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Abstract: Acute radiation syndrome (ARS) results from high-dose ionizing radiation (IR)
exposure, with bone marrow (BM) being highly susceptible due to its proliferative activity.
BM injury causes pancytopenia, leading to infections, anemia, and bleeding. Mesenchymal
stem cells (MSCs) hold promise for ARS treatment because of their immunomodulatory,
anti-inflammatory, and regenerative properties. However, challenges such as replicative
senescence, poor survival, and engraftment in irradiated microenvironments limit their
efficacy. This study evaluated rapamycin-preconditioned placenta-derived MSCs (rPD-
MSCs) in a mouse ARS model. Rapamycin was selected for preconditioning due to its
ability to induce autophagy and modulate cytokine secretion. We assessed rapamycin-
dependent modulation of autophagy-related genes and proteins, as well as hematopoietic
cytokines secretion in PD-MSCs, and evaluated morphological changes in blood and BM at
7 and 21 days post-irradiation in ICR/CD1 mice. Preconditioning with rapamycin alters
the secretion of granulocyte colony-stimulating factor (G-CSF), stem cell factor (SCF), and
Fms-related tyrosine kinase 3 ligand (Flt3LG) in PD-MSCs without affecting cell viability.
rPD-MSCs better enhance hematopoietic recovery, restore bone marrow cellularity, and
increase peripheral blood cell counts by elevating the secretion of hematopoietic cytokines
compared to non-preconditioned cells. These results highlight rapamycin preconditioning
as a promising strategy to enhance MSCs therapeutic potential for ARS, supporting further
preclinical and clinical exploration.

Keywords: mesenchymal stem cells; hematopoietic cytokines; preconditioning; acute
radiation syndrome; rapamycin; autophagy
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1. Introduction
Damage to healthy internal tissues or organs caused by ionizing radiation is a sig-

nificant public health issue. This type of injury can occur in situations such as accidental
nuclear or radiological emergencies, as well as during medical procedures like total body
irradiation before bone marrow transplantation or the administration of medical radioiso-
topes for cancer therapy [1].

Acute radiation syndrome is a serious illness caused by exposure to high doses of
IR, as defined by the US Center for Disease Control and Prevention (CDC). It happens
when the body is exposed externally to a significant dose of radiation (typically ≥2 Gray
(Gy)), involving penetrating forms of radiation such as high-energy X-rays, gamma rays, or
neutrons, and when the entire body is affected [2,3]. ARS is characterized by four primary
syndromes: hematopoietic (h-ARS), gastrointestinal (GI-ARS), cardiovascular (CV-ARS),
and central nervous system acute radiation syndrome (CNS-ARS). h-ARS is defined by the
loss of peripheral blood cells (pancytopenia) due to damage to hematopoietic stem cells
in BM. This leads to the suppression of BM function and the development of secondary
complications such as neutropenia and infections, anemia, and bleeding [4,5]. Given the
severe and life-threatening nature of ARS, there is an urgent need to develop new and
effective treatment methods to address this critical condition.

In this context, MSCs have emerged as a promising candidate because of their low
immunogenicity, accessibility, ease of production, high proliferation rate, significant pro-
liferative potential, and well-described immunomodulatory, anti-inflammatory, and re-
generative properties [6–9]. Firstly described by A.J. Friedenstein in 1968 [10], MSCs are
adult multipotent stem cells isolated in partially or fully differentiated prenatal, fetal,
adult tissues, such as adipose tissue, bone marrow, placenta, umbilical cord, menstrual
blood, dental pulp, and others [11]. According to the International Society for Cell and
Gene Therapy (ISCT) criteria, MSCs should demonstrate the ability to differentiate into
adipogenic, osteogenic, and chondrogenic lineages. Similar to MSCs isolated from human
tissues, MSCs derived from mice are characterized by the expression of specific surface
markers, including endoglin (CD105), integrin-β1 (CD29), hyaluronic acid receptor (CD44),
and stem cell antigen-1 (Sca-1). Conversely, these cells lack the expression of markers such
as pan-leukocyte antigen (CD45), platelet/endothelial cell adhesion molecule-1 (CD31),
and lymphocytic antigen 76 (Ly76) [12,13].

