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Abstract GL2011 is a naturally occurring thiol com-

pound and a series of thiol compounds have been proposed

as radioprotectors. Radioprotective efficacy of a triple

intraperitoneal dose of GL2011 of 100 mg/kg body weight

of Wistar rats, 30 min prior to and 3 and 6 h following

irradiation (6.7 Gy) was evaluated. Four groups of animals

were used, vehicle-treated non-irradiated (VN), GL2011-

treated and irradiated (GI), GL2011-treated and non-irra-

diated (GN) and vehicle-treated and irradiated (VI)

(n = 30 per group). The radioprotective efficacy of

GL2011 was determined by measuring 28-day survival and

intestinal crypt cell survival. Neuroprotection in terms of

behaviour was evaluated using the behavioural

observational battery, open field test and elevated plus

maze paradigm. An RNA microarray was carried out in

order to show differences at the RNA level between VI and

VN groups. Brain protein changes were identified using a

gel-based proteomics method and major brain receptor

complex levels were determined by blue-native gels fol-

lowed by immunoblotting. 28-Day survival rate in VI was

30 %, in GI survival was 93 %, survival of VN and GN

was 100 %. Jejunal crypt cell survival was significantly

enhanced in GI. Protein-level changes of peroxiredoxin-5,

Mn-superoxide dismutase 2, voltage-dependent anion-

selective channel protein 1, septin 5 and dopamine D2

receptor complex levels were paralleling radiation damage

and protection. Taken together, the findings demonstrate

that GL2011 improves survival rates and jejunal crypt

survival, provides partial neuroprotection at the
Electronic supplementary material The online version of this
article (doi:10.1007/s00726-014-1728-9) contains supplementary
material, which is available to authorized users.

M. K. Ganesan � A. E. Refaei � G. Jung � L. Li � A. Sase �
W. Chen � G. Lubec (&)

Department of Pediatrics, Medical University of Vienna,
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behavioural level and modulates proteins known to be

involved in protection against oxidative stress-mediated

cell damage.

Keywords Radiation protection � Amino thiol � Survival �
Blue-native gel � Mass spectrometry � Microarray � Crypt

assay � Behaviour

Introduction

As early as in 1953 radiation protection by sulfhydryl-con-

taining amino acids has been proposed by an experimental

study (Perroy and Buchet 1953), and indeed it has been shown

that even endogenous thiols play a role in radiation protection

(Vos 1992). About a decade ago, Gadsen and Edwards (1964)

suggested the use of naturally occurring sulphur-containing

amino acids for radiation protection. About two decades later

Williams and Denekamp (1983) showed that aminothiol WR-

2721 was modifying the radiation response of the mouse and

since then several WR-aminothiols were reported to act as

radioprotectants (Carnes and Grdina 1992; Littlefield and

Hoffmann 1993; Laayoun et al. 1994; Capizzi 1996; Dia-

mond et al. 1996; Devi et al. 1998; Belkacémi et al. 2001;

Bhattacharya et al. 2001; Evans et al. 2002); the role of the

classical aminothiol amifostine was reviewed by Wasser-

mann and Brizel (Wasserman and Brizel 2001). There are

other thiol compounds unrelated to amino thiols that act as

radioprotectants and these include thiodiazoles (Prouillac

et al. 2009), vitamins (Kumar et al. 2002a), 5-thio-glucose

(Schuman et al. 1983), selenomethionine (Ware et al. 2011)

and D-methionine (Vuyyuri et al. 2008; Cotrim et al. 2012).

Although some compounds exhibited tolerable toxicity, the

search for non-toxic radio protectors is continuing (Kumar

et al. 2002b).

The aim of the present study was to test a naturally

occurring sulphur-containing aminothiol, GL2011, in a rat

model of whole-body gamma irradiation. Studies on radi-

ation protection in terms of survival, behavioural tests

including the open field, elevated plus maze, neurological

functional observational battery (FOB) were carried out in

order to show behavioural consequences of irradiation and

protection of brain functions by the proposed radioprotec-

tor GL2011. The severity of intestinal injury was deter-

mined as it is considered to be a determinant of lethality

after total body irradiation. Transcriptional differences

were tested by a microarray technique and studies were

performed at the proteome level to show qualitative and

quantitative protein changes caused by irradiation or

GL2011 treatment by a gel-based proteomics method.

Subsequently, major brain receptor complexes were stud-

ied in hypothalamus of rat brain leading to the identifica-

tion of mediators of radiation damage at the protein level

and the differentially expressed proteins were validated by

immunoblotting.

Materials and methods

Animals

The experiments were performed using male albino Wistar

rats weighing approximately 200 g (±5 %). Animals were

reared and bred in Vinca Institute of Nuclear Sciences,

Belgrade, and housed prior to and after irradiation at

ambient temperature (20–23 �C) in cages (two animals per

cage) 12/12 light/dark rhythm. Food and water were pro-

vided ad libitum.

Irradiation

A 60-cobalt gamma ray source designed for radiobiological

and radiation chemistry experiments (Vinca Institute of

Nuclear Sciences, Belgrade) was used for irradiation.

Calibration of the source for these experiments was per-

formed by measuring midline absorbed doses in agarose

gel phantoms of a rat with embedded plastic vials (in the

middle and at both sides of the phantom) containing Fricke

solution and doses were determined by spectrophotometry.

Based on literature data, the dose of 6.7 Gy was selected as

a potential LD50/30 dose (Logie et al. 1960). Non-anaes-

thetized animals were confined in custom-made individual

cages made of wire, which were arranged in a circle around

the source (6 rats per session) at around 25 cm from the

source that was comparable to a previous publication

(Logie et al. 1960) using similar setup and source. Total

body irradiation was performed with rats sideways to the

source at the dose rate of 0.41 Gy/min, i.e. 16 min of

irradiation for the dose of 6.7 Gy. Since irradiation of rat

phantoms indicated slight left–right dose gradient due to

the proximity of animals to the source, cages with rats were

sideways rotated by 180� at the middle of irradiation ses-

sion to provide uniform dose distribution.

