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ABSTRACT 
 

Radio-induced lesions are tissue specific, hardly predictable, and can arise months or 
years later. The finding of prognostic biomarkers is of fundamental relevance for the 
settlement of therapeutic or preventive strategies. Using two-dimensional gel electrophoresis 
and mass spectrometry, a proteomics study was applied to look for differentially expressed 
proteins, i.e. potential biomarkers candidates, in mouse serums after a local irradiation of the 
dorsal skin. Our results clearly indicated that serum protein content was dynamically modified 
after a local skin irradiation. A set of specific proteins were early down- or up-regulated and 
could turn out to be good candidates as diagnostic or prognostic biomarkers. 
 
 
INTRODUCTION 
 

The discovery of inherent diagnostic or prognostic biomarkers of radiation exposure is 
of fundamental relevance for the early settlement of therapeutic strategies. Prior studies have 
emphasized the importance of this investigation in the field of occupational exposure (1), 
nuclear accident (2), and for early markers of clinical response to radiotherapy (3-6). 

Accidental or therapeutic irradiation cause skin injuries whose severity mainly depends 
on the dose received, the exposed surface and volume, and the individual radiosensitivity. 
Depending on this parameters, radiation-induced reactions of the exposed skin will gradually 
reach different clinical states such as erythema, dry and moist desquamations, necrosis, ulcer, 
and/or fibrosis in the case of very late effects (7). Recent radiation accidents (8, 9) have 
highlighted the role of damage to the cutaneous system in the prognosis and outcome of 
radiation-induced multi-organ failure (10). 

In order to disclose new radiation biomarkers, we explore a two-dimensional gel-based 
proteomics approach to look for differentially expressed proteins in mouse serums after a 
local irradiation of the skin. Serums were collected from mice irradiated at 40 Gy at different 
time post-irradiation and were analysed using two-dimensional difference gel electrophoresis 
(2D-DIGE) by the mean of fluorescence labelling of proteins. In these conditions, we were 
able to measure the relative expression levels of more than 400 serum proteins for each time 
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following radiation exposure. A number of protein spots were found to be up- or down-
regulated until more than one month following irradiation, with a maximum number of 
variant spots at day 14. Interestingly, some spots were very early down- or up-regulated and 
represent good candidates as diagnostic or prognostic biomarkers. All variant spots were 
identified by mass spectrometry. Some of them were related to the acute phase response and 
to the coagulation system. Our results clearly indicated that serum protein content was 
dynamically modified after a local skin irradiation and that gel-based proteomics profiling 
strategy could help to discover new early diagnostic or prognostic biomarkers. 
 
 
RESULTS AND DISCUSSION 
 

An experimental model was established  by specifically irradiating the dorsal skin of 
BALB/c mice at 40 Gy using suturing lines to stretch the skin, keeping the body apart from 
the γ-rays source (Figure 1A). Using this protocol, we were able to irradiate a unique tissue, 
ensuring that the response we observed was specifically due to the damage of the skin. The 
lesions were daily scored using a scale adapted from Douglas and Fowler (11) (Figure 1B). 
At this dose of irradiation, mice developed visible skin lesions only as from the seventh day 
post-irradiation. Then, lesions evolved from erythema to necrosis with a maximal intensity 
reached three weeks following irradiation. The wounds were followed by a complete repair in 
about one month, leaving a noticeable scar. Although a unique tissue was irradiated, our 
model can be considered to well reproduce a real event initiated by a radiation exposure since 
the appearance of the lesions were delayed, and since the lesions reached the classical clinical 
states of a radio-induced skin injury. The main benefit of this experimental model was to 
separate the skin response from the other tissue injury responses, a feature we consider 
essential to discover prognostic biomarker of the skin lesion intensity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Experimental model. (A) Irradiation protocol. (B) Evolution of the skin lesion 
following 40 Gy exposure (AU, arbitrary unit). 
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Since no visible clinical signs of the exposure were evident until 7 days following 
exposure, we asked the question of the benefit of a proteomics approach into the early 
detection of a skin lesion. Using a gel-based methodology, serum proteomes of mice were 
analyzed at different times post-irradiation (days 1, 5, 14, 21 and 33). In order to increase the 
number of low abundance proteins detectable on gels, serums were prior depleted in albumin, 
IgG and transferrin using an affinity column. Relative protein levels were measured using 
two-dimensional difference gel electrophoresis (2D-DIGE) and the resulted proteomics gel-
spectra were analysed by a Melanie 5 data processing. Several runs, corresponding to serum 
samples of different mice, were performed for each time post-irradiation. Each irradiated 
mouse serum was then compared to a pool of serums of sham-irradiated mice. About 400 
protein spots per sample were reproducibly detected. Figure 2 gives an example of a resulting 
gel from one control and one irradiated sample (at day 14 following exposure). A simply 
visual examination of the scanned gels showed that lots of proteins were differentially 
expressed in the serums of irradiated mice. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2. An example of a two-dimensional gel electrophoresis of serum proteins from 
control (Cy3 labeled, green) and irradiated (Cy5 labeled, red) mice (at day 14 following 
irradiation). Both samples were separated in the same gel, which was successively scanned 
using the corresponding wave lengths and filters for each fluor. (A) Separated gel scans and 
(B) an overlay of the two images represented in A. 

