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Background: and purpose: Radiotherapy (RT) is an effective treatment for most malignant chest tumors.
However, radiation-induced myocardial fibrosis (RIMF) is a serious side effect of RT. Currently, due to the
mechanism of RIMF has not been fully elucidated, there is a lack of effective therapeutic approach. In this
study, we aimed to investigate the role and possible mechanisms of bone marrow mesenchymal stem
cells (BMSCs) in the therapy of RIMF.
Materials and methods: Twenty-four New Zealand white rabbits were allotted into four groups (n ¼ 6).
Rabbits in the Control group received neither irradiation nor treatment. A single dose of 20 Gy heart X-
irradiation was applied to the RT group, RT þ PBS group and RT þ BMSCs group. Rabbits in the RT þ PBS
group and RT þ BMSCs group were injected with 200 mL PBS or 2 � 106 cells via pericardium puncture
24 h following irradiation, respectively. Echocardiography was used to test the cardiac function; Then the
heart samples were collected, and processed for histopathological, Western blot and immunohisto-
chemistry investigations.
Results: It was observed that BMSCs have therapeutic effect on RIMF. Compared with the Control group,
inflammatory mediators, oxidative stress and apoptosis were significantly increased, meanwhile, cardiac
function was remarkably decreased in the RT group and RT þ PBS group. However, in the BMSCs group,
BMSCs significantly improved cardiac function, decreased inflammatory mediators, oxidative stress and
apoptosis. Furthermore, BMSCs remarkably reduced the expression level of TGF-b1 and the phosphor-
ylated-Smad2/3.
Conclusions: In conclusion, our research indicates BMSCs have the potential to alleviate RIMF through
TGF-b1/Smad2/3 and would be a new therapeutic approach for patients with myocardial fibrosis.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Radiotherapy (RT) is an essential treatment for most thoracic
tumors, including mediastinal lymphoma, esophageal cancer, and
breast cancer. Meanwhile, radiation-induced heart disease (RIHD)
is a common and severe complication of RT [1]. A previous study
showed cardiac toxicity after RT is the major cause of noncancer-
related mortality [2]. Manifestations of RIHD include pericarditis,
microvascular damage, myocardial fibrosis, coronary artery disease,
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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and valvular heart disease [3]. RIMF, the advanced stage of RIHD, is
a slow and progressive process that usually occurs years after
radiotherapy. Currently, due to the mechanism of RIMF has not
been fully elucidated, there is a lack of effective therapeutic
approach.

Over the last 20 years, abundant adult stem cells have already
been adopted in the basic research and clinic practice. Among the
various stem cell types, BMSCs are the most widely studied,
because of its easy accessibility, low immunogenicity, self-renewal,
and differentiation potential [4]. Several researches have showed
that MSCs are capable of differentiating into endothelial cells to
participate in angiogenesis by regulating various cytokines (such as
TGF-b, VEGF, and ICAM) [5,6]. In vivo studies have shown that
BMSCs transplantation significantly improved cardiac function,
reduced inflammation and myocardial fibrosis, and recruited DNA
repair proteins after irradiation [7]. BMSCs transplantation also
mitigated radiation-induced oxidative stress and artery inflam-
mation [8]. Additionally, a study demonstrated the MSCs could
restore the disrupted intestinal function by RT through inhibiting
inflammation, promoting neovascularization, and maintaining
epithelial homeostasis [9].

Transforming growth factoreb1 (TGF-b1) is a typical profibrotic
cell growth factor, involved in regulating cell growth and differ-
entiation, promoting cell proliferation and inhibiting inflammation
[10], which plays a vital role in RIMF [11]. Smad2/3 is the down-
stream signaling molecules of the TGF-b1 signaling pathway, which
has been found participated in the process of fibrosis, and also plays
an essential role in the synthesis of extracellular matrix compo-
nents [12,13]. Studies have shown that inhibition of the TGF-b1/
Samd2/3 pathway may alleviate myocardial fibrosis [14,15].

Therefore, in order to clarify the role of BMSCs in the therapy of
RIMF and the possible mechanisms, we completed this in vivo
experiment.

