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In cases of radiological accidents, especially for victims exposed to high-dose total-
body irradiation (TBI), the administration of appropriate approved hematopoietic
drugs is the most rapid medical treatment for preventing severe acute radiation
syndrome, which is associated with a high mortality rate. However, at present, there
are few suitable pharmaceutical drugs available in Japan, aside from granulocyte
colony-stimulating factor (G-CSF). Depending on the situation surrounding the
accident, various drug treatment options and the development of effective drug
therapies may be required. In the present study, we assessed various combinations
of seven commercially available drugs-G-CSF, erythropoietin (EPO), romiplostim
(RP), ancer (AN), cepharanthine (CE), leucon (LC) and leukoprol (LP)-in mice
exposed to a lethal dose of 7 or 8 Gy of X-ray irradiation. Each drug was
administered as a single or mixed intraperitoneal injection once or twice daily for
three consecutive days. The single administration of the approved hematopoietic
drugs CE, LC, or LP twice a day for 3 days significantly improved the 30-day
survival rate of lethal TBI mice (p < 0.05; 75 %, 100 %, or 100 %, respectively)
compared with the untreated TBI mice, accompanied by a gradual increase in the
body weight. Furthermore, the combined administration of RP, EPO and G-CSF or
single administration of RP alone gradually increased the body weight of mice
exposed to lethal TBI, with 30-day survival rates of 75 % or 100 %, respectively
(p < 0.05). This study suggested that some new domestically approved
hematopoietic drugs may have radiomitigative potential for mice exposed to lethal
TBI, and the 12-h interval administration of LC or LP for 3 days to 7-Gy-TBI mice
and 12-h interval administration of RP alone for 3 days to 8-Gy-TBI mice were the
most suitable medications with respect to the 30-day survival rate. As long as the
threat of nuclear disaster exists, diverse efforts in the field of radiation emergency
medicine, including the development of effective drug therapies, will be necessary.
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INTRODUCTION

In the event of an unexpected radiation
accident, high-dose exposure exceeding the
lethal dose (>2 Gy) can lead to death due to acute
radiation syndrome (ARS), which is caused by
myelosuppression and intestinal disorder [1,2].
Medication is a promptly applicable initial treatment

*Corresponding author.
E-mail address: h18gg208@hirosaki-u.ac.jp
DOI: https://doi.org/10.17146/aij.2020.950

when multiple victims are exposed, but at present,
there are few suitable pharmaceutical drugs
available. The International Atomic Energy Agency
(IAEA) recommends medication with the combined
administration of hematopoietic cytokines, including
granulocyte colony-stimulating factor (G-CSF),
granulocyte macrophage-colony stimulating factor
(GM-CSF), interleukin-3 (IL-3) and thrombopoietin
(TPO), to accelerate the bone marrow (BM)
recovery of victims exposed to lethal doses of total-
body irradiation (TBI) [3]. The human recombinant
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hematopoietic cytokine G-CSF is used clinically
worldwide [4,5], while human recombinant
GM-CSF, IL-3 and TPO are used in a few countries
(but not in Japan). Therefore, the establishment
of an optimum therapeutic protocol using only
currently approved pharmaceutical drugs to rescue
victims exposed to lethal TBI in case of emergency
is desired. Although substantial efforts have
been put into developing radioprotective/
radiomitigative agents, little success has been
achieved. To resolve this situation, we have
been developing radioprotective/radiomitigative
agents using several approved pharmaceutical
drugs. Our recent report showed that, among
the currently approved pharmaceutical drugs,
romiplostim (RP) is the most suitable candidate
for victims exposed to high-dose TBI [6,7].
However, depending on the situation of the
accident, various drug treatment options may
be required.

In the present study, to establish an optimum
therapeutic protocol using currently approved
hematopoietic drugs to increase the survival of
victims exposed to lethal TBI, we assessed various
combinations of seven commercially available
drugs in mice exposed to a lethal dose of X-ray
irradiation: G-CSF, erythropoietin (EPO), RP, ancer
(AN), cepharanthine (CE), leucon (LC) and
leukoprol (LP).

