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Abstract
Mesenchymal stem cells (MSCs) are a promising source for cell therapy in regenerative medi-
cine. The therapeutic properties of MSCs are related to their potentials for trans-differentiation, 
immunomodulation, and trophic factor secretion, anti-inflammatory, and induction of apoptosis. 
Accordingly, the aim of the present study was to examine the effects of MSC on radiation-induced 
bone marrow injury. It was found that exposure of rats to gamma radiation at a dose of 1.5 Gy/
week for four weeks induced bone marrow suppression throughout the significant decline in he-
matological parameters with concomitant significant increase in bone marrow MDA level, TGF-β 
and IL6 cytokines and decrease in GSH content in comparison with normal group. Western immu-
noblotting showed significant increase in the signaling growth factors: PI3K, AKT, mTOR proteins 
accompanied with decrease in PTEN in the irradiated group while MSCs infusion recorded signifi-
cant improvement versus irradiated group via modulation of growth factors that encounters bone 
marrow suppression. In addition, exposure to radiation induces apoptosis by increasing expres-
sion of Bax gene. In contrast, treatment with MSCs decreased apoptosis through up regulation of 
Bcl-2 and removal of ROS. In conclusion, MSCs improved hematopoiesis, alleviates inflammation, 
decrease apoptosis and modulated PI3K /AKT/mTOR signaling pathway contributed to radiation 
induced bone marrow injury. 
Keywords:  MSCs; Gamma radiation;  Bone marrow injury;  PI3K; AKT;  mTOR
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Introduction
 Mesenchymal stem cells (MSCs) are self-renewing 
multipotent cells potentially act as a therapeutic for tissue 
damage because of their ability to regulate inflammation, 
inhibit apoptosis, and support the growth and differentia-
tion of local stem and progenitor cells [1].  Currently, MSCs 
are the most commonly used cell-based therapy because of 
their regenerative effects, ease of isolation, and low immu-
nogenicity [2]. 
 The hematopoietic system is highly sensitive to ra-
diation injury and bone marrow (BM) suppression is the 
primary life-threatening injuries after exposure to radi-
ation. This indicates that the hematopoietic system is the 
most radiosensitive tissue of the body [3]. A dose of ≥ 2 Gy 
of  total body irradiation  results  in  bone marrow injury 
and acute hematopoietic syndrome characterized  by  de-
pletion  in  the  lymphocyte, granulocyte and platelet counts, 
thus making the victims susceptible  to  infections.  It  also  
causes  mutations leading  to  increased  incidence  of  de-
velopment  of leukemia,  as  was  observed  among  the  sur-
vivors  of Hiroshima and Nagasaki atomic bomb attacks [4].
The reactive species of oxygen (ROS) formed in biological 
systems upon exposure to ionizing radiation deplete the 
antioxidants and damage the vital cellular DNA and mem-
branes, resulting in cell death, altered cell division, deple-
tion of stem cells, organ system dysfunction and, at high 
doses, death of the organism [5].  The ROS accumulation 
activates multiple signaling pathways [6], increasing DNA 
mutations and compromising genome integrity, leading to 
cell senescence and death [7]. Apoptosis is activated when 
ionizing radiation inflicts unrepairable damage on cells [8]. 
AKT (also known as protein kinase B, PKB), a proto-onco-
gene activated in multiple cancers, acts as anti-apoptotic 
factor to a variety of stimuli such as radiation, hypoxia and 
chemotherapy [9]. However, growing number of studies 
indicate the activation of AKT does not inhibit cell death, 
but renders cells more sensitive to metabolic stress instead. 
The anti-apoptotic ability of AKT was linked to glucose me-
tabolism. Glucose deprivation could induce ROS overload, 
causing AKT hyper activation and accelerating cell death. 
This implies dual roles of AKT in tumor growth and stress 
resistance [10]. 

