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Introduction

There is an increasing trend of exposure to ionizing radiation at 
high doses of total- or partial-body because of radiological/nu-
clear accidents that can result in prominent health issues [1]. Ex-

posure of individuals to radiation doses exceeding 1 Gray (Gy) has been 
demonstrated to lead to severe health consequences. These consequenc-
es are typically characterized by pathologies that affect multiple organs 
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ABSTRACT
Background: Following any injury in radiation accidents, such as Acute Radiation 
Syndrome (ARS), medical interventions are recommended based on radiation dose 
and physiological response. Clinical management encompasses blood transfusion, he-
matopoietic cytokines, and stem-cell transplantation. 
Objective: This study aimed to determine the effect of adipose tissue-derived stem 
cells (AdSCs) together with vitamin C on the survival of rats with ARS.
Material and Methods: In this experimental study, 45 rats were randomly 
divided into 3 equal groups of animals administered with a single dose of oral 400 mg/
kg vitamin C; those injected intravenously with 1.5×105 AdSCs; and rats transplanted 
intravenously with 1.5×105 AdSCs together with a single oral dose of 400 mg/kg vita-
min C. All rats were already irradiated with 10 Gy (dose rate 0.286 Gy/ min) 60CO, for 
35 minutes with a field size of 35 cm × 35 cm for all body areas. 
Results: A significant increase in survival rate was visible one month after γ irra-
diation in 73.3% of animals received AdSCs+vitamin C, 60% of rats injected with just 
AdSCs, and 13.3% of the group received just vitamin C.  
Conclusion: Our findings revealed significant efficacy of a combined approach 
involving AdSC transplantation and vitamin C to enhance the survival rate following 
lethal irradiation. This combination could offer a potential avenue for addressing the 
alleviation of tissue damage caused by chemotherapy and toxic drugs. We recommend 
the administration of AdSCs together with vitamin C as an effective and prompt treat-
ment option for irradiation injuries.
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throughout the body and are collectively re-
ferred to as Acute Radiation Syndrome (ARS) 
[2]. This syndrome mostly affects vital organ 
systems, such as hematopoietic, gastrointesti-
nal, and neurovascular systems; as well as de-
veloping multi-organ failure in some patients, 
leading to their death [3]. 

Crucial security issues have emerged by 
concentrating on radiological preventive mea-
sures and medical countermeasures as strate-
gies in the clinical management of ARS. Two 
major mechanisms were reported for ARS in-
juries. The first mechanism enrolls direct ion-
ization of target molecules damaging cellular 
macromolecules, and the second involves 
interactions with water molecules in the pro-
duction of free radicals [4]. Cytokines/growth 
factors, Nplate (romiplostim), Leukine (sar-
gramostim), Neulasta (PEGylated filgrastim), 
and Neupogen (filgrastim) were verified for 
clinical use during a long period [5]. Herbal 
medicines have also been utilized with mini-
mal side effects to prevent radiation injuries 
by improving tissue damage and inhibiting  
tissue injuries [6].

Some antioxidants, such as vitamin E or γ‐
tocotrienol (γGT3) have been introduced as 
radioprotective agents for ARS, because mem-
bers of the vitamin E family were well-defined 
for their anti-oxidant, anti-inflammatory, and 
neuroprotective properties [7]. Even huge re-
sources have been devoted to the development 
of radioprotective materials; however, serious 
challenges still exist. Administration of vita-
min C (ascorbic acid), a free radical scaven-
ger, was demonstrated to increase survival of 
mice in ARS models. It is water-soluble and 
has a free radical-scavenging activity [8]. 

