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Chapter

Space Radiation-Induced 
Hematopoietic Stem Cell Injury
Huihong Zeng, Mengzhen Yue and Lijian Shao

Abstract

Space radiation is an unavoidable health risk during space activities. 
Hematopoietic cells are sensitive to radiation including proton and oxygen radiation 
and so on. Understanding the mechanisms responsible for detrimental effects of 
space radiation is important to achieve countermeasures protecting hematopoietic 
stem cells (HSCs), which generates different hematopoietic populations. However, 
the biological effects of various sources of space radiation on HSCs are not under-
stood well. Induction of cellular apoptosis, reactive oxygen species (ROS), and DNA 
damage upon space radiation is believed to be critical mediators for HSC damage. 
In this chapter, we will mainly discuss the biological effectiveness of proton and 
oxygen radiation on the numbers and function of HSCs. Space radiation-induced 
apoptosis, ROS, and DNA damage were examined as well, which will provide 
foundation to develop novel strategies protecting HSCs from space radiation.

Keywords: space irradiation, proton irradiation, oxygen irradiation, apoptosis, 
reactive oxygen species, hematopoietic stem cells, bone marrow

1. Introduction

Human spaceflight and exploration began in the 1960s. Manned spaceflight 
activities have continually expanded in frequency and scope since that time, 
and plans are now forming for long-duration flights to deep-space destinations. 
However, numerous risk factors have potential to negatively affect the astronauts’ 
health during deep-space missions, especially microgravity and space radiation. 
Exposure of astronauts to space radiation is relatively unpredictable yet inevitable. 
Space radiation comes from two major sources: solar particle events (SPE) emanat-
ing from the sun and galactic cosmic rays (GCR) originating from sources outside 
the solar system.

SPE mainly includes protons and can lead to moderate- to high-dose rate 
exposures to ionizing radiation during long-term space mission [1, 2]. Astronauts 
may receive cumulative doses from 1 to 3 gray (Gy) during an SPE [3, 4]. Especially, 
proton radiation contributes to more than 80% of SPE [1, 2, 5].

GCR contains high atomic number and energy (HZE) particles, such as 56Fe, 
28Si, 16O, 12C, and so forth. HZE particles are characterized by dense tracks of 
ionization, a property quantified as high-linear energy transfer (LET). The proper-
ties of HZE particles are consistent with their stronger toxicities and higher energy 
to normal tissues than photon and proton radiation [6, 7]. Previous studies have 
documented that the value of RBE in relation to γ-ray radiation was 1.25 for 56Fe, 1.4 
for 28Si, and 0.99 for 12C using a mouse model [6, 8]. Among HZE particles, 56Fe has 
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high-linear energy transfer that might heavily contribute to GCR in space [9]. There 
are many different components including ions, hydrogen, helium, and so on in 
spacecraft [10]. Based on measurements in the Mars Science Laboratory from 2011 
to 2012, the irradiation dose of GCR in the spaceflight was approximately 481 ± 80 
μGy per day [11]. For a 600- to 900-day Mars mission, the total radiation doses 
from GCR reside between 0.33 and 0.49 Gy. Therefore, the total radiation dose from 
SPE and GCR will reach to 1.0 Gy or above. Although doses and dose rates of space 
radiation are low, it will still result in space dose accumulation in the body and high 
risk to astronauts’ health during a long-term space mission [9, 12].

Radiation-induced tissue damage in the body has long been understood since 
Wilhelm Röntgen discovered X-ray in 1895 [13]. Hematopoietic and gastrointestinal 
systems have been shown to be the two most sensitive compartments of the body to 
radiation. It has been well-documented that radiation (including space radiation) 
also induces dysfunction of the brain, manifesting as behavioral and cognitive dis-
abilities [14, 15]. The detrimental effects of X-ray radiation in the body were firstly 
reported by Warren and Whipple [16] and Shouse et al. [13]. They reported that 
exposing dogs to high doses of X-rays resulted in death from severe hematopoietic 
suppression and damage. The detrimental effects of radiation on human health 
were heavily realized after the use of the first atomic bombs in 1945. Many people 
in Hiroshima and Nagasaki who survived the initial bomb blast later died from 
radiation exposure in the event. Long-term toxic impacts of the atomic bomb on 
humans were observed as well, such as the high risk of hematopoietic malignancies. 
Further studies proved that hematopoietic failure was one of the primary reasons 
in radiation-induced death when animals experienced a moderate to high dose 
of total-body irradiation. This is supported by a study in the 1940s showing that 
shielding the spleen or one entire hind leg with lead or transplantation of spleno-
cytes protected mice from the lethal effect of irradiation [17]. The importance of 
hematopoietic cells under radiation was also supported by studies showing that 
intravenous infusions of bone marrow (BM) cell suspensions protected mice from 
the effects of radiation [95]. Initially, investigators suggested that a humoral factor 
from the spleen and BM cell suspensions might benefit the radioprotective effects 
[18], while later studies proved that it was attributed to the transplanted hemato-
poietic cells [19–21]. When Till and McCulloch discovered hematopoietic stem cells 
(HSCs) in the 1960s, those cells protecting animals from IR-induced lethal hema-
topoietic damage were HSCs [22, 23]. Remarkable progress has been subsequently 
made in understanding of the mechanisms by which radiation causes hematopoietic 
damage.

