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To evaluate the potential therapeutic effect of the infusion of hMSCs for the correction of liver injuries, we performed total body
radiation exposure of NOD/SCID mice. After irradiation, mir-27b level decreases in liver, increasing the directional migration of
hMSCs by upregulating SDF1𝛼. A significant increase in plasmatic transaminases levels, apoptosis process in the liver vascular
system, and in oxidative stress were observed. hMSC injection induced a decrease in transaminases levels and oxidative stress, a
disappearance of apoptotic cells, and an increase inNrf2, SOD gene expression, which might reduce ROS production in the injured
liver. Engrafted hMSCs expressed cytokeratin CK18 and CK19 and AFP genes indicating possible hepatocyte differentiation. The
presence of hMSCs expressing VEGF and Ang-1 in the perivascular region, associated with an increased expression of VEGFr1, r2
in the liver, can confer a role of secreting cells to hMSCs in order to maintain the endothelial function. To explain the benefits to the
liver of hMSC engraftment, we find that hMSCs secretedNGF,HGF, and anti-inflammatorymolecules IL-10, IL1-RA contributing to
prevention of apoptosis, increasing cell proliferation in the liver whichmight correct liver dysfunction. MSCs are potent candidates
to repair and protect healthy tissues against radiation damages.

1. Introduction
Multipotent stromal cells, also named mesenchymal stromal
cells or mesenchymal stem cells (MSCs), are capable of
dividing and their progenies are further capable of dif-
ferentiating into one of several mesenchymal phenotypes,
such as osteoblasts, chondrocytes, myocytes, marrow stromal
cells, tendon-ligament fibroblasts, and adipocytes [1]. Animal
models have shown that MSCs can engraft and distribute
to several tissues after systemic infusion [2–7] and engraft
in several injured tissues [3, 4, 8–13], for example, the
liver [14–16]. Previously, we showed that in a mice model
the presence of intravenously injected MSCs increased in

damaged tissues following radiation exposure [7, 8] and that
in a nonhuman primate model MSCs could be detected
in regenerating tissues [4]. Thanks to their relatively easy
isolation from bone marrow (BM) and to their extensive
capacity for in vitro expansion, MSCs have been considered
for approaches in cell therapy and tissue engineering [17–
19]. A number of clinical trials are ongoing to explore the
effect of MSCs in vivo in several contexts, such as facilitation
of hematopoietic recovery after hematopoietic stem cell
transplantation (HSCT) [5, 20–22], prevention and treatment
of graft-versus-host disease (GVHD) [23, 24], and treatment
of osteogenesis imperfecta [25, 26] and metabolic disorders
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[27]. It has been shown that MSCs infusion engraftment
in the liver facilitates recovery from chemically induced
acute liver damage as well as recovery by an indirect effect
after radiation injury [28–32]. In addition, these MSCs diffe-
rentiate in hepatocyte-like cells and secrete a variety of
cytokines and growth factors that have both paracrine and
autocrine activities. These secreted bioactive factors suppress
the local immune system, inhibit fibrosis (scar formation)
and apoptosis, enhance angiogenesis, and stimulate mitosis
and differentiation of tissue-intrinsic reparative cells and
stem cells [33]. MSCs are promising candidates for the repair
of tissues altered by radiation exposure, as described for skin
regeneration [8, 9]. Additionally,MSCs have antiproliferative,
immune-modulatory, antioxidative, and anti-inflammatory
effects [28–34]. MSCs have implications for treatment of
allograft rejection, graft-versus-host disease, autoimmune
inflammatory bowel disease, and other disorders in which
immunomodulation and tissue repair are required.

Bone marrow transplantation (BMT) is a sophistica-
ted therapeutic procedure consisting in high-dose chemo-
radiotherapy followed by intravenous infusion of hematopoi-
etic stem cells to reestablish marrow function. BMT is largely
used in treatments of hematologic malignancies, including
leukemia and lymphomas [35]. This treatment requires con-
ditioning consisting in a massive chemotherapy combined,
or not, with total body irradiation (TBI). Before the BMT,
the TBI is performed by ionizing radiation (IR) inducing the
release of free radicals in tissues [36]. Thus, IR can damage
both the healthy tissues and the tumoral cells which may
induce secondary effects due to radiation exposure [37].

Liver disease is an important cause of morbidity among
BMT recipients. A retrospective study realized on a group of
103 transplanted patients revealed that the incidence of liver
failure attributed to hepatic GVHDwas 22.3% and to venooc-
clusive disease (VOD) was 9.7% [38]. VOD in the liver is a
major complication of BMT [39, 40]. GVHD of the liver after
allogeneic hematopoietic stem cell transplantation classically
presents with increased bilirubin and alkaline phosphatase
(ALP) levels. A hepatitic variant presenting more than a 10-
fold increase in aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) levels was recently recognized
[41]. Finally, human mesenchymal stem cell transfusion has
demonstrated to improve liver function in acute-on-chronic
liver failure patients [42].

The purpose of this study was to reduce the liver toxi-
city associated with a traditional preparative regimen con-
sisting in massive chemotherapy treatment combined with
TBI before BMT. We used an immunotolerant mice model
(NOD/SCIDmice) receiving a sublethal dose (3.2 Gy) of TBI
to observe the biological effect of hMSCs on the induced
hepatitic dysfunction. We established a protective role of
hMSCs on the liver by limiting the decrease in hepatic
activity and the oxidative stress induced by TBI. HMSCswere
preferentially localized around the blood vessels of the liver
suggesting that hMSCs could ensure the protection of the
vascular endothelium against toxic damage. The protection
of organ vascular endothelium integrity against free radicals
damage by means of MSC infusion could be a potential ther-
apeutic treatment for preventing radiation-induced vascular

complications.Therefore, MSC therapy should be considered
early on to prevent the progression of liver disease induced by
radiation exposure.

