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Ionizing radiation induces severe oxidative stress, resulting in individual death by acute radiation syn-
drome. The nuclear factor-erythroid-2-related factor 2 (Nrf2) plays an important role in the antioxidant 
response pathway. Recently, romiplostim (RP), an idiopathic thrombocytopenic purpura therapeutic drug, 
was reported to completely rescue mice exposed to lethal total-body irradiation (TBI). However, the details 
underlying the mechanism for reducing radiation damage remain largely unknown. To elucidate the involve-
ment of the master redox regulator Nrf2 in the radio-mitigative efficacy of RP on TBI-induced oxidative 
stress, expression of Nrf2 target genes in hematopoietic tissues such as bone marrow, spleen, and lung from 
mice treated with RP for three consecutive days after 7 Gy of X-ray TBI was analyzed. RP promoted the re-
covery of bone marrow cells from day 10 and the significant up-regulation of reduced nicotinamide adenine 
dinucleotide phosphate (NAD(P)H) dehydrogenase quinone 1 (Nqo1), glutamate–cysteine ligase catalytic sub-
unit (Gclc) and glutamate–cysteine ligase modifier subunit (Gclm) was observed compared to the TBI mice. 
RP also promoted the recovery of splenic cells on day 18, and the significant up-regulation of Nqo1, Gclc 
and Gclm in spleen both on day 10 and 18 and Nqo1 and Gclm in lung on day 10 was observed compared to 
the TBI mice. The present study suggests that the radio-mitigative effects of RP indicates on the activation 
of Nrf2 target genes involved in redox regulation and the antioxidative function, especially Nqo1, Gclc and 
Gclm. It is indicating the importance of these genes in the maintenance of biological homeostasis in response 
to radiation-induced oxidative stress.
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INTRODUCTION

Ionizing radiation is an external oxidative stress factor, that 
can cause cell death and organ damage by exceeding the ca-
pacity of the antioxidant response system, resulting in individ-
ual death by acute radiation syndrome (ARS), depending on 
the dose. Low-linear-energy-transfer ionizing radiation, such 
as X-rays and γ-rays, generate reactive oxygen species (ROS) 
that can lead to biological damage and alter cellular signalling 
pathways, which are involved in cell cycle arrest, DNA dam-
age, cell death apoptosis, and potentially carcinogenesis.1,2)

Cells are equipped with various antioxidant systems to 
biologically defend against ROS. Several previous studies 
have shown that the nuclear factor-erythroid-2-related factor 
2 (Nrf2) plays an important role in the antioxidant response 
pathway against oxidative stress.3–7) Under physiological con-
ditions, Nrf2 is sequestered in the cytoplasm by kelch-like 
ECH-associated protein 1 (Keap1)-mediated ubiquitination 
and proteasome-dependent degradation.8) However, under 
oxidative stress, detachment of Nrf2 from Keap1 is affected 
by ROS and translocate to the nucleus, following which, binds 
to antioxidant response elements in the promoter regions 
of its target genes involved in redox regulation and anti-
oxidative functions.3) We recently reported the relationship 

between radiation doses ranging from 0.5 to 3 Gy and the 
expression of 7 Nrf2 target genes involved in oxidative stress, 
namely heme oxygenase 1 (Ho-1), ferritin heavy polypeptide 1 
(Fth1), reduced nicotinamide adenine dinucleotide phosphate 
(NAD(P) H) dehydrogenase quinone 1 (Nqo1), glutamate– 
cysteine ligase catalytic subunit (Gclc), glutamate–cysteine li-
gase modifier subunit (Gclm), glutathione reductase (Gsr), and 
thioredoxin reductase 1 (Txnrd1),9) suggesting a statistically 
significant positive correlation between the radiation dose and 
the mRNA expression of Fth1, which is the major intracellu-
lar iron storage protein in prokaryotes and eukaryotes. These 
findings suggested the potential utility of these target genes as 
bio-dosimeters and/or damage markers in individuals exposed 
to ionizing radiation.