2. Materials and methods

2.1. Animal experiments

Twenty-four female/male New Zealand white rabbits
(10e12 weeks, 2e2.5 kg) were purchased from the Animal Exper-
imental Centre of Yangzhou University. The rabbits were randomly
evenly allotted into four groups. 1) Control group: The rabbits
received neither irradiation nor treatment. 2) RT group: The rabbits
received irradiation but not treatment. 3) RT þ PBS group: The
rabbits received irradiation and PBS treatment. 4) RT þ BMSCs
group: The rabbits received irradiation and BMSCs treatment. The
irradiation protocol was performed with some modifications based
on the previous description [16]. The rabbit hearts were exposed to
X-ray irradiationwith a medical linear accelerator (Varian Clinac IX,
USA), operating a beam energy of 6-MV with a dose rate of 2 Gy/
min, using a single fraction of 20 Gy, setting source-skin distance at
2 cm and radiation field at 1 cm � 1 cm. The rabbit hearts were
localized by a simulator before irradiation. The rabbits were killed
with a lethal dose of pentobarbital three months after irradiation.
All animal experiments and procedures were approved by Yangz-
hou University Ethics Committee.

2.2. Isolation, culture and identification of BMSCs

BMSCs were extracted from 2-months-old New Zealand white
rabbits. A total of 2 ml bone marrow aspirates were taken with a
heparinized syringe from the lateral tibial tubercle. Density
gradient centrifugation and adherent method were used to isolate
BMSCs, as previously described [17]. The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal
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bovine serum (FBS) and 1% penicillin-streptomycin in an incubator
at 5% CO2 at 37 �C.BMSCs from the third passage were used for the
following experiments.

BMSCs were identified by flow cytometry (FCM) with CD29,
CD34 and CD44 antibodies (Abcam Inc., Cambridge, MA, USA).
BMSCs from passage three were harvested by centrifugation at
1000 rpm for 5 min at 4 �C, and washed with pre-cooled PBS. Cells
were incubated with antibodies (1:50) at 4 �C for 30 min in the
dark. After incubation, the cells were detected using a FACSCalibur
II flow cytometer (BD Biosciences) and analyzed by Flow Jo soft-
ware (Flow Jo, LLC, USA).

2.3. Adipogenic/osteogenic differentiation

For adipogenic differentiation, the 3rd-passage BMSCs were
cultured for 2 weeks in DMEM supplemented with 10% fetal bovine
serum, 0.5 mM isobutyl methyl xanthine, 10 mM insulin, 1 mM
dexamethasone and 200 mM indomethacin (SigmaeAldrich). Oil
Red O (SigmaeAldrich) staining was used to indentify lipid drop-
lets. For osteogenic differentiation, the 3rd-passage BMSCs were
cultured for 3 weeks in DMEM with 10% fetal bovine serum sup-
plemented with 100 nM dexamethasone, 0.05 mM ascorbic acid
and 10 mM b-glycerol phosphate (SigmaeAldrich). Alizarin Red S
(SigmaeAldrich) staining was performed to detect deposited cal-
cium phosphates.

2.4. BMSCs transplantation

The BMSCs transplantation was performed 24 h after RT. All
adherent BMSCs were digested with trypsin and prepared as a cell
suspension. Then, the cells were centrifuged and gently resus-
pended in sterile phosphate buffer solution (PBS). A percutaneous
subxiphoid puncture approach was used to enter the pericardial
space, as previously described [18]. In total, 2 � 106 cells in 200 mL
sterile PBS were injected into each rabbit.

2.5. Echocardiography

Rabbits were immobilized but not anesthetized in the supine
position on a table. The chest areawas shavedwith an electric razor.
Echocardiograms were performed using the ultrasonic equipment
(GE VividE9) with anM5 Sprobe (1.7e3.3 MHz). First, B-mode long-
axis image was obtained by positioning the probe parallel to the
long axis of the left ventricular (LV). Next, the probe was rotated at
90� to obtain a M-mode short-axis image of the LV. Echocardio-
graphic images were recorded at least two cardiac cycles. These
measurements included ejection fraction (EF), fractional shortening
(FS), left ventricular internal diameter at end-diastole (LVIDd) and
left ventricular internal diameter at end-systole (LVIDs).

2.6. Electrocardiography

All rabbits were immobilized but not anesthetized in the supine
position on a table. Four limb electrodes needle were inserted un-
der the skin of the right upper limb, right lower limb, left upper
limb, and left lower limb. Additionally, six (V1eV6) precordial
electrodes needle were connected in the chest. After 5 min of
acclimation, the electrocardiographic waves were recorded in an
ECG recorder (COMEN CM1200B, Shenzhen, China).