Materials And Methods
Isolation of MSCs:
 Bone marrow was harvested by flushing the tibiae 
and femurs of 6-week-old male Wistar rats with Dulbec-
co’s modified Eagle’s medium (DMEM, GIBCO/BRL) sup-
plemented with 10% fetal bovine serum (GIBCO/BRL). 
Nucleated cells were isolated with a density gradient [Fi-
coll/Paque (Pharmacia)] and re suspended in complete 
culture medium supplemented with 1% penicillin strep-
tomycin (GIBCO/BRL). Cells were incubated at 37° C in 
5% humidified CO2 for 12-14 days as primary culture or 
upon formation of large colonies. When large colonies de-
veloped (80-90% confluence), cultures were washed twice 
with phosphate buffer saline (PBS) and the cells were tryp-
sinized with 0.25% trypsin in 1 mM EDTA (GIBCO/BRL) for 
5 min at 37 °C. After centrifugation, cells were re suspended 
with serum-supplemented medium and were incubated in 
50 cm2 culture flasks (Falcon). The resulting cultures were 
referred to as first passage cultures. On day 14, the adher-
ent colonies of cells were trypsinized, and counted [11].  
 Cells were identified as being MSCs by character-
ization using flow cytometry. The harvested cells were 
washed and re suspended in PBS in aliquots of 106 cells. 
BMMSCs were incubated with specific individual monoclo-
nal antibodies, conjugated with fluorescence isothiocyanate 
(FITC), phycoerythrin (PE) in 250 μl phosphate buffered sa-
line for 30 min in the dark at room temperature. The follow-
ing cell surface antigens were observed CD29-FITC, CD90-
FITC, CD34-FITC, CD105-PE [12]. Mouse isotype-matched 
IgG served as a negative control (BD Pharmingen). 100,000 
cells were acquired and analyzed using Cell Quest software.  
Animals:
 Male Wistar rats at 27 days of age and weighing 25 
─45 g purchased from Nile Company at Amiri, Cairo, Egypt 
were used in this study. The animals were housed in spe-
cially designed plastic cages,  ten per each, under  standard  
conditions  of  12-h  light  /12-h  dark  cycle,  normal  tem-
perature,  good ventilation and humidity range. The animals 
were provided with a pellet concentrated diet containing all 
the necessary nutritive elements and tap water.  Drinking 
water and food were provided ad libitum throughout the 
study.
 All the experimental procedures were carried out 
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according to the principles and guidelines of the Ethics 
Committee of the National Research Centre conformed to 
“Guide for the care and use of Laboratory Animals” for the 
use and welfare of experimental animals, published by the 
US National Institutes of Health (NIH publication No. 85–
23, 1996). 
Radiation Facility: 
  Whole  body  gamma  irradiation  of  rats  was  car-
ried  out  using  an  indoor shielded Canadian Gamma Cell-
40 (137Cs) biological  irradiator  (Atomic  Energy  of Canada  
Ltd,  Ottawa,  Ontario,  Canada),  installed  in  the  “National  
Centre  for Radiation Research and Technology (NCRRT)”, 
Atomic Energy Authority, Cairo, Egypt.  

Experimental design
The animals were randomly divided into three groups each 
consisting of ten animals as follows:
1. Control group: Rats in this group were kept as control. 

2. Gamma irradiated (IR): Rats were exposed to whole 
body γ-radiation at a dose level of 1.5 Gy/week at inter-
val of 7 days for four weeks.  

3. Gamma irradiated and treated with mesenchymal stem 
cells (IR + MSCs): Rats were exposed to whole body 
γ-radiation as in group II, then rats were grafted once 
with MSCs (3.5× 106 cells MSCs) on the fifth week, then 
rats were left for one month. 

 At  the  end  of  the  experiment,  all  animals  were  
sacrificed  using  diethyl ether  and the blood was collected 
via  heart puncture. Part of the whole blood was collected 
in EDTA tubes for hematological study. The other part was 
used for the biochemical parameters estimations.   Both fe-
murs were removed immediately. One of femur was used 
for the preparation of bone marrow smear, and the other 
was for flushing of bone marrow for the biochemical esti-
mations. Also part of femur was rapidly excised for histo-
pathological examination.
Hematological parameters: 
 Complete blood count (CBC) was determined ac-
cording to the method described by Sachse and Henkel [13]. 
The analysis of CBC was carried out using the CELL-DYN 