Our recent study showed that the thrombopoietin receptor 
(TPOR) agonist romiplostim (RP), an idiopathic thrombocy-
topenic purpura therapeutic drug, completely rescued mice 
exposed to lethal γ-total-body irradiation (TBI) suggesting 
that RP may not only promote hematopoiesis in various or-
gans in irradiated individuals but also mitigate the dysfunc-
tion or regenerate the original function in multiple organs.10) 
The radio-mitigative effects of RP have also been reported by 
other groups.11,12) Especially, Wong et al. have demonstrated 
the radiation damage reduction effect of RP in non-human 
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primates.12) However, the mechanism of action of RP cannot 
be explained only by signal transduction via TPOR, and the 
involvement of antioxidant mechanism is also speculated.

In the present study, we evaluated the expression of Nrf2 
target genes in the bone marrow, spleen and lung, which are 
important in hematopoietic function, using a mouse model of 
lethal dose TBI (7 Gy). The lungs have been reported to be a 
major site of terminal platelet production in mice and an organ 
with considerable hematopoietic potential.13) In particular, we 
evaluated the involvement of RP administration in Nrf2 target 
gene expression on days 10 and 18 after TBI, which is an im-
portant branching point in damage repair and recovery from 
individual death.

MATERIALS AND METHODS

Experimental Animals and X-Ray TBI  Female C57BL/ 
6J Jcl mice at 7 weeks of age were obtained from Clea Japan 
(Tokyo, Japan). At 8 weeks of age, mice were subjected to 
TBI with 7 Gy (150 kVp, 20 mA, 0.5-mm aluminium and 
0.3-mm copper filters) at a dose rate of 1.0 Gy/min using an 
MBR-1520R X-ray generator (Hitachi Medical, Tokyo, Japan). 
This equipment used an ionization chamber dosimeter as the 
measuring instrument and was set so that the cumulative dose 
was 7 Gy. All of the mice were housed in standard cages in 
a temperature-controlled room under a 12-h light/dark cycle. 
Mice were provided with sterilized standard laboratory mouse 
chow diet and drinking water ad libitum. All experiments 
were conducted according to legal regulations in Japan and 
the Guidelines for Animal Experiments of Hirosaki University 
after approval by the animal experimental committee. The se-
lection criteria applied prior to sacrifice were more than 20% 
loss of body weight, respiratory distress. The number of mice 
used for each experiment is indicated in the figure legends.

Mitigator Treatment  Within 2 h after TBI, human TPOR 
agonist RP (Romiplate®; Kyowa Hakko Kirin, Tokyo, Japan) 
was intraperitoneally administered at almost the same time for 
3 consecutive days, and the daily dosage of RP was 50 µg/kg 
of body weight based on our previous reports.10,12,13) In addi-
tion to the above mice that received TBI and RP administra-
tion (TBI + RP mice), mice treated with TBI only (TBI mice), 
those treated with RP only (RP mice), and those that did not 
receive either TBI or RP (control mice) were also evaluated 
in this study. TBI and control mice received the normal sa-
line solution (Otsuka Pharmaceutical, Tokyo, Japan) used to 
prepare the drugs. At days 10 and 18 after TBI, each mouse 
was anaesthetized with isoflurane (Powerful Isoful®; Zoetis, 
London, U.K.) and sacrificed for collection of the bone mar-
row, spleen and lung.

Collection of Bone Marrow Cells, Splenic Cells and 
Lung  Bone marrow cells (BMCs) were harvested from both 
femurs by flushing with ethylenediaminetetraacetic acid-
phosphate buffered-saline, pH 7.4, containing 0.5% bovine 
serum albumin. Spleens were placed in Hanks’ balanced salt 
solution and mechanically dissociated. Minced lungs were 
placed in 2 mL phosphate buffered saline with 5 µL/mL de-
oxyribonuclease (DNase) I (Roche, Basel, Switzerland) and 
0.5 mg/mL Liberase (Roche) and then incubated at 37 °C for 
30 min. The above cell suspensions were filtered through a 
45-µm strainer and haemolyzed in Gey’s salt solution for red 
blood cell lysis. Viable cells were counted using a haemocy-

tometer (BurkerTurk; Sunlead Glass, Saitama, Japan) with the 
trypan blue dye exclusion method (Sigma-Aldrich®; St. Louis, 
MO, U.S.A.).

