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Abstract

Background/Aims: Radiation therapy is an important treatment for thoracic cancer; however,
side effects accompanied with radiotherapy lead to limited tumor control and a decline in
patient quality of life. Among these side effects, radiation-induced lung injury (RILI) is the
most serious and common. Hence, an effective remedy for RILI is needed. Mesenchymal
stromal cells (MSCs) are multipotent adult stem cells that have been demonstrated to be
an effective treatment in some disease caused by tissue damage. However, unlike other
injuries, RILI received limited therapeutic effects from implanted MSCs due to local hypoxia
and extensive reactive oxygen species (ROS) in irradiated lungs. Since the poor survival of
MSCs is primarily due to hypoxia and ROS generation, we hypothesize that persistent and
adaptive hypoxia treatment induces enhanced resistance to hypoxic stress in implanted MSC.
The aim of this study is to investigate whether persistent and adaptive hypoxia treatment
of bmMSCs prior to their transplantation in injured mice enhanced survival and improved
curative effects in RILL. Methods: Primary bmMSCs were obtained from the marrow of six-
week-old male C57BL6/J mice and were cultured either under normoxic conditions (21% O,) or
hypoxic conditions (2.5% O,). Mice were injected with normoxia/hypoxia MSCs after thoracic
irradiation (20 Gy). The therapeutic effects of MSCs on RILI were assessed by pathological
examinations that included H&E staining, Masson staining and a-SMA staining; meanwhile,
B. Li, C. Li, M. Zhu and Y. Zhang contributed equally to this work.

Yanyong Yang, Jianming Cai Department of Radiation Medicine, Faculty of Naval Medicine,
and Hu Liu Second Military Medical University, Shanghai, (China)

E-Mail yyyang2010@163.com, ¢jm882003@163.com, gzsassliuhu@163.com
KARGER


http://dx.doi.org/10.1159%2F000485490

Cellular Physiology Cell Physiol Biochem 2017;44:1295-1310
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

R . ¢ ELE0M00425400
and B|ochem|stry Published online: November 29, 2017 |www.karger.com/cpb

Li et al.: Hypoxia Enhances the Therapeutic Effect of Mscs on RILI

inflammatory factors were measured using an ELISA. The morphology of MSCs in vitro was
recorded using a microscope and identified by flow cytometry, cell viability was measured
using the CCK-8 assay, the potential for proliferation was detected by the EdU assay, and ROS
levels were measured using a ROS fluorogenic probe. In addition, HIF-1a and several survival
pathway proteins (Akt, p-Akt, Caspase-3) were also detected by western blotting. Results:
Implanted MSCs alleviated both early radiation-induced pneumonia and late pulmonary
fibrosis. However, hypoxia MSCs displayed a more pronounced therapeutic effect compared
to normoxia MSCs. Compared to normoxia MSCs, the hypoxia MSCs demonstrated greater cell
viability, an enhanced proliferation potential, decreased ROS levels and increased resistance
to hypoxia and ROS stress. In addition, hypoxia MSCs achieved higher activation levels of HIF-
la and Akt, and HIF-1a played a critical role in the development of resistance. Conclusion:
Hypoxia enhances the therapeutic effect of mesenchymal stromal cells on radiation-induced
lung injury by promoting MSC proliferation and improving their antioxidant ability, mediated
by HIF-1a.

© 2017 The Author(s)
Published by S. Karger AG, Basel

Introduction

Radiation therapy is an important treatment for thoracic cancers, such as lung cancer,
breast cancer, esophageal cancer, lymphoma and thymoma [1]; however, side effects from
radiotherapy usually limit tumor control and lower patient quality of life. Among the side
effects, radiation-induced lung injury (RILI) is the most serious and common disease. It is
estimated that the clinical incidence of RILI ranges from 5% to 10%, which to some degree
leads to thoracoscopic radiotherapy failure [2, 3]. Therefore, an effective treatment strategy
for RILI is urgently required. Development of RILI is a complex and continuous process,
which is pathologically divided into two phases: the early pneumonitis phase and the later
fibrosis phase [4]. Considerable inflammation in early pneumonitis and restricted breathing
in later fibrosis make it difficult to treat RILI. Steroids have been commonly used for RILI
treatment; however, their side effects, including osteoporosis and immunosuppression, limit
their application [5].