1700 (Abbott Diagnostics, Abbott Park, IL, USA), a multi-pa-
rameter, automated hematology analyzer system capable of 
producing several hematological parameters.
Biochemical estimations:
 Levels of  interleukin 6 (IL-6) and transforming 
growth factor beta (TGF-β1) were determined by using the 
corresponding ELISA kit following protocols provided by 
the manufacturers (My Biosource Inc., San Diego California, 
USA). 
Western immunoblotting: 
 Bone marrow tissue proteins were extracted us-
ing TRIzol reagent, and protein concentrations were quan-
tified with the Bradford method [14]. 20µg of protein per 
lane were separated with 10% SDS-PAGE and transferred 
onto PVDA membranes. The membranes were incubated at 
room temperature for 2 h with blocking solution comprised 
of 5% nonfat dried milk in 10 mM Tris-Cl, pH 7.5, 100 mM 
NaCl, and 0.1% Tween 20, then incubated overnight at 4°C 
with the primary antibodies towards PI3K, AKT, mTOR and 
PTEN with β-actin as loading control. After washing three 
times in 10 mM Tris-Cl, pH 7.5, 100 mM NaCl, and 0.1% 
Tween 20, membranes were incubated with the secondary 
monoclonal antibodies conjugated to horseradish perox-
idase at room temperature for 2 h, and then membranes 
were washed four times with the same washing buffer. 
Membranes were developed and visualized by chemilumi-
nescence using Amersham detection kit according to the 
manufacturer’s protocols, then exposed to X-ray film. Pri-
mary and secondary antibodies were purchased from Cell 
Signaling Technologies, USA. Quantification of PI3K, AKT, 
mTOR and PTEN proteins were performed by densitomet-
ric analysis of the autoradiograms using a scanning laser 
densitometer (Biomed Instrument Inc., USA). Results were 
expressed as arbitrary units after normalization for β-actin.
Molecular Investigation:
 Determination of mRNA gene expression of C-X-C 
motif chemokine receptor-4 (CXCR-4), B cell lymphoma-2 
protein (Bcl-2) and Bcl-2 associated x-protein (Bax) by 
Quantitative Real Time PCR (qRT-PCR) in bone marrow 
tissue by Real Time-Polymerase Chain Reaction (real time-
PCR).
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RNA Isolation and Reverse Transcription:
 To investigate the changes in mRNA expression for 
growth factors: CXCR4, Bcl-2 and Bax total RNA was iso-
lated from 30mg bone marrow using TRIzol reagent (Life 
Technologies, USA) in accordance to the manufacturer’s 
instructions. RNA integrity was confirmed by 1% agarose 
gel electrophoresis and stained with ethidium bromide. 
First strand complementary DNA (cDNA) synthesis was 
performed with reverse transcriptase (Invitrogen) accord-
ing to the manufacturer’s protocol using 1µg of total RNA 
as the template. Quantitative Real-time Polymerase Chain 
Reaction (qPCR).
 RT-PCRs were performed in a thermal cycler step 
one plus (Applied Bio systems, USA) using Sequence Detec-
tion Software (PE Bio systems, CA). The oligonucleotides 
utilized in these experiments are listed in Table 1. A reac-
tion mixture of total volume 25μl consisting of 2X SYBR 
Green PCR Master Mix (Applied Bio systems), 900 nM of 
each primer and 2μL of cDNA. The PCR thermal-cycling con-
ditions included an initial step at 95°C for 5 min; 40 cycles 
at 95°C for 20s, 60°C for 30s, and 72°C for 20s. Curve analy-
sis was performed at the end of the reaction. The data were 
normalized using the β-actin gene that was amplified in 
each set of PCR experiments. Relative expression of target 
mRNA was calculated using the comparative Ct method us-
ing the Pfaffl method [15]. Each experiment was performed 
in triplicate in two independent experiments.
Histopathological assessment:
 Femur (bone marrow samples) were taken from 
rats in different groups and fixed in 10% formal saline for 
24 hours. Washing was done in tape water then serial di-
lutions of alcohol (methyl, ethyl and absolute ethyl) were 
used for dehydration. Specimens were cleared in xylene and 
embedded in paraffin at 56 degree in hot air oven for 24 
hours. Paraffin bees wax tissue blocks were prepared for 
sectioning at 4 microns thickness by slidge microtome. The 
obtained tissue sections were collected on glass slides, de-
paraffinized, and stained by hematoxylin and eosin (H&E) 
stain for routine examination through the light electric mi-
croscope. Also Tissue sections  2-4  µm  thick)  were  cut  
onto charged  adhesive  slides and stained with mixture of 
acridine orange and ethidium bromide for apoptotic exam-
ination [16].  

Statistical analyses:
 All data were expressed as the mean ± SE. One-
way analysis of variance (ANOVA) with Least Significant 
Difference (LSD) was used to test for differences in means 
of variables between groups. A probability of P<0.05 was 
considered significant. All data were analyzed by Statistical 
Package for Social Science (SPSS) version 20 for Windows 
(SPSS ® Chicago, IL, USA) software program.

Results

Immunophenotyping of MSCs:

 As illustrated in Figure (1), the BM-MSCs weak-
ly expressed CD34 ( ≤ 4%), which is a specific cell surface 
markers of hematopoietic cells. However, MSCs cells strong-
ly expressed CD29, CD105 and CD90 ( ≥ 90 %), which are 
important cell surface markers of MSCs. 

Figure 1: Flow cytometric characterization and immuno-
phenotyping of MSCs. 

