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A B S T R A C T

Radiation exposure poses a significant threat to public health, which can lead to acute hematopoietic system and
intestinal system injuries due to their higher radiation sensitivity. Hence, antioxidants and thiol-reducing agents
could have a potential protective effect against this complication. The dithiol compound 1,4-dithiothreitol (DTT)
has been used in biochemistry, peptide/protein chemistry and clinical medicine. However, the effect of DTT on
ionizing radiation (IR)-induced hematopoietic injury and intestinal injury are unknown. The current in-
vestigation was designed to evaluate the effect of DTT as a safe and clinically applicable thiol-radioprotector in
irradiated mice. DTT treatment improved the survival of irradiated mice and ameliorated whole body irradiation
(WBI)-induced hematopoietic injury by attenuating myelosuppression and myeloid skewing, increasing self-
renewal and differentiation of hematopoietic progenitor cells/hematopoietic stem cells (HPCs/HSCs). In addi-
tion, DTT treatment protected mice from abdominal irradiation (ABI)-induced changes in crypt-villus structures
and function. Furthermore, treatment with DTT significantly enhanced the ABI-induced reduction in Olfm4
positive cells and offspring cells of Lgr5+ stem cells, including lysozyme+ Paneth cells and Ki67+ cells.
Moreover, IR-induced DNA strand break damage, and the expression of proapoptotic-p53, Bax, Bak protein and
antiapoptotic-Bcl-2 protein were reversed in DTT treated mice, and DTT also promoted small intestine repair
after radiation exposure via the p53 intrinsic apoptotic pathway. In general, these results demonstrated the
potential of DTT for protection against hematopoietic injury and intestinal injury after radiation exposure,
suggesting DTT as a novel effective agent for radioprotection.

1. Introduction

Ionizing radiation (IR) may have a significant impact on bone
marrow hematopoietic, gastrointestinal and neurological systems
[1–4]. Evidence has indicated that the hematopoietic system and small
intestinal system are the major injury sites during radiation accidents
and radiotherapy because of their higher radiation sensitivity [5]. The
bone marrow hematopoietic system is the most sensitive to radiation
among organs/tissues. Therefore, it seems extremely important to
protect this system with radioprotectors for better survival and quality
of life after exposure. Bone marrow damage can lead to a sharp de-
crease in the number of red blood cells, white blood cells and platelets,

which causes hematopoietic function suppression, and hemogram
changes resulting in anemia, hemorrhage and infection [6]. Notably,
more serious symptoms and difficult treatments are observed after in-
creased exposure. Generally, primary hematopoietic fatal injuries occur
at doses of less than 8 Gy after WBI [7]. The recovery of the hemato-
poietic system depends on the proportion of surviving hematopoietic
progenitor cells/ hematopoietic stem cells [HPCs/HSCs) in the bone
marrow after the whole body irradiation (WBI) [7]. Additional, evi-
dence has indicated that excess reactive oxygen species (ROS) produced
by radiation could result in HSC apoptosis, senescence and loss of the
capacity for self-renewal [8–10].

Acute intestinal syndrome is the main cause of death in the first
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week after exposure to high doses of radiation. The rapid and de-
structive injury of intestinal epithelial cells mainly induces intestinal
electrolyte imbalance, poor nutrition absorption, intestinal pathogen
translocation, and eventually the significant increasing risk of death
resulting from the loss of intestinal function [11,12]. Mason et al. [13]
showed IR-induced gut injury in a murine model after exposure to 8 Gy,
with the obvious characterized responses being the apoptosis of cells
within crypts of intestinal epithelium and a shortened villi compart-
ment, followed by partial recovery. As intestinal stem cells can provide
sufficient energy to small intestinal epithelial cells, the stem cells be-
come one of the rapidly regenerated adult tissues in mammals, with a
turnover rate of approximately 3–5 days in mice [5,14]. However,
murine exposure to 12 Gy radiation can cause more serious damage to
the intestinal epithelium, especially when intestinal stem cells cannot
be reversed by any therapeutic treatment [15,16].

Generally, high-dose exposure leads to more severe symptoms, more
difficult treatments, and lower survival rates. Considering the difficulty
in recovery of IR-induced acute injury, it is apparently very important
to search for novel radioprotectors with high efficacy. In recent years,
aminothiols, natural antioxidants, hormone drugs and biological mac-
romolecular agents, a series of compounds with the effects of radio-
protection have been developed, including amifostine, cysteine, estro-
gens, and vitamins [16–18]. However, most of these compounds do not
have clear efficacy and excellent performance. Thus far, amifostine has
been the only clinical radioprotector approved by the FDA for the
treatment of xerostomia with radiotherapy of head and neck cancer
[19]. Nonetheless, because the effective dose of amifostine is close to
the minimum toxicity dose, dose increases could lead to significant
adverse effects and limit its extensive use. Compared to other types of
radioprotectors, aminothiols rapidly increase the resistance of cells to
radiation and resist high doses of radiation [20]. IR can lead to large
numbers of radiation-by-products including %OH, H%, H2O2, etc.,
through decomposing water molecules in the cell. Many reactive
oxygen species (ROS) are generated to destroy biological macro-
molecules and lead to organ dysfunction [21]. One of the main me-
chanisms of amifostine is that the metabolite (WR1065) in the presence
of eSH groups can scavenge oxygen free radicals produced by ionizing
radiation, thereby preventing oxygen free radicals from destroying in-
tracellular macromolecules.

1,4-Dithiothreitol (DTT), is a dithiol compound with effective ap-
plications in biochemistry, and peptide/protein chemistry [22,23]. The
main role of DTT in molecular biological assays is to keep proteins in a
reduced state [24]. Thiol containing compounds have also been shown
to be very effective at protecting DNA from irradiation damage
[25–27], which may be due to their ability to scavenge oxygen and
nitrogen radicals. The protective effect of DTT against toxic insults has
been demonstrated [28,29]. However, whether DTT could ameliorate
IR-induced acute hematopoietic and intestinal syndrome remains un-
known.