2. Material and Methods

2.1. Isolation, Purification, and Expansion of Human Bone
Marrow-DerivedMSC (hMSC). BM cells were obtained from
iliac crest aspirates from ten healthy volunteers after informed
consent was obtained and used in accordance with the pro-
cedures approved by the human experimentation and ethics
committees of Saint Antoine Hospital. (The local ethics com-
mittee is named “Comité de Protection des Personnes- Ile-de-
France V,” Hôpital Saint-Antoine, Paris.) The ethics commit-
tee approved this study specifically. Oral patient agreements
were obtained before study. This consent procedure was
approved by the local committee. The ethics committee did
not require the investigator to obtain signed informed con-
sent from all participants because it considered there was no
breach of confidentiality, minimal risk for participants, and
no procedures involved for whichwritten consent is normally
required outside the research context.

As previously described [7], 50mL of BM was taken
from the donors over heparin (Choay by Sanofi-Synthélabo).
Low-density mononuclear cells (MNCs) were separated on
Ficoll Hypaque density gradient (d: 1.077). MNCs were
plated at a concentration of 107 cells per milliliter in T-
75 cm2 tissue culture flasks in Dexter medium (McCoy 5A
medium supplemented with 12.5% heat-inactivated fetal calf
serum, 12.5% heat-inactivated horse serum, 1% sodium bica-
rbonate, 1% sodium pyruvate, 0.4% minimum essential
medium (MEM)nonessential amino acids, 0.8%MEMessen-
tial amino acids, 1% MEM vitamin solution, 1% L-glutamine
(200mM), 1% penicillin-streptomycin solution (all from Inv-
itrogen, Groningen, The Netherlands), 106M hydrocortisone
(Stem Cell Technologies, Vancouver, BC), and 2 ng/mL
human basic recombinant fibroblast growth factor (FGFb;
R&D Systems, Abington, United Kingdom) and incubated at
37∘C and 5% CO

2
in a humidified atmosphere. After 1 week,

nonadherent cells were removed with (the same) complete
fresh medium (without hydrocortisone) and first passage
hMSCs (P1 hMSC) were plated at a density of 4.105 per T-
75 cm2 flask. First pass hMSCs (P1 hMSC) were collected and
counted when 80% of the cells were confluent. The viability
was assessed by trypan blue assay.

After the second passage, hMSCs were plated at differ-
ent densities using different culture conditions in order to
induce osteogenic, chondrogenic, or adipogenic differenti-
ation. Osteogenic differentiation of hMSCs was as follows:
cells were plated at a density of 3.103 cells/cm2 in Dulbecco’s
modification of Eagle’s medium (DMEM) with L-glutamine
supplemented with 10% of FBS (Life Technologies), contain-
ing 50 𝜇g/mL of ascorbate-2-phosphate (Sigma) and 100 𝜇M
of 𝛽-glycerolphosphate (Sigma Chemicals Co., Saint Louis,
MO, USA). Chondrogenic differentiation of hMSCs was
as follows: cells were plated at 50.103 cell/cm2 in DMEM
with L-glutamine supplemented with 10% of FBS, containing
50 𝜇g/mL of ascorbate-2-phosphate (Sigma) and 10 ng/mL
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of transforming growth factor TGF-𝛽1 (Sigma). Adipogenic
differentiation of hMSCs was as follows: cells were plated at
20.103 cells/cm2 in DMEM with L-glutamine supplemented
with 10% of FBS until confluence. After confluence, the basic
mediawere completed by 50 𝜇g/mLof ascorbate-2-phosphate
(Sigma). During culture differentiation, cells were incubated
at 37∘Cwith 5% of CO

2
for 21 days.Themediumwas renewed

every 3 days.
Prior to transplant, a sample of the prepared hMSCs

was analyzed by a fluorescence-activated cell sorter (FACS).
Following trypsin treatment, human cells were washed and
resuspended in aliquots of 2 × 105 cells in phosphate buffered
saline (PBS) solution supplemented with 0.5% bovine serum
albumin (BSA; Sigma). Staining was performed with phy-
coerythrin (PE)-conjugated monoclonal antibody against
CD105 (SH2), CD73 (SH3), and CD45 (Becton-Dickinson)
for 30 minutes at 4∘C followed by 2 washes in PBS containing
0.5% BSA. Cells were resuspended in PBS 0.5% BSA and
analyzed at 10,000 events/test by FACScalibur (BD Pharmin-
gen). Mouse Immunoglobulin G1 (IgG1) was used as isotopic
controls (IOTest). Before infusion when the hMSCs were
collected at the second passage, the rates of viability to blue
trypan were 98%.

2.2. BM-MSC Infusion into NOD/SCID Mouse Model. All
experiments and procedures were carried out in accordance
with theGuide for the Care andUse of LaboratoryAnimals as
published by the US National Institutes of Health (NIH Pub-
lications number 85-23, revised 1996) and with the European
Directive number 86/609/CEE and were approved by the
local ethics committee (P09-11). NOD-LtSz-scid/scid (NOD-
SCID) mice, from breeding pairs originally purchased from
Jackson Laboratory (Bar Harbor, ME, USA), were bred in our
pathogen-free unit and maintained in sterile microisolator
cages. TBI was carried out with a sublethal dose of 3.2 Gy
(IBL 637, IRSN France) using a source of Cesium (137Cs) with
a dose rate of 1.85Gy/minute. We initially investigated the
deterioration of hepatic function induced by TBI to dete-
rmine whether injection of hMSCs could decrease the dam-
ages. A total of 100 eight-week-old mice were used to study
blood parameters, divided in 4 groups: 25 animals were used
as controls (no irradiation, no injection—Group 1), 25 mice
were injected with hMSCs but were not irradiated (Group 2),
25 mice received TBI of 3.2 Gy (Group 3), and 25 mice were
irradiated (TBI at 3.2 Gy) and injected with hMSCs (Group
4). The mice were put down to collect the blood and the liver
at different times (3, 7, 15, 30, and 60 days after TBI). For each
of the five time points, 5 animals were used. The BM-MSCs
were delivered to each mouse intravenously (IV) through the
tail vein using aMyjector 1mL syringe (TERUMO29GX 1/2)
24 hours after TBI. The NOD/SCID mice were transplanted
with a dose of 5.106 P2 hMSCs in 100 𝜇L of PBS 1X. On
average, the hMSCs derived from one bone marrow sample
could be were used to inject 5 mice.