However, the effects of space radiation on the hematopoietic system have yet to 
be fully understood, leading to a lack of effective countermeasure strategies thus 
far. In the present chapter, we mainly focus our discussion on the biological effec-
tiveness of space radiation, such as proton and oxygen, whereby space radiation 
induces HSC injury, and the implication of HSC injury to IR-induced BM suppres-
sion in mouse. In addition, genomic instability, malignancies, and intestinal, brain, 
behavioral, and cognitive effects induced by space radiation will not be discussed 
here, which were extensively discussed by other investigators [24, 25].

2. Composition of the mouse hematopoietic system

Hematopoietic stem cells often replenish the whole blood system throughout 
the life span of the body and maintain hematopoietic homeostasis. In Till and 
McCulloch’s landmark work [22, 23, 26], they utilized colony-forming unit-spleen 
(CFU-S) assay to identify functional HSCs even while these HSCs were a mixed 
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population with different proliferating and self-renewal abilities. This pioneering 
research not only provided strong evidence to show in vivo HSC existence but also 
stimulated many investigators to define and isolate HSCs and characterize their 
properties in mice and humans.

In the decades since Till and McCulloch’s study [22, 23, 26], multiple cell surface 
markers have been used to separate HSCs from other populations. For example, 
lineage cell surface markers, such as Ter119, CD4, CD8, B220, Gr-1, Mac-1, and 
NK1.1, are not detected neither in mouse multipotent progenitors (MPPs) nor in 
hematopoietic progenitor cells (HPCs). Both HSCs and MPPs express c-Kit and 
Scal-1, which are therefore named lineage negative (Lin-), c-Kit+, and Sca-1+ as 
LSK cells (Figure 1). HPCs express c-Kit, but not Sca-1, and are termed Lin−c-
Kit+Sca-1−. In 2005, Kiel et al. further utilized CD150 and CD48 surface markers to 
distinguish HSCs and MPPs [27]. HSCs express CD150, but not CD48, and termed 
CD150+CD48−LSK cells. MPPs are CD150+/−CD48+LSK cells. Investigators also 
used different strategies to identify HSCs. Combination of CD34 or ThyloFlk-2− 
with LSK surface markers was used to isolate HSCs, named as CD34−LSK and 
Thy1loFlk-2−LSK cells, respectively [26]. Trumpp’s group combined CD34, CD135, 
CD150, CD48, and LSK markers to further differentiate HSC into long-term 
HSCs (CD34−CD135−CD150+CD48−LSK cells) and short-term HSCs (CD34+ 
CD135−CD150+CD48−LSK cells). In addition, HSCs have a feature with highly 
expression of ATP-binding protein like ABCG2 and can efflux DNA-binding dye 
Hoechst 33342. The Hoechst-effluxing side population (SP) cells were therefore 
used to indicate HSC population in the case of some circumstances [28], such as 
5FU and radiotherapeutic stress conditions.

It is well-documented that the hematopoietic system is organized in a hierar-
chical manner (Figure 1). The rare long-term HSCs are located at the top of the 
hierarchy and have the capacity to self-renew, proliferate, and differentiate into 
various lineages of mature blood cells though immature MPPs and HPCs [29]. The 
most important feature of HSCs is quiescent to maintain their self-renewal ability 

Figure 1. 
Composition of mouse hematopoietic system. Long-term hematopoietic stem cell (LT-HSCs, 
CD34−CD135−CD150+CD48−LSK cells) is located at the top of the hierarchy and has the ability to self-renew, 
proliferate, and differentiate into short-term HSCs (ST-HSC, CD34+CD135−CD150+CD48−LSK cells) and 
multipotent progenitors (MPPs, CD34+CD135+CD150+/−CD48+LSK cells), which can further differentiate into 
different progenitors, such as common lymphoid progenitors (CLPs), common myeloid progenitors (CMPs) and 
their progeny megakaryocyte/erythroid progenitors (MEPs), and granulocyte/monocyte progenitors (GMPs). 
Progenitors can proliferate different lineages of mature blood cells.
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and potentially provide lifelong hematopoiesis. The dominant HSCs have ability to 
protect the whole blood system against different stress conditions [30]. Under sub-
lethal irradiation, HSCs have been long-term damaged, which can be easily ignored 
in clinic because of normal cell counts from the bone marrow and peripheral blood. 
Damaged HSCs induced by photon-irradiation have impaired self-renewing abil-
ity, leading to bone marrow failure and death [31]. However, whether low doses 
of space radiation trigger long-term HSC damage remains unknown. Comparing 
to HSCs, MPPs and HPCs have limit or lack self-renewal ability even though they 
are proliferating populations. The property of MPPs and HPCs with proliferation 
provides a beneficial role in case of normal hematopoiesis and stress hematopoiesis. 
For example, in case of blood loss or infection, MPP and HPC quickly proliferate to 
meet the requirement of mature cell production, trying to maintain normal hema-
topoiesis. Under radiotherapy and chemotherapy, MPPs and HPCs can be easily 
depleted with acute myelosuppression because of their proliferating feature. This 
will lead to HSC activation, proliferation, and differentiation to reestablish MPP and 
HPC populations and rebuild hematopoiesis, which might result in HSC exhaustion.