2.8. ELISA assay

The frozen plasma samples were used to measure the plasma
levels of TNF-a, BNP, and cTnI. ELISA kit (Solaibao Biological
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Technology Co., Ltd., Beijing, China). The assay was performed ac-
cording to the manufacturer's instructions.

2.9. Measurement of SOD

Total SOD activity was measured in serum using an SOD assay
kit based on the manufacturer's instructions (Jiancheng Biotech
Ltd., Nanjing, China). Briefly, the nitroblue tetrazolium (NBT)/
enzyme working solutions was added to the serum samples for in
incubation at 37 �C for 30 min. The absorbance at 560 nm was
measured using a Tecan Spark 20M microplate reader.

2.10. Histological analysis

After the rabbits were sacrificed, the heart samples were fixed in
4% paraformaldehyde solution for 24 h, dehydrated, and embedded
in paraffin. Then, 5 mm thick slices were cut, and stained with
hematoxylin-eosin (HE) and Masson. Heart pathological changes
were observed using light microscopy. Three different visual fields
were randomly selected in each slice. Collagen deposition areas
were analyzed by Image Pro Plus 6.0 (IPP6.0).

2.11. TUNEL staining

The terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining was used to ascertain cellular death.
The TUNEL assay was performed using a TUNEL assay kit (Roche,
Shanghai, China) according to the manufacturer's instructions.
Staining was observed using light microscopy; TUNEL-positive
nuclei were expressed as a percentage of the total nuclei per field.

2.12. Immunohistochemistry

Immunohistochemical staining was performed according to a
previously described protocol [19]. In brief, the heart tissues were
sectioned at 4 mm and onto glass slides. Then, the sections were
quenched with 3% hydrogen peroxide, digested with compound
digestive juice, and blocked with 5% bovine serum albumin. Then,
tissues were incubated with the primary antibody anti-TGFb1 (cat.
no. AF5449; 1:200; Affinity Biosciences) at 4 �C overnight. The
sections were incubated with the horseradish peroxidase-
conjugated secondary antibody (cat. No. ab6721; 1:500; Abcam
Biotech., Cambridge, MA, USA) for 1 h at room temperature. Three
randomly selected areas in each slice were used to evaluate the
images. Relative expression was compared using average optical
density (IOD/area), as measured using IPP6.0 software.

2.13. Western blotting

Western blotting was performed as reported previously [20].
Briefly, the proteinwas extracted from heart tissues using RIPA lysis
buffer with protease/phosphatase inhibitor (Thermo Fisher), then,
the protein was separated on 10% SDS-PAGE and transferred to
Immun-Blot polyvinylidene difluoride membranes, membranes
were blocked with 5% BSA for 2 h and then incubated with the anti-
collagen I (cat. no. A21059; 1:2000; ABclonal), anti-collagen III (cat.
no. ab7778; 1:2000; Abcam), anti-gapdh (cat. no. ab9485; 1:2000;
Abcam), anti-cleaved-caspase 3 (cat. no. ab2302; 1:2000; Abcam),
anti-a-tubulin (cat. no. AF5449; 1:2000; Affinity Biosciences), anti-
Smad2/3 (cat. no. AF6367; 1:2000; Affinity Biosciences), and anti-
pSmad2/3 (cat. no. AF3367; 1:2000; Affinity Biosciences)
3

overnight at 4 �C. Subsequently, membranes were washed with
TBST and incubated with the HRP- labeled secondary antibody (cat.
no. S0001; 1:3000; Affinity Biosciences) for 2 h. The corresponding
band was revealed using enhanced chemiluminescence reagents
(Thermo Fisher Scientific). Autoradiographs were quantified by
densitometry (NIH Image J).

2.14. Statistical analysis

Results are presented as means ± standard deviation in
GraphPad Prism6.0 (GraphPad Software Inc., San Diego, USA). All
dates were derived from at least three independent experiments.
Student's t-test was used for comparison between the two groups,
and one-way ANOVA was used for comparison between multiple
groups. Differences were considered significant when p < 0.05.