2.3. Blood Parameters. The plasmatic levels of urea, creati-
nine, and transaminase were measured to demonstrate the
negative impact of TBI on the kidneys and/or the liver.
In our first investigation, we observed that plasmatic urea

levels decreased significantly between 7 and 15 days after
TBI, suggesting a reduction in the hepatic activity (data not
shown). We therefore examined the hepatic activity further.
Wemeasured the levels of transaminases, urea, and creatinine
specifically at 7 days after TBI in the plasma of the 4 groups
of mice. The quantitative determination of the plasmatic
concentration of urea, creatinine, and transaminases was
carried out by means of a Thermo Clinical Labsystems Ana-
lyzer (Konelab 20). The analyses were performed on plasma
diluted to a final volume of 400𝜇L. Plasmawas obtained from
an intracardiac puncture carried out under anesthesia before
the liver was carefully collected. The weight and water and
food intake of the animals were monitored during the entire
study.

2.4. Lipid Peroxidation Detection. Lipid peroxidation was
assayed by the measurement of related substances that react
with thiobarbituric acid (TBARS) [43].The V79-4 cells were
seeded in a culture dish at a concentration of 1 × 105 cells/mL
and treated with esculetin at 10 𝜇g/mL after 16 h plating and
then hydrogen peroxide (H

2
O
2
) 1mmol/L was added to the

plate after 1 h,whichwas incubated for a further 24 h.The cells
were then washed with cold PBS, scraped, and homogenized
in ice-cold 1.15% potassium chloride (KCl). About 100 𝜇L of
cell lysates was combined with 0.2mL of 8.1% SDS, 1.5mL
of 20% acetic acid (adjusted to pH 3.5), and 1.5mL of 0.8%
thiobarbituric acid (TBA).Themixture was adjusted to a final
volume of 4mL with distilled water and heated to 95∘C for
2 h. After cooling to room temperature, 5mL of a mixture
of n-butanol and pyridine (15 : 1) was added to each sample,
and the mixture was shaken vigorously. After centrifugation
at 1,000×g for 10min, the supernatant fraction was isolated,
and the absorbance was measured at 532 nm.

2.5. Detection and Quantitative Analysis of Engrafted hMSCs:
DNAExtraction and PCRAnalysis. Biological samples (liver)
were submitted for DNA extraction and PCR analysis to
detect the presence of human cells in mice recipients.
Genomic DNA for PCR analysis was prepared from tissues
using the QIAamp DNA mini kit (Qiagen). Amplifica-
tions were performed following the standard recommended
amplification conditions (Applied Biosystems, Foster City,
CA, USA) as previously described by François and colle-
agues [7]. The amount of DNA contained in each somatic
cell (diploid) was 6.16 pg as determined from a single-
copy gene. This value was used to calculate the number of
gene copies contained in a defined amount of human or
mouse DNA (measured by PCR). Therefore, the DNA amo-
unt and gene copy number were proportional to the num-
ber of cells.The ratio of humanDNAovermouse DNA repre-
sents the number of human cells in mouse tissues. Ampli-
fication of the human beta-globin gene was used to quantify
the amount of human DNA in each mouse tissue sample.
The endogenous mouse receptor-associated proteins of the
synapse (RAPSYN) encoding gene were also amplified, as
an internal control. Standard curves were generated for
the human beta-globin and mouse RAPSYN genes and
used to quantify the absolute amount of human DNA in
each mouse tissue. The specificity of human beta-globin
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amplification was evaluated using tenfold dilution from
100 ng to 0.05 ng of hMSCs DNA with mouse DNA and
did not demonstrate cross-reactivity. One hundred nano-
grams of purified DNA from various tissues was amplified
using TaqMan Universal PCR Master Mix (Applied Bios-
ystems).The primer sequences for human beta-globin ampli-
fication were 5GTGCACCTGACTCCTGAGGAGA3 (for-
ward) and 5CCTTGATACCAACCTGCCCAGG3 (reve-
rse), with the fluorescently labeled probe: 5FAM-AAG-
GTGAACGTGGATGAAGTTGGTGG-TAMRA-3. The pri-
mer sequences for mouse RAPSYN amplification were
5ACCCACCCATCCTGCAAAT3 (forward) and 5ACC-
TGTCCGTGCTGCAGAA3 (reverse), with the fluoresce-
ntly labeled probe: 5VIC-CGGTGCCAGTGATGAGGT-
TGGTCA-TAMRA3. In order to determine the efficiency of
the amplification and the assay precision, calibration curves
for human beta-globin and mouse RAPSYN genes were
generated with a 0.99 correlation coefficient and efficiency
greater than 98%.MouseDNAwas isolated from the identical
tissues of nontransplanted NOD/SCID mice and used as a
negative control. Likewise, human DNA was isolated from
hMSC culture and used as a positive control.The results were
expressed in number of human cells per 100 mouse cells in
each tissue (directly related to the number of copies of human
beta-globin and mouse RAPSYN genes).

2.6. Real-Time Quantitative RT-PCR and Detection of miRNA.
After isolation of total RNA from cells with RNA mini
kit (Qiagen, Courtaboeuf, France), mRNA integrity was
checked by analysis with the Agilent 2100 Bioanalyzer (Agi-
lent Technologies,Massy, France). ComplementaryDNAwas
constructed by reverse transcription (RT) with SuperScript
(Invitrogen). Polymerase chain reaction (PCR) assays were
performed using the SYBR PCR Master Mix or TaqMan
PCRMaster Mix (Life Technologies) and specific primers for
selected genes (see Table 1) on an ABI Prism 7900 Sequence
Detection System (Invitrogen). For each sample, the PCR
fluorescent signal from each target gene was normalized to
the fluorescent signal obtained from the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
miRNA expression was normalized with U6.