3. Proton radiation and hematopoietic stem cells

During spaceflight missions outside low Earth orbit, there remains the possibil-
ity of astronauts receiving damaging doses of space radiation. Because the dose-
depth distribution of SPE spectrum protons is relatively low [32], during an SPE the 
skin and organs near the surface of the skin will receive higher doses than deeper 
organs such as the bone marrow. In addition, compared to traditional radiation 
therapy with X-rays (photons) or electrons, proton therapy has potential benefit for 
clinical cancer treatment because of its favorable distribution of the radiation dose, 
leading to selectively increased radiation dose to the cancerous tissues while lower-
ing the dose to normal tissues [33, 34]. However, the hematopoietic system is highly 
sensitive to ionizing radiation, and exposure to even a relatively low dose of SPE 
may still be able to result in substantial damage to the system [35, 36]. Therefore, 
understanding the biological effects of proton radiation is immediately needed.

One of the characteristics of the radiation-induced hematopoietic syndrome 
is a decline in blood cell counts, resulting from radiation-induced cell killing in 
circulating blood cells and suppression of hematopoietic stem and progenitor cells 
in the bone marrow [37–39]. Studies have reported that whole-body exposure to 
protons causes acute effects on the hematopoietic system in animal models [40–45]. 
The decreased WBCs, lymphocytes, and neutrophils were detected starting at 
4 hours after 0.25–3 Gy proton radiation, with the lowest numbers observed on 
day 4 [43, 44]. The reduction in WBCs and lymphocytes was still evident in mice 
after exposure to 2.0 Gy of protons (230 MeV) [41]. This might be due to the high 
sensitivity of lymphocytes to proton radiation, which is consistent with the data 
from γ-radiation [46]. Two Gy of proton radiation induced the acute decrement of 
peripheral blood cells, which was shown completely recovered in the long term. The 
dynamic changes of peripheral blood counts might result in ignoring the negative 
effects of proton radiation on hematopoietic system. However, the abnormalities of 
splenic WBCs and lymphocytes were still detected at more than 100 days after low 
dose of proton radiation [47]. Taken together, proton radiation has not only acute 
injury but also long-term harmful effects on the hematopoietic system.

It has been well established that exposure to a significant dose of total-body 
γ-irradiation (TBI) induces not only the acute radiation hematopoietic syndrome 
but also long-term bone marrow injury [48, 49]. The acute radiation hematopoi-
etic syndrome induced by γ-irradiation is primarily attributed to the induction 
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of apoptosis of HPCs, while γ-irradiation-induced long-term BM suppression is 
mainly ascribed to the persistent damage to HSCs. While the effects of γ-irradiation 
on the hematopoietic system have been extensively documented, much less is 
known about the effects of proton irradiation [35, 36].

Previously, mice were exposed to two different doses (0.5 and 1.0 Gy) of proton 
radiation and examined the acute and long-term effects on BM HSPCs at 2 and 
22 weeks after proton radiation, respectively (Table 1). Results showed that expo-
sure of mice to 1.0 Gy of proton radiation resulted in a significant decrease in the 
number of WBCs and PLTs from peripheral blood 2 weeks after the exposure [50]. 
It was demonstrated that 1.0 Gy of oxygen ion radiation (16O TBI) significantly 
decreased the cell counts of peripheral blood leukocytes when measured 2 weeks 
after exposure in male C57BL/6 mice [51]. Interestingly, the decrease of peripheral 
blood cell counts was not observed 2 weeks after 0.5 Gy proton TBI or 0.1 and 
0.25 Gy 16O TBI [51]. The threshold dose of protons (50 or 70 MeV) to induce a 
decline in WBC counts in female ICR outbred mice was previously estimated to 
be between 0.25 and 0.5 Gy [43]. The threshold dose identified from this previous 
study is lower than the result from our study. It may have resulted in part from the 
use of different strains of mice, the time when the mice were studied after radiation 
or the difference in energies of protons between the two studies. For example, the 
linear energy transfer values for 50, 70, and 150 MeV protons would be 1.26, 0.96, 
and 0.55 keV/μm [52]. Because of the dose-depth distribution of SPE protons, only 
relatively large or higher-energy spectrum SPEs may lead to BM exposure to these 
doses of protons in astronauts. However, the doses of SPEs that can cause significant 
HSPC damage have been observed, raising the possibility that astronauts might 
experience reductions in circulating blood cell counts and BM HSPC damage if they 
encounter such an SPE. The dose-depth distribution in mice exposed to protons 
is different from that in humans [1]. It was found that a dose of 0.5 Gy protons 
(150 MeV) significantly reduced hematopoietic stem/progenitor cell function. The 
effects of protons at this energy and at doses below 0.5 Gy are unknown. Since the 
dose to the blood-forming tissues of human subjects will likely be low, future stud-
ies need to examine the hematopoietic effects of proton doses below 0.5 Gy.

