases, we found metabolic proteins and classical stress proteins. We found more of
these groups of proteins after TiO, treatment than after Cu treatment. However, Cu treatment appeared
to be more toxic as it clearly induced oxidative stress. With TiO, treatment, we just noted an increase
in the normal form of Prx 4, while Cu induced an important increase in oxidized forms of Prx 1 and of
heme oxygenase. Peroxiredoxins are enzymes detoxifying reactive oxygen species, but they can get
inactivated by oxidation in case of severe oxidative stress [31]. Presence of oxidized form is thus a
signature of a deleterious oxidative stress. It is not surprising that Cu, which is a redox metal,
generated such an oxidative stress. After TiO, treatment, ferritin was increased, possibly to protect the
cell against free iron and oxidative stress. In addition, the two NPs affected the endosome-lysosome
pathway even if we did not find the same proteins and found that two subunits of the same complex
(H" lysosomal pump) varied in an opposite way.

The results obtained were different in terms of proteins but consistent in terms of function
(metabolism, core stress response and endosome-lysosome pathway). Cu-NPs appeared in our
conditions to be more toxic than TiO,-NPs, and responsible of an oxidative stress. We observed with
proteomics specific effects of Cu or TiO,-NPs treatment. The fact that we did not observe the same list
of proteins with these two different NPs showed that NPs toxicity is depending primarily of the nature
of the NPs.



Table 1. Ratio NPs/control of the spots intensities measured by Delta 2D software on
silver stained 2D gels.

T|02 Cu

VDAC 2 2.420 HSP 70 2.800
Aldehyde deshydrogenase 2.240 Prohibitin 1.733
Prx 4, normal form 1.793 ATPase subunit d 1.700
Proteasome o 6 1.763

Glucosidase 1.737

Malate deshydrogenase 1.498

Ferritin (light chain) 5.630 Prx 1, oxidized form 3.920
O, regulated protein 1.892 Heme oxygenase 3.250
Gnbl 1.468 H+ lysosomal pump d1 1.670
H+ lysosomal pump c1 0.580 MVB Prot 4b 0.652

4. Perspectives

From the above, proteomics appears to be a relevant approach for mechanistic studies of cellular
responses to nanoparticles. However, it must be kept in mind that such mechanistic studies are
hypothetical and must be ultimately verified on relevant in vivo models. Nevertheless, this preliminary
study showed specific effects of Cu-NPs and TiO,-NPson murine bone-marrow macrophages. In this
study, we looked at total cell extracts and thus only at more abundant and soluble proteins. To get
further insights into the cell response to NPs, it will be of great interest to investigate different
compartments and/or sub fractions of the cells. Such studies will bring more information on NPs
toxicity pathways. We also consider to investigate toxicity of other NPs of different size and nature, to
determine if a general pattern emerges or if each NP elicits a unique response.

5. Acknowledgments
This project belongs to the NanoBioMet consortium and is partially financed by the Toxicology
transversal program.

6. References

[1] Govender T, Ojewole E, Naidoo P and Mackra, |1 2008 Polymeric nanoparticles for enhancing
antiretroviral drug therapy Drug Deliv 15 493-501

[2] Karlsson H L, Cronholm P, Gustafsson J and Moller L 2008 Copper oxide nanoparticles are
highly toxic: a comparison between metal oxide nanoparticles and carbon nanotubes Chem
Res Toxicol 21 1726-32

[3] Maesaki S 2002 Drug delivery system of anti-fungal and parasitic agents Curr Pharm Des. 8
433-40

[4] Ravi Kumar M, Hellermann G, Lockey R F and Mohapatra S S 2004 Nanoparticle-mediated
gene delivery: state of the art Expert Opin Biol Ther 4 1213-24

[5] WangL, O'Donoghue M B and Tan W 2006 Nanoparticles for multiplex diagnostics and
imaging Nanomedicine 1 413-26

[6] Fahmy B and Cormier S A 2009 Copper oxide nanoparticles induce oxidative stress and
cytotoxicity in airway epithelial cells Toxicol In Vitro 23 1365-71

[7] Kasemet K, Ivask A, Dubourguier H C and Kahru A 2009 Toxicity of nanoparticles of ZnO,
CuO and TiO2 to yeast Saccharomyces cerevisiae Toxicol In Vitro 23 1116-22



[8]
[al.