3. Results

3.1. Culture and identification of BMSCs

The isolated BMSCs exhibited fibroblast-like-shaped after 12
days of culture (Supplementary Fig. S1A). After 2 weeks of adipo-
genic induction, lipid droplet aggregation was observed by Oil Red
staining, confirming adipogenic differentiation (Supplementary
Fig. S1B). After 3 weeks of osteogenic induction, Osteogenic dif-
ferentiationwas confirmed by deposition of calcium by Alizarin Red
staining (Supplementary Fig. S1C). Meanwhile, Flow cytometric
analysis showed that third generation cells expressed of CD29 and
CD44 (94.9% and 92.4% respectively), with little evidence of the
expression of CD45 (0.23%) (Supplementary Fig. S1D).

3.2. BMSCs transplantation improves the cardiac function of RIMF
rabbits

The cardiac function was measured before radiotherapy and at
the 1, 2, and 3months after irradiation (Fig. 1A). The results showed
that compared to the Control group, the LVEF and FS of rabbits in
the RT groupwere significantly reduced, while that of rabbits in the
RT þ BMSCs group were slightly reduced; There was a significant
difference between the RT group and RT þ BMSCs group (Fig. 1B,C).
In addition, For LVIDd and LVIDs, there were a considerable dif-
ference between the RT þ BMSCs group and the RT group
(Fig. 1D,E).

3.3. BMSCs transplantation attenuates the myocardial injury

Electrocardiogram measurements were performed before
radiotherapy and at the 1, 2, and 3months after irradiation (Fig. 2A).
The results showed that there was no significant difference in the
heart rate in each group before and after radiotherapy (Fig. 2B). A
significant decrease in R-wave and T-wave was evidenced in the RT
group in comparison to the control group; The RT þ BMSCs groups
have significantly improved R-wave and T-wave than the RT group
(Fig. 2C,D).

3.4. BMSCs transplantation alleviates functional heart parameters

The functional heart parameters were detected before radio-
therapy and at the 1, 2, and 3 months after irradiation. The cTnI and
BNP in the RT group showed a significant increase compared to the
control group at the 2 and 3 months after irradiation; The



Fig. 1. BMSCs improve cardiac function. The cardiac function was measured after irradiation. A. Images of heart ultrasound at 3 months after irradiation; B. LVEF: left ventricular
ejection fraction; C. FS: fractional shortening; D. LVIDd: left ventricular internal diameter at end-diastole. E. LVIDs: left ventricular internal diameter at end-systole; Values are
expressed as mean ± SD (n ¼ 6 rabbits); **P < 0.01 and ***P < 0.001vs Control; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs RT.
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RT þ BMSCs group has shown a decrease in cTnI and BNP than the
RT group (Fig. 3A,B). Further, the levels of antioxidant critical
regulator SODwere remarkably decreased in the RTgroup; The SOD
levels were significantly elevated in the RT þ BMSCs group
compared to the RT group (Fig. 3C). Also, the levels of TNF-a were
significantly increased in the RT group; The TNF-a levels were
significantly decreased in the RT þ BMSCs group in comparison
with the RT group (Fig. 3D).
4

3.5. BMSCs transplantation mitigates cardiac morphological
changes after irradiation

H&E staining revealedmorphological changes in rabbit hearts at
3 months after irradiation. The control group showed normal car-
diac myocytes. On the other hand, the RT group showed hyperemia
and inflammation in the cardiac tissues; The RT þ BMSCs group
demonstrated slight hyperemia of cardiac myocytes (Fig. 4A).



Fig. 2. BMSCs reduce myocardial damage. The electrocardiography was measured after irradiation. A. Images of electrocardiography at 3 months after irradiation; B. heart rate
(bpm); C. R-wave amplitudes (mV); D. T-wave amplitudes (mV). Values are expressed as mean ± SD (n ¼ 6 rabbits); *p < 0.05 and ***P < 0.001 vs Control; #P < 0.05 and ##P < 0.01
vs RT.
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Masson's staining revealed increased collagen deposition in the
heart in the RT group compared with the control group; The
RT þ BMSCs group exhibited less collagen compared to the RT
group (Fig. 4B). Western Blot showed that the protein expression of
5

Collagen I and Collagen III was a significant increase in the RT group
comparedwith the control group; Comparedwith the RTgroup, the
Collagen I and Collagen III was significantly down-regulated in the
RT þ BMSCs groups (Fig. 4CeE).
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3.6. BMSCs transplantation inhibits apoptosis in cardiac tissue after
irradiation

