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Radiation exerts direct as well as indirect effects on DNA through the generation of reactive oxygen species
(ROS). Irradiated hematopoietic progenitor cells (HPCs) experience DNA strand breaks, favoring genetic in-
stability, due to ROS generation. Our aim was to study the effect of a range of radiation doses in HPCs and
the possible protective mechanisms activated by insulin-like growth factor-1 (IGF-1). ROS generation was
evaluated, in the presence or absence of IGF-1 in liquid cultures of human HPCs-CD34+ irradiated with 1-,
2- and 5-Gy X-rays, using a flow cytometry assay. Manganese superoxide dismutase (MnSOD) expression
was studied by western blot analysis and visualized by an immunofluorescence assay. Apoptosis was esti-
mated using the following assays: Annexin-V assay, DNA degradation assay, BCL-2/BAX mRNA and
protein levels and caspase-9 protein immunofluorescence visualization. Viability and clonogenic potential
were studied in irradiated HPCs. The generation of superoxide anion radicals at an early and a late time point
was increased, while the hydrogen peroxide generation at a late time point was stable. IGF-1 presence further
enhanced the radiation-induced increase of MnSOD at 24 h post irradiation. IGF-1 inhibited the mitochon-
dria-mediated pathway of apoptosis by regulating the m-RNA and protein expression of BAX, BCL-2 and the
BCL-2/BAX ratio and by decreasing caspase-9 protein expression. IGF-1 presence in culture media of irra-
diated cells restored the clonogenic capacity and the viability of HPCs as well. In conclusion, IGF-1 protects
HPCs-CD34+ from radiation effects, by eliminating the oxidative microenvironment through the enhancement
of MnSOD activation and by regulating the mitochondria-mediated pathway of apoptosis.
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INTRODUCTION

In cancer patients undergoing therapeutic irradiation, hem-
atopoietic progenitor cells (HPCs) are affected by direct
bone marrow irradiation, or indirectly, by products from
irradiated neighbouring tissues. Recent studies have shown
that ionizing radiation on HPCs results in the generation of
reactive oxygen species (ROS), influencing the oxidative
status of the cells [1, 2]. ROS are products of normal

cellular metabolism that act as second messengers in signal
transduction pathways. They have the potential to modulate
critical cellular components such as DNA, proteins and
lipids, resulting in the activation of mechanisms that lead
either to cell proliferation or to programmed cell death [3].
In several models of apoptosis due to various doses of radi-
ation, increased generation of ROS has been described as
an early event of apoptosis and as a cause of DNA strand
breaks [4, 5]. Alternatively, radiation-induced oxidative
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stress results in mutations at target DNA loci, chromosomal
rearrangements, epigenetic alterations and defective double
strand breaks repair, contributing to the perpetuation of a
genomic instability phenotype of the affected cells [6, 7].
Mutagenesis of DNA in critical repair genes and epigen-

etic alterations of DNA are responsible for the initiation of
an instability phenotype [8, 9]. The progeny of irradiated
cells display changes, such as aneuploidy, micronucleus
formation, sister chromatid exchanges, gene mutations,
amplifications and chromosomal destabilization, resulting
in the generation of an aberrant clonal population of cells
and promoting tumorigenesis [9].
Ionizing radiation has been shown to generate ROS

in many cell types, through mitochondrial dysfunction
[10, 11]. Endogenous generation of ROS and chronic expos-
ure of cells to exogenously applied H2O2 have been linked
with genomic instability and gene amplification [12]. Bone
marrow cells in irradiated animals demonstrate alterations
indicative of oxidative stress as well as mitochondrial
damage [13]. Wang et al. have shown that total body irradi-
ation caused residual bone marrow injury by induction of
oxidative stress in murine hematopoietic cells [2].
Following irradiation, cells respond with an increase in

the expression of cellular antioxidant defences, representing
one of the most potent mechanisms of combating damage.
Manganese superoxide dismutase (MnSOD), a scavenger of
free radicals that exists predominantly in the mitochondrial
environment, plays a central role in protecting cells against
ROS injury during radiation exposure, catalysing the reac-
tion of superoxide anion to hydrogen peroxide in the mito-
chondria of eukaryotic cells [14].
ROS generation has been also implicated in the activa-

tion of the mitochondrial pathway of apoptosis [15]. BCL-2
and BAX were among the first group of cell death regula-
tory genes identified as mediators of mitochondria-induced
cell death. They have the potential to regulate the apoptotic
cascade under a variety of stress conditions by modulating
the mitochondrial transmembrane potential [16]. BCL-2
and BAX are both involved in the apoptotic cascade but it
is important to note that their ratio constitutes the main
factor for driving the cell to survival or death following
an apoptotic stimulus [17, 18]. Caspase-9 represents an
additional inducer of apoptosis, and is activated by
cytochrome-c and Apaf-1 in the mitochondrial-mediated
apoptotic cascade [19].
Numerous studies have shown the efficacy of growth

factors in stimulating cell recovery after radiation-induced
injury. G-CSF, GM-CSF, IL-3 and TPO are among the
most efficient cytokines [20–22].
Insulin-like growth factor-1 (IGF-1) is a survival factor

for a variety of cell systems [23]. HPCs and bone marrow
stromal cells produce and secrete IGF-1, which, by binding
to its receptor, regulates growth, differentiation and prolifer-
ation of hematopoietic cells with an autocrine or paracrine

