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ARTICLE INFO ABSTRACT

Editor: Mohandas Narla Ionizing radiation (IR) causes severe damage to the hematopoietic system; thus, it is necessary to explore agents
Keywords: or compounds that can reduce this damage. SS31 is a mitochondria-targeted peptide that can scavenge cellular
$S31 reactive oxygen species (ROS) and inhibit the production of mitochondrial ROS. Therefore, in this study, we
discuss the protective effect of SS31 on IR-induced hematopoietic system damage. Our results showed that
treatment with 6 mg/kg SS31 elevated the survival rate of lethally irradiated mice and increased the numbers of
white blood cells, red blood cells, hemoglobin and platelets in mice exposed to 4 Gy whole-body irradiation. In
addition, SS31 administration improved the number of hematopoietic stem/progenitor cells (HSPCs) and the
self-renewal and reconstitution abilities of these cells in irradiated mice. The elevation of ROS levels is the main
cause of IR-induced hematopoietic system damage, and SS31 can effectively reduce the ROS level in HSPCs. The
above results suggest that SS31 can protect the hematopoietic system from radiation-induced damage by re-

Ionizing radiation
Reactive oxygen species
Hematopoietic system

ducing cellular ROS levels.

1. Introduction

Ionizing radiation (IR)-induced body damage can be divided into
direct and indirect effects. Through direct effects, IR induces ionization,
excitation, and chemical bond rupture in biologically active macro-
molecules, such as proteins and nucleic acids, resulting in changes in
molecular structure and properties, which ultimately leads to abnormal
functional and metabolic disorders [1,2]. Indirect effects refer to the
action of radiolysis in water molecules to generate free radicals. The
hematopoietic system is sensitive to IR. It is well known that increased
reactive oxygen species (ROS) levels in hematopoietic stem/progenitor
cells (HSPCs) are the primary cause of hematopoietic system damage.
Therefore, ROS scavenging compounds can effectively alleviate hema-
topoietic system injury induced by ionizing radiation [3,4].

SS31 is a new type of small molecular antioxidant peptide that can
target mitochondria and aggregate in the mitochondrial inner mem-
brane, which is the site of ROS production. Therefore, SS31 can sca-
venge free radicals, reduce ROS production in the mitochondria, and
inhibit translocation of mitochondrial membrane and the release of
cytochrome C [5-9]. Previous studies have shown that SS31 can protect
mitochondrial function by scavenging free radicals and alleviate kidney
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injury and limb ischemia-reperfusion injury [9,10], improve mi-
tochondrial function [11] and prevent atherosclerosis progression in
mice after traumatic brain injury [12]. However, it is unclear whether
SS31 has a protective effect on hematopoietic system damage caused by
1R.

In this study, an IR-induced damage mouse model was used to ex-
plore the protective effect of SS31 on hematopoietic system injury. The
results showed that SS31 can effectively protect against whole-body
irradiation (WBI)-induced injury and enhance cell self-renewal and
differentiation abilities in irradiated mice. Furthermore, SS31 can re-
duce H,0,-derived ROS, mitochondrial superoxide radical and super-
oxide radical levels in HSPCs. Our research provides the experimental
basis for further application of SS31, which merits further exploration.

2. Materials and methods
2.1. Experimental animals
Male ICR mice were purchased from Beijing Vital River

Experimental Animal Co, Ltd. Male C57BL/6 (CD45.1) mice were
purchased from the College of Medicine, Peking University, and male
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Fig. 1. SS31 increases 30-day survival in mice exposed to lethal irradiation.
Mice were injected with normal saline or SS31 starting 30 min before WBI and/
or up to 7 days after WBI, as described in the Materials and Methods. (A)
Survival rate of lethal irradiated mice treated with SS31 before and after ex-
posure; (B) survival rate of lethal irradiated mice treated with SS31 before or
after irradiation exposure. Survival rates were analyzed by using a log-rank test
(n = 10). *p < 0.05 compared with the 7.5 Gy group.
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C57BL/6 (CD45.1/CD45.2) mice were bred in the animal facility of
North China University of Science and Technology. The Animal Care
and Ethics Committee of North China University of Science and
Technology approved the use of animals for these experiments, which
complied with the Guide for the Care and Use of Laboratory Animals
and the National Institutes of Health guide for the Care and Use of
Laboratory Animals.