Compared to other sources, MSCs from prenatal and fetal tissues demonstrate greater
potential due to their enhanced proliferative capacity and activity, as well as therapeu-
tic properties [14,15]. In this light, particularly regarding potential treatments for ARS,
placenta-derived mesenchymal stem cells (PD-MSCs) represent a promising option because
of their enhanced immunomodulatory properties, along with proliferative activity and
potential comparable to other prenatal and fetal-derived sources [16].

Previous studies have shown that MSCs can support the growth of hematopoietic
stem cells (HSCs) and their progeny by secreting various cytokines, including G-CSF,
Flt3LG, and SCF [17]. Co-cultivation of MSCs with irradiated CD34+ cells promotes the
growth of CD34+ cells, while their co-transplantation stimulates megakaryocytopoiesis
in sublethally irradiated NOD/SCID mice [18,19]. During in vitro differentiation, MSCs
adopted hematopoietic and endothelial characteristics, and their transplantation in lethally
irradiated mice supported normal hematopoietic recovery, with donor cells transiently
appearing in peripheral blood and lungs, while MSC-derived microvesicles provided
similar protective effects as whole MSCs [20]. In the article by S. Shim et al., human
umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) were evaluated for
their therapeutic potential in hematopoietic recovery following total body irradiation,
demonstrating superior efficacy compared to G-CSF. hUCB-MSCs significantly enhanced
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leukocyte counts, modulated hematopoietic cytokines (Flt-3LG and TGF-β1), and promoted
bone marrow regeneration [21]. K.X. Hu et al. investigated the effects and mechanisms
of MSCs on hematopoietic reconstitution and bone marrow cell apoptosis in irradiated
mice, demonstrating that MSCs infusion accelerated blood cell recovery, reduced apoptosis,
improved cell cycle progression, and enhanced colony-forming unit activity, while also
improving survival after 8 Gy total body irradiation, suggesting MSCs as a potential
alternative or adjunct to hematopoietic stem cells transplantation for treating acute radiation
syndrome [22]. It has been previously demonstrated that systemically administered MSCs
counteract inflammatory responses, support detoxification and stress management post-
irradiation exposure, and rescue endogenous hematopoiesis through the release of trophic
factors and modulation of the HSC niche, highlighting their potential as a rapid and
effective first-line treatment for radiation-induced hematopoietic failure [23].

Key challenges, including replicative senescence and poor survival in irradiated mi-
croenvironments, significantly reduce the therapeutic potential of MSCs for ARS treatment.
Different methods, such as preconditioning cells prior to transplantation, emerge as a
promising strategy to address these limitations.

As a result of LPS preconditioning, MSCs produced exosomes with elevated levels
of cytokines and growth factors (IL-6, IL-10, IL-15, IDO, and FGF-2), which significantly
improved survival, reduced clinical scores and weight loss, and enhanced hematopoietic
recovery in mice when administered 4 h after lethal irradiation [24]. Transfection with
CXCR4 increased the engraftment of transplanted human umbilical cord mesenchymal
stem cells (HUMSCs) in radiation-injured lung tissues. CXCR4-overexpressing HUMSCs
not only ameliorated histopathological damage but also reduced radiation-induced expres-
sion of SDF-1, TGF-β1, α-SMA, and collagen I, while preventing the radiation-induced
downregulation of E-cadherin [25].

Given rapamycin’s promising ability to modulate autophagy through an mTOR-
dependent mechanism, this study investigates the therapeutic potential of rapamycin-
preconditioned placenta-derived mesenchymal stem cells (PD-MSCs) in a mouse model of
acute radiation syndrome, focusing on their ability to enhance hematopoietic recovery and
mitigate radiation-induced damage in BM.

2. Results
2.1. PD-MSCs Identification and Differentiation by ISCT Criteria

The adhesive properties of PD-MSCs were confirmed during cultivation. Immunophe-
notypic analysis demonstrated the presence of characteristic surface markers (CD105,
CD29, and SCA-1) and the lack of expression of the pan-leukocyte marker CD45 (Figure 1a).
Adipogenic differentiation of PD-MSCs revealed a subset of cells containing small lipid
droplets or not containing them, which was further validated by flow cytometry through
the detection of fatty acid-binding protein 4 (FABP-4) expression. Furthermore, all cells
within the culture underwent successful osteogenic differentiation, as evidenced by the
expression of osteopontin (Figure 1b,c). In summary, the isolated cell culture exhibits char-
acteristics consistent with MSCs and fulfills the International Society for Cellular Therapy
(ISCT) criteria for MSCs.