Total RNA Extraction  The following seven Nrf2 target 
genes were analysed in the present study: Ho-1, Fth1, Nqo1, 
Gclc, Gclm, Gsr and Txnrd1. RNA, including microRNA 
(miRNA), was extracted from BMCs, splenic, and lung cells 
using an miRNeasy Mini Kit (QIAGEN, Hilden, Germany) 
according to the manufacturer’s instructions. The quality 
and concentration of the yielded RNA were assessed using 
the NanoDrop spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, U.S.A.). All RNA samples had 260/280 nm 
absorbance ratios of 1.8–2.0.

Quantitative (q)RT-PCR  First-standard cDNA from 
RNA was synthesized using the SuperScript™ IV VILO™ 
Master Mix with ezDNase (Thermo Fisher Scientific™ Inc., 
Boston, MA, U.S.A.) according to the manufacturer’s instruc-
tions. qRT-PCR was performed using the Power SYBER® 
Green Master Mix (Applied Biosystems, Carlsbad, CA, 
U.S.A.) and a StepOnePlus™ Real-Time PCR System (Thermo 
Fisher Scientific). ATPase subunit 6 mRNA (ATP6) was used 
as an internal control for all reactions because the fluctuation 
of ATP6 was the lowest among 16 housekeeping genes and 16 
mouse orthologs of human internal standard genes analysed 
with the TaqMan® Array Mouse Endogenous Control 96-well 
Plate (Thermo Fisher Scientific) in the preliminary test. We 
performed qPCR with the following typical amplification pa-
rameters: 95 °C for 10 min, followed by 40 cycles at 95 °C for 
15-s and 60 °C for 1 min. Relative differences in the gene ex-
pression were determined by the ΔΔCT method. The mRNA 
expression of control mice was defined as the baseline. The 
oligonucleotide primer sets used in this analysis and the in-
ternal control ATP6 were purchased from Eurofins Genomics 
Inc. (Tokyo, Japan) (Table 1).

Statistical Analyses  Data are represented as the 
mean ± standard deviation (S.D.). The levels of significance 
were calculated using the Excel 2016 software program (Mi-
crosoft, Redmond, WA, U.S.A.) with the Statcel 3 add-on 
(OMS, Saitama, Japan) and Origin 7.5 (OriginLab, Northamp-

Table 1. Sequences of PCR Primers

Gene Primer sequence (5′ to 3′)

Ho-1 F: AGGGTCAGGTGTCCAGAGAA
R: CTTCCAGGGCCGTGTAGATA

Fth1 F: TGGAGTTGTATGCCTCCTACG
R: TGGAGAAAGTATTTGGCAAAGTT

Nqo1 F: AGCGTTCGGTATTACGATCC
R: AGTACAATCAGGGCTCTTCTCG

Gclc F: AGATGATAGAACACGGGAGGAG
R: TGATCCTAAAGCGATTGTTCTTC

Gclm F: TGACTCACAATGACCCGAAA
R: TCAATGTCAGGGATGCTTTCT

Gsr F: ACTATGACAACATCCCTACTGTGG
R: CCCATACTTATGAACAGCTTCGT

Txnrd1 F: TCTGAAGAAAAAGCCGTAGAGAA
R: TTCCAATGGCCAAAAGAAAC

ATP6 F: CCATAAATCTAAGTATAGCCATTCCAC
R: AGCTTTTTAGTTTGTGTCGGAAG

F; forward primer, R; reverse primer.
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ton, MA, U.S.A.). p Values less than 0.05 were considered to 
indicate statistical significance. The data were analysed with 
one-way ANOVA and Tukey–Kramer or Bonferroni/Dunn 
multiple comparison tests.

RESULTS

Changes of Body Weight in the Surviving Mice after 
Lethal TBI  We previously showed that the TPOR agonist 
RP completely rescued mice exposed to lethal TBI.10,12,13) To 
clarify the relationship between survival time of mice and 
changes of the body weight after lethal TBI, both values were 
plotted on Fig. 1. TBI mice treated without RP lost body 
weight gradually and died within day 25, but all TBI plus RP 
mice survived on day 30 and gained 10 to 20% of their body 
weight compared to those at the time of TBI. No other symp-
toms of ARS such as hair loss or dermatitis were observed 
(data not shown).