Mesenchymal stromal cells (MSCs) are a type of multipotent adult stem cell that can be
isolated from several tissues such as bone marrow (bmMSCs) and adipose tissues (adMSCs)
[6, 7]. Self-renewal and multilineage differentiation are the primary characteristics of MSCs
[8, 9]. bmMSCs in particular have been demonstrated to be an effective treatment in certain
diseases caused by tissue damage, including ischemic heart failure [10], hind limb ischemia
[11], liver, skin and gut damages [12-15]. The abovementioned therapeutic effects suggest
that MSCs may be a valid treatment option for RILI. Indeed, some researchers have made
attempts to investigate this hypothesis [16]. However, unlike the successful results in other
tissues, after 24 hours of transplantation into the injured lungs, engrafted MSCs decreased
dramatically, with an engraftment between 0.01% and 0.1% due to extensive oxidative stress
and local hypoxia [17, 18]. Therefore, the therapeutic effect of MSCs may be conditionally
limited.

Since hypoxia and generated ROS contribute to the poor survivability of MSCs, we
hypothesize that persistent and adaptive hypoxia treatment may induce enhanced resistance
to hypoxia pressure in MSCs. Moreover, adaptive response to hypoxia is known to upregulate
hypoxia-inducible factor-1 (HIF-1a) which is confirmed to promote hypoxia tolerance.

The aim of this study is to investigate whether persistent and adaptive hypoxia treatment
of bmMSCs prior to their transplantation in injured mice can enhance their survival under
hypoxia and promote curative effects in RILI.
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Materials and Methods

MSC isolation and culture

MSCs-also known as bmMSCs-were obtained from the marrow of six-week-old male C57BL6/] mice.
First, bilateral femurs of mice were removed by isolating attached connective tissue. Intact femurs were
flushed out using a syringe in order to obtain as much marrow as possible. One group of isolated MSCs
was cultured at 37°C under 5% CO,, 21% O, in a humidified tissue culture incubator, and another group of
MSCs was cultured in a hypoxic environment (2.5% 0,). 5 days later, suspended cells were removed and
the remaining adherent cells were continuously cultured in culture medium (DMEM)/F12 containing 10%
inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin (GIBCO, Carlsbad,
CA, USA). Finally, the third passage MSCs were harvested for subsequent experiments [19].

Hypoxia culture of MSCs

Primary MSCs were cultured under hypoxic conditions i.e., 2.5% 0, and 5% CO, in a hypoxia gas
chamber. MSCs were cultured in culture medium (DMEM)/F12 containing 10% inactivated fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin (GIBCO, Carlsbad, CA, USA). Suspension cells
were intermittently removed, and the final third passage of adherent cells were harvested.

Cell viability assessment and Clonogenic survival

Cell viability was determined by the calorimetric CCK-8 assay (Cell Counting Kit-8; Dojindo, Kumamoto,
Japan). Adherent MSCs were suspended and planked into 96-well plates at a cell density of 5x103 cells.
Twelve hours later, the viability of adherent MSCs was detected by the CCK-8 assay. The colony-forming
assay was performed as previously described [20].

Establishment of radiation-induced lung injury model of mice

Following anesthesia, mice were immobilized in a circumscribed box with only the lungs of mice
exposed to irradiation, whereas other parts of the box were shielded by lead. Lungs of mice received
irradiation at a total dose of 20 Gy and a dose rate of 1 Gy/min. The irradiation source was °Co from the
radiation center (Faculty of Naval Medicine, Second Military Medical University, China) [21, 22].

Histopathology and immunohistochemistry

Lungs were inflated with 10% formalin (Sigma-Aldrich), paraffin-embedded and sectioned (5 micron)
at the Pathology center of Changhai Hospital. Sections were stained with hematoxylin and eosin, Masson’s
Trichrome stain and the a-SMA antibody (1:200; Abcam).