Experimental design

Rats in group I (GI) were irradiated with intraperitoneal

GL2011-treatment at 30 min prior to irradiation as well as

3 and 6 h post-irradiation. Doses were 100 mg/kg body

weight, administered in 1 mL vehicle (phosphate-buffered

saline, PBS, pH 7.35). Rats in group II (VI) were treated

with vehicle (PBS) at identical time points as the GI group

and irradiated. Rats in group III (GN) were given i.p.

injections of GL2011 in PBS (the same dose as in group I),

but were not irradiated. Rats in group IV (VN) served as

the sham-treated group, only vehicle was administered and
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they were not irradiated. Following irradiation, animals

were inspected twice a day (morning and evening) and

moribund animals were killed according to the IACUC

Guidelines, IACUC Policy#5. Experiments were done

under licence and approvement from the Ministry of

Agriculture, Forestry and Water Management, which

includes an ethical evaluation of the project (Approval

number 04/2012, 27.05.2012). Housing and maintenance of

animals were in compliance with European and national

regulations. Animals were killed by decapitation on a

guillotine on day 29 from the onset of irradiation and

organs were taken. Brains were taken for biochemical

analyses and stored at -80 �C.

Survival analysis

Survival of rats from all the four groups was monitored

from the day of onset of the experiment until the 28th day.

The probabilities of the survival of all four groups were

plotted as Kaplan–Meier survival curves until the 28th day.

Significant differences in the survival curves among the

groups VN, VI, GN and GI were evaluated using log rank

test (Mantel–Cox test) for multiple groups.

Jejunal crypt cell survival assay

Following the killing, rat intestines were fixed in 10 %

buffered formalin for 24–48 h at room temperature. The

specimens were subsequently dehydrated in ascending

alcohol concentrations, cleared with organic solvents, and

subsequently embedded in paraffin. Paraffin blocks were

cut into 5-lm-thick sections and stained with hematoxylin–

eosin. Ten transverse sections of small intestine from each

rat, taken at intervals of 80 lm, were used to estimate the

number of villi and crypts. The number of intestinal villi

and crypts was determined by using a computer-supported

imaging analysis Pro 3.1 software system connected to a

light microscope (Olympus AX70) with the objective

magnification of 49 and 109 (Mitrović et al. 2012).

The number of regenerating crypts and the total number

of crypts per transverse circumference were counted for ten

histological jejunal cross-sections per rat. Determining the

number of villi at the sections of the small intestine, villi

were classified as normal (full-length villi reaching the gut

lumen), as well as medium and small villi in length (not

reaching the gut lumen). The total number of crypts per

cross section was determined along with the number of

full-length crypts with lumen, and small and medium-

length crypts. Data obtained from each rat were averaged

per intestinal section and standard deviation of the mean

values was calculated. Statistical analysis was performed

using one-way analysis of variance (ANOVA) with post

hoc Bonferroni test for comparison between groups. The

results are expressed as mean value ± standard deviations

(SD) per section. Differences at p \ 0.05 were accepted as

the level of significance (Mitrović et al. 2012).

Behavioural studies

The Elevated plus maze study and the Open field test were

performed between 12th and 14th day from the onset of the

experiment.

Open field (OF)

Rats were observed with a video monitoring system (video

camcorder: 1/3 in. SSAM H EX VIEW HAD coupled to the

computerized tracking system: TiBeSplit) in an arena

(100 cm 9 100 cm long; with 40-cm-high walls) for 10 min.

Rats were placed into the centre of the arena and following

parameters were measured: path length, resting time, per-

centage of local and large movements, average speed, number

of times crossing centre, frequency of spontaneous changes

and time spent on the periphery (Prut and Belzung 2003).

Elevated plus maze (EPM)

The maze consisted of 4 arms (each 50 cm long and 10 cm

wide) fixed to the height of 50 cm, and the arms were

interconnected by a 10 cm 9 10 cm wide central area.

Two arms had 30-cm-high side and end walls. Rats were

observed for 5 min with a video camcorder coupled to a

computerized tracking system in an arena. Rats were

placed in the central area, head pointing away from the

box. Rats were observed for anxiety-related behaviour. The

parameters recorded were time spent in open and closed

arm, number of entries into the open and closed arm, and

path length in open and closed arm. An entry was defined

as having the animal place all four legs into the box (Pel-

low et al. 1985).

Neurological functional observational battery

Various neurological functions were checked as listed in

Supplementary Table 1. The FOB screening was based on

Irwin (1968) and SHIRPA (Rogers et al. 2001) protocols. A

battery of tests was applied to determine changes in

spontaneous activity, motor-affective responses, sensory

motor response, posture, muscle tone, gait and excretion.

To complete the assessment, vitally important reflexes like

pinna reflex, toe pinch, touch escape, etc., were scored.

Microarray analysis

Total RNA was isolated from hypothalamus of rats (6 per

group) from VI and VN groups using the RNeasy� micro
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kit (� 2003–2007 QIAGEN). Total RNA (200 ng) was

then used for GeneChip analysis. Preparation of terminal-

labeed cDNA, hybridization to genome-wide Rat Gene

Level 1.0 ST GeneChips (Affymetrix) and scanning of the

arrays were carried out according to manufacturer’s pro-

tocols (https://www.affymetrix.com). Robust multi-array

average (RMA) signal extraction, normalization and fil-

tering were performed using a custom chip description file

(Dai et al. 2005). A standard variation filter was applied for

selecting informative (i.e. significantly varying) genes

using CARMAweb (Rainer et al. 2006) statistical group

comparisons. To calculate differential gene expression

between individual sample groups, we performed a statis-

tical comparison using the LIMMA package as described

previously (Astapova et al. 2008). Briefly, LIMMA esti-

mates the fold change between predefined sample groups

by fitting a linear model and using an empirical Bayes

method to moderate the standard errors of the estimated

log-fold changes for each probe set. A multiple testing

correction based on the false discovery rate (FDR) was

performed to produce adjusted p values (Smyth 2005).