TUNEL staining indicated that TUNEL-positive cells were more
frequently observed in the RTgroup compared to the control group.
Compared with the RT group, TUNEL-positive cells were signifi-
cantly decreased in the RT þ BMSCs groups (Fig. 5A,B); Western
blot results indicated that the protein expression of cleaved caspase
3 was a significant increase in the RT group as compared with the
control group; The protein level of cleaved caspase 3 was signifi-
cantly decreased in the RT þ BMSCs group in comparison with the
RT group.
3.7. BMSCs transplantation reduces the protein levels of TGF-b1,
Smad2/3, and p-Smad2/3 in the heart

Immunohistochemical staining (IHC) shows that TGF-b1 was
highly expressed in the RT group compared to the control group;
Compared with the RT group, the TGF-b1was significantly down-
Fig. 3. BMSCs inhibit radiation-induced oxidative stress and inflammation and improve func
A. cTnI; B. BNP; C. SOD; D. TNF-a. Values are expressed as mean ± SD (n ¼ 6 rabbits); ***P
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regulated in the RT þ BMSCs groups (Fig. 6A,B). Western blot re-
sults indicated that the protein expression of TGF-b1, Smad2/3 and
p-Smad2/3 was a significant increase in the RT group as compared
with the control group; Compared with the RT group, the TGF-b1,
Smad2/3 and p-Smad2/3 was significantly down-regulated in the
RT þ BMSCs groups (Fig. 6CeE).
4. Discussion

Unavoidable heart expouse would increase the risk of RIHD
during radiotherapy. Our study showed that BMSCs could repair
myocardial injury, improve cardiac function, reduce oxidative
stress, inflammation and apoptosis. Moreover, BMSCs mitigated
collagen deposition and decreased the expression of TGF-b1,
Smad2/3, and p-Smad2/3 after irradiation, suggesting that BMSCs
may play its role via the TGF-b1/Smad2/3 pathway.

In the first few minutes of irradiation, endothelial cell swelling
induces early acute inflammatory reactions, such as neutrophil
infiltration, macrophage and monocyte activation, which promote
tional heart parameters. The cTnI, BNP, SOD and TNF-awere measured after irradiation.
< 0.001 vs Control; #P < 0.05 and ###P < 0.001 vs RT.



Fig. 4. BMSCs reduce inflammation and myocardial fibrosis. Histopathology was performed on hematoxylin-eosin and Masson sections. A. HE sections and Masson sections; B. CVF:
collagen volume fraction. C. Western blotting analysis of Collagen I and Collagen III in each group. D. Densitometric analysis of western blotting for Collagen I. E. Densitometric
analysis of western blotting for Collagen III. Values are expressed as mean ± SD (n ¼ 6 rabbits); Original magnification �200; Scale bar ¼ 100 mm **P < 0.01 and ***P < 0.001 vs
Control; ##P < 0.01 vs RT.
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the release of cytokines (such as TNF-a, IL-6, and IL-8) [21]. Then,
the PDGF, TGF-b, and CTGF were released, leading to chronic
inflammation [22]. Consistent with those, in our study, we
observed that within three months after radiotherapy, the level of
TNF-a experienced a continuous process of increasing, maintaining
and decreasing. It has also been reported that BMSCs inhibited TNF-
a production and exerted an anti-inflammatory effect in lung injury
[23]. Furthermore, Forte A et al. found that MSCs inhibited in-
flammatory responses to promote endothelial reparation [24].
Consistent with those, in our present research, we found that
BMSCs diminished the expression of TNF-a after irradiation, which
suggested that BMSCs had an effect on reducing radiation-induced
inflammation.

Oxidative stress and inflammation are both important risk fac-
tors for cardiovascular disease [25]. It is well known that irradiation
can induce mitochondrial dysfunction, resulting in increased ROS
production. Inflammatory cytokines also can induce ROS produc-
tion [26]. In addition, radiation can cause an abnormal decrease in
endogenous antioxidants (including SOD, GPX, and CAT), resulting
in persistent ROS generation. Wei L et al. have showed that MSCs
could enhance the activity of antioxidant enzymes after RT [27]. In
our study, we observed that BMSC significantly increased the
accumulation of SOD from 1 month to 3 months after radiation.
These results indicated the antioxidant effect of BMSCs, which was
in line with Shen Y et al., they found that transplantation of BMSCs
7

prevented radiation-induced artery injury through suppressing
oxidative stress [8].