Identification of MSCs

In order to confirm purity and identify the source of MSCs, we marked cells with rabbit monoclonal
anti-mice CD34, CD90, CD45 and CD105 and identified them using flow cytometry. Accordingly, cells that
were negative for CD45 and CD34 and positive for CD90 and CD105 were identified as pure MSCs [23].

Cytokine and chemokine assays
Peripheral blood was collected following enucleation of the eyeball, centrifuged at 2520xg and then
stored at 4°C for 10 min. Serum was used for ELISA according to the manufacturer’s instructions.

Western blot analysis

MSCs were collected after treatment. Next, cells were resuspended in PBS and washed 3 times.
Following collection in extraction buffer (1% Triton X-100, 0.5% sodium deoxycholate, 20 mM Tris-HCI, pH
7.5, 12 mM-glycero-phosphate, 150 mM NaCl, 5 mM EGTA, 10 mM NaF, 3 mM dithiothreitol, 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin), cells were incubated on ice for 3x10
min, and the lysate was centrifuged (12, 000xg for 15 minutes at 4°C) in order to obtain the supernatant
containing protein. Equal amounts of proteins were separated on a 10% SDS-PAGE gel and transferred to
nitrocellulose membranes. 5% low-fat milk was used to block membranes for 2 hours, following which the
membranes were washed with TBST 3 times for 10 min. Membranes were probed overnight at 4°C with
antibodies recognizing the following antigens: Akt1 (1:1000), p-Akt (473) (1:1000), B-actin (1:1000), HIF-
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1a (1:1000), Caspase-3 (1:1000); All antibodies were obtained from Cell-signal corporation. The antibody-
antigen complex was detected using horseradish peroxidase-conjugated secondary antibody. Peroxidase
labeling was visualized using enhanced chemiluminescence labeling of the ECL Western blotting detection
system (Thermo, USA).

Real-time quantitative RT-PCR

Expression levels of RNA were quantitated by real-time PCR. We isolated

total cellular RNA from lung tissue disrupted by Polytron using TRIzol (Invitrogen, Carlsbad, CA,
USA). The SYBR Green assay and the ABI Prism 7900HT Sequence Detection System (Applied Biosystems,
Rotkreuz, Switzerland) were used for real-time quantitation of the RNA. The primer used for a-SMA was as
follows: forward 5'-GCCAA GCACT GTCAG GAATC C-3', reverse 5'-CACAA TGGAT GGGAA AACAG CC-3'

Measurement of intracellular GSH, SOD and ROS levels

GSH and SOD levels of MSCs were measured using the GSH and SOD assay kits, respectively (Cat.
No. S0053, S0109; Beyotime; China). Intracellular ROS was detected using the Reactive Oxygen Species
Fluorogenic Probe (Cat. No. S0033; Beyotime; China) and was observed using fluorescence microscopy.

Statistical Analysis

All values were expressed as the mean+SD. One-way ANOVA analysis was carried out to calculate
the difference among the groups. Between two groups, variance was determined using Student’s t-test.
Significance was defined as a value of P < 0.05.

Results

Culture and Identification of MSCs

Primary bone marrow cells from mice femurs were equally divided into two groups:
one group was incubated under normoxic conditions with 21% O,, and another group
was cultured under hypoxic conditions with 2.5% O,. Cells morphology was recorded for
one week using a microscope. Until the third passage, adherent cells were harvested and
identified by flow cytometry. With intermittent removal of suspension cells, final adherent
cells were retained and proliferated. On the third day, we observed several spindle-shaped
fibroblast-like cells, and on the seventh day, their numbers evidently increased. In contrast
to normoxic conditions (21% 0,), hypoxic conditions (2.5% 0,) promoted MSC proliferation.
The density of adherent cells under hypoxic condition, especially on the seventh day, was
significantly higher (Fig. 1A, B; P<0.01). Using flow cytometry, the normoxia MSCs were
marked as CD45- and CD34-negative and CD105- and CD90-positive (the percentage of
CD105- and CD90-positive cells was 72.59+8.55% and 51.73+3.59%, respectively). In
contrast, the hypoxia MSCs demonstrated an elevated percentage of CD34-positive cells
(13.20+5.43% vs. 2.25+0.90%, P<0.05) and a decreased percentage of CD90-positive cells
(26.83£5.77% vs. 51.73+3.59%, respectively; P<0.01) (Fig. 1C, D).