Validation of microarray studies at the protein level

Immunoblotting

Protein concentrations of brain lysates were measured

using the bicinchoninic acid assay using PierceTM BCA

Protein Assay (Smith et al. 1985). The lysates, 10 replicates

from VN, VI, GN and GI each containing 30 lg of total

protein were run on 10 % SDS gels (Criterion cell 1D

electrophoresis system, Bio-Rad Laboratories) before

being transferred to a PVDF membrane (Millipore-45 lm

pore size) in transfer buffer (48 mM Tris, 39 mM glycine,

0.03 % SDS) at 23 �C using a semi-dry Bio-Rad transfer

system. The membrane was blocked with 5 % (w/v) milk

powder in 19 TBST (100 Mm Tris–HCL, 150 mM NaCl,

0.1 % Tween 20, pH 7.5) at 23 �C for at least 1 h before

probing the protein bands with antibodies against Aadat

(Anti-aminoadipate aminotransferase antibody, ab89608-

abcam) and RT1 AW2 (Anti-RT1-Aw2 antibody,

ab119782-abcam). The blocked membranes were then

probed with the Aadat antibody (1:2,000) or RT1 AW2

antibody (1:4,000) in 1 % BSA in 19 TBST and incubated

at 4 �C overnight. After washing the membranes six times

using 19 TBS with 0.1 % Tween 20, they were incubated

with horseradish peroxidase-conjugated rabbit polyclonal

secondary antibody to mouse IgG (ab97046-abcam)

(1:10,000) in 5 % (w/v) milk powder in 19 TBST at 23 �C

for 1 h followed by further washing using 19 TBST.

Membranes were developed with the Amersham ECL plus

Western blotting detection system (GE Healthcare). The

Coomassie staining of total proteins on the PVDF

membrane after transfer using 0.1 % Coomassie R-350 in

methanol/distilled water was used as loading control as

described in Welinder and Ekblad (2011). The developed

films were scanned using Bio-Rad ChemidocTM MP sys-

tem. Protein bands were quantified by densitometry using

Bio-Rad Image LabTM software. Statistics was performed

by Graph Pad Prism 6 (Graph Pad Software, Inc. CA,

USA). Results were calculated as mean ± SD. Statistical

significance was determined using two-way ANOVA and

Tukey Kramer post hoc tests to analyse differences

between the four groups. Statistical significance was con-

sidered at the stringent conditions of ***p \ 0.001.

2D electrophoresis

Sample preparation

Cerebellum from each rat from all the four groups (eight

per group) were homogenized and suspended in 1.8 mL

sample buffer (20 mM Tris, 7 M urea, 2 M thio urea, 4 %

w/v CHAPS, 10 mM 1,4-dithioerythritol, 1 mM EDTA,

1 mM PMSF, 1 tablet CompleteTM (Roche Diagnostics,

Switzerland) and 0.2 % v/v phosphatase inhibitor cocktail

from Calbiochem, Merck, Darmstadt, Germany). The sus-

pension was sonicated on ice for approximately 30 s and

centrifuged at 14,0009g for 60 min at 12 �C. Desalting

was carried out with an Ultrafree-4 centrifugal filter unit at

a cut-off molecular weight of 10,000 Da (Millipore, Bed-

ford, MA, USA) at 4,4009g at 12 �C until the eluted

volume was about 4 mL and the remaining volume reached

100–200 lL. The protein content of the supernatant was

determined by the Bradford assay (Bae et al. 2012).

Two-dimensional gel electrophoresis (2-DE)

2-DE was performed essentially as reported previously

(Bae et al. 2012). Samples containing 700 lg of protein (8

gels per group) were subjected to immobilized pH 3–10

nonlinear gradient strips. Focusing started at 200 V. The

voltage was gradually increased to 8,000 V at 4 V/min and

kept constant for further 3 H (approximately 150,000 Vh

totally). Prior to the second-dimensional run, strips were

equilibrated twice for 15 min with gentle shaking in 10 mL

of SDS equilibration buffer (50 mM pH 8.8 Tris–HCl, 6 M

urea, 30 % v/v glycerol, 2 % w/v SDS, trace of bromo-

phenol blue). DTT (1 %) w/v was added at the first incu-

bation for 15 min and 4 % iodoacetamide w/v instead of

DTT at the second incubation step for 15 min. The second-

dimensional separation was performed on 10–16 % gradi-

ent SDS-PAGE. After protein fixation for 12 h in 50 %

methanol and 10 % acetic acid, the gels were stained with

colloidal Coomassie blue (Novex, San Diego, CA, USA)

for 8 h and excess of dye was washed out from the gels
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with distilled water. Molecular masses were determined by

running precision protein standard markers (Bio-Rad

Laboratories, Hercules, CA, USA), covering the range of

10–250 kDa. Isoelectric point values were determined as

given by the supplier (GE Healthcare, Buckinghamshire,

UK) of the immobilized pH gradient strips.

Quantification of protein levels

Protein spots from each gel were outlined (first automati-

cally and then manually) and quantified using the PDQuest

2-D analysis software version 8.0 (� 2005 Bio-Rad Lab-

oratories). The percentage of the volume of the spots rep-

resenting a certain protein was determined in comparison

with the total proteins present in the 2-DE gel. The soft-

ware used also revealed that spots evaluated did not contain

other proteins. Moreover, only well-separated spots were

considered for quantification. A total of 525 distinct protein

spots were identified by the software which was then re-

evaluated manually. Two-way ANOVA was performed

comparing the volume of all 525 spots among the already

mentioned 4 groups (***p \ 0.001, two-way ANOVA,

post hoc Tukey test). Among the spots quantified, seven

spots were significantly different among the four groups.

These spots were chosen for identification using Nano-LC-

ESI-(CID/ETD)–MS/MS (high-capacity ion trap, HCT).