The current investigation was designed to evaluate the effect of DTT
treatment on IR-induced hematopoietic and intestinal injury. Changes
in the complete blood count (CBC) of bone marrow injury, proportion
of surviving HPCs/HSCs, tissue histopathological alterations, pro-
liferation and maintenance of the regeneration of ISCs, DNA damage
accumulation, and pro-apoptotic and anti-apoptotic protein alterations
were monitored to evaluate whether DTT has any protective properties
in irradiated mice. The data obtained from the current study might help
to develop a safe and clinically applicable pharmaceutical intervention
against acute radiation syndrome (ARS) and its associated complica-
tions.

2. Materials and methods

2.1. Mice

Male C57BL/6J mice aged 6–8weeks old (20–22 g) were purchased

from Beijing Huafukang Bioscience Co. Inc. (Beijing, China). All mice
were maintained under specific pathogen-free conditions in the Central
Animal Care Services of the Institute of Radiation Medicine, Chinese
Academy of Medical Sciences, and Peking Union Medical College,
People’s Republic of China (IRM-PUMC, Tianjin, China). After 7 days of
feeding (21–23 g), the mice were radiated. The mice were fed under a
12 h light/dark cycle during the experiment. All animal experiments
were treated according to the regulations of Animal Care and Ethics
Committee of IRM-PUMC (IRM-DWLL-2018062).

2.2. Reagents and antibodies

1,4-Dithiothreitol was purchased from Bide.Pharm (Shanghai
China). Bradford reagent, protease inhibitor cocktail, RIPA buffer, bi-
cinchoninic acid (BCA) protein assay kit, sodium dodecyl sulfate (SDS),
formalin, ethylenediaminetetraacetic acid (EDTA), NaCl, ethanol,
Tris–HCL, phosphate buffer saline (PBS), and RBC lysing buffer were
purchased from solarbio (Beijing China). ECL chemiluminescence re-
agent was purchased from Absin (Shanghai China). Anti-mouse CD117
(c-kit) APC (clone 2B8), anti-mouse Ly-6 A/E (Sca1) PE (clone D7) and
anti-mouse CD3-APC (clone145-2C11) were purchased from
eBioscience (San Diego, CA, USA). PerCP streptavidin, anti-mouse CD3
APC (clone145-2C11), anti-mouse/human CD45R/B220 FITC (clone
RA3-6B2), anti-mouse/human CD11b PE (clone M1/70), anti-mouse
Ly-6G/Ly-6C (Gr-1) PE (clone RB6-8C5), biotin anti-mouse CD4 (clone
GK1.5), biotin anti-mouse CD8 (clone 53–6.7), biotin anti-mouse/
human CD45R/B220 (clone RA3-6B2), biotin anti-mouse/human
CD11b (clone M1/70), and biotin anti-mouse Ly-6G/ Ly-6C(Gr1) (clone
RB6-8C5) were obtained from Biolegend (San Diego, CA, USA). Anti-
p53 (48818s), and anti-olfm4 (39141s) were purchased from CST
(Danvers, MA, USA). Anti-lysozyme (ab108508), anti-caspase9
(ab202068), anti-caspase-3 (ab13847), anti-p53 (ab26), anti-PUMA
(ab9643), anti-Bax (ab32503), anti-Bak (ab32371), anti-Bcl-2 (ab692),
HRP-conjugate secondary antibody (ab7403, ab150113), anti-β-actin
(ab8226) were purchased from Abcam (Cambridge, UK, USA). Anti-
γH2AX was obtained from BD biosciences (NJ, USA). Anti-Ki67 anti-
body was purchased from Novus (Littleton, CO). The DAB kit was
purchased from Sigma Aldrich (St. Louis, MO). Horseradish peroxidase
secondary antibody (sc51948) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Goat serum was purchased from
Thermo Fisher Scientific (Waltham, MA).

2.3. Acute toxicity assay

An acute toxicity study was conducted according to the method
described in OECD guideline 420 with minor modifications. A total of
70 mice were randomly allocated into seven groups of 10 mice each (5
females and 5 males). After overnight fasting, mice received a single
intraperitoneal (i.p) dose of DTT at 100, 200, 300, 400, 500, and
600mg/kg. The control group received the same volume of normal
saline. After treatment, the mortality and clinical symptoms of toxicity
were observed for several hours after infusion and every day for the
next 14 days. The symptoms of toxicity to observe include hypo-ac-
tivity, abdominal rigidity, convulsion, breathing difficulty, cyanosis,
bleeding from any orifice, and compulsive behavior. The body weight
of the mice was recorded on days 1 and 14. At the end of the study, all
surviving animals were euthanized and the pathological changes were
used for a microscopic necropsy examination.

2.4. Radiation injury mouse model and DTT treatment

The mice were randomly divided into 4 groups in survival and WBI
studies: control, IR+Vehicle, IR+DTT (100mg/kg), and IR+DTT
(200mg/kg). The mice were exposed to γ-ray (7.2 Gy and 4 Gy) whole
body irradiation (WBI) at a dose rate of 0.99 Gy/min (Gammacell-40
137Cs irradiator, Atomic Energy of Canada Ltd.). For the ABI study, the
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mice were divided into 2 groups (IR+Vehicle, IR+DTT (200mg/kg))
in survival and 3 groups in experiment: control, IR+Vehicle, IR+DTT
(200mg/kg). The mice were exposed to γ-ray (15 Gy) abdominal irra-
diation (ABI) at a dose rate of 0.99 Gy/min (Gammacell-40 137Cs irra-
diator, Atomic Energy of Canada Ltd.). Control mice were sham-irra-
diated. IR was delivered using a lead shielding, except for the 2.75 cm
diameter roundness exposed field in mouse abdomen and the other

parts of the mouse were shielded. The mice were intraperitoneally
administered DTT (solvent: normal saline) for 30min before irradia-
tion. Control mice and irradiated mice were administered the same
volume of vehicle (normal saline) at the same frequency and through
the same route as DTT.