Regenerative medicine by application of cell 
transplantation has opened a new door in the 
treatment of ARS [9, 10]. In stem cell therapy, 
in the laboratory before cell transplantation, 
the expansion of cells happens. Bone marrow 
transplantation and cell therapy of peripheral 
blood and cord blood stem cells have success-
fully been employed in radiation casualties 

[11]. The most clinically approved cell trans-
plantation to date is the use of mesenchymal 
stem cells (MSCs). Transplantation of MSCs 
was demonstrated to be beneficial for tissue 
regeneration. Although the current clinical ap-
plication of MSCs is limited to diseases other 
than ARS, their unique biological characteris-
tics, such as migration, homing, self-renewal 
capacity, multispectral differentiation ability, 
immunomodulation, anti-inflammatory and 
minimal host rejection, tissue damage repair, 
and lack of co-stimulatory molecules have 
provided their wide use in medicine [12]. 
They have been extracted from many tissues 
including Wharton’s jelly [13], endometrium 
[14], menstrual blood [15], dental pulp [16], 
amniotic fluid [17], bone marrow [18], and 
adipose tissue [19]. Among different types 
of MSCs, adipose tissue-derived stem cells 
(AdSCs) have many advantages making these 
cells proper candidates for clinical uses, be-
cause adipose tissue is available as an abun-
dant source of stem cells, can be prepared via 
minimally invasive procedures like liposuc-
tion and can be easily expanded in cell culture 
with a significant proliferative capacity [20]. 
So our study aimed to assess the role of AdSCs 
together with vitamin C on the survival of rats 
with ARS.

Material and Methods

Isolation of adipose-derived stem 
cells

In this experimental study, to isolate adipose 
tissue from abdominal and pelvic localities, 4 
male rats were anesthetized by a mixture of 
2% xylasine (Alfasam, Netherlands) and 10% 
ketamine (Alfasam, Netherlands), while sacri-
ficed by cervical dislocation. Under the sterile 
condition, the removed adipose tissues were 
3 times washed with phosphate-buffered sa-
line (PBS; Gibco) containing 1% penicillin 
and streptomycin (Sigma-Aldrich, USA) and 
further put in falcon tubes containing Dul-
becco’s modified Eagle’s medium (DMEM, 
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Gibco, Waltham, USA) and 1% penicillin and 
streptomycin (Sigma-Aldrich, USA). Then, 
the adipose tissues were taken out and under 
a laminar hood were cut into small pieces us-
ing a scalpel and were later exposed to 0.2% 
collagenase Type II at 37 °C on a shaker for 
45 min to digest the sample tissues. The fal-
con containing the digested tissues was driven 
out and 5 mL of DMEM was subjoined to the 
content to stop tissue digestion. It was later fil-
tered and the content of the falcon was further 
spinned at 200 g for 7 min. The supernatant 
was brought out, and 1 mL of culture media 
with 88% DMEM, 10% FBS, 1% penicillin-
streptomycin, and 1% non-essential amino 
acids (Sigma-Aldrich, USA) was added to the 
remained pellet of cells and by using a pipette, 
cell suspension was provided. The cell sus-
pension was placed in a 25 mL culture flask 
containing 4 mL of culture media. The culture 
flask was transferred to a 5% CO2 incubator at 
37 °C with saturated humidity, while cell cul-
ture media changed every 3 days until reach-
ing cell confluence of 80% confluent culture. 
To subculture cells until passage 3, the cells in 
culture flasks were subjected to 0.25% (w/v) 
trypsin-EDTA (Gibco, USA), while DMEM 
was added to stop trypsin-EDTA activity be-
fore centrifugation and transfer to culture 
flasks for further passages.

Cell characterization
Morphological characterization was un-

dertaken by an inverted microscope (Nikon, 
Tokyo, Japan) to show the spindle shape of 
AdSCs. Several images were provided by a 
digital camera (Olympus, Tokyo, Japan) to 
demonstrate their fibroblast-like morphology. 

Osteogenic induction was performed for cell 
characterization. To do so, 6-well plates were 
used to culture the isolated AdSCs till reach-
ing an 80% cell confluence. Later, osteogen-
ic medium of 50 µM ascorbic acid (Merck, 
Germany), 100 nM dexamethasone (Sigma 
Aldrich, USA), and 10 mM glycerol 3-phoso-
hate (Merck, Germany) were added to the  

complete culture medium containing 15% 
FBS. The medium was altered every 3 days 
for 3 weeks. Then to fix the cells, 10% for-
malin was added, and after 20 min, they were 
three times washed with deionized water. To 
confirm osteogenic induction, the cells were 
stained utilizing 1.4% Alizarin Red solution 
(solved in deionized water at pH of 4.1, Sig-
ma-Aldrich, USA). If the cells were verified 
for osteogenic induction, they should appear 
in red color based on the formation of calcium 
deposits in the cells and the calcification that 
happened in the differentiation process.