 
 
 

 



 4 Guipaud et al., IRPA, 2006 

A number of protein spots were found to be up or down-regulated, with a maximum of 
variant spots at day 14. Figure 3 shows the total number of variant protein spots for each day 
following irradiation, and the number of variant spots in function of their relative expression 
rates. Interestingly, the variations of protein expression anticipated the lesion intensity, since 
the maximum of variant spots occurred around day 14 while the maximum of the lesion 
intensity took place at day 21 (compare Figure 1B and Figure 3). In addition, many protein 
spots were down- or up-regulated before the emergence of visible clinical signs (respectively 
19 and 30 variant spots at day 1 and day 5) and could provide diagnostic or prognostic 
biomarkers of a skin lesion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 3. Total number of variant spots in serums from irradiated compared to sham- 
irradiated mice at different times following 40 Gy exposure. Expression rates were calculated 
relatively corresponding spots in the control sample. Student’s t-test was used to calculate 
significant differences in relative abundances of protein spot-features. A p value of less than 
0.05 was considered statistically significant. 
 

From day 1 to day 33, a total of 77 distinct spots were found to vary after radiation 
exposure. Almost all variant spot candidates were then identified by the mean of mass 
spectrometry (Figure 4 and Table 1). Protein identifications revealed that these 77 different 
spots belonged to 18 distinct proteins, likely because of post-translational modifications 
(particularly variations in glycosylation) and proteolitic cleavages of same proteic species, 
which alter the electrophoretic mobilities of proteins, giving rise to distinct spots in a 2D gel 
(12). For instance, spot train of a same protein is typical of differences of glycosylation status. 
A compilation of the relative expression variations is presented in Table 1. For a better 
comprehension, the values of several spots of  spot trains were meaned since they followed 
approximately the same variations of expression. 
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Out of 18 proteins identified in this study, 8 proteins are consistent with the acute phase 
response to tissue injury (α1-anti-trypsin, apolipoprotein A-1, complement components C3 
and C9, haptoglobin, hemopexin, murinogobulin 1 and serum amyloid P-component). Acute 
phase proteins increase or decrease following a range of insults, reflecting the presence and 
intensity of inflammation (13). Exposure to ionizing radiation has previously been shown to 
induce the production of acute phase proteins in rat (14, 15) and mouse (16, 17) tissues, in the 
extracellular protein content of murine bone marrow (18) and during radiotherapy (19). As 
pointed Chen et al. (18), the changes in acute phase proteins of irradiated mice may serve as 
antioxidant and anti-inflammatory factors to reduce the damage to skin, although the exact 
mechanism underlying radiation-induced acute phase response is unclear. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Map of variant spots in mouse serum following ionizing radiation exposure of the 
skin. Spot numbers were assigned by Melanie 5 software. In blue, spot numbers or spot trains 
numbers were assigned subsequently in order to separate different spot variation behaviours 
of a same protein. See Table 1 for the relative expression rate of each spot or spot train. 
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Table 1. Identified protein spots or spot trains that changed significantly (in bold) in 
irradiated compared to sham-irradiated mice. 

 
Apart from acute phase proteins, several proteins involved in the coagulation system 

also changed in the serum of skin-irradiated mice (α1-anti-trypsin, murinoglobulin 1, 
kininogen I, antithrombin III, thrombospondin, and Pzp protein). These variations may reflect 
the intense vascular injury caused by ionizing radiations to the vasculature (20), and 
particularly to the endothelium. A decrease of antithrombin and murinoglobulin 1 (which 
belongs to alpha-2-macroglobulin), and an increase of kininogen and thrombospondin may 
reveal an activation of the coagulation system in response to endothelium damage. 