Fig. 1. DTT mitigates WBI-induced lethality
and rescues the body weight loss, organ
index changes after WBI in mice. (a) Kaplan-
Meier survival curve depicts the 30 days
survival for the protective effects of DTT.
Mice were irradiated with 7.2 Gy, and DTT
were administered intraperitoneal 30min
before irradiation, ***P < 0.001 by log-
rank testing between WBI-exposed mice
treated with DTT/Vehicle, n=10, the ex-
periment of mouse survival rate were per-
formed three repetitions. (b) Radiation in-
jury and DTT treatment scheme for mice.
Mice were randomly divided into four
groups and DTT were administered in-
traperitoneal 30min before irradiation.
Control mice were sham-irradiated. (c) Bar
graph showing the average body weight of
each group. Spleen index (d) and thymus
index (e) were shown by Bar graph.
Representative images of spleen (f) and
thymus (g) were harvested and shown.
Statistical significance was analyzed as the
mean ± SEM (n=5). **P < 0.01;
***P < 0.001; IR ionizing radiation.
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2.5. Weight change, organ index, and assays for intestinal injury

For the WBI study: four groups were set as described in the radiation
injury mouse model section. Body weights (g) were measured at 14 days
after 4 Gy radiation. Then, the mice were euthanized, and the complete
spleen and thymus were harvested and weighed to calculate the spleen
index and thymus index. The organ index was calculated according to
the following formula: Organ index= [organ weight (g)/body weight
(g)]× 10. For the ABI study, three groups were set as described pre-
viously. The mice were sacrificed on day 5 post-irradiation to assess
intestinal injury. The entire colon starting from the anus was harvested
in PBS and photoed.

2.6. Peripheral blood analysis and bone marrow cell counts

Blood was directly withdrawn from the orbital sinus and collected in
pre-coated K3EDTA-containing EP tubes at 14 days following irradia-
tion exposure from surviving mice. The blood was mixed gently on a
rotary shaker and analyzed for the cell counts, including white blood
cell counts (WBCs), red blood cell counts (RBCs), the percentage of
neutrophil granulocytes (NE%), and the percentage of lymphocytes (LY
%) and platelet counts (PLTs). Bone marrow cells were flushed out from
both the tibias and femurs with sterile phosphate-buffered saline (PBS)
and filtered through a 200-mesh sieve, and the cell numbers were
counted using a hematology analyzer (Nihon Kohden, Japan).

Fig. 2. DTT ameliorates WBI-induced myelosuppression and myeloid skewing. Mice were sham-irradiated as a control or irradiated with 4 Gy WBI 30min after
treated with vehicle or DTT as described in the text. (a) The number of white blood cell counts (WBC), (b) red blood cell counts (RBC), (c) percentage of neutrophil
granulocytes (NE%), (d) percentage of lymphocytes (LY%) and (e) number of platelet counts (PLT) in peripheral blood were quantified 14 days after WBI. The
percentage of (f) B cells, (g) T cells, and (h) myeloid cells in peripheral blood were analyzed by flow cytometry at 14 days after WBI. (i) and (j) Representative
fluorescence-activated cell sorting (FACS) plots of B cells, T cells and myeloid cells. Statistical significance was analyzed as the mean ± SEM (n=5), *P < 0.05;
**P < 0.01; ***P < 0.001; IR ionizing radiation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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2.7. Flow cytometry analysis

To measure the number of B cells, T cells, and myeloid cells in
peripheral blood after irradiation from surviving mice, the mice were

sacrificed and peripheral blood was harvested as described previously.
Fifty microliters of peripheral blood was first stained with B220, CD3,
CD11b, and Gr1 antibody at room temperature, and then, the red blood
cells were eliminated by the RBCs lysis buffer. For analysis of the
number of HPCs and HSCs, the isolated bone marrow cells were filtered
and counted as described above prior to staining with the antibodies. A
total of 5×106 bone marrow cells were stained with biotin-labeled
Ter119, B220, Gr1, CD11b, CD4, and CD8 and then stained with
streptavidin, c-kit, and sca1 antibody. Data acquisition was performed
on a BD Accuri C6 flow cytometer (BD Bioscience, San Jose, CA, USA)
and processed using the BD Accuri C6 software.

2.8. Colony-forming cell (CFC) assay

The CFC assays were conducted by culturing bone marrow cells in
M3534 methylcellulose semisolid medium (Stem Cell Technologies,
Vancouver, BC, Canada). The colony forming unit-granulocyte macro-
phages (CFU-GM) with more than 30 cells were counted according to
the manufacturer’s instructions. The results are expressed as the num-
bers of CFU-GM per 105 bone marrow cells.

2.9. Tissue harvest and histological analysis

On day 5 post-irradiation, the mice were sacrificed and the small
intestines were harvested and flushed with saline. The harvested in-
testinal tissues were divided into segments and immediately fixed in 4%
neutral-buffered formalin for histological analysis. After formalin fixed
tissues were embedded in paraffin, paraffin-embedded sections were

Fig. 3. DTT rescues WBI-induced decrease in bone marrow (BM) hematopoietic cells. Mice were sham-irradiated as a control or irradiated with 4 Gy WBI 30min after
treated with vehicle or DTT as described in the text. (a) Hematopoietic progenitor cells (HPCs, Lineage−sca1−c-kit+) frequency and (b) LSKs (Lineage−sca1+ c-kit+)
frequency in Lineage- BM cells were analyzed 14 days after 4 Gy WBI. (c) and (d) Representative FACS plots show the percentage of HPCs and LSKs. Statistical
significance was analyzed as the mean ± SEM (n=5) *P < 0.05; ***P < 0.001; IR ionizing radiation.

Fig. 4. DTT mitigates WBI-induced suppression of HPC function. Mice were
sham-irradiated as a control or irradiated with 4 Gy WBI 30min after treated
with vehicle or DTT as described in the text. Bone marrow cells were harvest
from the sacrificed mice after various treatments and cultured in M3534 me-
thylcellulose semi-solid medium for 5 days, and then analyzed the colony-
forming unit-granulocytes and macrophages (CFU-GM). The data are presented
as mean ± SEM (n=5). *P < 0.05; ***P < 0.001; IR ionizing radiation.

K. Li, et al. International Immunopharmacology 76 (2019) 105913

5



cut into 4 μm sections stained with hematoxylin and eosin staining (H&
E) and analyzed under a microscope (Olympus America, Melville, NY,
USA). For morphological analysis, intestinal circular transverse sections
were analyzed per mouse in a blinded manner from coded digital, H&E-
stained photographs to measure the villi length, number of crypts per
circumference, and the basal lamina length by using ImageJ 1.37
software.