Proton TBI can acutely induce the decrease of all lineages of peripheral blood 
cells, since all lineages of blood cells are generated from hematopoietic stem cells 
through their differentiation into various lineages of progenitors. We have shown 
that the exposure to both 0.5 and 1.0 Gy proton TBI damaged not only HPCs but 
also LSK cells, leading to the defect in their numbers and function, which were 
supported by the decreased abilities to form in vitro colonies including BFU-E, 

Table 1. 
Acute and long-term effects of proton irradiation on hematopoietic cells.
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CFU-GM, and CFU-GEMM [50]. The in vivo functional defect of hematopoietic 
stem and progenitor cells after proton exposure will be further investigated through 
bone marrow transplantation in future studies. We have also reported that a 1.0 Gy 
dose of 16O TBI significantly decreased peripheral blood counts and BM HSPCs 
2 weeks after the exposure [51]. Therefore, the mechanisms of space radiation-
induced acute damage to the hematopoietic system should be investigated further.

In our previous studies, we firstly show that exposure to proton radiation causes 
long-term hematopoietic injury at 22 weeks after the exposure [53]. Our data 
provide the first direct evidence that exposure of mice to 1.0 Gy dose of proton 
radiation results in not only a sustained reduction in the frequency of BM HSCs 
but also in the long-term inhibition of HSCs clonogenic function to form BFU-E, 
CFU-GM, and CFU-GEMM colonies in vitro (Table 2). In contrast, the number and 
frequency of HPCs returned to normal levels at 22 weeks postradiation. Another 
question that needs to be addressed is whether proton radiation-induced HSC 
damage leads to hypoplastic syndrome after hematopoietic stress. Myeloid leukemia 
could be induced by low and/or moderate doses of γ-irradiation and 56Fe heavy ion 
radiation in mice [54, 55]. It has been shown that proton radiation induced minor 
myeloid leukemia but have high possibility to induce hepatocellular adenoma and 
malignant lymphoma in CBA mice [56], which is in contrast with the effects of 
γ-irradiation, showing that 3 Gy of γ-irradiation caused around 25% of CBA mice 
developing acute myeloid leukemia. These differences are due to the differential 
biological effectiveness between proton and γ-irradiation. To closely mimic space 
environment, investigators used minipig animal models to expose to electron solar 
particle event (eSPE) [57]. Comparing to eSPE, proton solar particle events (pSPE) 
have stronger negative effect on the numbers of peripheral WBCs, lymphocytes, 
neutrophils, and monocytes with a factor of 2.79. These data suggest that different 
hematopoietic populations have differential radiosensitivity to proton irradiation.

Protons have a higher linear energy transfer and are denser ionizing radiation 
than photon. Therefore, protons deposit high energy at the end of their range 
termed “Bragg peak” and cause heavily damage to the target tissues, cells, and mol-
ecules. Compared to γ-irradiation, proton radiation causes larger γ-H2AX foci [58], 
leads to hypermethylated DNA [59], has different transcriptome profiles [60], and 
modulates different signaling pathways [61]. More detailed investigation into what 
unique biological effects proton radiation has is called for to instruct proton studies.

Because an SPE contains protons of multiple energies below 150 MeV, some 
groups have developed cell culture or animal models of exposure to broad energy 
spectra of protons to better simulate an SPE. Previously, some differences were 

Table 2. 
Induction of cellular apoptosis, ROS, and DNA damage after proton irradiation.
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found in peripheral blood cell counts between mice exposed to one-energy protons 
(230 MeV, 2 Gy) and mice exposed to SPE-like protons at the same dose level [41]. 
Exposure of minipigs to SPE-like protons at a skin dose as low as 0.5 Gy (estimated 
dose to the BM: 0.42 Gy) caused decrement in peripheral blood cell counts up to 
at least 2 weeks after exposure [45]. Hence, further studies with SPE-like proton 
exposures at low doses are warranted. Since we used only two radiation doses 
(0.5 and 1 Gy), we were not able to prepare dose-response curves for the effects 
observed. In one of our separate studies, mice were irradiated with fully modulated 
beams containing particles from 0 energy to 150 MeV and a uniform dose versus 
depth profile. Doses of protons were 0.1, 0.25, and 0.5 Gy. Bone marrow cells were 
collected at 2 weeks after irradiation and examined as described in the current 
manuscript. We found a dose-dependent decrease in LSK cells, together with an 
increase in ROS levels and apoptosis in these cells (data not shown). In summary, 
our study has demonstrated that acute exposures to medium doses of proton TBI 
induced damage to HPCs and LSK cells in a mouse model.

Radiation-induced cell damage might be mediated by induction of apoptosis, 
DNA damage, and oxidative stress [48, 62]. We therefore assessed those parameters 
in HPCs and LSK cells 2 weeks after proton exposure [50]. Our data indicate that 
HPCs and LSK cells may respond differently to proton radiation. Exposure to 1.0 Gy 
protons resulted in an increase in cellular apoptosis in HPCs. Irradiated LSK cells, 
on the other hand, showed both increased apoptosis and oxidative stress. Neither 
of the two cell types showed enhanced DNA damage or cell cycling 2 weeks after 
proton exposure. Importantly, LSK cells in mice bone marrow from acute and 
long-term proton exposure cause the significant induction of oxidative stress [50, 
53]. In the previous studies, it has been reported that the long-term increase in ROS 
production in LSK cells was observed after 16O radiation and γ-rays [48, 63, 64]. 
For example, increasing levels of ROS production were detected at 2 months after 
6.0 Gy of total-body γ-irradiation, which might be related to irradiation-induced 
DNA damage, leukemia, and senescence in irradiated hematopoietic stem and 
progenitor cells. Both proton and gamma radiation may induce residual negative 
effects on the bone marrow, which might be mediated by overproduction of chronic 
reactive oxidative stress in HSCs [63, 65, 66]. Taken together, present data indicate 
that irradiation-induced oxidative stress in HSCs might be a critical factor in the 
hematopoietic cell response to space radiation.