Several other proteins also changed in the serum of irradiated mice and may account for 
different protective functions or physiopathologic processes: (i) Carboxylesterase is involved 
in the metabolism of xenobiotics and of natural substrates and could eliminate toxic 
metabolites released by damaged tissues (21). Four spots have been identified as 
carboxylesterase. Two of them increased while the two others decreased. These results can be 
interpreted as post-translational modification (PTM) changes. Indeed, carboxylesterase 
focused in at least two spot trains. The two acidic spots (spots 1 and 3), belonging to two 
different spot trains, decreased, while the two basic spots (spots 2 and 4) increased. It could 
reflect a displacement toward the basic charges of train spots caused by PTM variations. (ii) 
Gelsolin and meprin A display protective functions against the release of components during 
tissue injury. However, the endopeptidase meprin A can be detrimental when there is tissue 
damage or disruption (22). As carboxylesterase, gelsolin, involved in the clearance of actin 
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(23), focused in a train spot which was displaced toward the basic charges after radiation 
exposure, since spot 1 (the more acidic) decreased while spot 2 (the more basic) increased. 
(iii) MHC class I is involved in immune system and inflammation. Its slight increase could be 
related to an activation of the immune system. (iv) We observed a decrease of peroxiredoxin 
2, a peroxydase with antioxidant activities which has ever been shown to decrease in the 
extracellular protein content of murine bone marrow after total body irradiation (18). 
However, the role of this decrease is not known. (v) Zinc-alpha-2 glycoprotein decrease could 
counteract the loss of body mass (cachexia) we observed after local irradiation (data not 
shown). Indeed, this lipid mobilizing factor has been shown to be involved in lipid 
degradation of adipocytes and to be responsible of cachexia in mice with cancer (24, 25). 

All proteins whose concentrations varied during the first week following exposure could 
serve as diagnostic biomarkers, and possibly as prognostic biomarkers. For instance, 
peroxydase, zinc-alpha-2 glycoprotein, haptoglobin and complement component C9 may be 
good sensors of a skin exposure to ionizing radiation since their concentrations changed 
within the five first days. 

We showed that post-translational modifications changes and proteolytic cleavages 
likely occurred following irradiation. In view of that, a good biomarker will not only be a 
particular protein whose expression will early change after radiation exposure, but also a 
protein whose post-translational modifications will vary. Moreover, a good biomarker will 
consist on a set of proteins whose expressions and/or post-translational modifications will 
change after ionizing radiation and be specific of the damaged organ. 

In conclusion, our results clearly indicated that serum protein content was dynamically 
modified after a local skin irradiation. Furthermore, our work provides some insights into the 
physiologic response of the organism to the radio-induced injury of the skin by ionizing 
radiations (acute phase response, coagulation). Some proteins were early down- or up-
regulated and could turn out to be good candidates as diagnostic biomarkers. However, much 
more work is still needed for the discovering of prognostic biomarkers. We are currently 
investigating a model in which different intensities of skin lesions are induced. Our aim is 
now to sort out typical set of variant proteins according to the different radio-induced lesion 
intensities. 
 
 
MATERIALS AND METHODS 
 
Animals. Young male mice (Balb/C, 8 weeks old, Janvier, France) were used in this study. 
Experiments were conducted according to the French regulations for animal experimentation 
(Ministry of Agriculture, Act no. 2001-464, May 29, 2001). 
 
Irradiation protocol. An experimental model was established by specifically irradiating the 
dorsal skin of  anaesthetized BALB/c mice at 40 Gy using a γ-rays 60Co source (ICO4000, 
dose rate 1.8 Gy/min, 6 irradiated and 6 sham-irradiated animals). Lesions to the skin were 
scored day after day according to a scale adapted from Douglas and Fowler (11). 
 
Biological sampling. Blood was collected at different time following radiation exposure 
(days 1, 5, 14, 21 and 33) (100 µL per animal, three animals for days 1, 5 and 14, two animals 
for day 21 and 33). After 1 hour at room temperature, blood was centrifuged at 1000 g for 10 
min at 4°C and the supernatant was collected. Serum were then stored at -80°C. 
 