2.2. Rapamycin-Dependent Modulation of Autophagy and Hematopoietic Cytokines Secretion
in PD-MSCs

Twenty-four hours after the addition of rapamycin, the expression of Beclin-1 and LC3
genes increased significantly compared to non-preconditioned cells (Figure 2b). Similarly,
the levels of Beclin-1 and LC3 proteins in rPD-MSCs lysates were higher, while the level of
mTOR protein was significantly reduced compared with PD-MSCs (Figure 2c). Rapamycin
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treatment also increased the secretion of hematopoietic cytokines (G-CSF, SCF, and Flt3L)
in the culture media, as assessed by ELISA. No negative changes in cell viability were
observed after 24, 48, 72, or 96 h of preconditioning with 3 µM of rapamycin, as measured
using the cell counting kit-8 (CCK-8) assay.
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Figure 1. Identification of placenta-derived mesenchymal stem cells. (a) Analysis of CD105, CD29,
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ferentiation evaluating by surface marker FABP-4 and Osteopontin expression using flow cytometry;
(c) Adipogenic differentiation (Oil Red O staining); Osteogenic differentiation (Alizarin Red staining);
Chondrogenic differentiation (Toluidine Blue staining). Magnification 200×.

2.3. Rapamycin-Mediated Regulation of Hematopoietic Cytokines (G-CSF, SCF, Flt3LG) Secretion
in a Mouse Model of h-ARS

To confirm that preconditioning with rapamycin enhances hematopoietic cytokine
secretion in PD-MSCs and that this effect persists after cell transplantation, levels of G-CSF,
SCF, and Flt3L were evaluated in mouse femur bone marrow at 7 (Figure 3a) and 21 days
post-irradiation (Figure 3b). Cytokine levels in the extracellular fraction of the BM were
compared across eight groups. After irradiation, the levels of hematopoietic cytokines in
the ARS group were significantly increased compared to the Intact group. No statistical
differences were observed between the PD-MSC group and the ARS group in the levels
of G-CSF and Flt3LG. However, the levels of G-CSF, SCF, and Flt3LG were significantly
higher in the rPD-MSC group compared to the other groups at both 7 and 21 days post-
irradiation. Notably, the concentrations of all cytokines in each group decreased by 21 days
post-irradiation compared to levels at 7 days.
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2.4. Rapamycin-Preconditioned PD-MSCs Enhance Hematopoietic Recovery, Restore Bone Marrow
Cellularity in a Mouse Model of h-ARS

Bone marrow cellularity in mouse femurs was evaluated to assess the effects of PD-
MSCs and rapamycin-preconditioned PD-MSCs at 7 and 21 days post-irradiation. At
7 days post-irradiation, all hematopoietic lineages were significantly depressed in the ARS
group, consistent with the expected effects of radiation-induced bone marrow suppression
(Figure 4a). By 21 days, minor increases in bone marrow cellularity were observed across
all lineages, suggesting potential recovery processes (Figure 4b).

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 2. Rapamycin-dependent modulation of autophagy and hematopoietic cytokines secretion 
in PD-MSCs. (a) The level of BECLIN1 and LC3 genes expression; (b) The level of Beclin-1, LC3 and 
mTOR proteins in MSCs lysate; (c) The level of hematopoietic cytokines (G-CSF, SCF, Flt3LG) in the 
culture media; (d) Cell viability (%) by CCK-8 analysis; ****—p < 0.0001, *—p < 0.05. 

2.3. Rapamycin-Mediated Regulation of Hematopoietic Cytokines (G-CSF, SCF, Flt3LG) 
Secretion in a Mouse Model of h-ARS 

To confirm that preconditioning with rapamycin enhances hematopoietic cytokine 
secretion in PD-MSCs and that this effect persists after cell transplantation, levels of G-
CSF, SCF, and Flt3L were evaluated in mouse femur bone marrow at 7 (Figure 3a) and 21 
days post-irradiation (Figure 3b). Cytokine levels in the extracellular fraction of the BM 
were compared across eight groups. After irradiation, the levels of hematopoietic cyto-
kines in the ARS group were significantly increased compared to the Intact group. No 
statistical differences were observed between the PD-MSC group and the ARS group in 
the levels of G-CSF and Flt3LG. However, the levels of G-CSF, SCF, and Flt3LG were sig-
nificantly higher in the rPD-MSC group compared to the other groups at both 7 and 21 
days post-irradiation. Notably, the concentrations of all cytokines in each group decreased 
by 21 days post-irradiation compared to levels at 7 days. 