Reactive oxygen species (ROS) plays an important role in determining the fate 
of normal stem cells. Low levels of ROS are required for stem cells to maintain their 
quiescence and self-renewal capacities. Increases in ROS production cause stem cell 
proliferation, differentiation, apoptosis, and cell death, leading to their exhaustion. 
Regulating ROS production in stem cells is important to maintain tissue homeostasis 
and repair damaged area during the life span of an organism. It has been reported 
that the levels of ROS were closely related to the proper functional hematopoietic 
stem cells. There are multiple different ways for ROS production in cells, such as 
mitochondria oxidative phosphorylation, glycolysis, NADPH oxidases (NOXs) 
enzyme, peroxisomal and cytochrome P450 metabolism, and so on. Mitochondria 
oxidative phosphorylation is not a major source to generate ROS in hematopoietic 
stem cells under homeostasis. This is because (1) HSCs locate bone marrow hypoxic 
niche with low levels of oxygen; (2) HSCs have small amount of mitochondrial 
and immature mitochondrial; (3) HSCs have high level of pimonidazole, which is a 
hypoxia marker; and (4) HSCs have capacity to response to hypoxia by increasing 
hypoxia-inducible factor 1α (HIF-1α) expression [67]. Subsequently, increasing 
levels of HIF-1α benefit HSCs to use anaerobic glycolysis, instead of mitochondrial 
oxidative phosphorylation, to produce energy along with reducing ROS produc-
tion. Previous studies have shown that increasing expression of NOX enzyme might 
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contribute to γ-irradiation-induced ROS production in HSCs [66], which was sup-
ported by increasing NOX4 expression, rather than other isoforms of NOXs in γ-ray 
irradiated HSCs [66]. Diphenyliodonium (a selective NOX inhibitor) treatment can 
partially restore the functional impairment in γ-ray irradiated HSCs by decreasing 
irradiation-induced ROS production in HSCs [66]. For space radiation circumstance, 
the higher level of NOX4 expression was observed in proton-irradiated HSCs than 
that in unirradiated HSCs. These data indicated that NOX enzyme, especially 
NOX4, might be involved in the induction of ROS production in proton-irradiated 
HSCs. The importance of ROS production in space radiation-induced HSC injury 
should further be assessed by using NOX4 inhibitor or other antioxidants, such as 
N-acetylcysteine and gamma-tocotrienol in future studies. There are some other 
potential unanswered questions including (1) whether these chronically oxidative-
stressed HSCs induced by proton radiation experience senescence, (2) whether these 
space-irradiated HSCs have chromosomal instability, and (3) whether the chro-
mosomal aberrant HSCs after space radiation result in the leukemia development, 
which was evidenced in mice after γ-irradiation exposure [38, 65, 68].

One of HSC properties is its self-renewal ability, which is sustained via its slow 
cycling and quiescence. By using BrdU-chasing assay and H2B-GFP mice model, it 
has been shown that dominant HSCs divide only once every 145 days, which ensures 
self-renewal capacity along with providing whole life blood homeostasis and avoid-
ing HSC exhaustion [69]. It was reported that loss of FOXO3a resulted in increasing 
ROS production and accelerating HSC cycling, which is along with the defect of 
HSC self-renewal capacity and the exhaustion of HSCs. N-acetylcysteine (NAC), 
an antioxidant, can protect FOXO3a mutant HSCs from oxidative stress and restore 
HSC dormancy. The same phenotype was also seen in the case of loss of Bmi-1 and 
TSC1 in mice [70–72], which is due to increasing ROS production and cycling in 
HSCs. Upon proton radiation, data have shown that there were far fewer HSCs in 
G0 phase and higher numbers of HSCs in G1 phase than nonirradiated controls. 
Proton radiation-induced HSC cycling is consistent with upregulation of positive 
cell cycle regulators cyclin D1 and cyclin D3. Although HSC proliferation might 
compensate for the decreased number of HSCs after proton radiation, it will be at 
risk of loss self-renewal of HSCs.

Additionally, it has demonstrated that the persistent increase of DNA damage 
in proton-irradiated HSCs, but not in HPCs, was associated with proton radiation-
induced ROS production in HSCs. Unrepaired DNA damage in proton-irradiated 
HSCs might negatively affect HSC self-renewal, proliferation, and differentia-
tion, leading to long-term functional damage in HSCs. Taken together, these 
findings provide strong evidence showing that proton TBI induces not only acute 
hematopoietic injury but also long-term BM suppression and HSC damage. These 
detrimental effects of proton radiation on hematopoietic cells are closely related to 
the induction of oxidative stress in irradiated HSCs. The proton exposure-induced 
acute and long-term hematopoietic damage might be ameliorated through using 
antioxidants, which should be investigated in the future.