Comparison between therapeutic effects of normoxia MSCs and hypoxia MSCs on RILI

Two hours after the lungs of mice received 20 Gy irradiation, normoxia MSCs and
hypoxia MSCs were injected at a concentration of 2x10° cells/ml using a tail intravenous
injection. At the 7%, 215t and 42™ days, mice lungs were subjected to pathological detection
by H&E staining (Fig. 2A, F) and the amount of lung collagen visualized and assessed by
Masson'’s trichrome staining (Fig. 2B, G). The extent of fibrosis was estimated by a-SMA IHC
(Fig. 2C, H), western blotting (Fig. 2D) and RT-PCR (Fig. 2E). Simultaneously, at 1, 3, 6 weeks
after irradiation, serum samples of mice were collected to detect TNF-a, TGF-f3 and INF-y
levels (Fig. 2I-K). Following exposure to irradiation, the lungs of mice showed exudation of
red blood cells, infiltration of inflammatory cells and collapsed alveoli in the first week. With
the progress of RILI, the extracellular matrix increased during the period between the third
and the sixth week. Both groups of implanted MSCs remitted early pneumonia and mitigated
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late pulmonary fibrosis. However, hypoxia MSCs demonstrated greater significant effects
compared to normoxia MSCs, especially in the reduction of extracellular matrix.

Hypoxia MSCs reside for longer in radiation-injured lungs

Although MSCs demonstrated an in vitro therapeutic effect in RILI, the in vivo fates of
implanted MSCs still needed to be determined. In order to trace the fates of the MSCs, we
established GFP-marked MSCs by transfecting adenovirus vectors carrying the GFP gene.
Next, the GFP-MSCs were cultured under normoxia or hypoxic conditions until third passage.
A total of 2x10°% GFP-MSCs were injected into irradiated mice by caudal vein injection. At
6 h, 12 h, 24 h, 48 h, 72 h and day 7 post-injection, the lungs of mice were examined for
fluorescence. Our results demonstrated that normoxia MSCs and hypoxia MSCs emerged at
6 h after injection and peaked at 12 h. However, the number of implanted normoxia MSCs
decreased at 24 hours, and by 48 h, there were no observable MSCs. In contrast, the number
of hypoxia MSCs peaked at 24 h and was sustained until 72 h. This result demonstrated a
longer residence of hypoxia MSCs in radiation-injury lungs (Fig. 3).

Hypoxia MSCs demonstrated increased cell viability and enhanced proliferation potential

Since hypoxia MSCs were therapeutically more effective in RILI compared to normoxia
MSCs, we investigated whether this enhanced effect was associated with increased cell
viability and proliferation. Cell viability was tested by the CCK-8 assay. Following addition
of the CCK-8 counting reagent, we recorded values at 30 min, 1 h, 1.5 h, and 2 h using a
microplate reader. Hypoxia MSCs incubated with CCK-8 counting reagent began to show
significantly higher viability compared to normoxia MSCs beginning at 1.5 h (Fig. 4A; OD
value: 1.34+0.09 VS. 1.63%0.14, respectively; P<0.05). The clone formation assay was used to
assess cell proliferation potential. The same amount of MSCs were cultured under normoxic
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Fig. 2. Comparison of therapeutic effect on RILI between normoxia MSCs and hypoxia MSCs: Two hours
after the lungs of mice have received irradiation of 20Gy, we implanted normoxia MSCs and hypoxia MSCs
by tail vein injection, respectively. At 7%, 215t and 42" day the irradiated lungs of mice were taken to
make pathological comparison by HE staining (A), assess amount of lung collagen visualized by Masson’s
trichrome staining (B) and a-SMA staining (C). Western blotting and RT-PCR were conducted to confirm
the expression of a-SMA in lung tissues at one and three week after irradiation (D, E; n=4). Quantitative
assessment of HE stain, Masson Trichrome stain and a-SMA staining were performed by Ashcroft score (F),
Masson stained areas (G) and a-SMA stained areas (H). Simultaneously at 1, 3, 6 weeks after irradiation the
serums of mice were collected to detect TNF-o, TGF-f and INF-y levels (I-K). Data were presented as mean *
SD (n = 5). * P<0.05 vs IR group; #P<0.05 vs IR+MSC group; ** P<0.01; Magnification x 200. Scale bar, 50pum.