Figure 2. Rapamycin-dependent modulation of autophagy and hematopoietic cytokines secretion in
PD-MSCs. (a) The level of BECLIN1 and LC3 genes expression; (b) The level of Beclin-1, LC3 and
mTOR proteins in MSCs lysate; (c) The level of hematopoietic cytokines (G-CSF, SCF, Flt3LG) in the
culture media; (d) Cell viability (%) by CCK-8 analysis; ****—p < 0.0001, *—p < 0.05.

Transplantation of PD-MSCs resulted in increased cellularity in most hematopoietic
lineages at both 7 and 21 days compared to the ARS group, with the exception of the
erythroid lineage at 7 days and the megakaryocytic lineage at 21 days. Rapamycin precon-
ditioning led to higher cellularity in all lineages at both time points compared to the ARS
group, except for the erythroid lineage at 7 days. Furthermore, compared to the PD-MSC
group, cellularity in the rPD-MSC group was higher in the total number of cells and the
lymphocytic lineage at 7 days post-irradiation and in all lineages at 21 days post-irradiation,
excluding the granulocytic lineage.
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2.5. Rapamycin-Preconditioned PD-MSCs Significantly Increase Peripheral Blood Cell Counts
Compared to Non-Preconditioned Cells in Irradiated Mice

Peripheral blood cell counts 7 days post-irradiation were characterized by pancytope-
nia, with the most significant loss observed in lymphocytes. By 21 days post-irradiation,
positive changes in peripheral blood cell counts were observed, likely due to potential re-
covery processes. The number of monocytes in the 21D-ARS group showed no statistically
significant difference compared to the Intact group.

PD-MSC transplantation leads to increased lymphocyte counts at 7 days post-
irradiation and positive changes in leukocytes, lymphocytes, and granulocytes at 21 days
post-irradiation. The level of monocytes in the PD-MSC group did not differ significantly
from the Intact group.

Rapamycin-preconditioned PD-MSCs highly increase the number of peripheral blood
cells compared with non-preconditioned cells. At 7 days post-irradiation, the level of
leukocytes, lymphocytes, and platelets were higher than in the ARS group and PD-MSC
group, while granulocytes were higher only compared to the ARS group (Figure 5a). By 21
days post-irradiation, leukocytes, lymphocytes, platelets, erythrocytes, and granulocytes
were increased in the rPD-MSC group compared to the ARS group. Furthermore, leukocyte,
lymphocyte, platelet, and erythrocyte counts were higher in the rPD-MSC group compared
to the PD-MSC group. Monocyte levels in the rPD-MSC group did not differ significantly
from the Intact group (Figure 5b).
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3. Discussion
High-dose IR exerts detrimental systemic effects on multiple organs and tissues, in-

cluding the reproductive system, gastrointestinal tract, central nervous system, respiratory
system, and cardiovascular system, among others [2,3]. The most life-threatening conse-
quences arise from damage to the highly radiosensitive BM and hematopoietic system,
which are particularly vulnerable to high-dose IR (typically ranging from 2 to 10 Gy) due to
their high proliferative activity. A severe complication of IR exposure is h-ARS, character-
ized by the irreversible loss of the hematopoietic system’s regenerative capacity [4,5]. Nev-
ertheless, survival outcomes following irradiation can be significantly enhanced through
timely interventions, such as fluid transfusion, antimicrobial therapy, administration of
molecularly cloned hematopoietic growth factors and cytokines, stem cell-based therapies,
and other supportive treatments [26–29].

Previous studies have shown the efficacy of MSCs transplantation because of their
ability to promote the growth of CD34+ cells, repair the bone marrow microenvironment,
support hematopoiesis, and accelerate the recovery of peripheral blood cells [18,22,30,31].
Despite the high potential of MSCs in treating h-ARS, several challenges remain. For
example, the harsh microenvironment in irradiated BM can reduce the regenerative ability
of MSCs.