Isolated cells were positive for MSC specific markers, in-
cluding CD29, CD105 and CD90, but negative for CD34, 
which is a hematopoietic stem cell marker. The grey area 
represented isotype control IgG expression, while the black  
line depicted the marker expression.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3829764/figure/f1-ijmm-32-06-1262/
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Hematological parameters:
 It has been established that whole body exposure 
to gamma radiation induced bone marrow myelosuppres-
sion and myelodysplasia which is characterized by cytope-
nia associated with anemia and bleeding. Table (1): show 
the effect of γ-irradiation and mesenchymal stem cells on 
hematological parameters. There was a significant decline 
(p ≤ 0.05) in the RBCs, Hb and Hct in irradiated group as 
compared to the control. Meanwhile MSCs transplantation 
alleviated the count of RBCs, hemoglobin level and hema-
tocrit. Furthermore, the platelet count in the irradiated 
group was significantly decreased, while MSCs enhanced 
this decrease and the platelet counts were partly recov-
ered.  Similarly, data represented in table (2) showed that 
WBCs count were significantly decreased (p ≤ 0.05). More-
over, the lymphocytes, monocytes and neutrophils count 
exhibited the same significant level observed with WBCs 
count. In contrast, MSCs ameliorated this effect resulting 
in partial recovery of WBCs, lymphocytes, monocytes and 
neutrophils. 
Table 1: Effect of γ-irradiation and MSCs on platelets, RBCs, 
Hb and Hct 

Values were expressed as Means ± SE, (n=6). Significance 
level was evaluated at P<0.05. (a) Significant difference 
compared to the control group. (c) Significant difference 
compared to IR.
Table 2: Effect of γ-irradiation and MSCs on WBCs, Neutro-
phils, Lymphocytes and Monocytes

Biochemical analyses:
The obtained data also showed that 1.5 Gy of gamma total 
body irradiation (TBI) dramatically resulted in a significant 
increase in bone marrow MDA level and decrease in GSH 
content (Figure 2) along with the significant increase in the 
inflammatory cytokines: TGF-β and IL6 in comparison with 
control group. Interestingly, our results showed that the 
grafted MSCs significantly improve the GSH content accom-
panied with decline of lipid peroxidation and the inflamma-
tory markers (Figure 3). 

Figure 2: Mean level of MDA and GSH of rats exposed to 
γ-irradiation and treated with MSCs. (a) Significant differ-
ence compared to the control group. (c) Significant differ-
ence compared to IR.

Figure 3: Mean level of TGF-β and IL-6 of rats exposed to 
γ-irradiation and treated with MSCs. (a) Significant differ-
ence compared to the control group. (c) Significant differ-
ence compared to IR.
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Western immunoblotting:
 The results from this assay revealed markedly high-
er levels of the signaling: PI3K, AKT, mTOR and lower level 
of PTEN proteins in the irradiated rats. Compared to the ir-
radiated group, the level of PI3K, AKT, mTOR were signifi-
cantly decreased, while that of PTEN was increased after 
MSCs transplantation (Table 3 &Figure 4).

RT-PCR for CXCR-4, BCL-2 and Bax:
 Expression of CXCR-4, BCL-2 and Bax genes was 
analyzed by RT-PCR. As shown in Figs. (5 &6) high expres-
sion levels of pro-apoptotic protein Bax  along with  lower 
expression of both CXCR-4 and BCL-2 were detected in the 
irradiated group in comparison with control . In the treat-
ments using MSCs, the pro-apoptotic Bax gene expression 
was significantly down regulated and that of CXCR-4 and 
BCL-2 were up regulate.  Therefore, these data demonstrate 
that γ-irradiation induced cellular apoptosis, which may 
confirm irradiation-induced acute damage to bone marrow.
Table 3: Western blot analysis of the expressions of PI3K, 
AKT, mTOR and PTEN of rats exposed to γ-radiation and 
treated with MSCs.

Table 1:

Figure 4: Western blot analysis of the expressions of PI3K, 
AKT, mTOR and PTEN of rats exposed to γ-radiation and 
treated with MSCs.

(A)

(B)
Figure 5: Mean relative gene expression of Bcl-2 and Bax 
(A) and ratio between Bax/Bcl-2 (B) of rats exposed to 
γ-radiation and treated with with MSCs.