2.7. Immunohistochemistry. After paraformaldehyde fixation,
organs were rinsed with distilled water and dehydrated.
Blocks were cut at 5 𝜇m on a Rotary Microtome (LEICA).
For immunohistochemical staining of the paraffin embedded
samples, microtomed sections were deparaffinized in xylene
and rehydrated in ethanol baths and PBS. The sections
were dipped into PBS-triton in order to increase the tissue
permeability and were then rinsed for 5 minutes in a distilled
water bath. Negative controls were incubated with rabbit IgG
diluted to 1 : 100. Detection of bound primary antibody was
performed by incubation with biotinylated secondary anti-
body for 8minutes.Thebiotinylated antirabbit IgG secondary
antibody composed was diluted to 1 : 200 in PBS1x. Immuno-
histochemistry (IHC) is a powerful tool allowing detection
and visualization of human 𝛽2-microglobulin within the cell
or on the cell surface by traditional light microscopy. The

Table 1: Primer references of studied genes.

Gene name Reference
GAPDH Mm99999915 g1
CK18 Mm01601704 g1
CK19 Mm00802090 m1
Alb Mm00802090 m1
AFP Mm00431715 m1
Nrf2 Mm00477784 m1
PCNA Mm00448100 g1
TGFb1 Mm01178820 m1
VEGFR1 Mm00438980 m1
VEGFR2 Mm01222421 m1
TNFa Mm00443260 g1
miRNA U6 001973
mir-27b 000409
GAPDH Hs00266705 g1
HGF Hs01117422 g1
SOD Hs00533490 m1
VEGF Hs00900055 m1
NGF Hs00171458 m1
Ang-1 Hs01042023 g1
IL10 Hs99999035 m1
IL1-ra Hs00277299 m1

immunoreactivity was performed on a NEXES IHC automat
(Ventana, Illkirch, France) using alkaline phosphatase reac-
tion with a FARED substrate detection kit (Enhanced V-red
Detection red, number 760031, Ventana) with a 2% trypsin
digestion step for 30 minutes (exposing masked epitopes).
Slides were incubated for 30 minutes. The polyclonal anti-𝛽-
2-microglobulin antibody (product NCL-B2Mp, Novocastra)
was added at a dilution of 1 : 50. For antibody detection,
the Ventana kit was used, followed by counterstaining with
hemalyn for 4 minutes. This procedure was controlled by
NEXES 8 software. On successive sections, we carried out a
HES staining.

2.8. Sex Chromosomes FISH and Costaining. Cells were
placed on slides and fixed with methanol and acetic acid
(3 : 1). The slides were then denatured with 70% formamide
in 2 × SSC buffer at 65∘C, dehydrated, and air-dried. The
probes for the mouse transcription centromere were dena-
tured at 65∘C, applied to the denatured slides, and allowed
to hybridize in a humid chamber overnight at 37∘C in a
dark room. The hybridized slides were then washed, and
the cells were permeabilized with 0.2% triton-X 100 and
incubated with 10% normal serum. Detection of bound
primary antibody (human 𝛽2-microglobulin) was performed
by incubation with biotinylated secondary antibody for 8
minutes. The biotinylated antirabbit IgG secondary antibody
composed was diluted to 1 : 200 in PBS1x. For controls, we
omitted one or both primary antibodies.

2.9. Statistical Analysis. To determine the effect of infusion
of hMSCs on hepatic activity after TBI, the rates of urea,
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Table 2: FACS analysis of hMSCs at the second passage, before transplant from 10 bone marrows. Frequency of positive cells for specific
markers of hMSCs: CD105 and CD73 and hematopoietic cell markers (CD45).

BM mL hMSCs (106 cells) % CD73 % CD105 % CD45
Mean 15.4 25.9 84.2 61.3 0.18
SEM 0.8 1.6 1.3 1.2 0.02
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Figure 1: Phenotypic analysis at second passage and in vitro differentiation of hMSCs: FACS analysis of CD105, 73, 45 (a). The cultured
hMSCs could enter different cell lineages such as osteogenic (c), chondrogenic (d), and adipogenic (e) lineages. Undifferentiated control (b).

creatinine, and transaminases were compared using Student’s
t-test in SigmaStat software. The significance for all analyses
was set at𝑃 < 0.05. All values were expressed as themean and
standard error of themean (SEM). Each groupwas composed
of 5 to 10 mice according to the study.

3. Results

3.1. Mesenchymal Stem Cells Characterization. Phenotypic
analysis showed that the hMSCs used in these experiments
were strongly positive for the specific surface antigens CD73
and CD105, respectively, 84% ±1.3 and 61% ±1.2. Almost no
contamination (0.2% ±0.02 CD 45+ cells) by hematopoietic
cells was evidenced in the samples (Table 2).

MSCs were morphologically defined by a fibroblast-like
appearance. Before use, each batch of MSCs was further
characterized by confirming their specific ability to undergo
osteogenic, chondrogenic, and adipogenic differentiations
(Figure 1). Our results suggest that the hMSCs used for
transplant have been expanded without significant loss in
their differentiation capacities.

3.2. Blood Parameters after TBI. The weight and the water
and food intake of the animals were monitored for 30 days
after TBI.The animals lost weight significantly from 72 hours