Changes in the Number of Viable Cells in Bone Marrow, 
Spleen and Lung  The numbers of viable cells in each organ 
on days 10 and 18 are shown in Fig. 2. BMCs and splenic cells 
were markedly reduced by TBI on both days. RP administra-
tion significantly increased BMCs but did not recover to the 
same levels as in control mice. For splenic cells, the effects 
of RP were not observed on the 10th day, but on the 18th day, 

the number of cells recovered to the level in control mice. In 
contrast, the numbers of lung cells were not affected by TBI 
or RP at all.

The Expression of Nrf2 Target Genes Detected in 
BMCs, Splenic and Lung Cells  The mRNA expression 
of Ho-1, Fth1, Nqo1, Gclc, Gclm, Gsr and Txnrd1 detected 
in BMCs, splenic and lung cells was analysed at 10th and 
18th days after TBI. The results are summarized in Table 2. 
TBI decreased the expression of Gclc and Gsr in BMCs, in-
creased Ho-1, Fth1, Gsr and Txnrd1 in the splenic cells, and 
decreased expression of Ho-1, Fth1 and Gsr in the lung cells. 
All of these expressions were regulated to the initial level by 

Fig. 1. Relationship between Survival Time of Mice and Changes of the 
Body Weight

Mice were intraperitoneally administered RP (50 µg/kg of body weight/d) for 
3 conclusive days within 2 h after exposure to a 7 Gy dose of TBI (n = 20, gray 
circle). Mice treated with TBI only received injections of the normal saline solution 
as vehicle (n = 23, black circle). The X-axis and Y-axis in this plot represent the 
survival time after TBI and body weight, respectively, and the dotted line shows 
the initial average value of body weight of control mice on day 0.

Fig. 2. RP Mitigates TBI-Induced Hematopoietic Damage in Mice
Mice were sham-irradiated as controls or irradiated with 7 Gy TBI and then 

treated with vehicle or RP as described in the text. Total viable cell numbers in 
the bone marrow, spleen and lung observed in the TBI and control mice with or 
without RP treatment until day 10 and 18 post-TBI (n = 4 per group). a; p < 0.05 
vs. 0 Gy, b; p < 0.01 vs. 0 Gy, c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy. The data are 
analyzed using the Bonferroni/Dunn test.

Table 2. Summary of the Changes in the Nrf2 Target Gene Expression Following Lethal TBI and RP Administration

Days Ho-1 Fth1 Nqo1 Gclc Gclm Gsr Txnrd1

Bone marrow 10 —, ↓* —, — —, — —, — —, — ↓**, — —, —
18 —, — —, ↑* —, ↑** ↓**,↑** —, ↑** ↓**, — —, —

Spleen 10 ↑**,— ↑**, — —, ↑** —, ↑** —, ↑* —, ↑** ↑*, —
18 ↑**,↓** —, ↑** —, ↑** —, ↑** —, ↑** ↑*, — —, —

Lung 10 ↓**, ↑* ↓*, — —, ↑** —, — —, ↑** ↓*, — —, —
18 —, — —, — —, — —, — —, — ↓**, — —, —

The symbols in each box indicate the fluctuations of the gene expression depending on the degree of statistical significance of the difference between mice with or without 
TBI, or TBI mice with or without RP treatment, respectively (* p < 0.05 and ** p < 0.01). Up- or down-arrow mean the up- or down-regulated gene expression, respectively.
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RP administration. Furthermore, in BMCs, Nqo1 and Gclm 
increased more than the irradiation level by RP administration 
on both days (Figs. 3, 4).

In splenic cells, the expression of Nqo1, Gclc, Gclm, and 
Gsr was significantly increased in TBI plus RP mice on 
day 10 (Fig. 5). On day 18, the expression of Fth1 was also 
increased in addition to Nqo1, Gclc, and Gclm (Fig. 6). How-
ever, the expression of Ho-1, Fth1 and Txnrd1, which were 
increased at 10 d after TBI, and Gsr at 18 d was not changed 
by RP treatment (Figs. 5, 6).

In lung cells on day 10, TBI significantly decreased the 
expression of Ho-1, Fth1, and Gsr. These reductions in expres-
sion were improved by RP (Fig. 7). In particular, the expres-
sion of Nqo1 and Gclm increased to a greater level than that 
see in the control cells. Similar upregulation was not observed 
on day 18 (Fig. 8).