In this study, we evaluated the possibility of using PD-MSCs as a representative of
MSCs from prenatal and fetal tissues, which demonstrate great advantages compared
with MSCs from adult tissue, including better immunomodulatory properties [15,16].
During the adipogenic differentiation of PD-MSCs, we found a small population of cells
containing small lipid droplets or lacking them, after successful immunophenotyping
according to ISCT criteria. These cells were subsequently validated by flow cytometry
through the detection of FABP-4 expression. It has been previously reported that MSCs
derived from prenatal and fetal tissues exhibit low adipogenic differentiation potential
but high chondrogenic and osteogenic potential, which is associated with the level of
replicative senescence in cell culture [16]. Furthermore, to enhance the therapeutic potential
of PD-MSCs for ARS treatment, we preconditioned them using rapamycin to increase
secretion of hematopoietic cytokines by inducing mTOR-dependent autophagy.

Rapamycin modulates autophagy by inhibiting the mTOR/AKT signaling pathway
through binding to the FK506-binding protein (FKBP12)-mTOR complex, thereby suppress-
ing mTOR kinase activity. This initiates autophagy via Beclin-1 phosphorylation, promoting
autophagosome maturation from the endoplasmic reticulum. Previous studies have shown
that rapamycin does not affect MSC viability [32–34]. Furthermore, rapamycin precon-
ditioning enhances MSC survival, improves MSC homing in damaged tissue, increases
immunoregulatory properties, and inhibits proinflammatory cytokine secretion. These
advantages allow the use of rapamycin-preconditioned MSCs for different pathological
treatments. For instance, rapamycin-preconditioned MSCs were used for Cis-induced acute
renal injury treatment [35], for the treatment of acute graft-versus-host disease [36], for
recovery of infarcted myocardium [37], for multiple sclerosis treatment [38], and others.
Following 24 h rapamycin preconditioning, we observed upregulated gene expression of
Beclin-1 and LC3 without significant changes in cell viability. The level of these proteins in
the MSC lysate has similar dynamics. The level of mTOR decreased.

We also evaluate the impact of rapamycin on hematopoietic cytokines (G-CSF, SCF,
Flt3LG) secretion, because they play an important role in post-irradiation BM recovery. It
has been previously shown that G-CSF, granulocyte-monocyte colony-stimulating factor
(GMCSF), pegylated G-CSF (pegfilgrastim), interleukin-11, interleukin-3, and erythropoi-
etin have regenerative effects on pancytopenia [31]. G-CSF, as a late-acting hematopoietic
cytokine, has already been approved as an emergency treatment as an investigational new
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drug (IND) by the Centers for Disease Control and Prevention [28]. Additionally, Flt3LG, an
early-acting cytokine, exhibits strong radioprotective effects against total-body irradiation
in rabbits [39]. MSCs can also support the expansion of irradiated CD34+ cells in vitro
when combined with SCF, Flt3LG, TPO, and IL-3, as shown by Mourcin et al. [18].

In this article, we evaluated the levels of Flt3LG, G-CSF, and SCF, due to their different
roles in BM recovery. Our results demonstrate that preconditioning with rapamycin signifi-
cantly increases the levels of these hematopoietic cytokines in culture media compared to
non-preconditioned cells.

To determine whether the effects of in vitro rapamycin preconditioning on hematopoi-
etic cytokine secretion persisted in vivo, we measured cytokine levels in the BM of mouse
femurs at 7 and 21 days post-irradiation. We observed that, 7 days after irradiation and
PD-MSC transplantation, there were no statistically significant differences in the levels of
G-CSF and Flt3LG in ARS and PD-MSC groups. However, in the rPD-MSC group, the
levels of all cytokines have significantly increased. Similar results were observed 3 weeks
after irradiation and cell transplantation. It is important to highlight that cytokine levels
were reduced to a similar extent in all groups at 21 days compared to the levels measured
at 7 days post-irradiation.

After confirming that preconditioning with rapamycin leads to an increase in the
secretion of hematopoietic factors and this effect persists in vivo, we evaluated changes
in the bone marrow cellularity of the mouse femur. Bone marrow cellularity was sig-
nificantly decreased at 7 and 21 days post-irradiation in the mouse femur without treat-
ment. Transplantation of PD-MSCs or rPD-MSCs leads to an increase in cellularity of
almost all hematopoietic lineages in both time points compared to mice without treat-
ment. The use of rapamycin-preconditioned MSCs demonstrates the greatest effect on BM
cellularity recovery.