Figure 6: Relative gene expression of CXCR-4 of rats ex-
posed to γ-radiation and treated with MSCs. (a) Significant 
difference compared to the control group. (c) Significant 
difference compared to IR.
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Histopathology
Bone marrow aspiration smears: 
The smear of control group displayed the marrow structure 
and various component of the normal bone marrow (Fig-
ure 7, A). Furthermore, the BM smear of the γ-irradiated 
group showed predominance of irregular and undifferenti-
ated dark blue staining cells (blast cells) accombined with 
the presence of megakaryocytes and adipocytes (figure 7, 
B&C).  Conversely, the BM smear of rats exposed to γ- radi-
ation and treated with MSCs showed normal appearance of 
marrow cells with different maturation stages and presence 
of megakaryocytes (Figure 7, D).  

Bone marrow biopsy sections:

 The bone marrow biopsy of control group displays 
the marrow structure and various component of the normal 
bone marrow including adipose tissue (AT), blood sinusoid, 
megakaryocyte, and normoblast (Figure 8, A). Furthermore, 
the BM biopsy of the γ-radiated group showed moderate 
cellularity accompanied with the presence of a cloudlike 
megakaryocytes and empty spaces (figure 8, B). Conversely, 
the BM biopsy of rats exposed to γ- radiation and treated 
with MSCs showed normal appearance of marrow cells fig-
ure (8, C).

Figure 7: Photomicrograph of bone marrow smear 
Wright-Giemsa stain. A: bone marrow smear of control 
(X400), B&C: Bone marrow smears of rats exposed to γ-ra-
diation showed irregular and unidentified marrow cells 
(blocked arrows) and the presence of megakaryocytes (▲) 
and D: Bone marrow smears of rats exposed to γ- radiation 
and treated with MSCs showing the normal appearance of 
marrow cells and the presence of megakaryocytes.

 

Figure 8: Photomicrograph of bone marrow biopsy 
stained with H&E (X 400) A: Control bone marrow tissue 
sections represent adipose tissue (AT), blood sinusoid (↓), 
megakaryocyte (▼) and normoblast (↔). B: Bone marrow 
sections of rats exposed to γ-radiation showing a cloud-
like megakaryocyte (●) with moderate cellularity.  C: Bone 
marrow tissue sections of rats exposed to γ- radiation and 
treated with MSCs showing the normal appearance of mar-
row cells.

Discussion
 The present study evaluated the effects of MSCs 
on γ-irradiation induced bone marrow failure and myelo-
suppression. Radiation interacts with mammalian cells and 
produces different cytotoxic effects, cause DNA damage and 
increase the risk of cancer. Exposure to ionizing radiation, 
even in sub-lethal doses causes drastic effect on bone mar-
row leading to bone marrow suppression, failure and even-
tually death [17]. Consequences of irradiation on bone and 
marrow phenotypes, and its relation to disruption of hema-
topoietic precursors. Bone, 0, 87–94).  In the this study, data 
showed that exposure to γ-radiation induced signs of bone 
marrow supression associated with changes and signs from 
the earliest stage of leukemogenesis.  Exposure of rats to 
whole body gamma radiation displayed a depletion of the 
peripheral blood cells, suppression and impairment of bone 
marrow and lymphoid tissue.  Due  to  radiosensitivity  of  
bone marrow haematopoietic  cells,  ionizing  radiation  re-
sults  in  decrease   in   the   values   of   hematological   pa-
rameters  characterized  by  depletion  in  the  lymphocyte, 
erythrocytes, granulocyte and platelet counts  which  may 
be assigned to direct damage caused by a lethal dose of ra-
diation [4].
 Together, our results support that grafted MSCs sig-
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nificantly improve the peripheral blood counts in compar-
ison with gamma radiated group. In harmony with K X et 
al.  who indicated the rapid recovery of leukocytes, eryth-
rocytes and thrombocytes in the MSC groups implied that 
MSCs markedly enhance the recovery of haematopoiesis, al-
leviate the progenitor’s injuries by ameliorating the micro-
environment and secreted cytokines; they may also improve 
proliferation [18].  Similarly, Saleh et al. showed that MSCs 
play a supportive role in homing of hematopoietic stem 
cells (HSCs) in bone marrow [19]. Moreover, MSCs support 
long term hematopoiesis and can function as a feeder layer 
maintaining HSCs in an undifferentiated state. Close contact 
between mesenchymal stem cells and hematopoietic stem 
cells supports the differentiation of hematopoietic stem 
cells towards mature red cells. Also, MSCs are the precursor 
cells of mesenchymal cell types in the hematopoietic niche, 
and adipocytes, osteoblasts, and fibroblasts represent an 
important, defining cell type of this niche. MSCs repaired 
the injuries of the hematopoietic niche caused by irradia-
tion and provided a supportive role for the hematopoietic 
microenvironment that enabled the engraftment of HSCs 
[20]. 
 Gamma radiation resulted in significant deleterious 
changes in antioxidant status, as a response to the induced 
oxidative stress and production of reactive oxygen species 
(ROS) Furthermore, the oxidative stress produces deleteri-
ous effects by initiating lipid peroxidation and adverse al-
terations of the cell membrane can result in a pathological 
outcome [21]. Additionally, ROS damage the vital cellular 
DNA and membranes, resulting in cell death, altered cell 
division, depletion of stem cells, organ system dysfunction 
and, at high doses, death of the organism [22]. In the present 
study, elevation of lipid peroxidation (MDA) content  might  
be  due  the  interaction  of  the  excess  of hydroxyl  radical,  
resulting  from  the  radiolysis  of  water  upon exposure 
to IR, with polyunsaturated  fatty acids in the phospholip-
ids  portion  of  cellular  membranes [23]. Meanwhile, the 
decrease in the activity of antioxidant enzymes and GSH 
content might result from an increase in their utilization 
to neutralize the excess of ROS generated in the body upon 
exposure to γ-radiation [24]. 
 In the present study, therapeutic administration 
of mesenchymal stem cells (MSCs) remarkably decreased 