To characterize AdSC by adipogenic induc-
tion properties, the cells were placed in 6-well 
culture plates containing the culture medium 
until reaching 80% confluence. Then, media 
change with adipogenic media containing a 
complete culture media, 15% FBS, 100 nM 
dexamethasone, 200 µM indomethacin, and 
100 µM ascorbic acid (Sigma Aldrich, USA) 
happened every 3 days until 21 days. Follow-
ing 3 weeks of adipogenic media change, Ad-
SCs were fixed in 10% formalin and after 20 
min., the cells were 3 times washed with de-
ionized water. To verify adipogenic induction, 
the cells were further stained employing 0.5% 
Oil Red-O (Sigma-Aldrich, USA) solved in 
2-propanol solution (Merck, Germany) for 2 
h, while a positive adipogenic differentiation 
should appear in red color based on the forma-
tion of oil droplets in the differentiated cells.

To characterize the cells molecularly, RT-
PCR technique was applied for mesenchymal 
(CD73 and CD90) and hematopoietic (CD34) 
markers (Table 1).

To evaluate the total RNA, the RNA extrac-
tion kit (Cinna Gen Inc., Tehran, Iran) based 
on the manufacturer’s protocol was employed. 
The first strand cDNA was collected by use of 
a Revert Aid™ first strand cDNA synthesis kit 
(Thermo Fisher Scientific, Waltham, USA). A 
PCR thermal cycler (Veriti Thermal Cycler, 
Thermo Fisher Scientific, Waltham, USA) 
was employed to investigate the PCR runs  
including 1 cycle at 94 °C for 3 min, 35 cycles 
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at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 
30 s; and 1 cycle at 72 °C for 10 min. Elec-
trophoresis by use of DNA-safe stain in 1.5% 
agarose gel medium and a gel documentation 
system (UVtec, Cambridge, UK) was under-
taken to test the bands for mesenchymal and 
hematopoietic markers.

Animals and grouping
Forty-five male Wistar rats (weigh-

ing=250-300 g) were purchased from Labo-
ratory Animal Center of Shiraz University of 
Medical Sciences and acclimatized to labora-
tory conditions before interventions (23 ℃, 
12 h/12 h light/dark, access to food and water 
ad libitum). Rats were sacrificed according to 
instructions of regulations and laws complied 
with the ARRIVE guidelines and the Declara-
tion of Helsinki and Iran Veterinary Organiza-
tion for laboratory animals to minimize pain 
or discomfort to the animals. 

The enrolled rats in the study were randomly 
divided into 3 equal groups of animals admin-
istered with just a single dose of 400 mg/kg 
vitamin C orally, those intravenously injected 
into the tail with 1.5×105 AdSCs of passage 
4 in 150 µL medium, and rats injected intra-
venously into the tail with 1.5×105 AdSCs of 
passage 4 in 150 µL medium together with a 
single dose of 400 mg/kg vitamin C orally. 
The three groups were already irradiated with 
10 Gy (dose rate 0.286 Gy/ min) 60CO, for 35 
minutes with a field size of 35×35 for all the 

body area [16, 17]. The survival rate in each 
group was investigated after 48 hours and 30 
days.

Statistical analysis
To compare the groups, SPSS software (Ver-

sion 21, Chicago, IL, USA) was utilized by 
Kaplan-Meier analysis. A P-value less than 
0.05 was defined as statistically significant.

Results

Cell characterization
AdSCs expressed mesenchymal surface 

markers of CD73 and CD90 (Figure 1A) and 
lacked CD34 as a surface marker of hemato-
poietic stem cells (Figure 1B). AdSCs were 
shown to appear plastic adherent and fibro-
blast-like morphology (Figure 1C). Osteogen-
ic induction was positive for AdSCs with the 
presence of calcium deposits in red color in 
the cells when staining was undertaken with 
Alizarin red (Figure 1D). AdSCs were positive 
for adipogenic induction based on the pres-
ence of oil droplets in the cells after staining 
with Oil Red O (Figure 1E).