EXPERIMENTAL METHODS

Lethal x-ray TBIl in mice

Seven-week-old female C57BL/6J Jcl mice
were delivered from the breeding facilities of
Clea Japan (Tokyo, Japan) and housed in a
conventional animal room with a 12-h light/dark
cycle. These mice had ad libitum access to sterilized
standard laboratory mouse chow diet and drinking
water. At 8 weeks of age, the mice were subjected to
lethal TBI at 7 or 8 Gy of X-rays (150 kVp, 20 mA,
0.5 mm aluminum and 0.3 mm copper filters) at a
dose rate of 1.0 Gy/min using an X-ray generator
(MBR-1520R; Hitachi Medical Co., Tokyo, Japan).
The mice were then administered with the
medications as described below. The sizes of each
experimental group of mice are indicated in the
figure legends. All experiments were conducted
according to the legal regulations and the Guidelines
for Animal Experiments of Hirosaki University after
approval by the animal experimental committees. In
the present study, the selection criteria applied prior
to sacrifice were >20 % loss of body weight and
respiratory distress.
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Treatment regimen using combinations of
seven hematopoietic drugs

The irradiated mice were administered with
different types of medication within 2- h after TBI,
and mice without any treatment were used as
controls. The combinations of medications were
composed of the following commercially available
drugs in Japan: recombinant human G-CSF,
Neutrogena® (Chugai Pharmaceutical Co., Ltd.,
Tokyo, Japan); recombinant human EPO, Espo®
(Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan);
human thrombopoietin  receptor agonist RP,
Romiplate® (Kyowa Hakko Kirin Co., Ltd.); AN,
Ancer® S.C.Injection 20pg (Zeria Pharmaceutical
Co., Ltd., Tokyo,Japan); LC, Leucon® Injection
(Ohara Pharmaceutical Co., Ltd., Tokyo, Japan);
CE, Cepharanthin® (Kaken Shoyaku Co., Ltd.,
Tokyo, Japan); and LP, Leukoprol® (JCR
Pharmaceuticals Co., Ltd., Hyogo, Japan). Each
drug was administered as a single or mixed in
intraperitoneal injection (i.p.) once or twice daily for
3 consecutive days. The dose of G-CSF, EPO, RP,
AN, LC, CE, and LP were 300 pg/kg of body
weight/day, 100 U/kg of body weight/day, 50 pg/kg
of body weight/day, 20 pg/ml, 5.7 mg/ml,
50 mg/ml, and 2.0 x 10° U/ml, respectively.
The treated mice were kept until day 30, and
weighed every week.

Statistical analyses

Data from survival studies data were analyzed
using the Kaplan-Meier method followed by the
Mantel-Cox (log-rank) test for the assessment of
significant differences. The levels of significance
were calculated using Excel 2007 (Microsoft,
Redmond, WA, USA) with Statcel 3 add-in software
(OMS, Saitama, Japan). A p value of less than
0.05 was taken to indicate statistical significance.

RESULTS AND DISCUSSION

Administration of drugs improves the
30-day survival of lethal TBI mice

In order to evaluate the potential in vivo
effects of domestically approved hematopoietic
drugs on the survival of mice exposed to a lethal
7-Gy dose of X-ray irradiation, four drugs (AN, LC,
CE or LP) were administered to mice once per day
for 3 consecutive days within 2-h after TBI.
The animals’ body weight and survival rate over a
period of 30 days were evaluated. The non-irradiated
mice that received each drug showed no sign
of stress or body weight loss, and zero mortality
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(data not shown). The lethal dose used in the present
study was determined based on the 30-day survival
noted in various pilot experiments, ranging from
6 to 10 Gy, and we decided to expose the mice to a
7-Gy dose of X-ray irradiation, which resulted in
a 30-day survival rate of 25 %, as shown in Fig. 1.
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Fig. 1. Body weight changes and Kaplan-Meier plots of the
survival of female C57BL6/J mice. [A] Mice were exposed to
7 Gy of X-rays and administered daily doses of AN, CE, LC or
LP for 3 consecutive days via i.p. injection. The first dose was
administered within 2 h post-TBI, and control mice were
irradiated and received injections of vehicle. Body weight
changes in the surviving mice (n = 4 per each group) and [B]
Kaplan-Meier plots of the survival of mice treated with each
drug (n = 4 per each group) are shown. [C] Mice were exposed
to 7 Gy of X-rays and received AN, CE, LC or LP twice per
day (12-h interval) for 3 consecutive days via i.p. injection.
Body weight changes in the surviving mice (n = 4 per each
group) and [D] Kaplan-Meier plots of the survival of
mice treated with each drug (n = 4 per each group) are shown.
*p < 0.05 vs. TBI with vehicle