2.2. Antibodies

Biotin anti-mouse CD4, biotin anti-mouse CD8, biotin anti-mouse
CD45R/B220, biotin anti-mouse CD11b, biotin anti-mouse Ly-6G/Ly-
6C (Grl), biotin anti-mouse Ter119, anti-mouse CD117 (c-kit) APC,
anti-mouse Ly-6 A/E (Scal) PE, anti-mouse CD34 FITC, anti-mouse
CD16/32 percp, anti-mouse CD48 PE-Cy7, anti-mouse CD150 PB and
streptavidin APC-Cy7 were purchased from Biolegend (San Diego, CA,
USA).

2.3. WBI and SS31 administration

For the 30-day survival experiment, mice were divided into 4
groups, as follows: 7.5Gy WBI, 7.5Gy WBI + 3mg/kg SS31, 7.5Gy
WBI + 6 mg/kg SS31, and 7.5 Gy WBI + 12mg/kg SS31. For the re-
maining experiments, mice were divided into 4 groups, as follows:
control, SS31, 4 Gy WBI, and 4 Gy WBI + 6 mg/kg SS31. Mice were
administered SS31 or normal saline by intraperitoneal injection at a
volume of 200 L, and irradiated mice received SS31 30 min before WBI
and once a day for up to 7 days after WBL

2.4. Peripheral blood cell and bone marrow cell counts

Heparin sodium (30 uL) was placed into a 1.5mL EP tube; then,
blood collected from murine hearts was added to the tube. In total,
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Fig. 2. SS31 reduces myelosuppression caused by WBI. Mice were injected with normal saline or SS31 starting 30 min before WBI and up to 7 days after WBI, as
described in Materials and Methods. The control mice were sham irradiated. (A) WBC count, (B) RBC count, (C) HGB concentration, (D) PLT count and (E) neutrophil

+

percentage in peripheral blood. The data are presented as the mean
*p < 0.05 vs 4Gy.
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SEM (n = 5 in the day 4, 7, and 10 groups and 10 in the day 14 group). #p < 0.05 vs Control;
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Fig. 3. SS31 promotes recovery of BMCs number after WBI. Mice were injected with normal saline or SS31 starting 30 min before WBI and up to 7 days after WBI, as
described in Materials and Methods. The control mice were sham irradiated. (A) BMC number; (B) LSK cell, HSC, and MPP percentage; (C) HPC, GMP, CMP and MEP
percentage; (D) representative flow scatter plots showing the identification of HSPCs. The data are presented as the means + SEM (n = 10). #p < 0.05 vs Control;

*p < 0.05 vs 4 Gy.

100 pL of blood was used to determine the cell number count using a
hemocytometer (Pulang Biotechnology Co., Ltd., Nanjing, China). Red
blood cells from the obtained bone marrow cells were removed first;
then, the number of bone marrow mononuclear cells was determined.

2.5. Flow cytometry analysis

Briefly, 5 x 10° bone marrow cells were first stained with a mixture
of biotin-conjugated antibodies targeting Grl, Ter119, CD11b, B220,
CD4, and CDS8; the cells were then were stained with streptavidin-APC-
Cy7, Scal-PE, c-kit-APC, CD34-FITC and CD16/32 percp antibodies for
the analysis of LSK cells, hematopoietic progenitor cells (HPCs),
common myeloid progenitors (CMPs), granulocyte/monocyte progeni-
tors (GMPs) and megakaryocyte/erythroid progenitors (MEPs) or
stained with streptavidin-APC-Cy7, Scal-PE, and c-kit-APC. CD48 FITC
and CD150 percp were utilized for the analysis of hematopoietic stem
cells (HSCs) and multipotent progenitors (MPPs). The above cells were
detected using a BD FACSCalibur flow cytometer (BD Bioscience, San
Jose, CA, USA), and the obtained data were analyzed using FlowJo
software.