Analysis of peptides by nano-LC-ESI-(CID/ETD)–MS/MS

(high-capacity ion trap)

The spots that showed significant differences were manu-

ally excised and placed into 1.5-mL LoBind Eppendorf

tubes. Gel plugs were washed with 10 mM ammonium

bicarbonate and 50 % ACN in 10 mM ammonium bicar-

bonate repeatedly. The addition of 100 % ACN resulted in

gel shrinking and the shrunk gel plugs were then dried in a

Speedvac Concentrator, 5301 (Eppendorf, Germany). The

dried gel pieces were reswollen and in-gel digested with

40 ng/mL trypsin (Promega, Madison, WI, USA) in

digestion buffer, consisting of 5 mM octyl b-D-glucopy-

ranoside (OGP) and 10 mM ammonium bicarbonate, and

incubated over night at 37 �C. Peptide extraction was

performed with 10 mL of 10 mM ammonium bicarbonate

overnight, 15 mL of 1 % formic acid (FA) in 5 mM OGP

for 30 min, 15 mL of 0.1 % FA for 30 min, and subse-

quently 0.1 % FA in 20 % ACN for 30 min. The extracted

peptides were pooled for high-capacity ion trap (HCT)

analysis. In total, 40 lL of extracted peptides was analysed

by HCT. The HPLC used was a bio-compatible Ultimate

3000 system (Dionex, Sunnyvale, CA, USA) equipped with

a PepMap100 C-18 trap column (300 mm 9 5 mm) and

PepMap100 C-18 analytic column (75–150 mm). The

gradient was (A: 0.1 % FA in water, B: 0.08 % FA in

ACN) 4–30 % B from 0 to 105 min, 80 % B from 105 to

110 min, 4 % B from 110 to 125 min. The flow rate was

300 nL/min from 0 to 12 min, 75 nL/min from 12 to

105 min, and 300 nL/min from 105 to 125 min. A HCT

ultra-PTM discovery system (Bruker Daltonics, Bremen,

Germany) was used to record peptide spectra over the mass

range of m/z 350–1,500, and MS/MS spectra in informa-

tion-dependent data acquisition over the mass range of m/

z 100–2,800. Repeatedly, MS spectra were recorded fol-

lowed by three data-dependent CID MS/MS spectra and

three ETD MS/MS spectra generated from three highest

intensity precursor ions. An active exclusion of 0.4 min

after two spectra was used to detect low abundant peptides.

The voltage between ion spray tip and spray shield was set

to 1,100 V. Drying nitrogen gas was heated to 170 �C and

the flow rate was 10 L/min. The collision energy was set

automatically according to the mass and charge state of the

peptides chosen for fragmentation. Multiple-charged pep-

tides were chosen for MS/MS experiments based on their

good fragmentation characteristics. MS/MS spectra were

interpreted and peak lists were generated by DataAnalysis

4.0 (Bruker Daltonics, Bremen Germany). Searches were

done by using MASCOT 2.2.04 (Matrix Science London,

UK) against the latest UniProtKB (http://www.uniprot.org)

for protein identification. Searching parameters were set as

follows: enzyme selected as trypsin with maximum of two

missing cleavage sites, species limited to ‘‘Rat’’, a mass

tolerance of 0.2 Da for peptide tolerance, 0.2 Da for MS/

MS tolerance, fixed modification of carbamidomethyl (C),

and variable modification of methionine oxidation and

phosphorylation (Tyr, Th, and Ser). Positive protein iden-

tifications were based on a significant MOWSE score.

After protein identification, an error-tolerant search was

done to detect nonspecific cleavage and unassigned modi-

fications. Protein identification and modification informa-

tion returned from MASCOT were manually inspected and

filtered to obtain confirmed protein identification and

modification lists of CID MS/MS and ETD MS/MS (Bae

et al. 2012).

Western blotting

Thirty microgram of rat cerebellar protein extracts from all

four experimental groups was loaded onto 1D SDS-PAGE

gels. Proteins were transferred at 23 �C onto PVDF

membranes (Millipore, 45 lm pore size) using a semi-dry

Bio-Rad transfer system. Membranes were blocked by

incubation for 1 H in TBST containing 5 % non-fat dried

milk powder (Bio-Rad) and 0.1 % Tween 20. After

washing, membranes were incubated with diluted primary

antibodies: anti-SEPT5 antibody-ab69538 (1:2,500; Ab-

cam, Cambridge, UK), anti-peroxiredoxin 5 antibody

(1:2,000; Abcam, Cambridge, UK), anti-VDAC 1 antibody

Radioprotection by an aminothiol GL2011 1685
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(1:1,000; Abcam, Cambridge, UK) and anti-SOD2 antibody

(1:5,000; Abcam, Cambridge, UK) at 4 �C overnight.

Membranes were washed three times by gentle agitation in

TBST containing 0.1 % Tween 20. The anti-SOD2 antibody

and anti-VDAC 1 antibody were detected with HP-coupled

secondary anti-rabbit IgG (1:5,000; Abcam, Cambridge,

UK). The anti-SEPT5 antibody and anti-peroxiredoxin 5

primary antibodies were detected with rabbit polyclonal

secondary antibody to mouse IgG—H&L (1:5,000; ab97046;

Abcam, Cambridge, UK). Membranes were developed with

the Amersham ECL plus Western blotting detection system

(GE Healthcare, Buckinghamshire, USA).

Determination of brain receptor complexes by blue-

native gels and subsequent immunoblotting

Ten hypothalami from each of the four groups were run on

blue-native PAGE followed by immunoblotting with anti-

bodies against major brain receptor systems 5-hydroxytryp-

tamine 1A (5HT1A, serotonin receptor 1A, 1:25,000), AMPA

receptors (GluR1-1:20,000 and GluR2-1:10,000), NMDA

receptor (NR1, 1:5,000) dopamine receptors (D1-1:5,000 and

D2-1:10,000) and nicotinic acetylcholine receptors alpha 4

and alpha 7 (Nic4-1:10,000, Nic7-1:5,000) as given below.

Sample preparation

Samples were homogenized in ice-cold homogenization

buffer [10 mM, HEPES, pH 7.5, 300 mM sucrose, one

complete protease inhibitor tablet (Roche Molecular Bio-

chemicals, Mannheim, Germany) per 50 mL by Ultra-Turrax

(IKA, Staufen, Germany). The homogenates were centrifuged

for 10 min at 1,0009g and the pellet was discarded. The

supernatant was centrifuged at 50,0009g for 30 min in an

ultracentrifuge (Beckman Coulter Optima_L-90K). Subse-

quently, the pellet was homogenized in 5 mL washing buffer

(homogenization buffer without sucrose), kept on ice for

30 min and centrifuged at 50,0009g for 30 min.

Sucrose gradient ultracentrifugation for membrane

fractionation

The plasma membrane purification procedures from the pellet

were carried out as described previously, with slight modifi-

cation. Sucrose density gradient centrifugation solutions of

700 lL each of 69, 54, 45, 41, and 37 % (w/v) were formed.