after radiation exposure.Their weight was normal again three
weeks after TBI. No modification of water and food intake
was observed for this period. The plasmatic urea level was
measured every day following TBI over a period of 30 days.
TBI induced a 1.3-fold decrease in blood urea at 7 and 15 days
after TBI (𝑃 < 0.001) (Figure 1(a)). After 15 days after TBI,
we noted that blood urea reached its preirradiation level. At
30 days after TBI, the urea level was comparable to that of the
controls (7.26 ± 0.18mmol/L). These observations suggest
a decrease in hepatic activity induced by radiation exposure.
Thus, we also measured the other blood biochemical param-
eters, that is, creatinine (Figure 2(b)) and transaminases at
7 days after TBI (Figures 2(c) and 2(d)). The biochemical
analysis between irradiated animals and control animals 7
days after TBI showed an increase in blood AST and ALT,
while blood creatinine did not vary (30.60 ± 0.87 𝜇mol/L).
The absence of an increase in blood creatinine concentration
suggests that the TBI had not induced kidney damage 7 days
after TBI. However, TBI induced a 2.7-fold increase in blood
AST (𝑃 < 0.001) and a 2.5-fold increase in blood ALT (𝑃 <
0.001).These observations reveal a negative effect of radiation
exposure on the metabolism of the animals. In nonirradiated
NOD/SCID mice, the AST/ALT ratio was 3.0 ± 0.2. Seven
days after TBI, the AST/ALT ratio was 3.3 ± 0.3. Both tra-
nsaminases increased at the same time; no transaminase
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Figure 2: Biochemical analysis of plasma samples at 7 days after TBI. Biochemical analyses of plasmatic urea, creatinine, and transaminases
were performed on 200 𝜇L of plasma taken on NOD/SCID mice subjected to TBI at 3.2 Gy. Abbreviations: ALT: serum alanine
aminotransferase; AST: serum aspartate aminotransferase. (a) Decrease of plasmatic urea levels at 7 days after TBI. (b) Plasmatic creatinine
levels at 7 days after TBI. ((c) and (d)) Increase of plasmatic AST andALT, respectively, at 7 days after TBI. All values are expressed as themean
and the standard error of the mean (SEM).The significance for all analyses was set at 𝑃 < 0.01 (∗∗) and 𝑃 < 0.001 (∗∗∗), and nonsignificance
was noted as ns. Each group was composed of 5 animals (𝑛 = 5).

level increased alone. The comparison of the AST/ALT ratio
between controls and irradiated animals showed that this
ratio did not vary, suggesting that TBI involved hepatic and
not muscular injuries. Previously, we reported that 15 days
after TBI at 3.5 Gy TBI, cellular depletion of the spleen and
hemorrhage in the bone marrow were observed, while no
injury was observed in nonirradiated tissues [7]. Compar-
ative histopathological analyses between nonirradiated and
irradiated mouse livers at different times after TBI showed
nomorphological difference.Thus, no injury of hepatic tissue
was observed from 3 to 30 days after TBI at 3.2 Gy (data not
shown).

3.3. Blood Parameters after TBI and BM-MSCs Infusion. The
BM-MSCs infusion in nonirradiated mice did not modify
the blood urea and AST and ALT concentrations (7.84 ±
0.35mmol/L; 72.67 ± 0.35 U/L and 17.20 ± 1.43 U/L, resp.)
in comparison to the blood levels measured in nonirradiated
and noninjected mice. No significant variation of these
values was observed after hMSCs infusion in nonirradiated
animals, suggesting the absence of toxicity of this graft.
Biochemical analyses between irradiated noninjected ani-
mals and irradiated infused animals showed a decrease in
blood AST and in ALT concentrations, 7 days after TBI

(Figures 3(b) and 3(c)), while the blood urea concentration
did not increase (Figure 3(a)). These observations suggested
that systemic infusion of BM-MSCs restored preferentially
the blood baseline levels of AST and ALT after TBI rather
than the blood level of urea.

The BM-MSCs infusion in nonirradiated mice did not
modify the blood urea and AST and ALT concentrations
(7.84 ± 0.35mmol/L; 72.67 ± 0.35 U/L and 17.20 ± 1.43
U/L, resp.) in comparison to the blood levels measured in
nonirradiated and noninjected mice. No significant variation
of these values was observed after hMSC infusion in nonir-
radiated animals, suggesting the absence of toxicity of this
graft. Biochemical analyses between irradiated noninjected
animals and irradiated infused animals showed a decrease
in blood AST and in ALT concentrations, 7 days after TBI
(Figures 3(b) and 3(c)), while blood urea concentrations did
not increase (Figure 2(a)). These observations suggested that
hMSCs restored preferentially the blood baseline levels of
AST and ALT after irradiation rather than the blood level of
urea.

3.4. hMSCs Decrease the Oxidative Stress Induced by Radia-
tion. Oxidative stress in the cellular environment results in
the formation of highly reactive and unstable lipid hydro-
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Figure 3: Biochemical analyses of plasmatic urea, creatinine, transaminases, andMDA. 200 𝜇L of plasmawas collected fromNOD/SCIDmice
subjected to TBI at 3.2 Gy and injectedwith hMSCs intravenously. Abbreviations: ALT: serum alanine aminotransferase; AST: serum aspartate
aminotransferase. (a) Blood urea concentrations. ((b) and (c)) Blood AST and ALT concentrations, respectively. (d) Lipid peroxidation was
assayed by measuring the amount of thiobarbituric acid (TBARS) formation. Irradiation induced oxidative stress (white histogram) and
hMSC injection (gray histogram) decreased oxidative stress. All values are expressed as the mean and the standard error of the mean (SEM).
The significance for all analyses was set at 𝑃 < 0.01 (∗∗) and 𝑃 < 0.001 (∗∗∗) and nonsignificance was noted as ns. Each group consisted of
5 animals (𝑛 = 5).

peroxides. Decomposition of the unstable peroxides derived
from polyunsaturated fatty acids results in the formation of
malondialdehyde (MDA). Measuring MDA, we assayed lipid
peroxidation in plasma in order to evaluate the modula-
tion of oxidative stress after hMSC injection (Figure 3(d)).
Irradiation-induced oxidative stress increased just after irra-
diation (days 2 and 3). hMSC injection decreased oxidative
stress induced by irradiation significantly compared to irradi-
ated mice noninjected mice (𝑃 < 0.001). These results imply
that hMSCs have a protective effect against induced oxidative
stress.

3.5. hMSC Engraftment in Liver. Stromal cell-derived factor
1 (SDF1), which is secreted by cells within injured tissues,
and its receptor C-X-C chemokine receptor type 4 (CXCR4)
are necessary for the migration of MSCs to damaged tissues.
MSCs in the bone marrow express high levels of CXCR4.

However, CXCR4 expression is markedly reduced during the
ex vivo expansion of MSCs. In our experiment, 3 days after
irradiation only 20% of the mice had hMSCs engrafted in
liver the frequency increased to 50% at 7 days and reached
100% at 15 days (Figure 5(f)). In order to determine whether
engraftment is related to the quantity of SDF1 secreted by
liver; we compared the level of SDF1 expression in liver
containing hMSCs to liver without engraftment of hMSCs
(Figure 4(a)). At 3 and 7 days after irradiation, the level of
SDF1 expression was significantly higher (𝑃 < 0.05) in liver
engrafted with hMSCs compared to unimplanted liver. At
15 days, the comparison was not possible because all the
livers tested contained hMSCs. Results are expressed as fold
increase expression as compared to unirradiated liver not
injected with hMSCs.