The body weights of the irradiated mice that
received CE were found to gradually increase with
time over a period of 30 days (Fig. 1(a)).
The weight of the surviving mice treated with AN or
LC gradually decreased and recovered 20 days after
TBI. The final 30-day survival rates of mice that
received AN, CE, and LC were 25 %, 50 % and
50 %, respectively (Fig. 1(b)), which were not
significantly improved compared to the mice
receiving TBI only. LP had no radiomitigative
effects, and treated mice survived until day 28 with
accompanying body weight loss. We next tried to
overcome the mortality of mice due to 7-Gy
TBI by administering each drug twice per day
(12-h intervals) for 3 consecutive days. The body
weights of irradiated mice that received AN, LC, CE
or LP decreased until day 20 and then gradually

increased, a trend similar to that in the TBI group
(Fig. 1(c)). LC or LP administration twice daily for
3 consecutive days, beginning within 2-h after TBI,
at 5.7 mg/ml or 2.0 x 10°> U/ml, respectively, was
able to completely suppress the lethal effects of 7 Gy
of TBI (p < 0.05; Fig. 1(d)). Furthermore, a 75 %
survival rate was observed at day 30 post-TBI when
CE was administered twice daily for 3 consecutive
days at 5.0 mg/ml. However, the treatment of mice
exposed to lethal TBI with AN resulted in a 30-day
survival rate of only 50 %, and there was no marked
improvement in the survival rate by increasing the
frequency of administration.

Based on the above results, the 12-h interval
administration of LC, LP or CE was deemed the
most suitable in terms of the radiomitigative effects
for ARS in individuals exposed to lethal 7-Gy X-ray
irradiation. The administration twice per day is more
effective to the mice exposed to TBI than once daily
administration. CE, LC and LP, which are especially
shown the almost or complete rescue of mice
exposed to lethal X-irradiation, are all clinically
applicable as therapeutic agents for leukopenia
in Japan.

CE is reportedly effective  against
radiotherapy-induced leukopenia and can show
exert anti-inflammatory action by suppressing the
activation of nuclear factor-kappa B [8-10]. LC is
taken up by BM cells, used for the nucleic acid
synthesis to promote the production of leukocytes,
and exerts anti-inflammatory action by activating
adenylyl cyclase/cyclic adenosine monophosphate-
dependent protein kinase A [11-13]. LP induces the
production of GM-CSF, G-CSF and IL-8; enhances
the function of granulocytes; and increases the
number of peripheral mononuclear cells in animal
models [14]. However, AN, which showed a 30-day
survival rate of only 50 % in lethally irradiated mice,
induces various types of immune activity, such as
protective effects against bacterial and viral
infections [15-18], and inhibition of tumor growth
[19]. All of the above hematopoietic drugs have the
potential to increase blood cell production and
suppress the inflammatory response, which may lead
to the improvement of the 30-day survival in mice
exposed to TBI.

Combined administration of drugs improves
the 30-day survival of lethally
irradiated mice