2.6. Competitive bone marrow transplantation

First, 1 x 10° donor-derived BMCs (CD45.2) were mixed with
2.5 X 10° competitor-derived BMCs (CD45.1/45.2); then, the cells
were transplanted into lethally irradiated (9 Gy) mice (CD45.1). Four
months after transplantation, peripheral blood was collected and
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stained with antibodies against CD45.1 and CD45.2, and the percentage
of CD45.2-positive cells was detected with the BD FACSCalibur flow
cytometer.

2.7. Colony-forming units of granulocytes and macrophages (CFU-GM) and
burst-forming unit-erythroid (BFU-E) experiments

For the control, 2Gy and 4Gy groups, 1 x 10%, 4 x 10% and
1 x 10° BMCs were utilized, respectively, and the BMCs were added
into M3434 methylcellulose medium (Stem Cell Technologies). CFU-
GM was evaluated after 5days of culture, and BFU-E was evaluated
after 12 days of culture; then, the colonies were counted, and all the
results are presented as the number of colonies formed per femur.

2.8. Intracellular reactive oxygen species detection

Briefly, 5 x 10° BMCs were first stained with markers for LSK cells,
HPCs, HSCs and MPPs; then, BMCs were incubated with 2,7-di-
chlorodihydrofluorescein diacetate (Thermo Fisher, Waltham, MA,
USA, 10 uM) and MitoSox (Thermo Fisher, Waltham, MA, USA, 10 uM)
for 30 min or with dihydroethidium (DHE; Beyotime Biotechnology,
Nanjing, China; 5uM) for 10 min in a water bath. The mean fluores-
cence intensity of ROS in LSK cells and HPCs was measured using BD
FACSCalibur and Aria II flow cytometers.
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Fig. 4. SS31 improves the proliferative capacity of HSPCs in irradiated mice. Mice were injected with normal saline or SS31 starting 30 min before WBI and up to
7 days after WBI, as described in Materials and Methods. The control mice were sham irradiated. (A) The CFU-GM and BFU-E numbers; (B) the percentage of donor-
derived cells in peripheral blood cells; (C) representative flow scatter plots showing donor-derived cell chimerism. The data are presented as the means = SEM
(n = 6 in panel A; n = 10 in panel B). #p < 0.05 vs Control; *p < 0.05 vs 4 Gy.

2.9. Statistical analysis

The results were analyzed using GraphPad Prism 5.0 software. The
survival rate experiment was assessed with a log-rank test. The rest of
the experiments were analyzed using a Mann-Whitney test. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. SS31 elevated the 30-day survival rate of irradiated mice

Our previous experiments showed that when mice were exposed to
7 Gy WBI, the 30-day survival rate was > 90%, and when the dose was
increased to 8 Gy, < 10% of mice survived. Therefore, we used a 7.5 Gy
radiation dose to explore the 30-day survival rate of mice. As shown in
Fig. 1, when mice were treated with SS31 both before and after WBI,
the survival rate in the 7.5 Gy irradiated group was 30%, and the sur-
vival rate in the 7.5 Gy + 3 mg/kg SS31 group was 40%, and the 30-day
survival rate of irradiated mice increased to 70% after treatment with
6 mg/kg and 12 mg/kg SS31. These results suggest that both the 6 mg/
kg and 12 mg/kg SS31 dose has protective effects in IR-induced mouse
injury; thus, the dose of SS31 used in the remaining experiments was
6 mg/kg. Next, we sought to determine whether SS31 can act as a radio-
mitigation or radio-protection agent. The mice were treated once with
SS31 30 min before WBI or treated after WBI at different time points for
up to 7 days. As shown in Fig. 1B, when mice were treated before WBI,
there was only a 10% increase in survival rate; when mice were treated
1h and 1 day after WBI, the survival rate was 20% more than that in the
irradiation only group, but this difference was not significant.
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Therefore, combined application of SS31 both before and after WBI is
the best way to protect against radiation-induced injury in mice.