4. Oxygen radiation and hematopoietic stem cells

As we discussed above, GCR contains various HZE particles including 56Fe, 28Si, 
16O, and 12C, which have more detrimental effects on normal tissues than do photon 
and proton radiations during spaceflight. Oxygen (16O) radiation has relatively 
high-charge and high-linear energy transfer (LET), leading to a high relative bio-
logical effectiveness. In this section, we will mainly discuss the biological negative 
effects of 16O on hematopoietic stem cells in long-duration space missions.
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Hematopoietic cells in the body are the most radiosensitive cells to radiation 
[73, 74]. Exposure to γ-irradiation causes both acute and long-term damage in 
hematopoietic stem and progenitor cells (HSPCs), which is due primarily to radia-
tion-induced cellular apoptosis and senescence in HSPCs [37–39, 65]. Using porcine 
and mice model, it has documented that proton radiation induced both acute and 
long-term hematopoietic damage. We have described the acute and residual effects 
of proton radiation on hematopoietic stem cells showing that numbers and function 
of bone marrow HSCs in mice were detrimentally affected. The negative effects of 
proton radiation mainly contribute to increasing the production of oxidative stress 
and DNA damage in irradiated HSCs [53]. 56Fe radiation causes significant altera-
tions in the expression of repetitive elements and DNA methylation, and 0.1-0.4 Gy 
of 56Fe radiation resulted in significant epigenetic changes in hematopoietic stem 
and progenitor cells in a mouse model [75]. Using cultured human hematopoietic 
stem and progenitor cells, it was found that 12C radiation induced chromosome 
aberrations and cellular apoptosis [76]. 0.3–0.9 Gy of 28Si radiation triggers a 
significant increase of cellular apoptosis in irradiated mice HSCs at 4 weeks after 
the exposure, which results in the deficiency of numbers and clonogenic function of 
irradiated HSCs [77]. These findings indicate that GCR, including different forms 
of ionizing radiation, induces acute and residual injury in hematopoietic stem cells. 
However, it remains elusive whether 16O radiation induces acute and long-term 
hematopoietic effects and what main factors are involved in the negative effects on 
HSCs under 16O exposure.

In one of our experiments, C57BL/6 J mice were exposed to 0.1, 0.25, and 1.0 Gy 
16O (600 MeV/n) total-body irradiation (TBI) and analyzed the effects of 16O 
radiation on peripheral blood and BM 2 weeks after the exposure [51] (Table 3). 
Since hematopoietic cells are known to be radiosensitive, it is not surprising that a 
significant decrease was observed in peripheral WBC and platelet counts in mice 
exposed to 1.0 Gy of 16O. In comparison to 16O radiation, peripheral blood cell 
counts, including numbers of WBCs and platelets, were almost recovered to normal 
levels at 2 weeks after 1.0 Gy of γ-ray radiation in BALB/c mice [78]. This might due 
to (1) different animal species used and (2) different biological effectiveness of 16O 
and γ-ray radiation along with high LET properties of 16O. 16O TBI causes cellular 
apoptosis in hematopoietic progenitors but not hematopoietic stem cells at 2 weeks 
postexposure. To monitor how fast HPCs recover from 16O TBI, apoptotic assay was 
performed at 3 months after 0.1, 0.25, and 1.0 Gy of 16O TBI, showing that the apop-
totic levels in HPCs and HSCs after the exposure are similar to those in nonirradiated 
mice. These data suggest that HPCs have a slower recovery than HSCs after 16O TBI.

Table 3. 
Acute and long-term effects of oxygen irradiation on hematopoietic cells.
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Previous studies have demonstrated that the functional defect of mouse HSCs 
was observed under either radiation or chemotherapeutic drug treatment. For 
example, the reconstitution capacity of mouse HSCs has detrimental effects under 
1.0 Gy of total-body γ-ray radiation along with apparent myeloid bias differentia-
tion [78, 79]. One dose of 5-fluorouracil treatment significantly decreased the 
numbers and engraftment ability of mouse HSCs at day 10 after the exposure [80]. 
To investigate the effects of low doses of 16O TBI on HSC function, in vitro colony-
forming assays using bone marrow cells were performed at 2 weeks after 0.1–1.0 Gy 
doses of 16O exposure. It shows that low doses of 16O TBI not only decreases num-
bers of HSCs but also abates the in vitro colony-forming abilities, such as decreased 
numbers of BFU-E, CFU-GM, and CFU-GEMM from irradiated bone marrow cells. 
These data suggest that the function of HSC after 16O TBI was negative affected 
despite low doses of 16O used. Using in vitro cell culture model, previous studies 
have shown that 16O radiation has more dramatic effects on chromosomal aberra-
tions, micronuclei formation, cell survival, and apoptosis than photon radiation 
[81, 82]. It has been documented that 6.5 Gy total-body γ-irradiation decreased 
the numbers of bone marrow HSCs up to 50% at 2 weeks postexposure, which was 
observed at 2 weeks after 1.0 Gy of total-body 16O radiation [38]. These results 
indicate that 16O radiation has a higher RBE than photon radiation.