Additionally, we evaluate peripheral blood cell counts in each group to prove the ther-
apeutic effects of rapamycin-preconditioned PD-MSCs in h-ARS. Our results demonstrate
that preconditioning with rapamycin leads to significant changes in peripheral blood cell
count compared to non-preconditioned cells or to mice without treatment.

In conclusion, the present study reveals that placenta-derived MSCs have great poten-
tial for h-ARS treatment. Induction of mTOR-dependent autophagy by preconditioning
with rapamycin could enhance the secretion of hematopoietic cytokines in PD-MSCs
without affecting cell viability. Rapamycin-preconditioned cells have shown the biggest
effectiveness in hematopoietic recovery, restore bone marrow cellularity, and increase
peripheral blood cell counts compared to non-preconditioned cells. These results demon-
strated rapamycin preconditioning as a promising strategy to enhance the MSC therapeutic
potential for ARS, supporting further preclinical and clinical exploration.

4. Materials and Methods
4.1. Isolation and Culture of PD-MSCs

Placenta-derived MSCs were isolated from the chorion of outbred ICR/CD1 female
mice, aged 3–4 weeks, on the 19th day of gestation. Mice were euthanized under conditions
described in the “Animal care and experimental groups” section, and placental tissues
were collected for further processing. Placental tissues were collected and enzymatically
dissociated using Accutase (Millipore, Burlington, MA, USA, cat. № SCR005), followed
by mechanical dissociation with a scalpel and pipette. The Accutase was neutralized by
adding MesenCult MSC Basal Medium Mouse from MesenCult™ Expansion Kit Mouse
medium (StemCell Technologies, Vancouver, BC, Canada, cat. № 05513) supplemented
with 10% FBS in a 1:2 ratio. The cell suspension was centrifuged at 300× g for 10 min, and
the pellet was resuspended in PBS. Mononuclear cells were isolated using Lympholyte®-M
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density gradient (CEDARLANE, Burlington, ON, Canada, cat. № CL5035) centrifugation
at 1000× g for 20 min at room temperature. Cells were cultured in MesenCult MSC Basal
Medium Mouse supplemented with MesenCult™ 10× Supplements Mouse, 10% FBS,
2 mmol L-glutamine (StemCell Technologies, Vancouver, BC, Canada, cat. № 07100), and
antibiotics (50 U/mL penicillin, 50 µg/mL streptomycin; Sigma-Aldrich, St. Louis, MO,
USA, cat. № P4333).

4.2. Identification of PD-MSCs by ISCT Criteria

MSCs were immunophenotyped using the Mouse Mesenchymal Stem Cell Multi-Color
Flow Cytometry Kit (R&D Systems, Minneapolis, MN, USA, FMC003), according to the pro-
tocol, for determining CD105, CD29, CD45 and SCA-1 expression by flow cytometry using
Beckman Coulter Navios flow cytometer (Beckman Coulter, Brea, CA, USA). Adipocytic
and osteogenic differentiation were performed using the Mouse Mesenchymal Stem Cell
Functional Identification Kit (R&D Systems, Minneapolis, MN, USA, SC010), according to
the protocol. Adipogenic, osteogenic, and chondrogenic differentiation was established
using Oil Red O (Sigma-Aldrich, St. Louis, Missouri, USA, cat. № SCR020), Alizarin Red
(Sigma-Aldrich, St. Louis, Missouri, USA, cat. № 632371), and Toluidine Blue (Servicebio,
Wuhan, China, cat. № G1032) staining, how it was previously described in [40], and by
flow cytometry using FABP-4 and osteopontin antibodies from the Mouse Mesenchymal
Stem Cell Functional Identification Kit (R&D Systems, Minneapolis, MN, USA, SC010).

4.3. Preconditioning of PD-MSCs

The dose of rapamycin was chosen based on previous studies [40]. For precondition-
ing of PD-MSCs, Rapamycin (Abcam, Cambridge, UK, cat. № ab120224) was dissolved
in dimethyl sulfoxide (DMSO; Abcam, Cambridge, UK, cat. № ab146591) to prepare a
stock solution. The stock solution was then added to the culture media to achieve a fi-
nal concentration of 3 µM of Rapamycin. Cells were treated for 24 h under standard
culture conditions.