mechanism [22, 24]. IGF-1 induces pleiotropic responses in
many cell types, acting as a survival factor and preventing
the onset of apoptosis in stressed cells [25, 26]. The bio-
logical actions of IGF-1 are mediated by the IGF-1 recep-
tor, a glycoprotein of the cell membrane. Binding of IGF-1
to the receptor promotes intrinsic tyrosine kinase activity
leading to the activation of two main downstream signalling
cascades, the mitogen-activated protein kinase (MAPK)
and the phosphatidyl-inositol 3-kinase pathway [27, 28].
The phosphatidyl-inositol 3-kinase pathway activates via
Akt signalling antiapoptotic (bcl-2, bcl-xl) or proapoptotic
(Bax) proteins in mitochondria [29].
The aim of our study was to evaluate the biological

effects of radiation and specifically the production of ROS
and the initiation of programmed cell death on fresh iso-
lated human CD34+ HPCs, irradiated with a range of doses
within the range of therapeutic doses commonly used in
cancer patients. The hematopoietic cells characterized as
CD34+ are a cell population with functional heterogeneity
and variability, involving stem cells and progenitor cells
that retain both proliferation and differentiation potential (a
proportion of these cells are in cell cycle or in G0 phase/
dormant cells) [30].
Considering the known protective effects of IGF-1 on

irradiated tissues [31], we investigated the effect of IGF-1
administration on irradiated HPCs-CD34+ and the potential
mechanisms triggered by the factor.

MATERIALS AND METHODS

Cell isolation and cultures conditions
Cord blood was obtained from the umbilical cord veins of
healthy full-term human deliveries, after the informed
consent of the mother. Umbilical cord blood cells was
layered on Ficoll-Hypaque (Biochrom AG, Berlin,
Germany, d = 1.077 g/ml). Mononuclear cells were col-
lected by centrifugation on Ficoll-Hipaque and CD34+ cells
were isolated using CD34 positive magnetic beads
(Miltenyi Biotec, Gladbach, Germany), according to the
manufacturer’s instructions. The purity of the isolated cells
was evaluated by flow cytometry using a FITC-anti-CD34
antibody (Becton Dickinson, San Jose, CA) and the
IgG1-FITC-antibody (Becton Dickinson) as a control. In all
experiments the purity of HPCs-CD34+ was close to 95%.
The CD34+ cell suspension was diluted to 25 × 103 cells/ml
and cultured in iscove’s modified dulbecco’s medium
(IMDM) (GIBCO, Paisley, UK) supplemented with 20%
BIT (Stem cell Technologies-Vancouver, BC, Canada),
100 units/ml penicillin and 100 μg/ml streptomycin
(Invitrogen, Molecular Probe, Leiden, The Netherlands).
IGF-1 (R&D) diluted in phosphate buffered saline (PBS)
was added to the cultures at a final concentration of
100 ng/ml, 15 min prior to irradiation.
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Irradiation of cells
The suspensions of HPCs-CD34+ were X-irradiated using a
linear accelerator (Philips SL-75, Electa, Sussex, West
England, UK) with 6-MV photons with doses of 1, 2 and
5 Gy. After the radiation the cells were incubated at 37°C
with 5% CO2. Non-irradiated HPCs-CD34+ were used as
control samples.

ROS generation
Generation of superoxide anion (O2−) and hydrogen perox-
ide (H2O2) was measured at 30 min and at 24 h post-
irradiation by flow cytometry using Hydriethidine dye (HE)
and 2,7-dichlorofluorescein diacetate dye (2,7DCFH-DA),
respectively, both dyes were from Molecular Probe. HE, a
non-fluorescent lipophilic marker, is oxidized by O2− to
the fluorescent hydrophilic product ethidium. In order to
measure O2− generation, the cell suspensions were stained
for 15 min at 37°C with 2.5 μl of a 63.5 mM HE solution
in dimethyl sulfoxide (DMSO). The cells were washed
once with PBS, resuspended in 200 μl of PBS and at least
5000 cells were analysed immediately by flow cytometry
(FACS Calibur, Becton Dickinson) [10].
2,7DCFH-DA is a stable non-fluorescent, cell membrane-

permeable compound dye, which, on penetrating the cell, is
converted to DCFH by intracellular esterases, and then is
trapped within the cell, remaining stable for a few hours.
The desterilized product upon oxidation by H2O2 is con-
verted to the highly fluorescent dichlorofluorescein (DCF)
dye. Upon excitation at 488 nm DCF emits green fluores-
cence, proportional to the intracellular level of H2O2. The
method is as follows: 2,7DCFH-DA (10 mM) was added to
the cell suspension and incubated at 37°C for 15 min in the
dark. Cells were washed once with PBS, resuspended in
200 μl of PBS, and at least 5000 cells were analyzed by flow
cytometry (FACS Calibur, Becton Dickinson) [32].
The levels of ROS were monitored by the geometric

means of fluorescence intensities of ethidium and DCF
derived from the reduction of the HE and 2,7DCHF-DA
fluorescent dyes, respectively [10].

Annexin-V and propidium iodide (PI) assay
Cell membrane changes that reflect the initiation of apoptosis
were determined 6 h and 24 h after irradiation, by flow cyto-
metry using an Annexin-V-FITC kit (Bender MedSystems,
Vienna, Austria), according to the manufacturer’s protocol.
After the staining, at least 10 000 cells from each sample were
analysed immediately by flow cytometry (EPICS-XL of
Coulter, Miami, FL, USA).