2.10. Immunohistochemistry analysis

Sections of paraffin-embedded small intestine were deparaffinized,
rehydrated, and treated with 3% hydrogen peroxide. Antigen retrieval
was performed standard procedures by boiling the sections in 10mM/L
citrate buffer antigen retrieval solution (pH 9.0). Non-specific antibody
binding sites were blocked by incubation with serum for 1 h at room
temperature. Then, the sections were incubated with anti-Ki67 anti-
body (1:300 dilution), anti-olfm4 antibody (1:400 dilution), and anti-
lysozyme (1:800 dilution) overnight at 4 °C, followed by incubation
with horseradish peroxidase secondary antibody at a 1:200 dilution at
37 °C for 1 h. The positive cells examined by color development for
signals were carried out with a DAB kit and counterstained with he-
matoxylin. The images were captured, analyzed, and representative
positive staining images were taken using a microscope (Olympus
America, Melville, NY, USA).

2.11. Immunofluorescent staining.

The paraffin-embedded sections of the small intestine were depar-
affinized, rehydrated, and treated with 3% hydrogen peroxide for an-
tigen retrieval as described and then washed thoroughly with PBS. The
sections were blocked with 5% goat serum for 30min at room

temperature and then incubated with anti-γH2AX (1:1000 dilution),
anti-caspase-9 (1:500 dilution), anti-caspase-3 (1:500 dilution) or anti-
p53 (1:1000 dilution) overnight at 4 °C. After washing with PBS, the
sections were incubated with secondary antibody at 37 °C for 1 h in
darkness. Finally, the sections were sealed with 4′,6-diamidino-2-phe-
nylindole-containing sealing agent. The images were captured by laser
scanning confocal microscopy.

2.12. Protein extraction and Western blotting from intestinal tissue

On day 5 post-irradiation, the small intestines were harvested
through cervical dislocation and flushed with saline. Small intestine
homogenates were prepared in cold RIPA buffer containing protease
inhibitor cocktail by tissue homogenizer. The homogenates were cen-
trifuged at 10,000 RPM for 15min at 4℃, and the supernatants were
separated without disturbing the pellet. Protein concentration was
measured in supernatant and quantified using the bicinchoninic acid
(BCA) protein assay kit, which was performed according to standard
procedures. Equal amounts of proteins were separated using 10% SDS-
PAGE. Following transfer onto nylon membrane (Merck Millipore Ltd)
for 1 h, the membranes were blocked with TBST buffer (0.2M
Tris–base, 1.5M NaCl, 0.1% Tween 20) containing 5% skimmed milk
for 1 h on a shaker at room temperature. Subsequently, the membranes
were incubated with the primary antibodies PUMA (1:1000 dilution),
p53 (1:1000 dilution), Bax (1:1000 dilution), Bak (1:1000 dilution),
Bcl-2 (1:500 dilution) and β-actin (1:1000 dilution) overnight on shaker
at 4℃. After washing twice with TBST buffer, membranes were in-
cubated with suitable HRP-conjugated secondary antibody for 1 h at
room temperature on a shaker. The membranes were again washed
twice with TBST buffer and bands visualized using ECL chemilumi-
nescence reagents. The intensities of each protein band were measured

Fig. 5. DTT protects against ABI-induced lethal intestinal injury. (a) Kaplan-Meier survival curve depicts the 30 days survival for the protective effects of DTT. Mice
were irradiated with 15 Gy, and DTT were administered intraperitoneal 30min before irradiation, ***P < 0.001 by log-rank testing between ABI-exposed mice
treated with DTT/Vehicle, n= 10, the experiment of mouse survival rate were performed three repetitions. (b) Schematics of DTT and radiation doses. Mice were
randomly divided into three groups and DTT were administered intraperitoneal 30min before 15 Gy ABI (abdominal irradiation). Control mice were sham-irradiated.
(c) Relative BW (body weight) on days 5 after ABI compared with BW on day 0. (d) Representative pictures of colon were presented, and (e) rescued length of colons
(n=5) were treatment with DTT (200mg/kg) in irradiated mice. Statistical significance was analyzed as the mean ± SEM (n=5). **P < 0.01; ***P < 0.001; IR
ionizing radiation.
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using Image Lab™ software (Bio-Rad, USA).

2.13. Statistical analysis

All resulting data are presented as the means ± SEM. The survival
curve were analyzed using the Kaplan-Meier method and Log rank test.
Significant differences between experimental groups were assessed by
one-way analysis of variance (ANOVA). Differences were considered
significant at p < 0.05. All analyses were performed using GraphPad
Prism 5 from GraphPad Software (San Diego, CA, USA).

3. Result

3.1. Acute toxicity of DTT by intraperitoneal injection

During the acute toxicity test, there were no deaths or any signs of
toxicity observed after administration of DTT at 200mg/kg, which was
the no observed adverse effect level (NOAEL). The dose of 600mg/kg
led to the death of one female mouse within 24 h. Therefore, the
median lethal dose (LD50) of DTT was estimated to be more than
600mg/kg. Hypo-activity was observed in one male mouse at a dose of
300mg/kg after i.p administration. Additionally, one male mouse in
the 600mg/kg group showed abdominal rigidity. The body weight gain
showed no significant difference between the control and treated
groups. The macroscopic observation showed no remarkable patholo-
gical changes for the tested organs.

3.2. DTT improves the survival rate of mice from a lethal dose of WBI

To ascertain whether DTT improves the survival of mice exposed to

WBI, C57BL/6 mice were irradiated with 7.2 Gy and were administered
DTT as described in the Material and Methods (Fig. 1b). The mouse
survival rate was monitored for 30 days. As shown in Fig. 1a, none of
the vehicle group mice survived for 17 days after 7.2 Gy WBI. However,
compared to the vehicle group, the 100mg/kg DTT treatment had a
20% survival rate, and the 200mg/kg DTT treatment had a 50% sur-
vival rate. These results suggested that DTT treatment significantly
increased the survival rate following a lethal dose of WBI.