4.4. Cell Viability Assay

The viability of PD-MSCs was evaluated using the cell counting kit-8 (CCK-8) assay
(Servicebio, Wuhan, China, cat. № 4103-5), according to the manufacturer’s instructions.
Cells were seeded into a 96-well plate, and then 10 µL of CCK-8 was added to the culture
media. Two hours after incubation with CCK-8, the cells’ growth was measured. The
absorbance of each well was quantified at 450 nm (Thermo Fisher Scientific Multiscan,
Waltham, MA, USA). All data were calculated from triplicate samples.

4.5. RT-qPCR Analysis of Gene Expression

Total RNA was isolated using the ExtractRNA kit (Evrogen, Moscow, Russia, cat. №
BC032). To remove genomic DNA, the isolated RNA was treated with DNase E (Evrogen
Moscow, Russia, cat. № EK007S). cDNA was synthesized from the purified RNA using the
REVERSE-L kit (AmpliSens, Moscow, Russia, cat. № K3-4-100) according to the manufac-
turer’s instructions. Quantitative RT-qPCR was performed using the HS-qPCR SYBR Blue
Bio-Master (2×) master mix (Biolabmix, Novosibirsk, Russia, cat. № MHC030-400) and
10 pM of gene-specific primers. The reactions were carried out on the LOCUS® Intero 6 in-
strument (Tianlong, Shanghai, China). GAPDH was used as an endogenous control. Each
sample was analyzed in triplicate, and the relative gene expression levels were calculated
using the 2−∆∆Ct method [41]. The sequences of the primers used are listed in Table 1.
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Table 1. Oligonucleotide primers used for expression analyses.

Genes Forward Reverse

GAPDH 5′-TGTCCGTCGTGGATCTGAC-3′ 5′-CCTGCTTCACCACCTTCTTG-3′

MAP1LC3B 5′-CCCCACCAAGATCCCAGT-3′ 5′-CGCTCATGTTCACGTGGT-3′

BECN1 5′-AGGATGGTGTCTCTCGAAGATT-3′ 5′-GATCAGAGTGAAGCTATTAGCACTTTC-3′

4.6. ELISA Quantification of Autophagy-Related Proteins and Hematopoietic Cytokines in Cell
Lysates, Culture Media, and BM

The assessment of Beclin-1, MAP1LC3B and mTOR protein levels was carried out
in MSCs lysate using an ELISA Kit for Beclin-1 (BECN1) (Cloud-Clone Corp, Wuhan,
China, cat. № SEJ557Mu), ELISA Kit for Microtubule Associated Protein 1 Light Chain
3 Beta (MAP1LC3b) (Cloud-Clone Corp., Wuhan, China, cat. № SEL702Mu), and ELISA
Kit for Serine/threonine-protein kinase mTOR (Cloud-Clone Corp., Wuhan, China, cat. №
SEB806Mu), according to the manufacturer’s instructions.

The assessment of G-CSF, SCF, and Flt3LG protein levels was carried out in culture
media and in extracellular fraction of BM using Mouse Flt3 ligand ELISA Kit (Abcam,
Cambridge, UK, cat. № ab275551), Mouse G-CSF ELISA Kit (Abcam, Cambridge, UK,
cat. № ab197743), and Mouse SCF ELISA Kit (Abcam, Cambridge, UK, cat. № ab197750),
according to the manufacturer’s instructions.

The determination of these parameters was performed using a Chem Well 2910 enzyme
immunoassay and biochemical analyzer (Combi, Charlotte, NC, USA).

4.7. Animal Care and Experimental Groups

All experiments were conducted on 80 outbred ICR/CD1 male mice weighing 23 ± 1 g.
Mice were kept in the Ural State Medical University vivarium with a controlled environ-
ment (12 h light/dark cycle, temperature 21–22 ◦C, free access to water and standard rodent
chow).

Mice were divided into 8 groups (n = 10 per group) using block randomization:
(i) 7d Intact group; (ii) 7d ARS group; (iii) 7 day PD-MSC group; (iv) 7 day rPD-MSC group,
(v) 21 day Intact group; (vi) 21 day ARS group; (vii) 21 day PD-MSC group; (viii) 21 day
rPD-MSC group. The in vivo section of the study design is illustrated in Figure 3a.