Animal grouping
The survival rate significantly increased 

one month after γ irradiation among 73.3% of 
animals received AdSCs+vitamin C, 60% of 
rats injected with just AdSCs, and 13.3% of 
the group received just vitamin C (P=0.006,  

Gene Primer sequence Size (bp)

CD73
Forward:5’-TGCATCGATATGGCCAGTCC-3’

208
Reverse:5’-AATCCATCCCCACC GTTGAC-3’

CD90
Forward:5’-GACCCAGGACGGAGCTATTG-3’

177
Reverse:5’-TCATGCTGGATGGGCAAGTT-3’

CD34
Forward:5’-GCCATGTGCTCACACATCA-3’

257
Reverse:5’-CAAACACTCGGGCCTAACCT-3’

bp: base pair

Table 1: The sequences of mesenchymal and hematopoietic markers
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Table 2). The survival rate significantly  
increased after exposure of the whole body 
to 10 Gy γ irradiation and then transplanta-
tion of AdSCs together with vitamin C when 
compared to other groups measured by the 
Kaplan-Meier test (P=0.001). In addition, 
48 hours after irradiation, a single injection 
of AdSCs could significantly increase the  
survival rate when compared to the control 
group (P=0.01, Figure 2).

Discussion
ARS is a clinical syndrome that can involve 

several organ systems and lead to gastrointes-
tinal subsyndrome (GIS, >6 Gy), cutaneous 
subsyndrome (CS, >25 Gy), neurovascular 
subsyndrome (NVS, >10 Gy), and hemato-
poietic syndrome (HS, 2-6 Gy). Radiation ex-
posure in ARS can happen internally and/
or externally through many pathways [21]. 

All healthcare centers are responsible for  
helping injured individuals in radiation acci-
dents. Recommendations are made based on 
radiation dose and physiologic response in the 
treatment of ARS including blood transfusion; 
hematopoietic cytokines and stem-cell trans-
plantation [22]. AdSCs are characterized by 
their spindle shape morphology being positive 

Group
Animals (n=45)

Total 
(No.)

Survived 
(No.)

Survived 
(%)

Vitamin C 15 2 13.3
AdSCs 15 9 60.0

AdSCs+Vitamin C 15 11 73.3
AdSCs: Adipose Tissue-Derived Stem Cells

Table 2: The survival rate of rats (n=45) one 
month after γ radiation

Figure 1: Cell characterization. A. By RT-PCR showing positive expression of CD73 and CD90 as 
mesenchymal surface markers. B. By RT-PCR exhibiting negative expression of CD34 as a hema-
topoietic surface marker. C. By morphology from passage 3 to be spindle shape (20x). D. Positive 
osteogenic differentiations of AdSCs by Alizarin Red staining revealing calcium deposits in the 
cells (20x). E. Positive adipogenic induction of AdSCs by Oil Red staining denoting to presence of 
oil droplets in the cells (20x). (RT-PCR: Reverse Transcription Polymerase Chain Reaction, AdSCs: 
Adipose Tissue Derived Stem Cells, MSC: Mesenchymal Stem Cell; HSC: Hematopoietic Stem 
Cell)
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for mesenchymal markers and lacking hema-
topoietic markers with immunomodulating 
and anti-inflammatory properties [14]. Our 
findings denoted spindle shape morphology, 
positive expression of mesenchymal markers, 
and lack of hematopoietic markers of AdSCs 
too [14]. 

MSC transplantation was demonstrated to be 
beneficial in ARS therapy based on the immu-
nomodulatory properties of MSCs [23]. Cha-
pel et al. denoted the role of MSCs to home the 
injured region and remedy a radiation-induced 
multi-organ failure syndrome [24]. Bone 
marrow-derived stem cells (BMSCs) trans-
plantation together with HLA-mismatched pe-
ripheral blood stem cells in a Chinese patient 
exposed to a dose of 14.5 GY γ- radiation in 
the whole body has been effective in reduc-
ing mortality rate and successfully rescuing 
hematopoietic damages [25]. Successful sys-