DNA isolation and analysis
Six hours after irradiation, cells were harvested and washed
twice with PBS. A standard procedure was followed for DNA
isolation. Cells were resuspended in 20 μl of lysis buffer

(50 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.5% SDS and
0.5 mg/ml proteinase K) and incubated at 55°C for 60 min.
Then, 5 μl of 1 mg/ml RNase A solution was added and the
lysate was incubated at 55°C for another 60 min. The DNA
samples were denaturated at 70°C for 5 min and analysed in
a 1.5% agarose gel running for 4 h at 40 V. Ethidium
bromide 0.5 μg/ml was added to the agarose solution for visu-
alization of DNA bands. Pictures of the gel were captured
under a source of UV light using a Kodak camera device.

Immunofluorescence assay
Twenty-four hours after irradiation, irradiated and non-
irradiated HPCs incubated or not with IGF-1, were washed
twice with PBS and were fixed on slides with a 4% paraf-
ormaldehyde in PBS buffered solution for 10 min at room
temperature. They were rinsed 3 × 5 min with PBS, fol-
lowed by a 1-h incubation in a 3% bovine serum albumin
(BSA) solution supplemented with 10% free bovine serum
(FBS) at 37°C. After incubation with blocking solution,
cells were rinsed once with PBS for 5 min and treated over-
night at 4°C with rabbit polyclonal antibodies (MnSOD
1:250 and caspase-9 1:250, Santa Cruz Biotechnology, CA,
USA) diluted in blocking solution. Cells were rinsed 3 ×
5 min with PBS and then an anti-rabbit antibody conju-
gated with Alexa Fluor 594 (1:500, Invitrogen, Molecular
probe) diluted in blocking solution was added for 30 min at
37°C. Cells were rinsed 3 × 5min with PBS and mounted
on glass slides. Nuclear staining was obtained using
TOTO-3 IODIDE (Invitrogen, Molecular Probe).
Fluorescence was visualized using a Leica microscope. We
studied two specimens for each sample and four different
fields per specimen. Each field included 12–15 cells. Two
independent experiments were evaluated per each sample.
We observed that the total cell population of studied cells
was positive for MnSOD and caspase-9 expressions.
Differences between the groups (irradiation with or without
IGF-1) were depicted in the intensity of fluorescence.

Western blot analysis
Samples with 30 μg total amount of protein were diluted in
2X sample buffer and heated for 5 min at 95°C. Protein
lysates were loaded in 10% SDS-PAGE gels, analysed and
transferred to a nitrocellulose membrane (Schleicher and
Schuell Bioscience, GmbH, Germany). For detection of
MnSOD, BCL-2 and BAX, blocking was performed by in-
cubation of the membranes in 5% (w/v) non-fat dry milk in
Tris-buffered saline pH 7.4 containing 0.05% Tween 20
(TBS-T), for 1 h at room temperature and under continuous
agitation. The membranes were then incubated with the ap-
propriate monoclonal antibody (anti-MnSOD: Santa Cruz
Biotechnology, dilution 1:1000, rabbit anti-Bax polyclonal:
Chemicon, Millipore, Temecula, CA, USA, dilution
1:2000, and mouse Anti-Bcl-2, clone 100 monoclonal
Upstate, Lake Placid, NY, USA, dilution 1 μg/ml) in 3%
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(w/v) non-fat dry milk in TBS-T, for 2 h, at room tempera-
ture, under continuous agitation. After three washes in
TBS-T, the membranes were further incubated with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (MnSOD
and BAX), and anti-mouse IgG (BCL-2), (Upstate, dilution
1:5000) in 3% (w/v) non-fat dry milk in TBS-T, for 1.5 h,
at room temperature, under continuous agitation. Detection
of the protein was performed by cheluminescence horserad-
ish peroxidase substrate SuperSignal (Pierce, Rockford, IIL,
USA), according to the manufacturer’s instructions. As a
control, the membranes were stripped and reprobed with a
monoclonal antibody against actin. Quantitative analysis of
protein expression was performed with ScnImage software.

RNA isolation and cDNA synthesis
Four hours after irradiation, irradiated and non-iraddiated
HPCs-CD34+ with or without IGF-1 addition were washed
twice with PBS and total RNA was isolated using RNeasy
mini kit (Qiagen, Valencia, California, USA) according to the
manufacturer’s instructions. The integrity of RNA was con-
firmed by visualization of ribosomal bands in EtBr-stained
agarose gels. Total RNA from each sample was quantified
using Ribogreen (Molecular Probes) and the MX3000p
(Stratagene, La Jolla, CA, USA) according to the manufac-
turer’s instructions. cDNA was synthesized from 10 ng of
total RNA from each sample using random nonamers (ITE,
Crete, Greece) and 50 U Stratascript reverse transcriptase
(Stratagene). Human Reference RNA (Stratagene) was used
as a calibrator sample to allow for adjustment for run-to-run
variation. A non-enzyme control was also included [33].

Real time PCR
BCL-2 and BAX mRNA were quantified using Taqman
chemistry and Brilliant quantitative PCR core reagents
(Stratagene). Primers for BCL-2 and BAX genes were
designed using Primer3 [34] and synthesized at the Institute
of Technology (Crete, Greece).
All reactions were performed in MX3000p (Stratagene), in

duplicate, and contained 5-carboxy-x-rhodamine as a passive
reference dye and cDNA equivalent to 30 ng of RNA. A
standard curve was always included for assay validation. In
addition, a melting curve analysis was performed for the
SYBR Green I assay. The relative abundance of mRNA of
the gene of interest was deducted from the cycle number at
which fluorescence increased above background level (Ct) at
the exponential phase of the PCR reaction, after normalization
to the Ct of the calibrator sample [33]. The ratio of BCL-2/
BAX was calculated dividing mRNA levels of BCL-2 and
BAX, respectively, derived from the same experiment.