Affinity depletion of high abundance proteins from serum samples. Serum sample were 
processed using a Multiple Affinity Removal Spin Cartridge (Agilent Technologies) which 
selectively removed albumin, IgG and transferrin proteins. For each sample, a low abundance 
fraction was collected, ~10-fold concentrated using 5 kDa molecular weight cut-off spin 
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concentrators (Millipore), and finally dialysed against a buffer compatible with the first 
dimension of the electrophoresis (isoelectrofocalisation). 
 
Cy-Dye labelling. A total of 50 µg of low abundance serum proteins was minimally labelled 
with either 400 pmol of Cy3 (control samples) or Cy5 (irradiated samples) DIGE fluors 
(Amersham Biosciences) according to the manufacturer’s instructions. 
 
Two-dimensional gel electrophoresis and imaging. 100 µg (combination of the two labelled 
protein samples) or 300 µg (for preparative gels) of proteins were applied to 18-cm-long 
immobilized pH 4-7 gradients strips (Amersham Biosciences) by the rehydration technique. 
First-dimension isoelectrofocalisation was performed with a IPGPhor II electrophoresis unit 
cooled to 18°C (Amersham Biosciences). Focusing was performed using a total voltage by 
time (Vh) of 32,000. After the isoelectrofocusing, strips were placed on top of SDS-
containing 10% polyacrylamide gels of 26 X 20 cm (Ettan DALT 12 system, Amersham 
Biosciences). SDS-PAGE was then performed overnight. After electrophoresis, gels were 
either scanned using a Typhoon 9400 imager (Amersham Biosciences) or fixed before 
Coomassie Brillant blue staining. Scanned gels were finally analyzed with the ImageMaster 
2D Platinum (Melanie 5) software (Amersham Biosciences). 
 
Statistical analysis. A total of 414 protein spot-features were analyzed across all serum 
samples (median (mean 0%) and MAD 100%; control, n=6; D1, n=3, D5, n=3; D14, n=3; 
D21, n=2; D33, n=2). Student’s t-test was used to calculate significant differences in relative 
abundances of protein spot-features in irradiated serums compared to control serums. A p 
value of less than 0.05 was considered statistically significant. 
 
Protein identification. Protein-containing spots of interest were manually excised from 
coomassie brilliant blue stained gels, pooled from three preparative gels and further in-gel 
digested with trypsin. Peptide mixtures were then analyzed using MALDI/TOF/TOF (4800 
Proteomics analyzer, Applera Corporation). The resulting spectra gave lists of masses that 
were entered into the Profound Web-based database. The search results were evaluated by 
considering the probability value, the estimated Z parameter, peptide coverage, pattern of 
coverage and correspondence of predicted and experimental pI and molecular mass. 
 
 
REFERENCES 
 
1. Schneider, J., Presek, P., Braun, A., and Woitowitz, H. J. Serum levels of pantropic 

p53 protein and EGF-receptor, and detection of anti-p53 antibodies in former uranium 
miners (SDAG Wismut). Am J Ind Med, 36: 602-609, 1999. 

2. Menz, R., Andres, R., Larsson, B., Ozsahin, M., Trott, K., and Crompton, N. E. 
Biological dosimetry: the potential use of radiation-induced apoptosis in human T-
lymphocytes. Radiat Environ Biophys, 36: 175-181, 1997. 

3. Jack, C. I., Cottier, B., Jackson, M. J., Cassapi, L., Fraser, W. D., and Hind, C. R. 
Indicators of free radical activity in patients developing radiation pneumonitis. Int J 
Radiat Oncol Biol Phys, 34: 149-154, 1996. 

4. Wickremesekera, J. K., Chen, W., Cannan, R. J., and Stubbs, R. S. Serum 
proinflammatory cytokine response in patients with advanced liver tumors following 
selective internal radiation therapy (SIRT) with (90)Yttrium microspheres. Int J Radiat 
Oncol Biol Phys, 49: 1015-1021, 2001. 

5. Hara, R., Itami, J., Komiyama, T., Katoh, D., and Kondo, T. Serum levels of KL-6 for 
predicting the occurrence of radiation pneumonitis after stereotactic radiotherapy for 
lung tumors. Chest, 125: 340-344, 2004. 