Membrane pellets in 500 lL were re suspended in homoge-

nization buffer, layered on top of the tubes that were filled with

homogenization buffer. Samples were ultracentrifuged at

4 �C at 70,0009g for 3 h. After centrifugation, the 41 %

fraction from the sucrose interface was collected, diluted 10

times with homogenization buffer, and then ultracentrifuged

at 4 �C at 100,0009g for 30 min. After discarding the

supernatant, the pellet was stored at -80 �C until use (Chen

et al. 2006; Ghafari et al. 2011).

Blue native-polyacrylamide gel electrophoresis (BN-

PAGE)

Membrane pellets from the 41 % sucrose gradient ultracen-

trifugation fraction were solubilized in extraction buffer

(1.5 M 6-aminocaproic acid, 300 mM Bis–Tris, pH 7.0) and

10 % Triton X-100 (stock solution was added at a ratio of1:4 to

achieve final 2 % Triton X-100 concentration) with vortexing

every 10 min for 1 h. Following solubilization, samples were

cleared by centrifugation at 20,0009g for 60 min at 4 �C. The

protein content was estimated using the BCA protein assay kit

(Pierce, Rockford, IL, USA). Fifty microgram of the mem-

brane protein preparation was applied onto gels. Sixteen mil-

lilitres BN-PAGE loading buffer [5 % (w/v) Coomassie G250

in 750 mM 6-aminocaproic acid] were mixed with 100 lL of

the membrane protein preparation and loaded onto the gel. BN-

PAGE was performed in a PROTEAN II xi Cell (Bio-Rad,

Germany) using 4 % stacking and 5–18 % separating gel. The

BN-PAGE gel buffer contained 500 mM 6-aminocaproic acid,

50 mM Bis–Tris, pH 7.0; the cathode buffer 50 mM Tricine,

15 mM Bis–Tris, 0.05 % (w/v) Coomassie G250, pH 7.0; and

the anode buffer 50 mM Bis–Tris, pH 7.0. The voltage was set

to 50 V for 1 h, 75 V for 6 h, and was increased sequentially to

400 V (maximum current 15 mA/gel, maximum voltage

500 V) until the dye front reached the bottom of the gel (Kang

et al. 2008). Native high molecular mass markers were

obtained from Invitrogen (Carlsbad, CA, USA).

Immunoblotting

Membrane proteins were transferred from BN-PAGE to PVDF

membranes. After blocking of membranes for 1 h with 10 %

non-fat dry milk in 0.1 % TBST (100 mM Tris–HCL, 150 mM

NaCl, pH 7.5, 0.1 % Tween 20), membranes were incubated

with primary antibodies GluR1 (Abcam, ab31232, Cambridge,

UK), GluR2 (Abcam, ab52932, Cambridge, UK), GluR3

(Abcam, ab87609, Cambridge, UK), GluR4 (Abcam,

ab109431, Cambridge, UK), Dopamine receptor D1 (Abcam,

ab85608, Cambridge, UK), Dopamine Receptor D2 (Millipore,

AB5084P), nicotinic Acetylcholine Receptor alpha4 (Abcam,

ab41172, Cambridge, UK), nicotinic Acetylcholine Receptor

alpha7 (Abcam, ab10096, Cambridge, UK), Muscarinic

Receptor M1 (Abcam, ab75178, Cambridge, UK), NMDAR1

(Abcam, ab28669, Cambridge, UK), 5HT1A (GenScript, Pis-

cataway, NJ, USA), and detected with horseradish peroxidase-

conjugated anti-rabbit IgG (Abcam, ab6721, Cambridge, UK).

Membranes were developed with the ECL Plus Western

Blotting Detection System (GE Healthcare, Buckinghamshire,

UK). Arbitrary optical densities of immunoreactive bands were

measured by the Image J software program.
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Results

Survival analysis

Figure 1 demonstrates radioprotective capability of

GL2011 leading to a survival of 93 % of rats in the GI

group as compared to a survival of 30 % in the VI group.

The survival in non-irradiated groups GN and VN was

100 %. The log rank test performed indicated that the

survival curves were significantly different.

Crypt assay

Figure 2a, c shows that the small intestine of animals from

the GN group closely resembles the structure with normal

villi (the VN group) except for slightly more apparent

presence of atypical ramified villi which can be the results

Fig. 1 Kaplan–Meier survival analysis. Comparison of survival

percent of rats among the four groups VN, VI, GI and GN, using

Kaplan–Meier survival analysis. The survival curves were signifi-

cantly different as predicted by log rank test. (***p value \0.001)

Fig. 2 Jejunal crypt cell assay. a Examples of micrographs of jejunal

morphology (VI vehicle-treated and irradiated, VN vehicle-treated and

non-irradiated, GN GL2011 treated and non-irradiated, and GI

GL2011 treated and irradiated). The destruction of villi is apparent

in the VI group. b Effect of GL2011 on the number of villi in four

groups.The total number of villi is decreased and the number of small

and medium length is increased in the VI group as compared to the

other three groups (*p \ 0.05). c Examples of micrographs of jejunal

morphology with crypts for four different treatments. Viable cells are

present in crypts of VN, GN, and GI groups, while they are scarce in

the VI group (insert, the closed arrow). Paneth cells (the open arrow)

and cells undergoing division (*) can be appreciated. Horizontal bar

indicates 50 lm. d Effect of GL2011 on jejunal crypt cell survival.

Counts of total crypts, full-length crypts with lumen and small and

medium-length crypts. *p \ 0.05 (as compared to VN), a p \ 0.05

(as compared to VN and GI)
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of normal villi regeneration. The number of total and

small- and medium-length villi was essentially the same

between these groups indicating that administration of

GL2011 had no effect on the population of villi (Fig. 2b).

The most apparent observation in the GI group is that it

shows no significant difference from the VN and the GN

groups in both categories of villi. However, the total

number of villi was significantly reduced in the VI group as

compared to the other groups (Fig. 2b). This is caused by

the decrease of the population of normal length villi. In

some parts there are only medium and small villi and

consequently, the number of these structures was signifi-

cantly increased in this group when compared to the other

three groups, probably a sign of regeneration of villi.