MTT assay
The viability of non-irradiated and irradiated HPCs-CD34+

cells, in the presence or absence of IGF-1, was determined
with the 3-[4,5-dimethylthiazol-2-yl]-2,5-dimethyltetrazolium

bromide assay (MTT), 48 h after irradiation [28]. Briefly,
cells were seeded at a density of 25 × 103cells/well in 24-well
tissue culture plates. Forty-eight hours after irradiation MTT
(5 mg/ml in PBS) was added at a volume equal to 1/10 of the
medium culture and the plates were incubated at 37°C for 2 h.
The cells were harvested and washed with PBS pH 7.4, and
100 µl of acidified isopropanol (0.33 ml HCl in 100 ml isopro-
panol) was subsequently added to each well to dissolve the
dark blue formazan crystals. The plates with the cell lysate
were immediately read at a wavelength of 492 nm on a micro-
plate reader (Tecan, Sunrise, Magellan 2, Grodig, Austria).

Clonogenic assay
Irradiated and non-irradiated HPCs-CD34+cells, incubated
or not with IGF-1 were washed twice with IMDM and
plated in 35-cm cell culture dishes at a density of 1000 cells/
dish, in complete media of 1% methylcellulose IMDM, 30%
FBS supplemented with 1% BSA, 2 mM L-glutamine,
10−5 M 2-mercaptoethanol, and a cocktail of growth factors
(50 ng/ml stem cell factor, 20 ng/ml granulocyte-
macrophage colony stimulating factor, 20 ng/ml granulocyte
colony-stimulating factor, 20 ng/ml rh-interleukin-3 and
3 U/ml rh-erythropoietin, all from Stem Cell Technologies).
Cell colonies were counted in an inverted microscope
(Olympus) 10–14 days after the plating. Aggregates of
>20 cells were considered as colonies [35, 36].

Statistical analysis
Results are expressed as mean ± SE from at least three inde-
pendent experiments and were analysed using the SPSS
program using a one way-ANOVA test. A P value of <0.05
was considered as statistically significant. In cases where
no statistical difference was observed, the P value is not
mentioned in the figures.

RESULTS

Radiation-induced ROS generation in CD34+

HPCs and the IGF-1 effect
Superoxide anion levels appeared to rise as early as 30 min
after irradiation in a dose-dependent manner. This linear in-
crease was reversed in the presence of IGF-1, restoring O2

−

generation to the levels of the innate production as
observed in the control, non-irradiated samples (Fig. 1A).
The levels of superoxide anion were 122.48 ± 6.14, 132.2
± 1.90, 146.6 ± 0.90 and 150.8 ± 5.33 after 0, 1, 2 and 5 Gy
respectively, and returned to 111.74 ± 6.81, 123.6 ± 3.52,
131.9 ± 3.80 and 124.8 ± 2.76 in the presence of IGF-1,
giving statistical differences at 2 and 5 Gy (Fig 1A).
Twenty-four hours post-irradiation, superoxide anion levels
remained high but the increase observed was not dose-
dependent as no statistical differences were noted among
the irradiated and non-irradiated samples. A reduction of
superoxide anion generation was noted under IGF-1
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presence, 24 h post-irradiation (controls/0 Gy: 134 ± 5.48
vs 141 ± 8.7, 1 Gy: 135 ± 14.73 vs 150 ± 12.83, 2 Gy: 142
± 14.69 vs 176 ± 19.49 and 5 Gy: 129 ± 4.63 vs 153 ± 9.86;
Fig. 1B). A representative flow cytometry histogram shows
the increase of superoxide anion levels 30 min after irradi-
ation with 5 Gy compared with the innate production in the
non-irradiated cells as shown in Fig. 1C. In Fig. 1D the
elimination of superoxide anion generation (shift of the
histogram to the left) in the presence of IGF-1 is obvious.
The hydrogen peroxide levels 30 min post-irradiation

were 90 ± 3.48, 131 ± 5.32, 139 ± 1.77 and 158 ± 11.58 in
the relative range of doses 0, 1, 2 and 5 Gy. IGF-1 presence
caused a decrease in the values to 88 ± 1.25, 124 ± 1.49,
134 ± 2.48, 139 ± 13.98 after 0, 1, 2 and 5 Gy, respectively

(Fig. 2A). Twenty-four hours post-irradiation with 1, 2 and
5 Gy the intracellular levels of H2O2 stabilized at levels
similar to those of the innate generation in non-irradiated
cells (Fig 2B). The presence of IGF-1 had no significant
effect at the 24-h time point.