As doses exceed 8-10 Gy, full-blown
radiation-induced gastrointestinal syndrome with
diarrhea, weight loss, dehydration, sepsis and
intestinal bleeding ensues, eventually leading to
mortality. We, therefore exposed some mice to
higher doses of single-fraction TBI (8 Gy). At this
radiation dose, the entire cohort of mice died before
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15-days post-TBI, accompanied by weight loss
(Fig. 2(a)). No marked increase in the survival time
of TBI mice was observed with the administration of
LC or LP twice per day for 3 consecutive days,
even though this regimen completely suppressed the
lethal effects of 7-Gy irradiation (Fig. 2(b)). In our
previous study involving mice lethally irradiated
with 7 Gy of y-rays, we successfully optimized a
protocol with multiple approved drugs: RP, EPO
and G-CSF.
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Fig. 2. Body weight changes and Kaplan-Meier plots of the
survival of female C57BL6/J mice. [A] Mice were exposed to
8 Gy of X-rays and received LC or LP twice per day
(12-h interval) for 3 consecutive days via i.p. injection. The first
dose was administered within 2 h post-TBI, and control mice
were irradiated and received injections of vehicle. Body weight
changes in the surviving mice (n = 4 per each group) and [B]
Kaplan-Meier plots of the survival of mice treated with each
drug (n = 4 per each group) are shown. [C] Mice were exposed
to 8 Gy of X-rays and received G-CSF (G), EPO (E), RP (R)
or the combination of the 3 drugs (GER) twice per day
(12-h interval) for 3 consecutive days via i.p. injection.
Body weight changes in the surviving mice (n = 4 per each
group) and [D] Kaplan-Meier plots of the survival of
mice treated with each drug (n = 4 per each group) are shown.
*p < 0.05 vs. TBI with vehicle. [E] Mice were exposed to 8 Gy
of X-rays and received AN, CE, LC or LP each in combination
with RP twice per day (12-h interval) for 3 consecutive days
via i.p. injection. Body weight changes in the surviving mice
(n = 4 per each group) and [F] Kaplan-Meier plots of the
survival of mice treated with each drug (n = 4 per each group)
are shown.
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The 30-day survival rate of mice treated with these
drugs in combination improved to 100 % [20].
We therefore evaluated the radio-mitigative effects
of the combination treatment or treatment with each
hematopoietic drug twice daily for 3 consecutive
days in mice exposed to lethal 8-Gy X-ray
irradiation. The combined administration of RP,
EPO and G-CSF or single administration of RP
alone gradually increased the body weight of mice
exposed to lethal TBI, with 30-day survival rates of
75 % or 100 %, respectively (p < 0.05; Fig. 2(c),
(d)). The average post-TBI survival time of mice
receiving G-CSF or EPO administration was day
13 or 18, respectively, and not longer than that of
untreated TBI mice. This result suggested that
mice receiving 50 pg/kg of RP twice per day
(12-h intervals) for 3 consecutive days would
achieve a 30-day survival rate of 100 % after lethal
TBI. To establish optimum therapeutic options using
currently approved hematopoietic drugs with the
goal of increasing the survival rate of victims
exposed to lethal TBI following accidental exposure,
we assessed the administration of AN, CE, LC, or
LP in combination with RP twice per day for 3
consecutive days (Fig. 2(e), (f)). As shown in
Fig. 2(f), the combination of CE and RP as well as
that of LC and RP resulted in a 25 % survival of
irradiated individuals on day 30. Other combinations
(AN and RP or LP and RP) had no radiomitigative
effects, but mice that received the combination of LP
and RP survived until day 20 (Fig. 2(f)). Based on
these results, the 12-h interval administration of RP
alone for 3 days to 8-Gy-TBI mice was the most
suitable medication with respect to the 30-day
survival rate.

G-CSF and EPO are clinically applied
worldwide to accelerate the recovery of damaged
BM [21-24]. The receptors of G-CSF, EPO and RP
are constitutively expressed on the surface of
hematopoietic stem cells and these lineages are
associated with the differentiation to granulocytes,
erythrocytes and megakaryocytes, respectively
[25-27]. Each cytokine acts synergistically to
exert hematopoietic activity [25-27], induces the
activation of the Janus kinase/signal transducers and
activators of transcription pathway, and plays
an important role in various cell functions,
such as the cell survival, proliferation,
hematopoiesis and immune response [28].
Therefore, the administration of certain domestically
approved drugs is expected to promote the
suppression of various stresses or encourage the
production/proliferation of hematopoietic cells.
However, RP alone was found to effectively
improve the condition of mice exposed to a lethal
8-Gy dose of X-ray irradiation (Fig. 2(d)).
RP reportedly causes a rapid increase in the
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mesenchymal stromal/stem cells and common
myeloid-erythroid progenitors in the spleen, helping
to regulate the function of stem cells by maintaining
the microenvironmental stem cell niche instead of
the damaged BM [6,7]. In addition, megakaryocyte
haematopoiesis in the spleen and lung was shown to
be promoted by RP treatment, resulting in the
suppression of thrombocytopenia induced by ARS.
The present findings showed that the combination of
G-CSF, EPO and RP or the single administration
of RP alone may be a useful countermeasure for
victims accidentally exposed to lethal irradiation.
However, the detailed mechanisms underlying
the increased survival rate need to be clarified.
Additional investigations are currently underway to
clarify how the treated mice were able to
escape radiation-induced death after TBI, which is
usually accompanied by death due to BM and
gastrointestinal dysfunction. Highly effective and
completely safe medical countermeasures are needed
in order to provide better ways to prevent and
control unexpected radiation accidents in the future.

CONCLUSION

The present findings indicate that certain
domestically approved hematopoietic drugs have
some radiomitigative potential for mice exposed to
lethal TBI According to our results, the 12-h interval
administration of LC or LP for 3 days to 7-Gy-TBlI
mice and the 12-h interval administration of RP
alone for 3 days to 8-Gy-TBI mice were the most
suitable regimens with respect to the 30-day survival
rate. However, many issues remain to be addressed,
such as the safety and efficacy of these regimens in
humans, the optimal doses of the drugs, the optimal
duration and timing of administration and the
applicable range of radiation doses that can be
effectively countered. As long as the threat of
nuclear disaster exists, diverse efforts in the field of

radiation emergency medicine, including the
development of effective drug therapies, will
be necessary.
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