temic injection of BMSCs has been reported 
in the treatment of ARS-induced mice display-
ing improved regenerative features character-
ized by declined proinflammatory cytokines, 
ECM formation, and adhesion properties and 
boosted anti-inflammation, detoxification, cell 
cycle, and anti-oxidative stress control [26]. 
Allogeneic BMSCs transplantation in mice 
treated with lethal total body irradiation was 
exhibited to attenuate radiation-induced he-
matopoietic toxicity and to provide immu-
noprotection by alleviating regulating T cell 
chemokine receptor expressions, expanding 
Tregs, lymphocyte-mediated CFU-GM inhi-
bition, and skewing the Th1/Th2 balance to-
ward anti-inflammatory Th2 polarization [27]. 
In mice model of ARS irradiated with 10 Gy 
(dose rate 0.286 Gy/min) 60CO, during 35 min-
utes with a field size of 35×35 for all the body 
area, BMSCs were exhibited to decline the 

Figure 2: Comparison of animals administered with just a single dose of 400 mg/kg vitamin C 
orally, those received an intravenous injection of 1.5×105 AdSCs (Adipose Tissue-Derived Stem 
Cells) into the tail, and rats intravenously injected with 1.5×105 AdSCs into the tail together with 
oral administration of a single dose of 400 mg/kg vitamin C. The three groups were already  
irradiated with 10 Gy (dose rate 0.286 Gy/ min) 60CO, during 35 minutes with a field size of 
35×35 for the body area.
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significant impacts of radiation in ARS and to 
increase the survival rate [9, 10].

Also, impressive influences of intramuscular 
injections of AdSCs after acute local irradia-
tion with 50 Gy gamma rays in minipigs were 
displayed to lead to a polarization of M2 in 
the inflammatory response to direct the irradi-
ated tissues’ inflammatory response towards a 
pro-regenerative outcome [28, 29]. Akita et al. 
noticed an efficient improved fat angiogenesis, 
architected dermal reconstitution, and less in-
flammatory epidermal recovery in cutaneous 
ARS after transplantation of MSCs [30]. Im-
munohistological analysis of cytokeratin ex-
pression has denoted to a complete epidermis 
recovery in pigs locally gamma irradiated by 
60Co source at the dose of 50 Gy after trans-
plantation of AdSCs at the dermis/subcutis 
[31]. Identically, we showed a significant in-
crease in survival rate after γ irradiation in 
animals received AdSCs, while this increase 
was greater when AdSCs were administered in 
combination with vitamin C when compared 
to those received just vitamin C after γ irradia-
tion. 

Administration of vitamin C, a free radical 
scavenger, was shown to increase the survival 
of mice in ARS models and nutritionally suf-
ficient vitamin C can exert a radioprotective 
effect against ARS [32]. The data suggest that 
after high-dose vitamin C, the radiation dose 
given to cancer patients could be increased in 
the absence of any increase in acute compli-
cations [33]. The combination of BMSCs and 
treatment with oral vitamin C was demonstrat-
ed to rescue mice receiving a higher dose of 
total body irradiation by inhibiting GIS [34]. 
Our findings have also indicated an increased 
survival rate when vitamin C was adminis-
tered in mice models of ARS. The novelty of 
our study was the combination of vitamin C 
with AdSCs in the treatment of ARS revealing 
a greater rise in the survival rate of mice with 
ARS when compared to vitamin C or ADSCs 
administered alone. The radioprotective effect 
of vitamin C can be attributed to its interac-

tion with radiation-induced free radicals, ef-
fective prevention of cell apoptosis [35], and  
protection against DNA damage created by 
ionizing radiation [36].

Conclusion
Our findings present evidence for this highly 

effective impact of the combination of stem 
cell transplantation and vitamin C to increase 
survival rate after lethal irradiation in rats. So 
this combination may open a window when al-
leviation of injured tissues due to chemother-
apy and toxic drug reaction is targeted and we 
recommend injection of AdSCs together with 
vitamin C as an impressive and instant thera-
py of choice after irradiation injuries; because 
AdSCs are easily available, are massively ex-
panded, can be saved for prolonged time, and 
can be easily dispensed to places in need.
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