3.3. DTT rescues the loss of body weight and ameliorates WBI-induced
changes in spleen and thymus index

In this experiment, we observed the body weight of mice and
whether DTT treatment protected mice from WBI-induced organ index
changes in each group. The treatment schedule is shown in Fig. 1b.
Compared to the control group, the body weight of the vehicle group
decreased significantly when the mice were sacrificed at 14 days after
4 Gy WBI. However, the body weight of the mice that received 100mg/
kg and 200mg/kg DTT was significantly increased compared to that of
the vehicle group (Fig. 1c). The spleen and thymus index to some extent
reflect the severity of irradiation injury and the rescue of the general
condition. As shown in Fig. 1d and e, compared to the vehicle group,
treatment with 200mg/kg DTT significantly attenuated the reduction
in the spleen index and thymus index after 4 Gy irradiated mice, while
the 100mg/kg DTT treatment showed a slight effect of rescues. In ad-
dition, the phenomenon of thymus and spleen atrophy in DTT treated
mice was inhibited compared to that in the vehicle group (Fig. 1f and
g). Our results suggested that DTT plays a protective role in WBI-in-
duced organ injury in mice, and 200mg/kg DTT treatment exhibits
higher radioprotective efficiency than the 100mg/kg DTT treatment.

Fig. 6. Effects of DTT treatment on histologic parameters of intestinal after ABI. Mice were sham-irradiated as a control or irradiated with 15 Gy ABI 30min after
treated with vehicle or DTT as described in the text. (a) Representative hematoxylin and eosin-stained sections of mouse small intestine at days 5 post-irradiation. (b)
Quantification of crypt counts per circumference, villi height, and basal lamina length for panel (a). Statistical significance was analyzed as the mean ± SEM
(n=5), *P < 0.05; **P < 0.01; ***P < 0.001; IR ionizing radiation. First row, scale bar: 500 μm; second row, scale bar: 100 μm; third row, scale bar: 50 μm.
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3.4. DTT alleviates myelosuppression and promotes myeloid skewing
recovery in vivo

WBI-induced myelosuppression has been established, which is
manifested as decreased bone marrow activity, resulting in a significant
decline of peripheral blood cells [30]. The decrease of lymphoid cells
and increase of myeloid cells has been identified as a remarkable
symptom of IR-induced impaired differentiation of hematopoietic stem
cells (HSCs). HSCs must be differentiated into different blood cell
lineages and balanced to prevent lineage skewing [6,10] To investigate
the protective effects of DTT on the hematopoietic system against ir-
radiation, we examined the abundance of different types of hemato-
poietic cells in peripheral blood cell counts using an automatic blood-
counter system and flow cytometry. As shown in Fig. 2, compared with
the control group, the mice receiving 4 Gy WBI exhibited a substantial
decrease in white blood cells (WBCs), red blood cells (RBCs), platelet
levels (PLT) and percentage of lymphocyte cells (LY%) including T cells
and B cells, and the percentage of neutrophils (NE%) and myeloid cells
increased significantly in these mice. Treatment with 200mg/kg DTT
significantly reversed the changes in peripheral blood cells in irradiated
mice. The results suggest that DTT treatment improves its recovery
from WBI induced myelosuppression and myeloid skewing and main-
tains hematopoietic homeostasis.

3.5. DTT rescues the decrease in mouse bone marrow hematopoietic cells
after WBI

Radiation induces bone marrow (BM) hematopoietic cell damage
and affects all lineages of blood cells. Protecting and rescuing hema-
topoietic cells from radiation damage is important in the treatment of
radiation injury [10,31]. Therefore, we investigated the effects of DTT
treatment on hematopoietic cells. The bone marrow hematopoietic cell
population at 14 days after 4 Gy WBI was analyzed. We measured the
percentage of bone marrow LSK cells (Lin− Sca-l+ c-kit+) and HPC
cells (Lin− Sca-l− c-kit+) using flow cytometry. As shown in Fig. 3,
compared with the control group, the vehicle group exhibited a de-
crease in the frequency of LSKs and HPCs. However, two doses of DTT
increased the number of LSKs and HPCs in mice after 4 Gy WBI, and
200mg/kg DTT treatment performed better. These findings indicated
that DTT alleviates the WBI-induced dysfunction of LSKs and HPCs.

3.6. DTT mitigates WBI‑induced suppression of HPC function

In addition, we performed a CFC assay to examine whether hema-
topoietic cells from irradiated mice maintained their clonogenic func-
tion after DTT treatment. As shown in Fig. 4, WBI caused a considerable
suppression of HPC clonogenic function, whereas mice that received
DTT treatment after exposure to 4 Gy WBI showed the dramatically
increased the production of CFU-GM. These results suggest that DTT
could attenuate the WBI-induced suppression of hematopoietic

Fig. 7. DTT enhances the ISC survival and maintains the regeneration capacity of ISCs after ABI. Mice were sham-irradiated as a control or irradiated with 15 Gy ABI
30min after treated with vehicle or DTT as described in the text. (a) Representative Ki67 immunostained intestinal sections from untreated or DTT treatment mice at
days 5 post-irradiation (Scale bars: 50 μm). Bar graph showing the quantification the number of Ki67-positive cells per crypt determined from panel (a). (b)
Representative images of intestinal Olfm4 positive cells from untreated or DTT treatment mice at days 5 post-irradiation (Scale bars: 50 μm). Bar graph showing the
quantification the number of the intestinal Olfm4 positive stem cells determined from panel (b). (c) Representative immunohistochemistry images for lysozyme
stained sections of small intestine from untreated or DTT treatment mice at days 5 post-irradiation (Scale bars: 100 μm) and Bar graph showing the quantification the
number of Paneth cells/five crypts unit determined from panel (c). Statistical significance was analyzed as mean ± SEM, (n= 5). *P < 0.05; ***P < 0.001; IR
ionizing radiation.
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progenitor cells.

3.7. DTT potently protects against ABI-induced lethal intestinal injury

To determine the role of DTT on IR-induced lethal small intestinal
injury in irradiated mice, we first investigated the survival of mice after
15 Gy ABI with DTT treatment at 30min before radiation exposure. As
shown in Fig. 5a, we observed that all the mice in the vehicle control
group died, while the mice survival rate was 40% after exposure to
15 Gy ABI. Moreover, compared to the control group, vehicle-treated
mice had an average weight loss of 13.3 ± 4.5% at 5 days after ABI
(Fig. 5c), which is characteristic of lethal intestinal injury [32]. In
contrast, only an average weight loss of 5.4 ± 1.8% was observed in
the DTT treatment group. In addition, the colons of the mouse in the
vehicle group were shortened compared with those of the mice in the
control group after ABI; however, treatment with 200mg/kg DTT no-
tably rescued the length of the colons in mice (Fig. 5d and e). These

results demonstrated that DTT could protects against ABI-induced le-
thal intestinal injury.