the level of lipid peroxidation and improved antioxidant ac-
tivity. This finding indicate that MSCs had antioxidant activ-
ity, which was consistent with Lanza et al. [25] who showed 
that MSCs exhibited antioxidant activity through lipid per-
oxidation prevention, increasing levels of glutathione and 
superoxide dismutase, and modulating the pathways of an-
tioxidant-related protein activation. Moreover, MSCs are re-
sistant to reactive oxygen species in vitro, reduce oxidative 
stress in recipient mice [26].
 It was detected that γ-irradiation induced inflam-
mation and cellular damage by the increasing levels of 
pro-inflammatory cytokines (il-6 and TGF-β). Hematopoie-
sis is regulated by cytokines, dysregulation of TGF-β can give 
rise to the development of various hematologic disorders 
and malignancies. Furthermore, increased TGF-β can lead 
to hematopoietic failure and such diseases as myelodyspla-
sia. TGF-β can also potentiate myelomagenesis by stimulat-
ing autocrine and paracrine secretion of such growth fac-
tors as IL-6 [27]. Yarnold and Brotons indicated that TGF-β 
1 is involved in normal tissue injury and plays a critical 
role in the initiation, development, and persistence of ra-
diation induced fibrosis [28].  Radiation increases TGF-ß1 
level and also induces the Chemokine stromal cell-derived 
factor-1 (SDF-1 α, also termed CXCL12) and its major re-
ceptor CXCR4, is expressed/secreted by several tissues/
organs in the body, especially BM. CXCR4/CXCL12 axis in-
fluences many aspects of HSPC and MSCs biology including 
migration, retention within stem cell niches, proliferation 
and quiescence [34]. It maintains a quiescent stem cell pool 
residing at the endosteum, whereby these cells are induced 
into the cell cycle to allow re-establishment of a depleted 
marrow cavity resulting in recovery extracellular activation 
of the latent complex by proteolytic cleavage in response to 
the production of reactive oxygen species generated by ra-
diation [29].    
 IL-6 has pro inflammatory characteristics and af-
fects a variety of inflammations, metabolic processes, and 
carcinogenesis. Of all the cytokines, IL-6 is associated with 
the pathogenesis of the disease, due to its close relation 
with a variety of diseases under overexpression [30]. Previ-
ous studies reported that radiation-induced bone marrow 
depression was associated with IL-6 release. This result in-
dicated that high level of IL-6 might be harmful to the pro-
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liferation of bone marrow stromal cells and might interfere 
with the stability of the bone marrow hematopoietic micro-
environment [31].
 Therefore, the intravenous treatment with MSCs 
were able to modulate the release of pro-inflammatory 
cytokines in serum by effectively promoting the release of 
anti-inflammatory cytokines in serum to balance inappro-
priate immune system disorders systemically.   MSCs treat-
ment substantially suppressed the production of inflamma-
tory cytokines, such as TNF-a, IL-1b and IL-6 indicating its 
anti-inflammatory potential [32]. MSCs could attenuate the 
pro-inflammatory cytokines in circulation, to maintain the 
balance of inflammatory and anti-inflammatory responses 
[33]. So that, the therapeutic effects of MSCs may depend 
largely on the capacity of MSCs to be safely infused, selec-
tively home to inflamed tissue to modify and regulate the 
inflammatory processes and tissue homeostasis via an 
array of immunosuppressive factors, cytokines, growth 
factors and differentiation factors. These findings suggest 
that MSCs are an effective anti-inflammatory cell-based 
therapy.
 Chemokine stromal cell-derived factor-1 (SDF-1 α, 
also termed CXCL12) and its major receptor CXCR4, is ex-
pressed/secreted by several tissues/organs in the body, es-
pecially BM. CXCR4/CXCL12 axis influences many aspects 
of HSPC and MSCs biology including migration, retention 
within stem cell niches, proliferation and quiescence [34]. It 
maintains a quiescent stem cell pool residing at the endoste-
um, whereby these cells are induced into the cell cycle to al-
low re-establishment of a depleted marrow cavity resulting 
in recovery of a damaged BM environment [35]. The pres-
ent study revealed that the exposure to γ-radiation down 
regulated the expression of CXCR-4, which may be due to 
over production of reactive oxygen species and reduction of 
bone marrow cellularity that is confirmed by histopatholo-
gy of bone marrow. In agreement with our results, Georgiou 
et al. illustrated that the deregulation of both CXCL12 and 
CXCR4 expression, was associated with reduced BM cellu-
larity following methotrexate (MTX) treatment, consistent 
with the reduced HSC cellularity [35].  Furthermore, Zhang 
et al. showed a progressive depletion of LT-HSCs in the BM 
of chimeric CXCR-4 mice that correlates with an elevation 