MnSOD protein expression as estimated by
western blot analysis and by immunofluorescence
assay
Protein expression of MnSOD was determined by immuno-
fluorescence assay and by western blot analysis in irradiated
and non-irradiated HPCs-CD34+ incubated or not with
IGF-1, 24 h after irradiation. As shown with western blot
analysis (Fig 3A and B), irradiation of HPCs with 1, 2 and

Fig. 1. Superoxide anion generation in irradiated HPCs-CD34+ at 30 min (A) and at 24 h (B) post-irradiation
with 1, 2 and 5 Gy; (C) representative flow cytometry histogram showing superoxide anion levels in non-irradiated
and irradiated with 5 Gy HPCs-CD34+ cells; (D) representative flow cytometry histogram showing superoxide
anion levels in HPCs-CD34+ cells irradiated with 2 Gy and the protective effect of IGF-1. The values represent the
mean ± SE of at least three independent experiments. In (C) the increase of the superoxide anion levels is indicated
by the shift of the histogram to the right, and in (D) the protective effect of the IGF-1 is indicated by the shift of
the histogram to the left.
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5 Gy increased the expression of MnSOD, leading to a stat-
istical difference among the cells irradiated with 5 Gy and
the non-irradiated cells. IGF-1 presence further increased
the expression of the antioxidant enzyme, leading to a stat-
istically significant difference among irradiated and non
irradiated control cells as shown in Fig. 3. The results for
MnSOD expression in irradiated and non-irradiated
HPCs-CD34+ with or without IGF-1 incubation were also
confirmed by immunofluorescence assay (Fig. 3C).

Early and late apoptotic cells analyzed by
Annexin-V and PI assay
Apoptosis of HPCs in culture as estimated by Annexin-V
assay was significantly increased 6 h post-irradiation. The
percentage of Annexin+ cells that represent early apoptotic
cells was estimated as11.5 ± 2.01, 23.7 ± 2.17, 27 ± 1.79
and 28.5 ± 3.18 for 0, 1, 2 and 5 Gy, respectively (P < 0.05

versus 0 Gy; Fig. 4). At the same time point, no remarkable
differences were noted at the percentage of irradiated late
apoptotic cells (Annexin+ PI+) compared with non-
irradiated control late apoptotic cells (7.6 ± 0.48, 12.8 ±
3.49, 13 ± 2.41 and 13.8 ± 2.93 for 0, 1, 2 and 5 Gy, re-
spectively, P > 0.05 1, 2 and 5 Gy versus non-irradiated
control cells; Fig. 4).
Twenty-four hours post-irradiation, the percentage of

Annexin+ cells was estimated at 13.7 ± 1.18, 15 ± 3.2, 16.7
± 3.66 and 17 ± 2.86 for 0, 1, 2 and 5 Gy (P > 0.05 vs
0 Gy; Fig. 4), while the percentage of late apoptotic cells
was 14.4 ± 0.79, 34 ± 6.81, 37 ± 4.17 and 42 ± 2.5 after 0,
1, 2 and 5 Gy (P < 0.05 for 1, 2 and 5 Gy vs 0 Gy; Fig. 4).
Forty-eight hours post-irradiation the percentage of late
apoptotic cells was still increasing (data not shown). It is
important to point out that 24 h post-irradiation early apop-
totic cells were significantly reduced compared with early

Fig. 2. Hydrogen peroxide generation in irradiated HPCs-CD34+ cells at 30 min (A) and at 24 h (B) post-irradiation
with 1, 2 and 5 Gy; (C) representative histogram showing hydrogen peroxide levels in non-irradiated and cells irradiated
with 5 Gy, at 30 min post-irradiation, (D) representative flow cytometry histogram showing the effect of IGF-1 at 2 Gy
dose of radiation. The values represent mean ± SE of at least three independent experiments. In (C) the increase of the
hygrogen peroxide generation is indicated by the shift of the histogram to the right; in (D) the effect of IGF-1 at a 2 Gy
dose of radiation is shown by the shift of the histogram to the left.
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apoptotic cells at 6 h, whereas a 3-fold significant increase
was noticed on late apoptotic cells at 24 h compared with
late apoptotic cells at 6 h. An innate basal degree of early
and late apoptosis was observed in control cells at both
time points. IGF-1 presence did not affect the percentage of
apoptotic cells, at the studied time points, as estimated with
Annexin and PI markers (Fig. 4).

Apoptosis as manifested by DNA fragmentation
Radiation induces activation of endonucleases resulting in
DNA cleavage at certain sites, giving fragments of different
molecular weights. Radiation doses of 2- and 5-Gy-induced
DNA fragmentation 6 h after irradiation, giving a ‘smear’
pattern of digested DNA [37]. The phenomenon was more
intense at the 5-Gy dose (Fig. 5). At the 1-Gy dose the
DNA fragmentation is not visible with this method. DNA
smearing was reversed by the presence of IGF-1 at both 2
and 5 Gy (Fig. 5), instead of a laddering picture in DNA

digestion we had a smear, either due to the presence of nec-
rotic cells or due to incomplete digestion.

Apoptosis cascade molecules: BCL-2 and BAX
mRNA and protein levels
We studied the effect of radiation on BCL-2 and BAX
mRNA and protein levels at 4 h and 24 h, respectively,
after irradiation and the effect of the presence of IGF-1.
Radiation had diverse effects on the BCL-2 mRNA levels
at 4 h in the presence or absence of IGF-1 (Fig. 6B). The
BAX mRNA levels were up-regulated by radiation dose
range, and the presence of IGF-1 decreased the BAX
levels, giving statistically significant differences for the ra-
diation doses of 1 and 2 Gy (Fig 6A). Moreover, IGF-1 ad-
ministration affected the BCL-2 and BAX protein levels,
24-h post irradiation, as was evaluated by western blot ana-
lysis (Fig. 7A). It has been suggested that the BCL-2/BAX
ratio may be more important than either promoter alone in
determining apoptosis [38]. According to this we calculated

Fig. 3. MnSOD protein expression at 24 h post-irradiation relative to radiation and IGF-1 administration. (A) A Western
blot analysis for MnSOD and actin at 24 h post-irradiation. The protein values were quantified by densitometric analysis
of the corresponding bands and the ratio MnSOD protein/actin was calculated for each lane (B). MnSOD expression was
evaluated by immunofluorescence assay. Red and blue colours show MnSOD expression and nuclear staining,
respectively (C).
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the BCL-2/BAX ratio dividing mRNA and protein levels of
BCL-2 and BAX, respectively, derived from the same
experiments. Radiation caused a notable decrease of the
BCL-2/BAX ratio in both mRNA and protein analysis at

the doses of 1 and 2 Gy (Fig 6C and 7B). Pretreatment
with IGF-1 maintained the BCL-2/BAX ratio close to the
control levels (Fig 6C and 7B).