3.8. DTT reduces the damage to intestinal morphology in mice after ABI

Ionizing irradiation mediated toxicity was frequently defined as
clonogenic cell death and apoptosis in the crypt cells, resulting in in-
sufficient replacement of the villus epithelium in structure destruction,
lengthening the basal lamina barrier and breakdown of the mucosal
barrier leading to infiltration of inflammation [33,34]. To determine
the effects of DTT on IR-induced intestinal injuries, we examined the
histologic characteristics of small intestines at 5 days after ABI, as
shown in Fig. 6. In contrast to the tissue sections of the intestine from
the control group, the vehicle group showed the massive infiltration of
inflammatory cells, the destruction of the crypt/villi structure, and a
lengthened basal lamina (Fig. 6a). However, 200mg/kg DTT treatment
showed a decrease in the destroyed crypt/villi structure, protecting the

Fig. 8. DTT attenuates ABI-induced DNA damage accumulation, curtailed ABI-induced apoptosis and downregulated p53 expression in the small intestine. Mice were
sham-irradiated as a control or irradiated with 15 Gy ABI 30min after treated with vehicle or DTT as described in the text. (a) Representative confocal images of
γH2AX (red) staining in the crypts from untreated or DTT treatment mice, Blue: DAPI. (Scale bars: 25 μm). Bar graph shows the quantification of γH2AX foci in
intestinal epithelia cells. (b) Representative confocal images of caspase9 staining (red) of intestinal epithelia cells from untreated or DTT treatment mice, Blue: DAPI.
(Scale bars: 25 μm). Bar graph shows the quantification of caspase9 foci in intestinal epithelia cells. (c) Representative confocal images of caspase3 staining (red) of
intestinal epithelia cells from untreated or DTT treatment mice, Blue: DAPI. (Scale bars: 25 μm). Bar graph shows the quantification of caspase3 foci in intestinal
epithelia cells. (d) Representative confocal images of p53 staining (red) of intestinal epithelia cells from untreated or DTT treatment mice, Blue: DAPI. (Scale bars:
25 μm). Bar graph shows the quantification of p53 foci in intestinal epithelia cells. Statistical significance was analyzed as mean ± SEM, (n= 5 in a, b and c, n= 3 in
d). *P < 0.05, **P < 0.01; ***P < 0.001; IR ionizing radiation. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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original state of basal lamina accompanied by an attenuated in-
flammatory response with levels compared to that of the control group.
Quantitative analyses of histologic parameters (Fig. 6b) showed that
vehicle groups had decreased average crypt counts per circumference

(20.3 vs. 109.0), average shorter villi heights (207.5 vs. 439.0 μm), and
average longer basal lamina (94.1 vs. 36.9 μm), compared to those of
the control group. However, treatment with 200mg/kg DTT showed
largely rescue effects on crypt counts [66], villi height (364.6 μm) and
basal lamina length (54.3 μm). These results indicated that DTT reduces
the post-radiation damage of intestinal villus-crypt structures in mice.

3.9. DTT enhances the Lgr5+ ISC survival and maintains the regeneration
capacity of ISCs after ABI

Olfm4 protein, a robust marker of Lgr5+ stem cells, has been lo-
calized to mitochondria, nuclei and cell membranes. Several studies
have indicated that Lgr5 positivity at or near the crypt base indicates
putative intestinal stem cells (ISCs) [35], and this marker plays an
important role in intestinal regeneration following irradiation [36].
Paneth cells are specialized intestinal epithelial cells that secrete
abundant antimicrobial proteins, including lysozyme. Some reports
have indicated that disrupting Paneth cell secretion could lead to in-
flammatory disease [37–39]. In this study, we evaluated intestinal
homeostasis, which was the proportion and functional integrity of
proliferating crypts in the small intestines. The fraction of proliferating
crypts was determined by analyzing Ki-67 immunohistochemical
staining. Compared to the control group, the Ki-67 positive cells no-
tably decreased in the vehicle group with 15 Gy ABI; however, 200mg/
kg DTT treatment significantly increased the Ki-67-positive cells within
the crypt structures (Fig. 7a). Therefore, the improved intestinal tissue
integrity in the DTT treatment group following irradiation may be due
to the increased functionality of crypt stem cells. Then, we examined
the effects of DTT on ISCs after 15 Gy ABI by Olfm4 im-
munohistochemical staining. Irradiation induced a greater loss of

Fig. 9. Effect of DTT on modifications of intestinal apoptotic versus anti-
apoptotic proteins expression pattern in mice exposed to 15 Gy WBI. The dif-
ferences in expression of p53, Bcl-2 and Bax were analyzed by western blot as
described in “Material and methods”.

Fig. 10. A summary on the radioprotective mechanism of DTT.
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Olfm4-positive cells in the vehicle group at 5 days, which was sig-
nificantly reversed in the 200mg/kg DTT treatment (Fig. 7b). In ad-
dition, we also examined the secretion of lysozyme in intestinal epi-
thelial cells after ABI. The expression of lysozyme with a large loss in
the vehicle group compared to the control group. Inversely, treatment
with 200mg/kg DTT was very potent, increasing the expression of ly-
sozyme in crypts (Fig. 7c). Taken together, the data demonstrate that
DTT treatment maintains the regenerative ability of the ISCs.

3.10. DTT attenuates DNA damage accumulation in the small intestine after
ABI

Phosphorylated histone H2AX (γ-H2AX), a central player in the
DNA damage response, serves as a biomarker of DNA double-stranded
breaks (DSBs). Therefore, to examine the potential role of DTT treat-
ment in ABI-induced DNA damage and repair, we detected DNA DSBs
by γ-H2AX immunofluorescent staining. In the vehicle-treated group,
robust γ-H2AX expression increased nearly 4 fold at 5 days after ABI
compared to the control group (Fig. 8a). Treatment with 200mg/kg
DTT significantly reversed the γ-H2AX increased expression and atte-
nuated IR-induced DNA damage, approximately reaching the same
level as that of the control group at 5 days. These data demonstrated
that DTT attenuates DNA damage accumulation in the small intestine
after irradiation.