To explore long-term effect of 16O TBI on hematopoietic cells, 0.05, 0.1, 0.25, 
and 1.0 Gy 16O (600 MeV/n) radiations were used to irradiate C57BL/6 J mice. 
Irradiated mice were analyzed for the long-term effects of 16O radiation on periph-
eral blood cells and bone marrow cells 3 months postexposure [83]. Although there 
are the same numbers of peripheral blood cells at 3 months after 0.05 to 1.0 Gy of 
16O TBI as nonirradiated controls, numbers of HPC and HSCs from irradiated mice 
were significantly lower than those from nonirradiated controls. The changes of 
peripheral blood cell counts after oxygen radiation are similar to the effects of other 
types of ionizing radiation, such as 0.5 and 1.0 Gy of γ-TBI [84, 85]. Peripheral 
blood cell counts were back to normal levels 2 months after sublethal doses of γ-ray 
exposure [86]. Recovery of peripheral blood cell counts may neglect the effects of 
irradiation on bone marrow HSCs [84], which will result in overlooking the long-
term bone marrow suppression after radiation.

We have demonstrated that 0.1 to 1.0 Gy of 16O TBI, but not 0.05 Gy dose, 
resulted in a dramatic impairment in both numbers and function of bone marrow 
HSCs in mice at 3 months after exposure. Comparing to 16O TBI, exposure of mice 
to 0.5 and 1.0 Gy of γ-TBI did not negatively affect the numbers and function of 
HSC in mice at 3 months after exposure. The phenotype from 16O- and γ-TBI might 
be related to their RBE along with higher RBE levels of 16O TBI than γ-TBI [81]. 
The long-term detrimental effects of 16O TBI on bone marrow hematopoietic stem 
cells have also been seen in 6.5 Gy sublethal doses of γ-rays and 1.0 Gy low dose of 
proton radiation, showing a reduction in HSC reserves and a defect in HSC function 
[48, 85, 87, 88]. When comparing the effects of different radiation sources on HPCs, 
we have shown that acute exposure to low doses of 16O TBI triggered a significant 
reduction in numbers of HPCs at 2 weeks after exposure. However, numbers of 
HPCs in irradiated mice recovered back to normal levels 2 weeks after either γ-ray 
or proton exposure [51]. These data indicate that 16O-irradiated HPCs have a slower 
recovery than proton- and photon-irradiated HPCs.

We have previously demonstrated that exposure of mice to 1.0 Gy of 16O TBI 
leads to an increased rate of apoptosis at 2 weeks postexposure in irradiated HPCs 
but not HSCs. This is consistent with HPC colony-forming ability assay, showing 
lower numbers of BFU-E, CFU-GM, and CFU-GEMM when compared to those 
in nonirradiated controls [51]. When we further examined HPC colony-forming 
abilities at 3 months after same dose of 16O TBI, it showed that numbers of various 
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colonies were still much lower than those in nonirradiated controls [83]. Notably, 
the decreased colony-forming abilities after 16O TBI were in a dose-independent 
manner, which suggests “hit and damage.” These data suggest that oxygen irradia-
tion has features with a high-linear energy transfer and strong relative biological 
effectiveness.

A cobblestone area-forming cell (CAFC) assay is a surrogate in vitro hematopoi-
etic stem cell functional assay. We measured HSC in vitro CAFC-forming ability at 
3 months after 0.1, 0.25, and 1.0 Gy of 16O radiation, showing that irradiated mice 
HSCs had a significant reduction of CAFC numbers independent of radiation doses 
(Table 4). These unusual dose-response curves have also been seen in the studies of 
28Si radiation, such as effects of 28Si radiation on synaptic plasticity and contextual 
fear memory [89, 90]. However, when mice were exposed to 0.05 Gy of 16O TBI, 
numbers of CAFC were comparable to nonirradiated controls, indicating that HSC 
function was not affected after exposure to 0.05 Gy 16O TBI [83]. These long-term 
negative effects of 16O TBI on HSCs are also observed in other different types of 
ionizing radiation [53, 63, 91]. Mice were exposed to 1.0 Gy of proton total-body 
irradiation, leading to a significant decrease in the CAFC-forming ability in HSCs at 
22 weeks postexposure [53]. 6.5 Gy of γ-ray total-body irradiation caused a reduc-
tion in HSC colony-forming ability 2 months postexposure [38]. As we discussed 
previously, peripheral blood cell counts were back to normal levels at 3 months 
after low-dose 16O TBI, while the numbers and function of bone marrow HSCs were 
significantly decreased after exposure. Proliferation of progenitors (such as myeloid, 
lymphoid, and erythroid progenitors) might contribute to the recovery of peripheral 
blood cells after radiation. These results suggest that low doses of ionizing radiation 
can induce long-term HSC suppression, while 16O TBI has stronger abilities to induce 
the long-term HSC suppression than other types of ionizing radiation.