KARGER

1300


http://dx.doi.org/10.1159%2F000485490

Cellular Physiology Cell Physiol Biochem 2017;44:1295-1310
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

- LLS0M000ARSAG
and BiOChemiStry Published online: November 29, 2017 |www.karger.com/cpb 1301

Li et al.: Hypoxia Enhances the Therapeutic Effect of Mscs on RILI

6h 12h 24h 48h 72h 7 Day
were fluorescence analyzed.
Magnificationx100 (A); quantified

analysis was performed as counting B
GFP-labeled cells per visual field and
recording 10 fields per section (B).
Data were presented as mean + SD
(n = 3). *P<0.05 vs normixa MSCs

group.

Fig. 3. MSCs home to radiation- [
injury lungs: Two hours after
radiation, mice were injected a total s
of 2x10° GFP-labeled normoxia | Mt
MSCs or hypoxia MSCs (green)
by caudal vein. At 6h, 12h, 24h,
48h, 72h and day 7 post-injection, tyemts
the frozen section of mice lungs

o
]

E@ Normoxia MSC
BB Hypoxia MSC

=
1

GFP-labeled MSC amount
per lung section field
o

SO S N
N ) ,\g»‘\

Time of implantation

and hypoxic conditions. On the fifth and seventh days, hypoxia MSCs were counted, and a
greater number of clones were observed compared to the number observed for the normoxia
MSCs, thereby indicating the enhanced proliferation potential of hypoxia MSCs (Fig. 4B, C;
number of clones on day 10: 315+16.71 VS 576+63.03; P<0.01). To further confirm the result
of the proliferation assay, we performed the EdU assay which fluorescently marks replicated
DNA chains in order to reflect cell division. Using fluorescence microscopy, more positive
stains (green) were observed in hypoxia MSCs compared to those observed for the normoxia
MSCs, thereby indicating quicker DNA synthesis and enhanced proliferation (Fig. 4D, E;
ratio of EdU-positive cells in normoxia and hypoxia MSCs: 36.16£5.62% VS 69.23+6.07%,
respectively; P<0.01).

Hypoxia MSCs had decreased levels of ROS and increased antioxidant ability

Extensive ROS generation enormously limits the survival and retention of implanted
MSCs in radiation-damaged lungs [24]. We investigated whether ROS generation and
antioxidant abilities of hypoxia MSCs are different from normoxia MSCs. Using the Reactive
Oxygen Species Assay Kit, the levels of intracellular ROS and antioxidant ability were
detected by measuring the content of GSH and SOD, which are commonly considered
the primary antioxidases. Our results demonstrated that hypoxia MSCs showed lower
fluorescence intensity compared to normoxia MSCs, thereby indicating less ROS generation
in hypoxia MSCs (Fig. 5A). Levels of GSH and SOD increased with cell growth, and on the fifth
day, the levels in hypoxia MSCs began to significantly exceed those in the normoxia MSCs,
demonstrating that hypoxia induced an increase in antioxidant activity (Fig. 5B, C).