The current data suggested that cTnI and BNP were increased,
and ECG showed that R-wave and T-wave were decreased after
radiation. These are sensitive indicators of cardiac injury. Moreover,
Gao S et al. demonstrated that after irradiation of the heart,
apoptosis occurred [28], which consisted with our findings. BMSCs
transplantation mitigates these adverse outcomes, mainly due to
BMSCs reducing the inflammatory response, oxidative stress and
significantly downregulating the expression levels of cleaved cas-
pase 3 and repairing myocardial damage.

RIMF is a dynamic and complex process, which is initiated and
aggravated by pro-inflammatory, pro-fibrotic cytokines and
oxidative stress, ultimately resulting in reduced ventricular elas-
ticity and dilatation, leading to decreased ejection fraction, heart
failure, and even sudden cardiac death. TGF-b1 is the most closely
related to the development of tissue fibrosis, and has a variety of
functions, such as regulating cell growth and proliferation, and
inhibiting inflammation. Smad2/3 is the major effector of profi-
brotic TGF-b1 signaling, which has been found involved in the
process of fibrosis [29]. Therefore, suppression of the TGF-b1/
Smad2/3 signaling pathway may be effective method to prevent
RIMF. Expectedly, our study found the expressions level of TGF-
b1, Smad2/3, and p-Smad2/3 was all significantly increased after
radiation, accompanied by increased collagen depositing in heart



Fig. 5. BMSCs inhibit apoptosis. Apoptosis of cardiac tissue in each group. A. Representative images of apoptotic cells stained green with TUNEL in cardiac tissue. Total nuclei were
stained blue with DAPI. B. Quantitative analysis of apoptotic rate. TUNEL-positive cells (%) are expressed as (number of apoptotic myocytes/total myocytes) �100%. C. Western
blotting analysis of cleaved caspase 3 in each group. D. Densitometric analysis of western blotting for cleaved caspase 3. Values are expressed as mean ± SD (n ¼ 6 rabbits); Original
magnification �200; Scale bar ¼ 100 mm ***P < 0.001 vs Control; ##P < 0.01 and vs ###P < 0.001 vs RT.
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tissue. However, BMSCs transplantation significantly reduced the
expressions of TGF-b1, Smad2/3, and p-Smad2/3, partially
relieving the RIMF. Which was consistent with previous studies
that human bone marrow mesenchymal stem cells (hBMSCs)
administration partially prevented the aortic fibrosis and
remodeling by suppressing the expression of TGF-b [8]. BMSCs
improved myocardial fibrosis and inflammation in a RIHD rat
model [7].
8

It is generally believed that MSCs have powerful tissue repair
capacity due to their paracrine effects. In our following experi-
ments, we will further explore specific factors secreted by BMSCs,
which have anti myocardial fibrosis effect. Furthermore, because
the investigation was limited by its small sample size and possible
bias, further and more profound studies are needed to charac-
terize the exact mechanism of action of this possible clinical
treatment.



Fig. 6. BMSCs reduce the expression of TGF-b1, Smad2/3 and p-Smad2/3. Immunohistochemical staining was performed to test the expression of TGF-b1. The level of TGF-b1,
Smad2/3 and p-Smad2/3 was checked by Western blot. A: The expression and distribution of TGF-b1; B: IOD of TGF-b1 expression in the heart. C. Western blotting analysis of TGF-
b1, Smad2/3 and p-Smad2/3 in each group. D. Densitometric analysis of western blotting for TGF-b1; E. Densitometric analysis of western blotting for Smad2/3 and p-Smad2/3.
Values are expressed as mean ± SD (n ¼ 6 rabbits); Original magnification �200; Scale bar ¼ 100 mm. IOD: integrated optical density. **P < 0.01 and ***P < 0.001 vs Control;
##P < 0.01 vs RT.
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5. Conclusion

In the present study, we observed that BMSCs transplantation
ameliorates RIMF, and the result showed that the underlying
mechanism is partially related to the suppression of radiation-
induced oxidative stress, inflammation and apoptosis, upregula-
tion of antioxidant enzymes SOD as well as downregulation of TGF-
b1 and Smad2/3. Therefore, BMSCs may be a promising therapeutic
approach to treat RIMF.
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