Since MSCs lost CXCR4 during culture, we tested
whether MSCs may increase CXCR4 expression in vivo, in
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Figure 4: Expression of SDF1𝛼 and mir-27b in liver and CXCR4 in implanted hMSCs. (a) At 3 and 7 days after irradiation, the level of
SDF1 expression was significantly higher (𝑃 < 0.05) in liver engrafted with hMSCs (white histogram) compared to unimplanted liver (grey
histogram). At 15 days, the comparison was not possible because all the livers tested contained hMSCs. (b) The level of CXCR4 in hMSCs
increased in vivo during the first days after injection and then decreased after 15 days. (c) The level of mir-27b in the liver of mice engrafted
with hMSCs is less elevated than in liver ungrafted (Figure 4(c)).The level ofmir-27b ismore elevated in liver ofmice ungrafted in comparison
with liver containing hMSCs. The significance for all analyses was set at 𝑃 < 0.01 (∗∗) and 𝑃 < 0.001 (∗∗∗) and nonsignificance was noted
as ns. Each group consisted of 5 animals (𝑛 = 5).

contact with organ secreting SDF1 such as irradiated liver in
our experiment (Figure 4(b)). Results are expressed as fold
increase expression of hMSCs engrafted in liver as compared
to hMSCs before injection and normalized to GAPDH. The
level of CXCR4 increased rapidly and significantly in vivo
during the first days after injection and then decreased after
15 days (𝑃 < 0.05).

A recent report describes that mir-27b can suppress the
directional migration of MSCs by downregulating SDF1𝛼
expression by binding directly to the SDF1𝛼 3UTR [44].
We compared the level of mir-27b in liver of mice engrafted
with hMSCs to ungrafted liver (Figure 4(c)). The level
of mir-27b was more elevated in the liver of ungrafted
mice in comparison to that of the liver containing hMSCs
(𝑃 < 0.05).

In our conditions, hMSCs might have acquired in vivo a
high level CXCR4 expression andmigrated in irradiated liver
expressing high levels of SDF1𝛼. A high level of SDF1𝛼might
be related to a low level of mir-27b. We conclude that hMSCs
engraftment is related to a low level of mir-27b.

Figure 5(f) displays the proportion of mouse livers where
hMSCs were detected using quantitative PCR of the human
𝛽-globin gene.The human 𝛽-globin gene signal was detected
at each time point studied from 3 to 60 days after TBI. Human
DNA was detected in 20% of livers at 3 days after TBI. The
highest number of livers in which human DNA was detected
was observed at 15 days after TBI. Three weeks after TBI,
the proportion of liver in which human DNA was detected
decreased. The number of livers positive, in PCR, for human
gene presence appeared to stabilize at approximately 50% and
the second month after irradiation. The colonization of the
liver by hMSCs appeared to bemaximal 15 days after radiation
exposure. As shown in Figure 5(f), an exponential increase in
the number of livers containing human DNA was detected
during the period of reduction in the hepatic activity, the
critical phase. This correlation suggests that there is a larger
mobilization of the BM-MSCs towards the liver of irradiated
mice during the critical phase of this tissue.Thus, the hMSCs’
engraftment kinetics in the liver could be correlated to the
reduction in hepatic activity.
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Figure 5: Human 𝛽-2-microglobulin immunostaining in mouse liver, 30 days after TBI. And percentage of mouse livers engrafted with
hMSCs from 3 to 60 days after TBI. Immunostaining of hepatic cells (b), endothelium of portal vein (d) with human cells expressing beta-
2-microglobulin stained in red, and respective negative controls ((a) and (c)). Isolated human cells can be seen between hepatic ((b) black
arrow) and endothelial cells ((d) black arrow). (e) Negative control nonirradiated, noninjected with hMSCs (f).

Table 3: Frequency of human cells in livers of irradiated (TBI) NOD/SCID mice after hMSC infusion.The frequency of hMSCs engrafted in
liver was quantified using a PCR detection of the human 𝛽-globin gene in mouse liver from 3 to 60 days after TBI. The hMSC engraftment
rate was significantly increased at 30 days in the liver following TBI, when compared to the 15th day. All values are expressed as the mean and
the standard error of the mean (SEM), 𝑛 = 10.

Days after TBI 3 7 15 30 60
% human cells (mean, 𝑛 = 10) 0.07% 0.09% 0.11% 3.08% 2.52%
SEM 0.01 0.04 0.12 1.12 0.91

To determine the quantity of human cells, quantitative
PCR on the human 𝛽-globin gene was performed in livers
from 3 to 60 days after TBI. The stippled lines represent
the postirradiation period during which a reduction in
the hepatic activity was observed (from 7 to 15 days after
irradiation). From 20% (day 3) to 100% (day 15) of livers
contain humanDNA. A substantial engraftment of hMSCs in
the mouse liver was measured during the period of reduction
in the hepatic activity. hMSCs can have early beneficial effects
on hepatic activity.

In a second step, we determined the frequency of hMSCs
in the livers engraftedwith hMSCs. Table 3 lists the frequency
of hMSCs in irradiated NOD/SCIDmouse livers.The quanti-
tative detection of human 𝛽-globin gene in mouse liver from
3 to 60 days after TBI showed a significant increase of hMSC
engraftment during this period (Table 3). Between 15 and 30

days after TBI, the quantity of human cells in liver increased
significantly by 28-fold (𝑃 = 0.001). Thus, it appears that the
percentage of livers positive for human bonemarrow-derived
stromal cells is not correlated linearly with the quantity of
human DNA detected.