Hypoxia MSCs acquired greater resistance to hypoxia and ROS stress compared to normoxia

MSCs

The poor survival and retention of implanted MSCs in radiation-damaged lungs is due
to local hypoxia and extensive ROS . Since hypoxia MSCs demonstrated increased levels of
antioxidants (GSH, SOD) and decreased generation of intracellular ROS compared to levels in
normoxia MSCs, we investigated whether hypoxia MSCs demonstrated enhanced resistance
to external hypoxia and ROS stress. We first induced hypoxia tolerance in MSCs by culturing
primary bmMSCs under hypoxic conditions (2.5%) for a few weeks. To induce hypoxia stress
for hypoxia MSCs, we lowered the oxygen concentration to 1%. Hypoxia MSCs and normoxia
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MSCs were cultured under hypoxic conditions (1% 0,), and their viability was detected at 1
h, 4 h,8h, 12 h, and 24 h by the CCK-8 assay. The results demonstrated that the viability of
normoxia MSCs decreased in a time-dependent manner. In contrast, there was no significant
reduction in viability in hypoxia MSCs with the passage of time (Fig. 6A, P<0.05). ROS stress
was induced using H,0,. Both the hypoxia MSCs and normoxia MSCs were treated with

0, (100 uM) for 12 h and cells were then harvested to detect the cell apoptosis rate by
flow cytometry. The results demonstrated that H,0, induced apoptosis of MSCs; however,
hypoxia MSCs showed significantly lower apoptosis rates compared to those of normoxia
MSCs (12.23%£2.64% VS 20.17+4.15%, respectively; P<0.05), which indicated that hypoxia
MSCs acquired enhanced resistance to ROS stress (Fig. 6B).

HIF-1 was involved in the resistance of hypoxia MSCs to hypoxia stress

Hypoxia-inducible factor-1 (HIF-1) was confirmed to be the critical response factor to
hypoxia stress and was upregulated by hypoxia [25]. Hence, we investigated whether HIF-1
plays a role in enhancing the resistance of hypoxia MSCs to hypoxia stress. We detected the
expression of HIF-1a and several survival pathway proteins including Akt, p-Akt (S473), and
caspase-3 by western blotting. As shown in Fig. 7A and 7B, the basic expression levels of
AKkt, p-Akt (S473) and HIF-1a were higher in hypoxia MSCs compared to those in normoxia
MSCs. Under hypoxic (1% 0,) stimulation, normoxia MSCs acquired evidently upregulated
expression levels of p-Akt (S473), HIF-1a and Caspase-3 at 8 hours; however, the hypoxia
MSCs showed fewer alterations in the levels of these proteins, which indicated that hypoxia
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hypoxia MSCs (Fig. 7C, D). Finally, the effect of 2-MeOE2 on the viability of hypoxia MSCs
was tested. As expected, 2-MeOE2-the inhibitor of HIF-1la-rendered hypoxia MSCs more
susceptible to hypoxia stress (Fig. 7E).

MSCs inhibited radiation-induced apoptosis in lung parenchymal cells

Hypoxia MSCs were demonstrated to gain an enhanced capacity of survival in
radiation-injured lungs. Next, we investigated whether the implanted MSCs affect lung
parenchymal cells. Radiation primarily leads to cellular apoptosis, which is critical in
development of RILI. Therefore, we evaluated the influence of MSC treatment on apoptosis.
Three days after radiation, lungs were histologically examined using TUNEL staining to
detect apoptosis. Results indicated that implanted MSCs reduced the numbers of TUNEL-
labeled lung parenchymal cells, including alveolar epithelial cells and bronchial epithelial
cells. Furthermore, hypoxia MSCs exerted a greater anti-apoptotic effect compared to
that of normoxia MSCs (Fig. 8A, B; TUNEL-labeled apoptotic cell index: 23.40+3.04% vs.
15.60+3.17%, respectively P<0.05). Next, cellular experiments were conducted. First, MSCs
were co-cultured with normal alveolar epithelial cells RLE-6TN for 24 h. Next, apoptosis
of RLE-6TN cells were evaluated 48 h after radiation. The results demonstrated that co-
incubation with MSCs reduced apoptosis rates of RLE-6TN cells. Treatment of hypoxia MSCs,
as expected, rescued more radiated cells than did treatment with normoxia MSCs (Fig. 8C, D;
apoptosis rate: 21.82+1.95% vs. 16.28+1.63%), respectively; P<0.05).
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Discussion