To induce acute radiation syndrome, mice from each group (excluding the 7 day Intact
group and 21 day Intact group) were irradiated using the Agat-C gamma-therapeutic unit
(Russia) equipped with a Co-60 radionuclide source. A total irradiation dose of 5.0 Gy
was delivered at a rate of 0.6 Gy/min. The absorbed radiation dose was monitored in
real-time using a UNIDOS dosimeter coupled with a Farmer ionization chamber, which
was positioned at half the height of the animals’ bodies. The irradiation process was
automatically terminated once the preset dose was reached. One hour post-irradiation,
mice from groups (iii), (iv), (v), and (vi) received an intravenous injection of either 1 × 106

PD-MSCs or 1 × 106 rapamycin-preconditioned PD-MSCs, administered via the lateral
tail vein.

At the end, the mice were sacrificed under anesthesia induced by intramuscular
injection of 20 mg/kg xylazine-zoletyl [42] for the collection of blood samples and bone
marrow, followed by euthanasia via cervical dislocation.

4.8. Cytological Evaluation of Bone Marrow and Peripheral Blood Counts

Blood samples were collected via cardiac puncture under deep anesthesia to mini-
mize animal distress. Immediately after collection, blood was transferred into pre-chilled
tubes containing 1.5 mg/mL EDTA as an anticoagulant to prevent clotting. Total blood
cell counts, including leukocytes, lymphocytes, granulocytes, platelets, erythrocytes, and
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monocytes, were quantified using a MEK6400 automated hematology analyzer (Nihon
Kohden, Tokyo, Japan).

Following euthanasia by cervical dislocation, the femur was aseptically isolated using
sterile surgical instruments. Both epiphyses were carefully severed, and bone marrow
was flushed out using 0.5 mL of ice-cold Dulbecco’s Phosphate-Buffered Saline without
calcium and magnesium (D-PBS; Pan Eco, Moscow, Russia). The resulting cell suspension
was gently pipetted to ensure homogeneity and then centrifuged at 3000× g for 15 min at
4 ◦C to separate cellular components. The supernatant was discarded, and the pellet was
resuspended in a small volume of D-PBS for further processing.

For morphological analysis, cytological preparations were made by spreading a drop
of the bone marrow suspension onto clean glass slides. The smears were air-dried and fixed
with “eosin methylene blue” dye-fixative for 2 min. Subsequently, the smears were stained
using the Romanowsky method with “Azur–Eosin” (e.g., Wright-Giemsa stain) for an
additional 2 min. Stained smears were rinsed with distilled water, air-dried, and mounted
with a coverslip for microscopic examination. Myelogram analysis was performed by
counting 1000 nucleated cells per smear under a light microscope. Cell types were classi-
fied according to standard morphological criteria, including granulocytes, erythroblasts,
lymphocytes, and monocytes.

To determine the total number of cells (nucleated bone marrow cells), bone marrow
was harvested from the contralateral femur using the same procedure. The cell suspension
was diluted 1:20 with Türk’s solution (3% acetic acid with gentian violet) to lyse erythrocytes
and facilitate counting. The total number of cells was quantified using a hemocytometer
under a light microscope (100× magnification). The final cell count was expressed as the
total number of cells per femur.

4.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 10.0 (GraphPad Software,
La Jolla, CA, USA). All values were given as means ± SD. One-way ANOVA followed
by Bonferroni’s post-hoc test was used to compare the differences between three or more
groups. Comparisons between two groups were performed using the Student’s t-test. The
data were considered statistically significant at p < 0.05.
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Abbreviations
The following abbreviations are used in this manuscript:

α-SMA Alpha-Smooth Muscle Actin
ARS Acute radiation syndrome
BM Bone marrow
ELISA Enzyme-Linked Immunosorbent Assay
FABP-4 Fatty Acid-Binding Protein 4
FGF-2 Fibroblast Growth Factor-2
Flt3LG FMS-related Tyrosine Kinase 3 Ligand
G-CSF Granulocyte Colony-Stimulating Factor
IDO Indoleamine 2,3-Dioxygenase
IL-6 Interleukin-6
IL-10 Interleukin-10
IL-15 Interleukin-15
ISCT International Society for Cell & Gene Therapy
LPS Lipopolysaccharide
MAP1LC3β Microtubule-Associated Protein 1 Light Chain 3 Beta
mTOR Mechanistic Target of Rapamycin
PD-MSCs Placenta-Derived Mesenchymal stem cells
SCF Stem Cell Factor
SDF-1 Stromal Cell-Derived Factor-1
TGF-β Transforming Growth Factor-Beta
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