[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

Hussain S M, Hess K L, Gearhart J M, Geiss K T and Schlager J J 2005 In vitro toxicity of
nanoparticles in BRL 3A rat liver cells Toxicol In Vitro 19 975-83

Briley-Saebo K, Bjgrnerud A, Grant D, Ahlstrom H, Berg T and Kindberg GM 2004 Hepatic
cellular distribution and degradation of iron oxide nanoparticles following single intravenous
injection in rats: implications for magnetic resonance imaging Cell Tissue Res 316 315-23

Sadauskas E, Danscher G, Stoltenberg M, Vogel U, Larsen A and Wallin H 2009 Protracted
elimination of gold nanoparticles from mouse liver Nanomedicine 5 162-9

Lam CW, James J T, McCluskey R and Hunter R L 2004 Pulmonary toxicity of single-wall
carbon nanotubes in mice 7 and 90 days after intratracheal instillation Toxicol Sci. 77 126-34

Oberdorster, E 2004 Manufactured nanomaterials (fullerenes, C60) induce oxidative stress in
the brain of juvenile largemouth bass Environ Health Perspect 112 1058-62

Jin CY, Zhu BS, Wang XF and Lu QH 2008 Cytotoxicity of titanium dioxide nanoparticles in
mouse fibroblast cells Chem Res Toxicol 21 1871-7

Kwon Y M, Xia Z, Glyn-Jones S, Beard D, Gill H S and Murray D W 2009 Dose-dependent
cytotoxicity of clinically relevant cobalt nanoparticles and ions on macrophages in vitro
Biomed Mater. 4 025018

Lanone S, Rogerieux F, Geys J, Dupont A et al. 2009 Comparative toxicity of 24 manufactured
nanoparticles in human alveolar epithelial and macrophage cell lines Part Fibre Toxicol 6 14

Wagner A J, Bleckmann C A, Murdock R C, Schrand A M et al. 2007 Cellular interaction of
different forms of aluminum nanoparticles in rat alveolar macrophages J Phys Chem B 111
7353-59.

Waters K M, Masiello L M, Zangar R C, Tarasevich B J et al. 2009 Macrophage responses to
silica nanoparticles are highly conserved across particle sizes Toxicol Sci 107 553-69

Mosser D M, Edwards J P 2008 Exploring the full spectrum of macrophage activation Nat Rev
Immunol 8 958-69

Shukla R, Bansal V, Chaudhary M, Basu A, Bhonde R R and Sastry M 2005 Biocompatibility
of gold nanoparticles and their endocytotic fate inside the cellular compartment: a
microscopic overview Langmuir 21 10644-54

Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT and Tchopp J 2008 Innate
immune activation through Nalp3 inflammasome sensing of asbestos and silica Science 320
674-7.

Schleicher U and Bogdan C 2009 Generation, culture and flow-cytometry characterization of
primary mouse macrophages Methods Mol Biol. 531 203-24

Gorg A, Boguth G, Obermaier C and Weiss W 1998 Two-dimensional electrophoresis of
proteins in an immobilized pH 4-12 gradient Electrophoresis 19 1516-19

Rabilloud T, Valette C and Lawrence J J 1994 Sample application by in-gel rehydration
improves the resolution of two-dimensional electrophoresis with immobilized pH gradients
in the first dimension Electrophoresis 15 1552-58

Rabilloud T, Adessi C, Giraudel A and Lunardi J J 1997 Improvement of the solubilization of
proteins in two-dimensional electrophoresis with immobilized pH gradients Electrophoresis
18 307-16

Sinha P, Poland J, Schnolzer M and Rabilloud T 2001 A new silver staining apparatus and
procedure for matrix-assisted laser desorption/ionization-time of flight analysis of proteins
after two-dimensional electrophoresis Proteomics 1 835-40

Carr S, Aebersold R, Baldwin M, Burlingame A, Clauser K and Nesvizhskii A 2004 The need
for guidelines in publication of peptide and protein identification data: working group on
publication guidelines for peptide and protein identification data Mol Cell Proteomics 3 531-
33

Wilkins M R, Appel R D, Van Eyk J E et al. 2006 Guidelines for the next 10 years of
proteomics Proteomics 6 4-8



[28]

[29]

[30]

[31]

[32]

Elias J E and Gygi S P 2007 Target-decoy search strategy for increased confidence in large-
scale protein identifications by mass spectrometry Nat Methods 4 207-14

Petrak J, lvanek R, Toman O, Cmejla R, Cmejlova J, Vyoral D, Zivny J and Vulpe C D 2008
Déja vu in proteomics. A hit parade of repeatedly identified differentially expressed proteins
Proteomics 8 1744-49

Wang P, Bouwman F G and Mariman E C M 2009 Generally detected proteins in comparative
proteomics — A matter of cellular stress response? Proteomics 9 2955-66

Rabilloud T, Heller M, Gasnier F, Luche S, Rey C, Aebersold R, Benahmed M, Louisot P and
Lunardi J 2002 Proteomics analysis of cellular response to oxidative stress. Evidence for in
vivo overoxidation of peroxiredoxins at their active site J Biol Chem 277 19396-401

Stocker R 1990 Induction of haem oxygenase as a defense against oxidative stress Free Radic
Res Commun 9 101-12


http://www.ncbi.nlm.nih.gov/pubmed/17327847
http://www.ncbi.nlm.nih.gov/pubmed/17327847
http://www.ncbi.nlm.nih.gov/pubmed/11904290
http://www.ncbi.nlm.nih.gov/pubmed/11904290
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Stocker%20R%2522%255BAuthor%255D