3.11. DTT downregulated p53 expression and alleviated ABI-induced
apoptosis

P53 is the main mediator of the cell response to DNA damage by
involving mechanisms that contribute to cell-cycle arrest or death in
epithelial tissues. P53 and its downstream targets are closely related to
cell apoptosis. Accordingly, we explored the role of DTT on ABI-induced
epithelial cell apoptosis by immunofluorescent staining. In the vehicle
group, irradiation significantly promoted the expression of caspase-9
(Fig. 8b), caspase-3 (Fig. 8c) and p53 (Fig. 8d) in intestinal cells. With
200mg/kg DTT treatment, the expression of p53, caspase-3 and cas-
pase-9 in intestinal cells decreased dramatically compared with that in
the vehicle group. These results indicated that DTT profoundly sup-
pressed radiation-induced p53 activation and apoptosis, and influenced
the stress responses in the small intestine.

3.12. Effect of DTT treatment on differential pro-apoptotic and anti-
apoptotic protein expression in intestinal after irradiation

Understanding the molecular mechanism is important and necessary
to develop radioprotection drugs. In this study, to elucidate the pro-
tective mechanism of DTT treatment on IR-induced small intestine
tissue injury, we detected the differential expression of the apoptosis
proteins p53, Bak, Bax and the anti-apoptotic protein Bcl-2 in the small
intestine after 15 Gy by Western blotting (Fig. 9). The level of p53 ex-
pression was significantly upregulated in 15 Gy irradiated mice com-
pared with the control group in intestinal cells. Simultaneously, Bax
expression was also upregulated in irradiated mice. However, treatment
with 200mg/kg DTT significantly inhibited the expression of p53, Bax
and Bak proteins compared to that in only irradiated mice. In addition,
we also assessed the expression of the anti-apoptotic protein Bcl-2.
Compared with 15 Gy irradiation mice, DTT treatment increased Bcl-2
expression in intestinal cells. This result suggested that DTT treatment
could reduce IR-induced apoptosis in the small intestine by regulating
the intrinsic apoptotic pathway.

4. Discussion

In recent years, the incidence of malignant tumors has been on a
continuous upward trend. Radiation therapy plays an indispensable
role as one of the main treatments on the majority of tumors, but high-

dose radiation exposure could lead to damage in normal tissues and
organs around the tumor inevitable. Acute radiation syndrome caused
by irradiation severely limits the wide application of radiotherapy in
tumor treatment, and significantly affects the efficacy and quality of life
after treatment for cancer patients. In addition, accidental radiation
exposure or a terrorist attack with a radioactive dirty bomb poses a
serious threat to public health [40,41]. Between 1945 and 1987, there
were 285 nuclear reactor accidents, injuring 1550 people and killing 64
[2,42–44]. The most serious nuclear disaster in human history occurred
in the nuclear complex of Chernobyl on 26 April 1986. Both the
quantities of radionuclides released into the atmosphere induced irre-
versible injury to humanity health. A recent study showed that 237
individuals were involved in the early response phase and were exposed
to radiation in doses high enough to cause tissue reactions, among
whom 134 individuals were further diagnosed with acute radiation
syndrome (ARS) and 30 patients died shortly after the accident [45].
These nuclear and radiological emergencies require comprehensive
medical preparedness and readiness, including a national stockpile of
deliverable agents to counteract radiation exposure incidents and ac-
cidents.

In the past few years, researchers have designed and synthesized a
variety of radioprotectors to provide protection against the effects of
ionizing radiation in mammals and living organisms, including thiol
compounds, hormones, cytokines, etc. [17,46]. Compared to other
types of radioprotectors, thiol compounds have the unique advantage of
rapidly increasing the resistance of cells to ionizing radiation in the
presence of both the eSH and eNH2 groups [20]. However, the po-
tential of DTT as a radiation protectant and mitigate acute radiation
syndrome has not been investigated. In our pre-liminary experiment,
according to the acute toxicity reaction study, the highest dose of DTT
that could be administered was 200mg/kg. Under our experimental
conditions, we found that treatment with 200mg/kg DTT exhibited a
greater radioprotective effect than treatment with 100mg/kg DTT.
These data suggested that DTT at low-doses was unable to efficiently
protect mice against IR-induced injury.

Bone marrow is the primary hematopoietic tissue, and the extent of
hematopoietic function damage is positively correlated with the level of
irradiation dose. Moreover, anemia caused by the decrease in mature
RBCs, bleeding resulting from decreased PLTs, and infection due to
WBCs decrease exerts a serious impact on the survival of animals after
radiation exposure. The above pathological changes are mainly due to
the suppression of hematopoiesis dominated by apoptosis of hemato-
poietic cells in the bone marrow. Therefore, reducing the suppression of
hematopoiesis may alleviate injury in irradiated animals [10]. Davis TA
and coauthors [47] reported that WBCs, RBCs and PLTs are both sen-
sitive in peripheral hemograms to ionizing irradiation. Our study
showed that the peripheral blood WBC, RBC and PLT counts dropped
remarkably in irradiated mice at 14 days after WBI. This finding is
consistent with previous studies. However, the peripheral hemogram of
mice in the 200mg/kg DTT treatment significantly rescued the de-
creases in WBC, RBC and PLT counts 14 days after injury. In addition,
Wang et al. demonstrated that lymphoid-biased HSCs performed more
sensitive to irradiation-induced differentiation, compared to myeloid-
biased HSCs, leading to an imbalance in myeloid and lymphoid dif-
ferentiation in irradiated mice [6], manifested as the reduced propor-
tion of B cells and T cells, and the increased proportion of myeloid cells.
The flow cytometry results revealed that 200mg/kg DTT treatment
30min before irradiation substantially reduced myeloid skewing in-
duced by irradiation with 4 Gy. Previous studies have demonstrated
that sub-lethal doses of irradiation (such as 4.0 Gy, 6.0 Gy WBI) resulted
in long-term residual injury in the hematopoietic system via reduced
HSC reserves and defective HSC function [8,48–50]. Furthermore, a
number of HSCs may have the ability to repair radiation-induced da-
mage or are spared from damage and are able to repopulate HPCs after
irradiation via proliferation and differentiation. In this study, we also
observed the proportion of HSCs and HPCs by flow cytometry.
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Irradiation (4 Gy) reduced the proportion of HSCs and HPCs in the bone
marrow; however, treatment with 200mg/kg DTT significantly in-
creased the number of HSCs and HPCs.