of their endogenous ROS levels. Elevated ROS levels have 
been reported to limit the lifespan of HSCs, cause deleteri-
ous consequences on progenitor growth and hematopoiet-
ic reconstitution capacity through an activation of the p38 
MAPK pathway, increased DNA double-strand breaks and 
apoptosis leading to marked reduction in HSC repopulating 
potential leading finally to exhaustion of the HSC pool [34].
Conversely, treatment with MSC upregulate the expression 
of CXCR4 versus irradiated group, suggesting that MSCs 
upregulate their expression of CXCR-4 to allow progenitor 
cells homing back to the BM microenvironment, quiescence 
and survival of HSCs and regulation of the size to re-estab-
lish the continually depleted BM cavity [36].  In the line with 
Yang et al. study, the increased expression of CXCR4 signifi-
cantly enhance migration and the paracrine properties of 
MSCs in vitro. Furthermore, increased expression of CXCR4 
significantly enhanced the colonization of MSCs in damaged 
lung tissue, which is perhaps the fundamental mechanism 
underlying their efficacy [37]. In contrast, absence of CXCR4 
expression, decrease homing efficiency of MSCs toward 
damaged tissue, which results in a poor curative effect of 
MSC-mediated repair [38].  
 Cellular apoptosis is mediated through the balance 
between pro- and anti-apoptotic proteins. Specifically, the 
apoptotic pathway is regulated by early translocation of 
anti – apoptotic (Bcl-xl) and pro-apoptotic (Bak and Bax) 
proteins to or from the mitochondria [39]. Sanzari et al. de-
tected increased expression of Bax and caspase-9 in total 
bone marrow cells following radiation exposure. Therefore, 
these results correlate with the loss of clonogenicity of the 
bone marrow cells following radiation exposure due to ei-
ther apoptosis and/or accelerated senescence [40].
Carbonneau et al. showed that exposure to IR induces bone 
marrow stromal cell apoptosis/ senescence [41]. Exposure 
to irradiation generate ROS that cause bone marrow sup-
pression [42]. Further increases in ROS production induce 
HSC senescence and/or apoptosis, due to increase in oxi-
dative DNA damage and double strand breaks (DSBs) in 
HSCs, decreases in HSC clonogenic function and long-term 
engraftment ability, and myeloid skewing [43].
 The intracellular signalling pathway from activated 
receptors to PI3K and its downstream targets v-akt murine 
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thymoma viral oncogene homolog (Akt) and mechanistic 
target of rapamycin (mTOR) is very frequently deregulat-
ed by genetic and epigenetic mechanisms [44].   Activation 
of PI3K leads to AKT activation, which signals to various 
downstream substrates including GSK-3, FOXO, mTOR, Bad 
and NF-kB, and modulates diverse cell processes including 
survival, proliferation, apoptosis, and autophagy [45].   
 Yamaguchi and Kashiwakura indicated that ROS 
play a critical role in intracellular signal induction and gene 
expression that involves in regulation of hematopoietic 
stem cell biology and lineage commitment [46]. The imbal-
ance of ROS homeostasis might induce a series of biological 
changes and finally resulted in significant damage to the he-
matopoietic stem/progenitor cells. Additionally, AKT/PI3K 
signaling pathways was activated for as long as 4 weeks 
post irradiation, correlating with prolonged pro-apoptotic 
signaling following radiation exposure [47]. 
 AKT (also known as protein kinase B, PKB), acts as 
proliferative factor to a variety of stimuli such as radiation, 
hypoxia and chemotherapy. However, activation of AKT 
does not inhibit apoptosis, but renders cells more sensitive 
to metabolic stress instead [10].  Zhao et al. showed that 
hyper activated AKT along with ROS production sensitizes 
cells to ROS induced apoptosis [48]. Further, Nogueira et al. 
found that AKT activation rendered cells more susceptible 
to ROS-mediated premature senescence and cell death by 
increasing oxygen consumption and suppressing FOXO ac-
tivity [49].  These studies imply that AKT acts as a proapop-
totic factor under ROS stress. Moreover, by stimulating ox-
idative metabolism, AKT promotes mitochondria oxygen 
consumption and contributes to ROS accumulation [50]. 
Furthermore, over activation of mTOR impaired HSC 
self-renewal and causes HSC exhaustion in association with 
elevated ROS production through increasing mitochondrial 
biogenesis [51, 52]. 
 Together, these findings suggest that induction 
of HSC apoptosis not only is one of the primary causes of 
IR-induced HSC depletion but also significantly contrib-
utes to IR-induced acute radiation syndrome (ARS) in the 
hematopoietic system [53]. IR induced damage to various 
components of the HSC niche not only contributes to HSC 
injury but also affects the recovery of HSCs after IR. This 