Cellular apoptosis and ROS production are crucial mediators in irradiation-
induced cell damage. We exposed mice to 1.0 Gy of 16O, and it triggered an aber-
rant increase in ROS production in HPCs and HSCs 2 weeks after exposure [51]. 
Meanwhile, increasing levels of apoptosis were significant in irradiated HPCs, but 
not LSK cells and HSCs, when compared to nonirradiated controls. Whether the 
different acute responses of HPCs and HSCs to 16O TBI are related to ROS pro-
duction has yet to be determined. Induction of ROS production persisted up to 3 
months after 16O TBI [83], which is congruent with the decreased expression of the 
antioxidant genes GPX2 and SOD3 in 1.0 Gy 16O-irradiated HSCs when compared 
to nonirradiated HSCs. Previous studies utilized proton and γ-ray radiation to 
prove that HSC functional impairment might be attributable to the accumula-
tion of residual ROS [53, 63, 92, 93]. This is evidenced by a decrease in in vivo 

Table 4. 
Induction of cellular apoptosis, ROS, and DNA damage after oxygen irradiation.
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engraftment capacity and in vitro colony-forming ability using bone marrow cells 
after radiation. The importance of ROS overproduction on functional HSCs was 
not only supported under radiation stress condition but also supported by other 
genetic animal models. Deletion of Foxo3, ATM, TSC1, and Bmi-1 in mice leads 
to the impairment of numbers and function of HSCs along with increasing ROS 
production. Application of antioxidants, such as N-acetyl cysteine (NAC), on these 
mutant mice significantly ameliorated the HSC functional deficiency [71, 94–96]. 
We have provided data showing 16O-irradiated HSCs had higher levels of ROS 
production than nonirradiated animals in both acute and long-term studies. It is 
well accepted that mitochondrial oxidative phosphorylation and NADPH oxidases 
are two main sources to produce ROS in mammalian cells. Because HSCs reside in 
hypoxic environmental niche in the bone marrow and have higher expression of 
HIF1α in response to hypoxia, HSCs produce ROS mainly through glycolysis and 
NOX enzyme. We have previously shown that proton and γ-ray radiation induced 
significantly upregulation of NOX4 in irradiated HSCs [53, 66]. The NOX4 inhibi-
tor diphenyliodonium can partially protect functional HSCs from γ-irradiation-
induced long-term damage. Therefore, antioxidants, such as NOX4 inhibitors and 
NAC, should be further tested whether inhibiting ROS production can decrease 
16O TBI-induced ROS production to accelerate the functional recovery of HPCs and 
HSCs after 16O irradiation exposure.

Under radiotherapy and chemotherapy stress conditions, dominant HSCs might 
be activated from quiescent status to provide the need for stressed hematopoietic 
system. However, frequent HSC activation might cause its loss of self-renewal 
ability, differentiation, and death with bone marrow failure syndrome [69, 97]. We 
have shown that proton and γ-irradiation can efficiently activate quiescent HSCs 
[53, 65], leading to the redistribution of different cell cycle phases and stem cell 
functional defects. Data from genetic mice models, such as depletion of FOXO3a 
and Lkb1, showed that HSCs had fast cycling with loss of HSC self-renewal ability 
and HSC exhaustion [94, 98–100]. There are fewer numbers of HSCs in G0 and 
higher numbers in G1/G2SM at 2 weeks after 16O TBI [51]. Additionally, we observed 
that around 15% of irradiated HSCs had more than two γH2AX foci per cell 2 weeks 
after 16O exposure [51], which is positively correlated with the increased ROS 
production in 16O TBI HSCs. Taken together, all of ROS production, DNA damage, 
and HSC cycling after 16O TBI might contribute to HSC defect induced by oxygen 
radiation, which will be tested in our future studies.

Note:

1. Due to the large difference in size between mice and human subjects, the dose-
depth distribution in mice exposed to protons is different from that in humans 
[1]. The dose to the blood-forming tissues in humans will be lower, whereas the 
dose to the blood-forming tissues in mice is likely very similar to the dose  
at the surface. This difference in dose-depth profile should be taken into 
considerations when translating risk of hematopoietic damage in response to 
space radiation in a mouse model to the human situation.

2. During long-term space flight (such as to Mars), astronauts will encounter 
either a chronic, fractionated dose of space radiation or they will accumulate 
1–3 Gy of radiation exposure. Presently, it is impossible to achieve chronic or 
fractionated doses of space radiation due to the limited access to the facili-
ties capable of producing synthetic space radiation. In most research to date, 
investigators have used either acute radiation exposure or higher doses of space 
radiation in animal models. Cautions should therefore be taken when applying 
those findings from animal studies to human.
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3. The protons and oxygen nuclei in the studies described here were all delivered 
within a few minutes, and most charged particle exposures during space flight 
occur at a very low-dose rate and/or are fractionated. Though we acknowledge 
that the high-dose rates we used are a limitation of our studies, low-dose rate 
exposures were not possible because of practical constraints. Future studies 
with low-dose rate or fractionated exposures should provide further insight 
into dose-rate dependence of hematopoietic stem/progenitor cell response to 
high-energy charged particle radiation.

5. Conclusion

In summary, proton and oxygen space radiation have detrimental effects on the 
hematopoietic system even with at low doses, which will have potential implica-
tions for health outcomes during long-duration space missions. Increasing ROS 
production might be a major mediator on space radiation-induced HSC damage. 
Knowledge gained from this chapter could aid in planning countermeasure strate-
gies to protect against hematopoietic effects of radiation exposure during space 
travel. To minimize the health negative effects of deep-space travel, decreasing 
oxidative stress might be a good approach to mitigate the adverse effects of proton 
and HZE particle exposure on the hematopoietic system.
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