 9 Guipaud et al., IRPA, 2006 

6. Menard, C., Johann, D., Lowenthal, M., Muanza, T., Sproull, M., Ross, S., Gulley, J., 
Petricoin, E., Coleman, C. N., Whiteley, G., Liotta, L., and Camphausen, K. 
Discovering clinical biomarkers of ionizing radiation exposure with serum proteomic 
analysis. Cancer Res, 66: 1844-1850, 2006. 

7. Archambeau, J. O., Pezner, R., and Wasserman, T. Pathophysiology of irradiated skin 
and breast. Int J Radiat Oncol Biol Phys, 31: 1171-1185, 1995. 

8. IAEA reports on Tokaimura accident. International Atomic Energy Agency. Health 
Phys, 78: 231, 2000. 

9. Meineke, V., van Beuningen, D., Sohns, T., and Fliedner, T. M. Medical management 
principles for radiation accidents. Mil Med, 168: 219-222, 2003. 

10. Meineke, V. The role of damage to the cutaneous system in radiation-induced multi-
organ failure. BJR Suppl, 27: 85-99, 2005. 

11. Douglas, B. G. and Fowler, J. F. The effect of multiple small doses of x rays on skin 
reactions in the mouse and a basic interpretation. Radiat Res, 66: 401-426, 1976. 

12. Anderson, N. L. and Anderson, N. G. The human plasma proteome: history, character, 
and diagnostic prospects. Mol Cell Proteomics, 1: 845-867, 2002. 

13. Gabay, C. and Kushner, I. Acute-phase proteins and other systemic responses to 
inflammation. N Engl J Med, 340: 448-454, 1999. 

14. Magic, Z., Matic-Ivanovic, S., Savic, J., and Poznanovic, G. Ionizing radiation-
induced expression of the genes associated with the acute response to injury in the rat. 
Radiat Res, 143: 187-193, 1995. 

15. Trutic, N., Magic, Z., Urosevic, N., and Krtolica, K. Acute-phase protein gene 
expression in rat liver following whole body X-irradiation or partial hepatectomy. 
Comp Biochem Physiol C Toxicol Pharmacol, 133: 461-470, 2002. 

16. Hong, J. H., Chiang, C. S., Campbell, I. L., Sun, J. R., Withers, H. R., and McBride, 
W. H. Induction of acute phase gene expression by brain irradiation. Int J Radiat 
Oncol Biol Phys, 33: 619-626, 1995. 

17. Goltry, K. L., Epperly, M. W., and Greenberger, J. S. Induction of serum amyloid A 
inflammatory response genes in irradiated bone marrow cells. Radiat Res, 149: 570-
578, 1998. 

18. Chen, C., Lorimore, S. A., Evans, C. A., Whetton, A. D., and Wright, E. G. A 
proteomic analysis of murine bone marrow and its response to ionizing radiation. 
Proteomics, 5: 4254-4263, 2005. 

19. Cengiz, M., Akbulut, S., Atahan, I. L., and Grigsby, P. W. Acute phase response 
during radiotherapy. Int J Radiat Oncol Biol Phys, 49: 1093-1096, 2001. 

20. Fajardo, L. F. and Berthrong, M. Vascular lesions following radiation. Pathol Annu, 
23 Pt 1: 297-330, 1988. 

21. Satoh, T. and Hosokawa, M. The mammalian carboxylesterases: from molecules to 
functions. Annu Rev Pharmacol Toxicol, 38: 257-288, 1998. 

22. Bond, J. S., Matters, G. L., Banerjee, S., and Dusheck, R. E. Meprin metalloprotease 
expression and regulation in kidney, intestine, urinary tract infections and cancer. 
FEBS Lett, 579: 3317-3322, 2005. 

23. Lee, W. M. and Galbraith, R. M. The extracellular actin-scavenger system and actin 
toxicity. N Engl J Med, 326: 1335-1341, 1992. 

24. Todorov, P. T., McDevitt, T. M., Meyer, D. J., Ueyama, H., Ohkubo, I., and Tisdale, 
M. J. Purification and characterization of a tumor lipid-mobilizing factor. Cancer Res, 
58: 2353-2358, 1998. 

25. Bing, C., Bao, Y., Jenkins, J., Sanders, P., Manieri, M., Cinti, S., Tisdale, M. J., and 
Trayhurn, P. Zinc-alpha2-glycoprotein, a lipid mobilizing factor, is expressed in 
adipocytes and is up-regulated in mice with cancer cachexia. Proc Natl Acad Sci U S 
A, 101: 2500-2505, 2004.  

 