Apoptosis as estimated by caspase-9 expression
Twenty-four hours post-irradiation with therapeutic doses of 1
and 2 Gy, an up-regulation of caspase-9 levels was observed
as shown by immunofluorescence colour density (Fig. 8).
IGF-1 presence reduced the expression of caspase-9, indicat-
ing the anti-apoptotic role of the growth factor. This effect of
IGF-1 was more evident at 2 Gy, shown as dim colour com-
pared with the irradiated cell (Fig. 8).

Cell viability
Viability of the cells was estimated by the MTT assay, 48-h
post-irradiation. Irradiation with 2 and 5 Gy suspended the
viability of HPCs-CD34+ as shown in Fig. 8. Pretreatment
of cells with IGF-1 increased the cell viability of non-
irradiated control cells and preserved it in irradiated cells
(Fig. 9).

Clonogenic capacity of HPCs
The radiation doses of 1, 2 and 5 Gy significantly affected
the clonogenic capacity of HPCs-CD34+ cells. Irradiated
HPCs-CD34+ cells displayed reduced growth in semisolid
short-term cultures compared with the non-irradiated con-
trols. Colonies were small with scattered cells surrounding
the aggregates. Additionally, irradiation significantly

Fig. 4. The percentage of early (Ann+ PI−) and late (Ann+ PI+) apoptotic cells as estimated by Annexin-V-PI assay at
6 h and at 24 h post-irradiation. The values represent mean ± SE of at least three independent experiments.

Fig. 5. Total DNA extracted from non-irradiated and irradiated
HPCs at 6h post irradiation. DNA was analysed with 1.5% agarose
gel electrophoresis. 1 Gy(–/+): DNA from HPCs-CD34+ cells
irradiated with 1 Gy with or without IGF-1; 2Gy (–/+): DNA from
HPCs-CD34+ cells irradiated with 2 Gy with or without IGF-1; 5
Gy (–/+): DNA from HPCs-CD34+ cells irradiated with 5 Gy with
or without IGF-1; 0 Gy control cells (–/+): DNA from non-irradiated
control sample HPCs-CD34+ (0 Gy) with or without IGF-1.
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limited the growth of HPCs-CD34+ in semi-solid media,
manifested by smaller BFU-e and CFU-GM numbers of
colonies compared with cultures of non-irradiated control
cells (P < 0.05 for 1, 2 and 5 Gy versus non-irradiated
control cells).
BFU-e colony numbers decreased from 103 ± 6 colonies/

1000 CD34+ in non-irradiated cells to 72 ± 6 colonies/1000
CD34+ at 1 Gy, to 48 ± 2 colonies/1000 CD34+ at 2 Gy
and finally to only 2 ± 2 colonies/1000 CD34+ at 5 Gy
(Fig. 10B). Pretreatment of cells with IGF-1 retained the

clonogenic capacity of irradiated HPCs-CD34+. In particu-
lar, BFU-e colonies in IGF-1-treated cultures were 98 ± 15
after 1 Gy, 71 ± 5 after 2 Gy and 5 ± 4 after 5 Gy
(Fig. 10B).
Similarly, CFU-GM colony numbers were decreased in

irradiated cells in a dose-dependent manner while IGF-1
pretreatment restored the number of CFU-GM colonies.
Namely, 34 ± 5, 26 ± 2 and 2 ± 1 CFU-GM colonies/1000
CD34+ were counted after 1 Gy, 2 Gy and 5 Gy, respect-
ively, while in the presence of IGF-1 these numbers were

Fig. 6. The effect of radiation and IGF-1 administration on BAX mRNA expression (A), BCL-2 mRNA expression
(B) and on the BCL-2/BAX ratio at 4 h post irradiation. The values represent mean ± SE of three independent
experiments.

Fig. 7. BCL-2 and BAX protein expression at 24 h post-irradiation relative to radiation and IGF-1 administration. A western blot
analysis is shown in (A). The protein amounts derived from the same experiment were quantified by densitometric analysis of the
corresponding bands and the ratio BCL-2/BAX was calculated (B).
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raised to 48 ± 8, 41 ± 4 and 8 ± 6 colonies/1000 CD34+, for
the same range of radiation doses (P < 0.05 for 2 Gy and P
= 0.07 for 1 Gy; Fig 10A). It is important to note that in
the presence of IGF-1 non-irradiated control cell colonies
(BFU-e and CFU-GM) displayed a growth that was pre-
served even after irradiation. The results of clonogenic sur-
vival were normalized to the non-irradiated control sample,
and the survival curve for CFU-GM and BFU-e colonies
are presented in Fig. 10C and D, respectively.