Moreover, the hMSC infusion involved a return to the
basic levels of urea and transaminases 7 days after TBI
(Figure 2). Altogether, these results suggest that the hMSCs
can act very precociously and in very small quantity. If hMSCs
have a beneficial effect on the liver before the 15th day after
irradiation, this suggests that it is not the quantity of hMSC
engrafted that is important. The important aspect would be
that these adult cells are present in small quantity. At 30 days
after irradiation, the hMSC quantity detected remains high,
which suggests a strong presence of hMSCs and therefore a
possible proliferation of them in this organ.
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Figure 6: In situ hybridization analysis and gene expression of hMSCs implanted in liver. (a) To determine whether implanted hMSCs in
vivo expressed liver specific genes hMSCs before injection was compared to hMSC gene expression 15 days after injection. RT-PCR values
are representative of at least 5 replicates. Results are expressed as a fold increase in gene expression in hMSCs in liver compared to hMSCs
before injection. Values greater than one indicate upregulation of the target genes and values less than one indicate their downregulation. (b)
Determination of cell fusion. Black arrow indicates human cells beta-2-microglobulin stained. FISH analysis showing the mice transcription
centers (white arrow). (Original magnification ×80.) (d) Determination of growth factors secreted by hMSCs implanted in mice liver. The
significance for all analyses was set at 𝑃 < 0.01 (∗∗) and 𝑃 < 0.001 (∗ ∗ ∗) and nonsignificance was noted as ns. Each group consisted of 5
animals (𝑛 = 5).

3.6. Localization of hMSC Engrafted in the Liver by Immuno-
histology, 30 Days after TBI (Figures 5(a)–5(e)). To detect
the hMSCs in situ, we used livers collected at 30 days
after irradiation, when the highest quantity of human cells
could be detected. To localize human cells in engrafted
livers, we performed immunohistologic experiments using
a human 𝛽-2-microglobulin specific antibody. Staining was
carried out on livers collected in animals subjected to TBI,
30 days after exposure. Cells expressing the human 𝛽-2-
microglobulin were observed either isolated between hepatic
cells (Figure 5(b)) or in the endothelium of the portal vein
(Figure 5(d)). Human cells were mainly localized in the
perivascular region of the liver 30 days after TBI. In a previous
study, we reported about themigration of hMSCs through the
vascular wall and about an intravascular colonization under
intima in the lungs [7]. These observations in the liver are
in agreement with those published on the lungs and support
the hMSCs’ capacity to colonize the perivascular region of
various tissues.

3.7. hMSC Differentiation in the Liver by RT-PCR. At 15 days
after transplant (when 100% of liver possessed human cell

implantation) to study the differentiation of human cells,
we measured human mRNA of mice liver engrafted with
human cells. To control that primers amplified specifically
human mRNA, we examined liver total RNA from 5 control
mice which had not received hMSCs. Values greater than one
indicate upregulation of the target genes and values less than
one indicate their downregulation. To determine whether
implanted hMSCs in vivo expressed liver specific genes
(Figure 6(a)), we measured human mRNA of CK18, CK19,
albumin, and AFP. Results are expressed as fold increase
expression as compared to hMSCs before injection and nor-
malized to GAPDH. The hMSC engraftment significantly
increased (𝑃 < 0.05) the expression of CK18 (4.1-fold), CK19
(2.8-fold), and AFP (2.4-fold). The hMSCs expressed a hep-
atocyte phenotype.

In a second step, we controlledwhether a cell fusion occu-
rred between hMSCs and hepatocytes. We determined cell
fusion. Human cells were stained with beta-2-microglobulin
(black arrow) and a fluorescence in situ hybridization (FISH)
analysis showed themice transcription centers (white arrow).
No fusion of human cells with mice hepatocytes was
observed.
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In a third step, we investigated whether hMSCs induced
liver regeneration by secretion of growth factors or limitation
of inflammation (Figure 6(c)). The data was expressed as
fold increase in the mRNA level of hMSCs before injection
compared to human cells after implantation in liver. HGF
is important in the proliferation phase of hepatocyte. An
increased of 2.3 fold of HGF was observed. VEGF increased
3.1-fold,NGF 1.4-fold, and Ang-1 1.6-fold. Anti-inflammatory
gene expression IL10 and IL1ra increased 2.8- and 3.3-fold,
respectively (significantly, 𝑃 < 0.05). The secretion of growth
factors and the modulation of inflammation promote liver
regeneration. The hMSC engraftment exerts a paracrine pro-
liferative effect on endogenous hepatocytes and endothelial
cells.

In a fourth step, by measuring gene expression of mice
liver gene (Figures 6(c) and 6(d)), we controlled whether
hMSCs decrease oxidative stress (SOD, Nrf2) and promote
hepatocytes (PCNA, TGF, TNF) and endothelial proliferation
(VEGF-R1, VEGF-R2). The expression of SOD (3.9-fold),
Nrf2 (3.1), PCNA (2.4), and VEGFR1 (1.9), VEGFR2 (1.7) inc-
reased and TGF (0.4) and TNF (0.4) decreased significantly
(𝑃 < 0.05).

In conclusion, we found no fusion of human cells with
mice hepatocytes but an increase of gene expression specific
of hepatocyte cells was observed. The hMSC liver regener-
ation process operated by different mechanisms: (1) tissue
differentiation, (2) secretion of growth factors, (3) angiogen-
esis, (4) downregulation inflammation, and (5) limitation of
oxidative stress.

4. Discussion

Irradiation induced an increase of plasmatic transaminases
levels, an increase of the apoptosis process in the liver vas-
cular system, and an increase of oxidative stress. hMSC
injection decreased transaminases levels, oxidative stress, and
apoptotic cells andmay reduce ROSproduction in the injured
liver. HMSCs corrected radio-induced liver dysfunction by a
simultaneous effect on hepatocyte differentiation, protection
of vascular functions, secretion of anti-inflammatory, and
trophic factors (Figure 7).