3.2. §S31 reduces myelosuppression and myeloid skewing in irradiated mice

The main manifestation of hematopoietic system damage in per-
ipheral blood caused by WBI is myelosuppression, including leukocyte,
erythrocyte and platelet reduction [13,14]. WBI also induces myeloid
skewing, which is defined as an increased percentage of neutrophils in
peripheral blood. To explore the underlying protective effect of SS31 on
WBI-induced myelosuppression and myeloid skewing, we detected the
number of white blood cells (WBCs), red blood cells (RBCs), and pla-
telets (PLTs); the concentration of hemoglobin (HGB); and the per-
centage of neutrophils in peripheral blood at 4, 7, 10, and 15 days after
mice were exposed to 4 Gy IR. As shown in Fig. 2A-E, the number of
WBCs, RBCs, and PLTs and the concentration of HGB decreased, and the
percentage of neutrophils gradually increased with the increase in ir-
radiation time. Most of the indexes reached their nadir or peak at day
10 after WBI and then recovered. Although there was an increase in the
WBC number and the HGB concentration and a decrease in the per-
centage of neutrophils when mice were administered SS31 at day 10, all
the blood cell numbers were significantly recovered at day 14. Our data
indicate that SS31 can alleviate myelosuppression and myeloid skewing
in mice caused by irradiation.

3.3. §S31 improves BMC number and HSPC frequency recovery after WBI

The hematopoietic system is sensitive to radiation, and WBI can
significantly reduce the BMC number. To explore the effect of SS31 on
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Fig. 5. SS31 reduces ROS levels in HSPCs. Mice were injected with normal
saline or SS31 starting 30 min before WBI and up to 7 days after WBI, as de-
scribed in Materials and Methods. The control mice were sham irradiated. (A)
H,0,-derived ROS level in LSK cells, HPCs, HSCs and MPPs; (B) superoxide
anion radical levels in LSK cells, HPCs, HSCs and MPPs; (C) mitochondrial
superoxide radical levels in LSK cells, HPCs, HSCs and MPPs. The data are
presented as the means + SEM (n = 5). #p < 0.05 vs Control; *p < 0.05 vs
4 Gy.

BMC number after irradiation, we detected the number of BMCs and the
proportions of LSK cells, HPCs, HSCs, MPPs, CMPs, GMPs, and MEPs
15 days after 4 Gy WBI. As shown in Fig. 3, after mice were exposed to
4 Gy IR, the BMC number and the LSK cell, HPC, CMP and MEP per-
centages decreased and the HSC, MPP and GMP percentages increased
significantly. Thus, SS31 treatment effectively increased the BMC
number and the LSK cell, HPC, CMP and MEP percentages and de-
creased the HSC, MPP, and GMP percentages. Therefore, our results
suggest that SS31 can promote recovery of the BMC number after ir-
radiation.

3.4. SS31 improves the colony formation and reconstitution ability of
irradiated mice

To explore the effect of SS31 on the proliferative and reconstitution
ability of HSPCs, CFU-GM, BFU-E and bone marrow transplantation
experiments were performed. As shown in Fig. 4A, WBI induced a de-
crease in the CFU-GM and BFU-E numbers after mice were exposed to
4 Gy IR, and SS31 treatment improved the colony formation ability in
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irradiated mice. To further explore the reconstitution ability of HSCs,
we conducted a bone marrow cell transplantation experiment and de-
tected the donor-derived cells 4 months after transplantation. After 4 Gy
irradiation, the percentage of donor-derived cells in mouse peripheral
blood was significantly decreased, and SS31 treatment increased the
donor-derived cell chimerism in irradiated mice (Fig. 4B-C). Our study
showed that SS31 can improve the proliferative and reconstitution
ability of irradiated mouse HSPCs.