Nevertheless, the total crypt counts were significantly

reduced in the VI group as compared to the other three

treatments (Fig. 2d). Also, the number of full-length crypts

in the VI group was significantly lower than in the pro-

tected GI group. All these findings unambiguously dem-

onstrate a radioprotective effect of GL2011 in the GI

group. No significant effect of GL2011 itself on crypts was

observed.

Behavioural studies

Open field test

Resting time and time spent in the periphery increased

significantly in the VI group when compared to VN group

(Fig. 3a, b). Radiation reduced average speed (Fig. 3c),

path length (Fig. 3d), percentage of large movements

(Fig. 3e) and frequency of spontaneous changes (Fig. 3f).

GL2011 significantly reversed the effect of radiation on all

the above parameters (Fig. 3a–f) except for the time spent

in the periphery (Fig. 3b). However, GL2011-treatment did

not change the number of times crossing the centre

(Fig. 3g) and % of local movements (Fig. 3h).

Drug effects, non-related to irradiation were also

observed as GL2011 increased average speed, path length

and percentage of large movements and decreased the

resting time in animals from the GN group, compared to

the VN group.

Elevated plus maze

The significant increase in the resting time was observed in

the VI group as compared to the VN group (Fig. 4a). On

the other hand, Fig. 4b, c shows that the pathlength in the

open arms (left and right) as well as the time spent in the

open arm (Fig. 4d) were significantly reduced in VI when

compared to VN. Pre-treatment with GL2011 did not

reverse the effects of irradiation on the resting time

(Fig. 4a), but it reversed the effects of irradiation on the

pathlength in the open arm and the time spent in the open

arm. The drug effects of GL2011 are shown as increased

path length in the open arms, the time spent in the open arm

and decreased resting time in the GN group as compared to

the VN group.

Neurological functional observational battery

All rats completed behavioural testing and results of the

Neurological Functional Observational Battery are shown

in Supplementary table 1. Scores (mean ± SD) are evalu-

ated according to Irwin et al. Higher score presented more

(better, higher) activity (performance, response) for all

parameters except gait, wire manoeuvre and righting reflex

whereas better performance was presented by a lower

score. Some parameters are scored as ±positive/negative

(two-way ANOVA, *p \ 0.05, **p \ 0.01,

***p B 0.001). Major findings were tremors observed in

the rats from group VI, while it was absent in VN, GN and

GI groups. The parameters defining spontaneous activity,

motor-affective response and muscle tone showed signifi-

cant difference among the four groups, with the score being

less in VI group indicating poor performance compared to

VN group. GI group presented with improved performance

when compared to VI group as evidenced by increased

score.

Neurochemical findings

RNA microarray

Differences between RNA levels from hypothalami of VI

and VN groups were considered significant when a twofold

difference was observed in mean fold change and only four

RNAs showed such difference based on the stringent

b Fig. 3 Results of open field test a and b. The resting time (a) and the

time spent in the periphery (b) increased significantly in the VI rats

when compared to the VN rats. GL2011 treatment (the GI group)

significantly reversed the effect of radiation on resting time, but did

not have effect on the time spent on periphery. A decrease in the

resting time was observed following the administration of GL2011 in

the GN group when compared to the VN group, but the time spent on

periphery was not altered. The statistical analysis used was two-way

ANOVA with Tukey post hoc test, ***p \ 0.001. c–f Average speed,

path length, percentage of large movements and frequency of

spontaneous changes decreased significantly in VI rats when

compared to VN rats. GL2011 treatment significantly reversed the

effect of radiation on average speed (c), path length (d), percentage of

large movements (e) and frequency of spontaneous changes (f). Drug

effects were seen as GL2011 increased average speed, path length and

percentage of large movements in GN rats when compared to VN rats.

The statistical analysis used was two-way ANOVA with Tukey post

hoc test, ***p \ 0.001. g, h Radiation and/or GL2011-treatment did

not change the parameters number of times crossing the centre (g) and

% of local movements (h)
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criterion. Data on the outcome are listed in Table 1,

showing that RNAs aminoadipate aminotransferase (Aa-

dat) and RT1 AW2 were different in mean fold change at

least twofold along with NA and MGC108823.

Validation of microarray studies at the protein level

Western blot performed to confirm the microarray data

(Fig. 5a, b), where the expression of Aadat and RT1 AW2

genes showed more than twofold increase in the VI rats

when compared to the VN rats, reflected the microarray

results in cases of both Aadat and RT1 AW2 proteins. The

two-way ANOVA results showed that increase in levels of

Aadat protein and RT1 AW2 protein in VI rats when

compared to VN was significant (***p \ 0.001, two-way

ANOVA, post hoc Tukey test). The levels of RT1 AW2

protein and Aadat protein were decreased significantly in

the GI group when compared to VI group. GL2011 also

significantly increased the levels of both proteins when

administered without irradiation (in GN group) as com-

pared to the VN group.

Two-dimensional gel electrophoresis

Proteins from cerebella of four experimental groups of rats

(VN, VI, GN, and GI) were extracted and separated on 2DE

gels. Protein spots showing significant differences in their

spot intensity (Fig. 6) among the four groups were identified

by mass spectrometry, and were labelled by their UniProtKB

accession numbers. Identification results are provided in

Table 2. The proteins that showed significant differences

among all the four groups following the two-way ANOVA

were unambiguously identified. Five proteins: vimentin-

VIME_RAT (Spot 1708), septin 5-SEPT5_RAT (Spot

5512), voltage-dependent anion-selective channel protein

1-VDAC1_RAT (spot 8204), superoxide dismutase 2

(Mn)—SODM_RAT (Spot 7210) and mitochondrial per-

oxiredoxin-5-PRDX5_RAT (Spot 6105) were significantly

increased in the VI group as compared to the VN group.

GL2011 significantly increased their levels in the GI group

when compared to the VI group. The drug effect of the

GL2011 was observed by the significant increase of levels of

these proteins in the GN group as compared to the VN group.

Fig. 4 Results of elevated plus maze. a The resting time increased

significantly in VI rats when compared to VN rats. GL2011 treatment

did not reverse the effects in terms of resting time in GI rats. Drug

effects were seen as GL2011 decreased the resting time in GN rats

when compared to VN rats. The statistical analysis used was two-way

ANOVA with Tukey post hoc test, ***p \ 0.001. b–d Pathlength in

the open arms (left and right) as well as time spent in the open arm

was significantly reduced in VI rats when compared to VN rats.