Seven days after TBI, the urea level was significantly
lower in irradiated mice than in non irradiated mice or in
mice irradiated and injected with hMSCs. In addition, the
absence of variation in water and food intake of the anim-
als suggests that the reduction in the urea level is related
to hepatic insufficiency. The modification of the plasmatic
concentrations of urea and transaminases correlating with
hepatic activity, without variation of the renal activity, shows
that the liver is more radiosensitive than the kidneys.The sys-
temic hMSC infusion 24 hours after TBI appears to be bene-
ficial to the hepatic activity. In mice subjected to TBI, hMSC
infusion allowed for the maintenance of the basic plasmatic
levels of urea, AST, and ALT. The beneficial effects of an
intravenous (IV) MSC injection have also been observed
in other experimental models. IV infusion of MSCs soon
after acute myocardial infarction (MI) in swine was shown
to improve left ventricular ejection fraction and to limit
wall thickening in the remote noninfarcted myocardium,
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Figure 7: Effect of intravenous hMSCs injection on liver after
total body irradiation (TBI). HMSCs migrate into liver, correcting
radio-induced liver dysfunction by a simultaneous effect on hepa-
tocyte, protection of vascular functions, differentiation, secretion of
trophic, and anti-inflammatory factors.

consistent with a beneficial effect on post-MI ventricular
remodeling [45]. IV delivery ofMSCprepared from adult BM
reduces infarction size and ameliorates functional deficits of
cerebral ischemia and spinal cord injury in rat models [46].
In a nonhuman primate model, the route of MSC delivery
(intratissue or IV) does not modify the capacity of MSC
engraftment [47].

SDF1 and CXCR4 are necessary for migration of MSCs
to damaged tissues. CXCR4 expression is reduced during the
ex vivo expansion of MSCs. We have shown that the level of
SDF1 expression was higher in liver engrafted with hMSCs
compared to unimplanted liver. We tested whether MSCs
may increase CXCR4 in vivo in contact with organ secreting
SDF1 such as irradiated liver. In hMSCs, the level of CXCR4
increased rapidly and substantially in vivo during the first
days after injection. Furthermore, the level ofmir-27b ismore
elevated in the liver of ungrafted mice in comparison with
the liver containing hMSCs. These results are in accordance
with a recent report that describes that mir-27b can suppress
the directional migration of MSC by downregulating SDF1𝛼
expression by binding indirectly to the SDF1𝛼 3UTR [44].
We have shown that hMSCs acquired in vivo a high level
CXCR4 expression andmigrated in irradiated liver expressing
a high level of SDF1𝛼. A high level of SDF1𝛼 might be
related to a low level of mir-27b. We conclude that hMSC
engraftment is related to a low level of mir-27b.

MSCs protect against injury by altering the oxidative
microenvironment of the liver. Nrf2 is a transcription factor
that positively regulates the basal and inducible level of cyto-
protective genes. Nrf2 activation is protective against oxida-
tive stress and induced SOD production which decreased
ROS in liver [42]. We have shown that hMSC injection
induced an increase in Nrf2, SOD gene expression which
might reduce ROS production in the injured liver decreasing
oxidative stress induced by irradiation. These results imply
that hMSCs have a protective effect against induced oxidative
stress.

To specifically identify human cells expressing 𝛽2-micro-
globulin, we determined that hMSCs preferentially localized
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in the endothelium of the portal vein and between hepatic
cells. In accordance with a previous report [48], no fusion of
human cells with mice hepatocytes and an increase of gene
expression specific of hepatocyte were observed. Engrafted
hMSCs expressed CK18, CK19, and AFP genes indicating a
possible hepatocyte differentiation. The transdifferentiation
ability of hMSCs into hepatocytesmay play a role in the repair
of injured liver. Nevertheless, these cells were limited to a
small portion of total liver mass and were not sufficient to
reverse the injury (a percentage of 2.5 is necessary for this pro-
cess). Differentiation of hMSCs in hepatocytes participates in
liver regeneration as previously reported [28].

The human cells injected intravenously were mainly
localized in the perivascular region of the liver 30 days
after TBI, as already reported in the lung [7]. The presence
of hMSCs expressing VEGF in the perivascular region can
confer a role of secreting cells to hMSCs in order to maintain
the endothelial vascular cell functions. Furthermore, hMSCs
upregulated gene expression of VEGF-R1, R2 in liver. hMSCs
promote neoangiogenesis after liver irradiation as previously
reported after liver resection [49].

Recent work suggests that vascular endothelial function
is significantly impaired due to oxidative stress mediated by
the generation of oxygen-derived free radicals in response to
chronic or acute inflammation [50]. Moreover, the endothe-
lium is described as a central regulator of vascular and body
homeostasis. The vascular endothelium is versatile and mul-
tifunctional. In addition to its role as a selective permeability
barrier, it is involved inmany synthetic andmetabolic proper-
ties including themodulation of vascular tone and blood flow,
the regulation of immune and inflammatory responses, and
the regulation of coagulation, fibrinolysis, and thrombosis.
Gaugler and colleagues reported that exposure to radiation
can alter endothelial cells functions [51]. These radiation-
induced negative effects could be playing a critical role in
mediating organ dysfunction.Thus, hMSC localization to the
perivascular region could protect the vascular endothelium
by the secretion of cytokines and/or chemokines, which in
turn stimulate or maintain the integrity of this fundamental
structure by preventing the appearance of secondary negative
effects in the liver. This protective mechanism could also
apply to other tissues, as hypoxia has been shown to influence
the localization of hMSCs [52].

The expression of growth factors by hMSCs in liver
including NGF, HGF, and Ang-1 and anti-inflammatory
molecules (L-10, IL-1ra) related to an increasing cell prolif-
eration in liver (increase of PCNA gene expression) might
correct liver dysfunction and promote liver regeneration as
previously published [29, 48]. NGF, HGF, and VEGF are
reported to increase the intrinsic ability of hepatocytes to
proliferate or to facilitate the breakdown of scar tissue [48].
TBI induced negative effect on the liver. hMSC systemic
infusion significantly prevented the secondary hepatic effect,
while the hMSC infusion itself did not induce noticeable toxic
effects. This correlates with the report that MSC infusion
can increase the survival of patients developing GVHD [23,
53]. These findings and clinical observations reinforce the
assumption that MSCs are potent candidates for protecting
against and repairing various damages [42, 44].
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