3.5. SS31 reduces ROS levels in irradiated mouse HSPCs

ROS contribute to IR-induced hematopoietic system injury; there-
fore, we detected H,O,-derived ROS, mitochondrial superoxide radicals
and superoxide radicals using DCFH-DA, MitoSox, and DHE, respec-
tively, in HPCs, LSK cells, HSCs and MPPs. As shown in Fig. 5, increased
H,0,-derived ROS, mitochondrial superoxide radical and superoxide
radical levels were observed in irradiated HPCs, LSK cells, HSCs and
MPPs after mice were exposed to 4 Gy IR, and SS31 decreased the above
ROS levels in these cells. Our results indicate that SS31 may protect
against WBI-induced hematopoietic system injury through ROS
scavenging in irradiated HSPCs.

4. Discussion

The hematopoietic system is one of the organs most sensitive to
ionizing radiation, and a dose higher than 0.5Gy can damage this
system. The potential damage to the hematopoietic system includes
acute and chronic damage, which ultimately leads to hematopoietic
system senescence and leukemia [1]. Therefore, application of drugs
that protect against radiation is an effective method to reduce IR-in-
duced hematopoietic system damage.

Our results showed that SS31, a mitochondria-targeted peptide, can
effectively alleviate IR-induced hematopoietic system damage, elevate
the 30-day survival rate of mice exposed to lethal radiation, alleviate
myelosuppression, and improve the proliferative and reconstitution
ability of irradiated HSCs. SS31 is a mitochondria-targeted peptide, and
our study suggested that alleviating radiation-induced mitochondrial
damage may protect against IR-induced hematopoietic system injury. In
fact, it has been reported that a mitochondria-targeted iron chelator
protected skin against the deleterious effects of the UVA component of
sunlight [15], mitochondria-targeted SkQR1 (plastoquinone conjugated
through a hydrocarbon linker with cationic rhodamine 19) protected
against nuclear DNA damage induced by gamma radiation in K562
erythroleukemia cells [16], and isofraxidin protected U937 leukemia
cells from radiation-induced apoptosis via the ROS/mitochondria
pathway [17]. Therefore, it seems that mitochondria-targeting com-
pounds could be a promising strategy to protect against IR-induced
damage.

We next detected ROS levels in HSPCs to explore the underlying
radio-protective mechanisms of SS31. SS31 has been reported to sca-
venge various types of ROS in an injured brain [11]; in our study, SS31
not only scavenged mitochondrial superoxide radicals but also HyO,-
derived ROS and superoxide radicals in LSK cells, HPCs, HSCs and
MPPs. Thus, our experiments indicate that SS31 can provide protection
against IR-induced hematopoietic system injury by scavenging several
types of ROS.

IR instantaneously induces ROS production through water radi-
olysis; then, the ROS generate secondary injury in cells, tissues and
organs. Yamamori and colleagues reported that IR upregulated mi-
tochondrial ETC function and mitochondrial content, resulting in mi-
tochondrial ROS production; IR was also shown to induce G2/M arrest,
further increasing the mitochondrial ROS level by accumulating cells in
the G2/M phase [18]. Because SS31 can scavenge free radicals, reduce
ROS production in mitochondria, and inhibit translocation of the mi-
tochondrial membrane and the release of cytochrome C [5-9], the
mechanisms by which SS31 affects mitochondria merit further
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exploration.

Abbreviations

IR ionizing radiation

ROS reactive oxygen species

WBI whole-body irradiation

HSPCs  hematopoietic stem/progenitor cells
HSCs hematopoietic stem cells

HPCs hematopoietic progenitor cells
MPPs multipotent progenitors

CMPs common myeloid progenitors

MEPs megakaryocyte/erythroid progenitors

CFU-GM colony-forming units of granulocytes and macrophages
BFU-E  burst-forming unit-erythroid

WBCs  white blood cells

RBCs red blood cells

PLTs platelets

HGB hemoglobin
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