DISCUSSION

The hematopoietic tissue is very sensitive to ionizing radi-
ation. A dose range of 1 to 7 Gy in humans affects the
hematopoietic system, resulting in the development of early

and late damage in HPCs [39]. We studied a range of radi-
ation doses from 1 to 5 Gy that represent usual therapeutic
doses in fractionated radiation protocols [40, 41].
The dose of 100 ng/ml of IGF-1 is a widely used con-

centration as is demonstrated in previous published data
[42, 43]. Moreover, the concentration of 100 ng/ml is the
IGF-1 median level of normal serum as has been presented
by Juul et al. [44]. In agreement with the above data, in our
experiments, we used the dose of 100 ng/ml.
In our study, therapeutic doses of radiation rapidly

increased intracellular ROS generation in HPCs-CD34+. At
30 min post-irradiation, superoxide anion levels were ele-
vated in a dose-dependent manner, influencing the oxida-
tive status of cells.
At the 24-h time point, the levels of superoxide anion

remained high in irradiated cells compared with non-
irradiated control cells. At this late time point, the increase
of superoxide anion after the radiation dose of 5 Gy was
probably counterbalanced because of the enhanced cellular
death of irradiated cells in cultures. Moreover, at the 24-h
time point, the high dose of 5 Gy was able to activate the
antioxidant mechanisms of the cells that catalyse the super-
oxide anion to neutral products [45]. The increase in
MnSOD observed in irradiated cells with 5 Gy, as evalu-
ated by western blot analysis, confirms the above hypoth-
esis. Pretreatment of HPCs-CD34+ with IGF-1 inhibited the
intracellular superoxide anion generation at 30 min post-
irradiation after doses of 2 and 5 Gy, leading to the elimin-
ation of oxidative stress in surviving cells that evade
apoptosis.
Hydrogen peroxide levels remained high at 30 min post-

irradiation aggravating the oxidative state of cellular

Fig. 8. Caspase-9 expression as evaluated by immunofluorescence assay. Twenty-four hours after irradiation,
caspase-9 expression was evaluated on irradiated HPCs with or without IGF-1 administration as described in
Methods. Red and blue colours show caspase-9 expression and nuclear staining, respectively.

Fig. 9. The cell viability of non-irradiated and irradiated
HPCs-CD34+ cells, in the presence or absence of IGF-1
supplementation at 48 h after irradiation with 1, 2 and 5 Gy. The
values represent mean ± SE of at least three independent
experiments.
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microenvironment, while at 24 h post-irradiation, no differ-
ences were noted among the irradiated and non-irradiated
cells. At 24 h after irradiation, the intracellular production
of H2O2 is a secondary event. Intracellular antioxidant
mechanisms have probably been activated, metabolizing
them to neutral products. MnSOD expression at 24 h post-
irradiation supports our hypothesis about the activation of
intracellular antioxidant mechanisms.
In the study by Hayashi et al., the induction of super-

oxide anion generation in CD34+ cells both at an early
(4 h) and a late (16 h) time point, was shown under a high
radiation dose (5 Gy), suggesting that the surviving cells
may evade apoptosis and continue to proliferate, bearing
increased chromosomal aberrations [10]. The same study
showed that the background level of ROS in progenitor
cells CD34+/CD38+ was higher than in CD34+/CD38− im-
mature cells, indicating that superoxide anions are gener-
ated during the continuous energy production for cell
proliferation and are more pronounced in mature cells than
in immature ones [10]. In our experiments, the generation
of free radicals from the irradiated cell population of HPCs
involves both mature and immature cells.
Following irradiation, cells appear to respond by increas-

ing the expression of cellular antioxidant systems [46]. On
the basis of these findings we assume that antioxidant
mechanisms are activated around 24 h after irradiation, thus

eliminating the levels of ROS by metabolizing them to
neutral products. In order to confirm this hypothesis, we
studied the expression of MnSOD, an antioxidant enzyme
that plays a central role in protecting cells during radiation
exposure. At 24 h after irradiation, an increase in the ex-
pression of MnSOD was evident, as evaluated by immuno-
fluorescence assay and by western blot analysis
corroborating the hypothesis that radiation alone activates
the antioxidant mechanisms [45]. MnSOD protein expres-
sion was further enhanced by the presence of IGF-1 sug-
gesting that IGF-1 activates the antioxidant enzyme
pathways as well. Other investigators have shown the pro-
tective role of MnSOD against cytotoxicity of cells induced
by IL-1. MnSOD expression in radiation-induced oxidative
damage plays a central role along with other dismutases in
protecting cells [47].
Several techniques widely used in apoptosis detection

have been the subject of criticism. It is important to notice
that apoptosis detection using Annexin-V assay may be
confounded when the integrity of plasma membrane is
compromised during trypsinization, Magnetic Cell Sorting
(MACS) or thawing of frozen cells [48]. It is noteworthy
that in our experiments, MACS was used for isolation of
HPCs-CD34+. The degree of apoptosis found in non-
irradiated cells at the early time point of 6 h could be attrib-
uted to this. For this reason we used more than one