GL2011 treatment significantly reversed the effects of radiation in

terms of pathlength in the open arm and the time spent in the open

arm. The drug effects by GL2011 increased the pathlength in the open

arm (R) and the time spent in the open arm in GN rats when compared

to VN rats. The statistical analysis used was two-way ANOVA with

Tukey post hoc test, ***p \ 0.001
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Verification of individual proteins by immunoblotting

The proteins SEPT5_RAT, VDAC1_RAT, SODM_RAT and

PRDX5_RAT were selected to be quantified for verification

using immunoblotting and all the four proteins were in agree-

ment with the previous 2DE quantification. The levels of all the

four above-mentioned proteins were increased significantly in

VI group when compared to VN group. However, GL2011

increased the protein levels in GI group significantly higher

than in VI group indicating a drug effect. This effect of the drug

was further seen in GN rats, where the levels of these proteins

increased significantly when compared to VN rats (Fig. 7a–d).

Fig. 5 Validation of microarray

studies at the protein level

a. Representative immunoblot

image of aminoadipate

aminotransferase comparing

VN, VI, GI and GN groups. A

target band for Aadat protein

was observed at the expected

apparent molecular weight

(47.8 kDa). The total protein

Coomassie R-350 staining of

the PVDF membrane was used

as the loading control.

Densitometry analysis was

performed to quantify the levels

of Aadat in all four groups.The

graph is representing the results

of two-way ANOVA and Tukey

post hoc confirmatory test

(***p \ 0.001).

b Representative immunoblot

image of RT1 AW2 comparing

VN, VI, GI and GN groups. A

target band for RT1 AW2 at the

expected apparent molecular

weight (37 kDa) was observed.

The total protein Coomassie

R-350 staining of the PVDF

membrane was used as the

loading control. Densitometry

analysis was performed to

quantify the levels of RT1 AW2

in all four groups. Statistics was

performed using Graph pad

Prism 6 software. The graph is

representing the results of two-

way ANOVA and Tukey post

hoc confirmatory test

(***p \ 0.001). Values are

expressed as mean ± SD

Table 1 Microarray gene chip data of significantly differentially expressed RNAs between VN and VI groups

Probe set_id Accession number Gene symbol Corrected p value Mean fold change

(irradiated/not irradiated)

ENSRNOG00000030339_at NA NA 0.000198694 2.90

ENSRNOG00000019542_at NM_001012353 MGC108823;RGD1559715 0.006251925 2.28

ENSRNOG00000011861_at NM_017193;NP_058889 Aadat 0.000098618 2.22

ENSRNOG00000038999_at NM_012645 RT1-EC2;RT1-A1;RT1-AW2 0.014733044 2.17

RNA levels from hypothalami showing four RNAs with the mean fold change VI/VN higher than two. Also shown are the gene symbols, probe

set id, mean fold change and corrected p value

Radioprotection by an aminothiol GL2011 1691

123



Brain receptors

All levels of major brain receptor-containing complexes, as

determined by blue-native gels and subsequent immunoblotting

were comparable between groups without any significant dif-

ference except the D2-containing receptor complexes that were

represented by two bands at approximately 720 kDa. The

immunoblotting pattern of the D2-receptor-containing com-

plexes is provided in Fig. 8. D2-containing receptor complex

levels significantly increased in VI group when compared with

VN group. GL2011 significantly decreased D2-receptor-con-

taining complex levels in GI group when compared to VI group.

Discussion

The major outcome of the study is the result that a naturally

occurring aminothiol, GL2011, is radioprotective against

Fig. 6 Representative 2D

electrophoresis image showing

the spots with significantly

different spot intensities among

VN, VI, GN and GI groups. The

protein spots which showed

significantly different spot

intensities among the four

groups indicated by their given

UniprotKB accession number

(***p \ 0.001, two-way

ANOVA post hoc Tukey test)

Table 2 Mass spectrometrical identification of protein spots showing significantly different spot intensities between VN and VI groups

Spot

number

UniProtKB

accession number

Protein symbol/name Nominal

mass (Mr)

Score Sequence

coverage (%)

Enzyme Species

1620 Q6AYH5 DCTN2_RAT/dynactin subunit 2 44,121 347 43 Trypsin Rattus norvegicus

1708 P31000 VIME_RAT/vimentin 53,700 494 51 Trypsin Rattus norvegicus

5512 Q9JJM9, Q8R2F7, Q9JJM8 SEPT5_RAT/septin 5 42,825 290 27 Trypsin Rattus norvegicus

6105 Q9R063, Q68G22 PRDX5_RAT/peroxiredoxin 5 22,165 354 37 Trypsin Rattus norvegicus

7210 P07895 SODM_RAT/superoxide dismutase

[Mn], mitochondrial

24,659 420 45 Trypsin Rattus norvegicus

Proteins significantly different between VI and VN, their corresponding spot numbers, UniprotKB accession numbers, nominal mass, score,

sequence coverage and enzyme used for digestion for mass spectrometrical identification
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whole-body irradiation at high doses of gamma irradiation.

The drug GL2011, conferred commendable protection

against a lethal dose of gamma irradiation when given in

three identical doses at three time points to the rats inclu-

ded in the study. The survival percentage of GI rats was 93,

as compared to the 30 % survival in VI rats.

The intestinal epithelium is sensitive to radiation injury

(Riehl et al. 2012) and an excellent standard to study the

radiation injury and the protective effects of a radiopro-

tector like GL2011. As observed from jejunal crypt assay,

the radiation had a potent effect on the villi and crypts as

seen by the significantly reduced number of villi and crypt

counts in VI group compared to VN, GN and GI group. The

administration of GL2011 had no effect on the villi pop-

ulation in the GN group, indicating no severe effects of

GL2011 on the intestinal epithelia. Also it was noted that

the number of total, small- and medium-length villi as well

as crypts of GI group was comparable to VN group,

demonstrating a radioprotective effect of GL2011 for the

GI tract.

The neuroprotective behavioural effects were demon-

strated using the open field as well as the elevated plus

maze. The administration of GL2011 to rats prior to and

after irradiation significantly reversed the effect of radia-

tion on resting time, average speed, path length, percentage

of large movements and frequency of spontaneous changes

in the open field. In elevated plus maze study, GL2011

reversed the effect of radiation on path length in the open

arm and time spent in the open arm as compared to VI rats.