MSCs have been reported to be an effective treatment for several diseases, such as
ischemic heart failure [10], hind limb ischemia [11], and damage of the liver, skin and gut [12-
15]. Migration of implanted MSCs to the injury site is mediated by matrix metalloproteinases
[26]. Retained MSCs play a role in damage repair by differentiating into different types
of connective tissue [27], promoting angiogenesis [28] and exerting anti-inflammatory
effect [29, 30]. However, unlike the abovementioned injuries, RILI has received limited
improvement from MSC treatment. The development of RILI is complex and polyfactorial,
involving increased ROS and local hypoxia [31, 32]. The hostile environment around injured
lungs leads to poor survival and less retention of implanted MSCs [24]. Increased apoptosis
rates of implanted MSCs, especially under hypoxic conditions, were observed [33], which
explains the limited application of MSCs in the treatment of RILL

Since the poor survival of MSCs is primarily due to hypoxia and generated ROS, we
hypothesize that persistent and adaptive hypoxia treatment may enhance the resistance
of implanted MSCs to hypoxia pressure. In agreement with Francois et al [34]., who
demonstrated that MSCs produced Nrf2 which protected against injury by reducing ROS
produced in the liver after radiation, MSCs receiving adaptive stimulation demonstrated an
enhanced therapeutic effect.

We then investigated the therapeutic difference between normoxia and hypoxia MSCs in
RILIL Primary mice MSCs from bone marrow were divided into two groups: one was cultured
under normoxic condition, and the other was cultured under hypoxia. First, we identified
the purity of MSCs. With persistent removal of suspension cells, we finally obtained pure
MSCs (CD34- and CD45-negative). However, the hypoxia MSCs at the third passage revealed
increased ratios of CD34-positive cells and decreased ratios of CD90-positive cells. It seemed
that a differentiated diversity existed between the two groups. This result is in alignment
with the study by Li Ni’, which reported that hypoxia induced MSC differentiation [35].
It is commonly believed that changes in the surrounding environment of bone marrow
may obviously influence the function and condition of bone marrow cells, which indeed
includes MSCs and its differentiation. CD34 is considered an endothelial marker and CD90
is not expressed in murine hematopoietic cells. Compared to normoxia MSCs, the hypoxia
MSCs demonstrated increased CD34 staining and decreased CD90 staining, indicating an
acquisition of the endothelial phenotype in hypoxia MSCs and demonstrating that hypoxia
may facilitate MSC differentiation.

Despite the differentiated diversity, hypoxia MSCs were more effective in treatment of
RILI compared to normoxia MSCs, wherein the therapeutic effects included early remission
of inflammation and terminal reduction of fibrosis. It is well known that fibrosis is the crucial
process and primary obstacle for RILI treatment. To prevent fibrosis, long-term retention
of MSCs and subsequent persistent action at the damaged site are necessary. In our study,
the reduction of terminal fibrosis was evident in the hypoxia MSCs group. Hence, we
speculated that the hypoxia-induced MSCs acquired enhanced survival in the inflammatory
environment of radiation-induced lung injury. Next, a series of probative experiments on
MSC survival was conducted. Cell viability was tested by the CCK-8 assay, and the results
demonstrated that hypoxia-induced MSCs had increased cell viability compared to normoxia
MSCs. To detect the potential for cell proliferation, we performed two classical studies: the
clone formation assay and EdU detection. The results of the two experiments consistently
confirmed increased proliferation of MSCs under hypoxic conditions. It is well-known
that hypoxia promotes propagation of cancer cells and leads to resistance to radiotherapy
and chemotherapy [36-38]. This process is commonly believed to be mediated by HIF-1«
activation and downstream signaling [39].