Fig. 10. Effect of radiation and IGF-1 administration on the capacity of HPCs-CD34+ cells to generate CFU-GM (A) and
BFU-e (B) colonies. The results of clonogenic survival were normalized to control non-irradiated sample and the survival curve
for CFU-GM and BFU-e colonies are presented, respectively (C and D). The values represent mean ± SE of three independent
experiments.
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technique for apoptosis assessment, first, that of Annexin-V
assay, which estimates changes in cellular membranes
typical of early apoptosis [49], and second, DNA analysis
by electrophoresis was performed in order to study DNA
fragmentation. Moreover, we estimated the BCL-2 and
BAX mRNA and protein levels and their ratio and
caspase-9 expression, which represent mediators of the
mitochondrial pathway of apoptosis known to be activated
by IGF-1 [29, 16].
Pretreatment of irradiated cells with IGF-1 had no effect

on apoptosis as estimated by Annexin-V assay at 6 h and
24 h post-irradiation. IGF-1 by ligation to its receptor acts
on different cellular pathways and possibly bypasses the
membrane network affecting the mitochondrial pathway of
apoptotic cascade [28]. The unexpected results in the apop-
totic assay are consistent with the observations of other
investigators, who have demonstrated that phosphatidyl-
serine exposure may be associated with circumvented cell
death [50]. Hammil et al. showed that cells stained positive
for Annexin-V are still viable and can resume growth and
re-establish phospholipids’ asymmetry of the membrane
once the apoptotic signal is removed [50], while Span et al.
have shown that these cells retain proliferative capacity in a
single-cell, single-well assay [49].
DNA is the major target of radiation [51], and DNA

fragmentation due to endonuclease activation is a hallmark
of programmed cell death [52, 53]. In our experiments, this
phenomenon was evident at 6 h post-irradiation and was
reversed by IGF-1 administration, suggesting that a mech-
anism is activated by IGF-1 inhibiting the radiation-induced
DNA endonuclease activation. The activity of IGF-1 on
DNA degradation is in agreement with our previous work
about the inhibitory effect of IGF-1 on radiation-induced
apoptosis, as estimated by DNA and RNA cleavage of
bone marrow mononuclear cells harvested from irradiated
animals [54].
The protective effect of IGF-1 on the radiation-activated

mitochondrial pathway of apoptosis was demonstrated by
the changes in the mRNA and protein BCL-2, BAX and
their ratio that represent potent activators of intrinsic
pathway of apoptosis [17], and in the caspase-9 protein ex-
pression, a critical protein for mitochondria-dependent
apoptosis [55]. The up-regulation of the anti/pro-apoptotic
(BCL-2/BAX) ratio and the reduction of caspase-9 expres-
sion observed in cells pretreated with IGF-1 at doses of 1
and 2 Gy demonstrate the survival role of the factor, sug-
gesting an inhibitory activity of IGF-1 on mitochondria-
mediated programmed cell death. It is important to point
out that IGF-1-induced changes in the BCL-2/BAX ratio
were a result of down-regulation on BAX mRNA expres-
sion, while no effect of radiation and IGF-1 administration
was noted on BCL-2 mRNA levels. In agreement with the
mRNA levels, both BCL-2 and BAX protein expression
were regulated by the presence of IGF-1 at 24 h post

irradiation. The protective action of IGF-1 on mitochondria
has also been reported by other investigators [25, 56, 26].
On the basis of the above findings in reference to the

effect of IGF-1 on MnSOD, BCL-2 and BAX expression,
we may conclude that overexpression of MnSOD plays a
central role in the anti-apoptotic effect of the factor on
HPCs by eliminating the oxidative microenvironment and
by regulating the mitochondria-mediated pathway of apop-
tosis. The protective role of MnSOD activation and the cor-
relation between the MnSOD and the mitochondria
pathway of apoptosis have been demonstrated by other
investigators [57–62].
The viability of irradiated and non-irradiated cells was

also assessed. We found that cell viability as measured by
the MTT assay, was suspended by irradiation and this phe-
nomenon was reversed by IGF-1 presence. The viability
assay used is based on the ability of the mitochondrial
enzyme succinate dehydrogenase to metabolize MTT into
formazan, a reaction that takes place only in functional intact
mitochondria [63]. Taking into consideration the significant
decrease in cell viability observed in irradiated cells, we may
assume that these data reflect a possible dysfunction in mito-
chondria, where ROS are generated. IGF-1 administration
restored the viability of irradiated HPCs-CD34+ cells, sug-
gesting again a possible inhibitory activity for mitochondrial
ROS generation [56, 26]. Lai et al. have shown that doxo-
rubicin, a drug widely used in chemotherapy, caused rapid
loss of the mitochondrial electrochemical gradient and
depolarization in cultured neonatal myocytes, and this was
prevented by IGF-1 pre-treatment [64].
Therapeutic doses of radiation affected the clonogenic

capacity of HPCs-CD34+ to form BFU-e and CFU-GM col-
onies, in semi-solid media. IGF-1 enhanced the capacity of
irradiated cells to generate BFU-e and CFU-GM colonies,
supporting the role of IGF-1 as a growth and survival
factor. Studies from other investigators in irradiated animals
have demonstrated that IGF-1 can enhance in vitro growth
of human hematopoietic progenitor cells and stimulate pro-
liferation of erythroid progenitors derived from bone
marrow acting as a protective factor [20, 65, 66].
It is important to point out that in most experimental pro-

cedures, statistically significant differences in ROS gener-
ation and in the protective effect of IGF-1 have been
observed at a radiation dose of 2 Gy. This dose represents a
common therapeutic dose per day in the field of neoplastic
disease radiotherapy.
In conclusion, our data suggest that IGF-1 suppresses the

oxidative microenvironment of HPCs by reducing the gen-
eration of free radicals in the intracellular environment
resulting from irradiation. IGF-1 eliminates free radicals by
favouring scavengering mechanisms and by regulating ele-
ments of the mitochondrial pathway of apoptosis, allowing
the survival and the sustained clonogenic capacity of hem-
atopoietic progenitor cells.
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