Small intestinal crypt cells are most sensitive to the effects of io-
nizing radiation due to their rapid proliferation rate. Under physiolo-
gical conditions, intestinal epithelial homeostasis is maintained by
proliferative cells in crypts [51]. The recovery of small intestine injury
after ionizing radiation has been found to depend on the survival and
increase in the number of clonogenic cells in the intestine crypt [52].
High-dose ionizing radiation could induce a decrease in proliferative
function among intestinal crypt cells and lead to the increased perme-
ability of the intestinal lining, including the permeability of intestinal
bacteria, the potentially bacteremia and the exacerbation of mucosal
inflammation [53,54]. Analysis of lethally abdominal irradiated mice
injury to DTT treatment, revealed increased proliferative marker ex-
pression of Ki-67, which indicated recovery of intestinal crypt cell
functions. However, DTT treatment significantly rescued the changes in
the basal lamina of the small intestine and the pathological morphology
induced by irradiation. Moreover, the biomarker of Lgr5+ stem cells,
Olfm4, is a member of the olfactomedin domain-containing proteins.
Our results showed that DTT treatment enhanced Lgr5+ stem cell
survival and maintained the regeneration capacity of intestinal cells,
including lysozymes+ Paneth cells. In general, we concluded that DTT
treatment attenuates ABI-induced injury to the small intestine and
maintains the regeneration capacity of the small intestine epithelium.

Irradiation induces a variety of DNA injuries, including oxidized
base damage, single-strand breaks (SSBs), double-strand breaks (DSBs)
and DNA protein crosslinks [55]. DSBs are considered the most lethal
lesions induced by irradiation, and one unrepaired DSB can be suffi-
cient to cause cell apoptosis [10,56]. γH2AX as a biomarker for DSBs
and was used to assess the effect of new radioprotectors on tissue-
specific DNA damage and repair. In our present study, we found that
DTT treatment significantly reversed radiation-induced increases in
γH2AX expression in the small intestine. The result could be due to
fewer double-strand DNA breaks from the antioxidant function and
enhanced DNA repair by DTT.

Considering the high toxicity of radiation to the small intestinal
system, the underlying mechanisms of radiation-induced intestinal in-
jury are complex. A previous study found that p53 regulates apoptotic
responses to a wide range of genotoxic stresses through transcriptional
activation of its downstream targets [57]. The pro-apoptotic molecule
p53 is essential for a major component of the normal response to ir-
radiation-induced DNA damage, repair, and apoptosis in intestinal
mucosal cells [58]. Additionally, p53 is activated and plays roles mainly
via irradiation induced single strand or double strand breaks (DSBs)
[59]. Activated p53 could stimulate soluble monomeric protein Bax
translocate from the cytosol to the mitochondrial outer membrane to
feedback and respond to apoptotic signals. Simultaneously, the pro-
apoptotic mitochondrial membrane protein Bak was stimulated and
expressed. Previous studies reported that the expression of Bax and Bak
were upregulated during p53-dependent apoptosis and both induced
apoptosis [60,61]. In this study, we found that the expression levels of
p53, Bax and Bak were significantly downregulated in DTT treatment.
Furthermore, we investigated the influences of irradiation-induced ex-
pression of the anti-apoptotic protein Bcl-2, which plays an important
role in determining the strength of resistance or sensitivity of cells to
various consequences stimulate signals that induce apoptosis [62]. In
particular, Bcl-2 are the most important anti-apoptotic members of the
Bcl-2 family and can antagonize apoptosis by preventing the signal
transmission of pro-apoptotic genes [63,64]. The expression of Bcl-2
was inhibited in irradiated mice; however, DTT treatment was revised.
Moreover, caspases involved in apoptosis have been sub-classified by
their mechanism of action including initiator caspase (caspase-9) and
executioner caspase (caspase-3) [65–67]. The results showed that DTT
treatment could ameliorate the sensitivity of intestinal progenitor/stem
cells to radiation-induced apoptosis via downregulation of caspase-3 or

caspase-9. Therefore, we concluded that p53 is an important target of
DTT mediated radioprotection in intestinal stem cells. These findings
suggest that suppression of p53 by DTT treatment confers protection
from radiation-induced intestinal injury via regulating the intrinsic
apoptotic pathway (Fig. 10).

Amifostine (WR-2721) is the only radioprotector that has been ap-
proved by the FDA for head and neck cancer. Milas et al. showed that
amifostine could protect the small intestine from IR induced injury
[68]. Rebecca J. et al. also noted that this drug could inhibit radiation
induced hematopoietic progenitor cell apoptosis [69]. However, the
effective dose and the minimum toxic dose of amifostine are very close.
Severe side-effects of the drug, such as diarrhea, nausea and vomiting
limit its extensive use [70]. Furthermore, the daily use of amifostine has
been limited due to its hematological and gastrointestinal toxicity [71].
In this study, our data support that DTT can inhibit IR-induced hema-
topoietic and intestinal injury. The dose (200mg/kg·day) of DTT used
in our study is safely achievable in mice. Doses of up to 500mg/kg of
DTT a day have not been shown the severe side-effects, including
diarrhea and vomiting. However, the mice was died when the dose was
increased to 600mg/kg. Unfortunately, our study demonstrates that the
toxicity data of DTT is unknown in humans, despite the effort to obtain
information from the references. Therefore, we are designing a new
type of thiol compounds by optimizing the existing DTT structure to
alleviate the toxicity of DTT. We hope that it can help us find radio-
protector candidates with higher efficiency via rational drug design and
the selection of high-throughput drug screening.

In summary, our study shows that DTT can potentially be used as a
radioprotector to effectively mitigate radiation-induced hematopoietic
injury and intestinal injury in mice. We also demonstrated that the
underlying mechanism of DTT-mediated intestinal radioprotection de-
pends on manipulation of the p53 intrinsic apoptotic pathway. This
study provides potential drug design targets for radioprotectors that
protect the organism against radiation-induced damage. However, the
detailed molecular mechanisms deserve further investigation in the
future. In addition, we can explore the links between biological signal
pathways, and metabolic networks with drugs to improve the ther-
apeutic index of new radioprotectors.
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