Searching for RNAs that may be involved in radiation

damage and/or protection revealed that only two nucleic

acids were potentially involved. Subsequently these two,

Aadat and RT1 AW2, were confirmed at the protein level.

Aadat, an enzyme of intermediary metabolism is involved

in the metabolism of lysine that catalyses the reversible

transamination reaction between L-2-aminoadipate and

Fig. 7 Verification of 2D results by immunoblotting. a Representa-

tive immunoblot image comparing the levels of peroxiredoxin-5 in

VN, VI, GI and GN groups. A target band for peroxiredoxin-5 at the

expected apparent molecular weight (24 kDa) was observed. b Rep-

resentative immunoblot image comparing the levels of superoxide

dismutase-5 Mn in VN, VI, GI and GN groups. A target band for

superoxide dismutase-5 Mn at the expected apparent molecular

weight (25 kDa) was observed. c Representative immunoblot image

of voltage-dependent anion-selective channel protein 1 comparing the

levels of the protein in VN, VI, GI and GN groups. A target band for

VDAC at the expected apparent molecular weight (31 kDa) was

observed. d Representative immunoblot image of Septin-5 comparing

the levels of the protein in VN, VI, GI and GN groups. A target band

for Septin-5 at the expected apparent molecular weight (43 kDa) was

observed. In all the experiments, the total protein Coomassie R-350

staining of the PVDF membrane was used as the loading control. The

graphs represent the densitometry analysis performed to quantify the

levels of the proteins using immunoblotting in all four groups.

Statistics was performed using Graph pad Prism 6 software (two-way

ANOVA and Tukey post hoc confirmatory test—***p \ 0.001).

Values are expressed as mean ± SD
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2-oxoglutarate to produce 2-oxoadipate and L-glutamate

(Buchli et al. 1995) which in turn may be responsible for

the reported glutamate-evoked excitotoxicity in the irradi-

ated brain (Gliyazova et al. 2013). GL2011 reversed the

increase of hypothalamic Aadat levels induced by irradia-

tion. Immune cells are shown to be vulnerable to radiation.

In our study RT1AW2, an RNA, belonging to the MHC I

class family, with an immunoglobulin-like domain (entry

name, HA11_RAT; accession number, P15978) showed

increased expression in VI rats compared to VN rats, which

was reversed by GL2011 in GI rats.

Septin 5 has been reported at the protein level (Diao

et al. 2007), but no specific function has been assigned to

this protein although involvement in cell cycle/cell division

has been suggested (Kremer et al. 2007). Radiation

increased septin 5 levels in the VI rats compared to the VN

rats significantly which may present a possible mechanism

to cope with radiation-induced cell damage by increasing

the level of septin 5. Interestingly, the levels were

increased more so in GN and GI rats compared to VN and

VI groups, indicating the effect of GL2011 on septin 5

levels. Radiation also increased levels of VDAC1 in VI

rats. The change of this porin may reflect altered metabolic

fluxes following radiation or simply play a role in apoptosis

(Craigen and Graham 2008). Accordingly, the levels of

VDAC 1 were significantly increased in GN and GI rats as

compared to VN and VI rats.

Reactive oxygen species play a key role in cell death

following ionizing radiation (Morales et al. 1998). All cells

contain a certain level of endogenous free radical scav-

engers, the expression of which can be induced under

stressful conditions as radiation exposure. Several radio-

protective compounds like amifostine can induce the

expression of endogenous scavengers, and it is one of the

most potent inducers of MnSOD (Murley et al. 2007).

Superoxide dismutase has been shown to be involved in the

radiation response and its effect on radiation protection has

been reported (Hardmeier et al. 1997). Herein, two anti-

oxidant enzymes, SODM_RAT and PRDX5_RAT showed

increased levels in VI rats compared to VN rats which can

be deciphered as the animal’s innate mechanism to protect

against radiation-induced oxidative stress. Levels of these

proteins increased significantly in GI rats as compared to

all other three groups, indicating the effect of GL2011 on

Fig. 8 Immunoblot of D2

receptor complex comparing the

levels in VN, VI, GN and GI

groups. Representative

immunoblot image of D2

receptor-containing complexes

comparing the levels in VN, VI,

GN and GI groups. Two target

bands for the D2 receptor

complex at the expected

apparent molecular weight

(approx. 720 KDa) were

observed. The total protein

Coomassie R-350 staining of

the PVDF membrane was used

as the loading control.

Densitometry analysis was

performed to quantify the level

of D2 receptor complex in all

four groups. Statistics was

performed using Graph pad

Prism 6 software. The graph is

representing the results of two-

way ANOVA and Tukey post

hoc confirmatory test

(***p \ 0.001). Values are

expressed as mean ± SD
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these proteins. GL2011 increased the protein levels in the

absence of irradiation in GN rats strongly suggesting a drug

effect raising the levels of antioxidant enzymes. This

activity may be considered as a possible mechanism for the

effective radioprotection observed although the aminothiol

may act in vivo also as a prooxidant eliciting the increased

antioxidant response. It is known that the peroxiredoxins

are proteins which play an important role in the antioxidant

defence and hydrogen peroxide-mediated signalling (Wood

et al. 2003). However, so far no specific information is

available on the possible role of PRDX5 in the mechanisms

of radioprotection or radiation damage and this probable

role is herewith proposed. Even in non-irradiated rats

GL2011 is increasing brain levels of all the above-men-

tioned antioxidant enzymes.

Although there is no reported direct link between

dopamine, its receptors and radiation, dopamine is

involved in inducing apoptosis by an oxidation-mediated

signalling pathway (Luo et al. 1999). The levels of a D2

receptor complex increased in VI rats as compared to VN

rats, representing neuronal damage and subsequently one

may conclude that the reversal of D2 levels in GI rats

reflects the neuroprotective effect of GL2011.

Taken together, we have observed a significant radio-

protective effect by a non-toxic naturally occurring ami-

nothiol, GL2011 in terms of survival, intestinal crypt cell

protection, behaviour and studied probable pathways and

cascades potentially involved in ionizing radiation-induced

damage and protection.
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