cause severe damages to HSCs and impairs their ability to 
self-renew by induction of HSC apoptosis, differentiation, 
and senescence and damage to the HSC niche, which may 
eventually lead to BM failure and organism death [3]. 
 In harmony with Mehmeti et al. the decline of an-
tioxidant enzymes and the increase of the oxidative stress 
induced by irradiation may also play a crucial role in the 
increased Bax expression and decreased expression of Bcl-
2 [54]. Taken together, it was indicated that ROS-mediated 
loss of mitochondrial integrity, increased Bax/Bcl-2 ratio 
and are crucial for cytokine induced cell apoptosis.  Consis-
tent with the present results, γ-irradiation was recorded to 
induce apoptosis as well as increase of the apoptotic pro-
teins Bax and the decrease of the anti-apoptotic protein Bcl-
2 [55].
 On contrary, transplantation of MSCs to γ-irradiat-
ed rats revealed significantly elevated level of Bcl-2 gene 
expression and lower bax expression. Also, MSCs result-
ed in inhibition of PI3K/AKT/mTOR pathway.  Thereafter, 
this reduce apoptosis through modulation of bax and bcl-
2 expression as well as bax/bcl-2 ratio to protect rat bone 
marrow from gamma irradiation-induced apoptosis.  Re-
garding the close relationship between free radicals, par-
ticularly ROS, and cellular injury specially apoptosis [56], 
the anti-apoptotic effect in this study may resulted from 
the antioxidant action of MSCs as direct free radical scav-
engers against ROS generated by radiation.  These results 
are in agreement with   Lanza et al. who showed that MSCs 
exhibited antioxidant activity through lipid Peroxidation 
prevention, increasing levels of glutathione and superoxide 
dismutase, and modulating the pathways of antioxidant-re-
lated protein activation [57].  
 Domen et al. indicated that hematopoietic recovery 
after radiation requires proliferation and differentiation of 
HSC into the various depleted compartments [58].  Conse-
quently, overexpression of Bcl-2 can prevent downregula-
tion of DNA repair enzymes such as apurinic/apyrimidinic 
endonuclease. This implies that cells overexpressing Bcl-2 
might not only survive longer, and thus have more time to 
repair DNA damage, but might also have an increased re-
pair capacity. Gong et al. found that MSCs transplantation 
decrease the frequency of apoptosis in the small intestines 



and support the growth tissue repair after exposure to radi-
ation [1].

Conclusion
In conclusion, this study revealed that MSC transplantation 
enhances hematopoiesis, repair bone marrow and improve 
the peripheral blood counts and other biochemical param-
eters. Interestingly, MSCs decrease the incidence of apop-
tosis/exhaustion and senescence of bone marrow cells and 
regulate PI3K/AKT/ mTOR signaling. In addition, it increas-
es mobilization of peripheral blood HSCs to re-establishing 
damaged bone marrow niche. These mechanisms may con-
tribute to the MSCs therapeutic potential in the treatment 
of radiation induced bone marrow injury.
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