Another important factor that limits MSC retention in radiation-induced lung injury is
the increased ROS level. In other words, implanted MSCs must overcome ROS stress in order
to be persistently effective in RILI treatment. Since hypoxia MSCs demonstrated a long-term
retention, we investigated whether the intracellular ROS levels and antioxidant ability were
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altered. The hypoxia MSCs demonstrated lower levels of ROS, as shown by labeling with
specific ROS probes. On the other hand, increased levels of GSH and SOD, which are known
as the most important intracellular antioxidants, were observed, suggesting that hypoxia
induced an increase in antioxidant ability of MSCs. Previous studies have reported that MSCs
have antioxidant capacity and therefore have a therapeutic effect on lung injury and fibrosis
[40-42]. Our results not only confirmed this conclusion but also demonstrated a stronger
antioxidant capacity in hypoxia-induced MSCs. These results may explain the reasons for the
increased survivability of hypoxia MSCs in RILI. However, the hypothesis that hypoxia MSCs
acquired resistance to hypoxia and ROS stress still need further confirmation. Comparison
of cell viability between normoxia MSCs and hypoxia MSCs under hypoxia exposure (1%
0,) demonstrated that hypoxia MSCs acquired a higher tolerance to hypoxia. After 12 hours
of treatment with H,0,, normoxia MSCs demonstrated massive apoptosis (20.17+4.15%),
whereas hypoxia MSCs demonstrated a lower apoptosis rate (12.23+2.64%). These results
indicated that hypoxia MSCs acquired resistance to hypoxia and ROS stress.

Although several studies have confirmed that HIF-1a is a critical regulator of cell
hypoxic tolerance, its role in hypoxia-induced MSCs remains unclear. Thus, we investigated
the expression of HIF-1a in hypoxia MSCs. In addition, several survival pathway proteins,
including p-Akt, Akt, caspase-3, were also detected. The results demonstrated that hypoxia
MSCs acquired higher basic expression levels of p-Akt, Akt and HIF-1a compared to those
observed in normoxia MSCs. These results were consistent with previous reports, in which
activation of Akt was observed when cells were exposed to hypoxia [43]. Akt and HIF-1q,
as important pro-survival kinases, usually protect cells from various exogenous stresses.
For MSCs, prolonged hypoxia stimulation resulted in a high levels and persistent activation
of Akt and HIF-1a, which might have, in a way promoted the greater resistance to hypoxia
and ROS stress demonstrated by hypoxia MSCs. However, we must note that although the
inhibitor of HIF-1a enhanced the sensitivity of hypoxia MSCs to hypoxic stress, the activation
of Akt was not affected. Therefore, Akt and HIF-1a exerted a protective effect in hypoxia
MSCs, independently of each other.

In addition to investigating the proliferation and oxidation resistance of MSCs, we
also explored the mechanism of MSC therapy. It is generally agreed that the mechanism
of RILI includes radiation-induced injury of parenchymal cells [44], delayed activation of
inflammatory reaction [45], and radiation-induced epithelial-mesenchymal transition
(EMT) which is reported to mediate pulmonary fibrosis [46]. Therefore, the mechanism
of MSC therapy for RILI is considered to regulate the inflammatory response [47-49] and
the differentiation of damaged parenchymal cells to promote reconstruction [50]. Recently,
some studies revealed the anti-apoptotic function of MSCs. As apoptosis is the early and
direct effect of radiation on cells [51], we hypothesize that inhibition of apoptosis critically
facilitates MSC therapy. Histological and cellular experiments demonstrated that the anti-
apoptotic effect was enhanced in hypoxia MSCs, which not only elevated resistance to the
toxic environment but also increased anti-apoptotic ability, thereby rendering hypoxia MSCs
more effective in RILI therapy.

There are some limitations of the present study. First, we demonstrated that the
therapeutic effect of hypoxia MSCs on RILI is due to its increased survival rate and elevated
resistance to ROS; however, the majority of the probative experiments were in vitro
evaluations that failed to imitate the actual pathogenic process. Second, the improvement of
survival and antioxidant ability of hypoxia MSCs has been confirmed; however, the molecular
mechanisms underlying this improvement must be explored.

Conclusion

Long-term hypoxic conditions upregulate the expression of HIF-1q, induce increased
survival and enhance the antioxidant ability of MSCs, thereby making them more effective in
the treatment of RILI compared to normoxia MSCs.
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