DISCUSSION

In the present study, the response of transcription factor 

Nrf2 target genes (Ho-1, Fth1, Nqo1, Gclc, Gclm, Gsr, and 
Txnrd1), which are involved in redox regulation and anti-
oxidative functions, was evaluated in mice exposed to a lethal 
dose of TBI, and the effects of the TPOR agonist RP on the 
expression of these genes was examined. Even in lethally irra-
diated individuals, fluctuations in expression of all Nrf2 target 
genes measured in this study were observed. Our recent study 
demonstrated that a statistically significant positive correlation 
between radiation dose ranged from 0.5 to 3 Gy TBI and Fth1 
mRNA expression was detected.9) While Gsr expression was 
significantly associated with spleen weight loss, splenic cell 
number reduction and BMCs apoptosis, no significant correla-
tion was observed between Gsr expression and radiation dose. 
The present results showed that lethal TBI increased the ex-
pression of most genes in the spleen (Table 2, Figs. 5, 6). Oxi-
dative stress dissociates the Nrf2–keap1 complex, leading to 
the translocation of Nrf2 to the nucleus. Nrf2 binds with the 
anti-oxidant responsive element present in the promoter region 
of anti-oxidants, detoxicants, and cytoprotective genes and 
regulates its target gene expression.3,14) Therefore, although 

Fig. 3. Nrf2 Target Gene Expression in BMCs on 10 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

bone marrow was examined by qRT-PCR for the following genes: Ho-1, Nqo1, 
Gclc, Gclm, Gsr, and Txnrd1. The mRNA level in control mice was defined as the 
baseline. ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 
0 Gy, c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical 
significance, which were analyzed with one-way ANOVA and Bonferroni/Dunn 
multiple comparison tests.

Fig. 4. Nrf2 Target Gene Expression in BMCs on 18 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

bone marrow was examined by qRT-PCR for the following genes: Ho-1, Nqo1, 
Gclc, Gclm, Gsr, and Txnrd1. The mRNA level in control mice was defined as the 
baseline. ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 
0 Gy, c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical 
significance, which were analyzed with one-way ANOVA and the Turkey–Kramer 
[B, D, F] and Bonferroni/Dunn [C, E] multiple comparison tests.
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the Nrf2 target genes responded differently depending on the 
dose, these genes may play an important role in the main-
tenance of biological homeostasis in response to radiation-
induced oxidative stress.

The administration of RP to mice exposed to lethal TBI 
resulted in an active recovery of the hematopoietic function 
and survival of mice.15,16) In the present study, Nqo1 and Gclm 
were up-regulated in all tissues tested here (Figs. 3, 5, 7). 
Nqo1 catalyses the two-electron reduction of quinones and a 
wide range of other organic compounds. Its physiological role 
is believed to be partly the reduction of the free radical load 
in cells and the detoxification of xenobiotics.17,18) It also has 
the non-enzymatic function of stabilizing a number of cellular 
regulators, including p53.19,20) Ross and Siegel suggested that 
Nqo1 binding to mRNA can regulate protein translation, and 
one of the important roles of Nqo1 when induced under oxi-
dative stress conditions is maintaining the stability of major 
proteins.21) The accumulation and activation of the tumour 
suppressor gene p53 induces growth arrest and apoptosis. 
In addition, Gclm, together with Gclc, constitutes GCL as a 
dimer of a modifier subunit having a regulating action and 

catalytic subunit having a catalytic action, respectively.22,23) 
GCL is the rate-limiting enzyme responsible for the synthesis 
pathway of glutathione, which is the most important intracel-
lular anti-oxidant.24,25) When oxidative stress occurs in the 
living body, the transcriptional activity of the Gclc gene in-
creases due to glutathione synthesis, which acts as a defense 
mechanism.26) The effect of RP on dysfunction was suggested 
to consequently affect the Nrf2 redox system and contribute 
to its target gene expression. Sekhar and Freeman introduced 
that Nrf2 is a critical factor for promoting survival of mam-
malian cells subjected to ionizing radiation due to its ability 
promotes the repair of DNA damage and drives detoxifica-
tion of superoxide that is generated hours to days after irra-
diation.27) In addition, crosstalk between the phosphoinositide 
3-kinase (PI3K)-AKT and Nrf2 signalling pathways is capable 
of protecting cells against inflammatory and oxidative dam-
age.28) Thabet and Mousetafa studied to evaluate the effect 
of rutin on PI3K/AKT-signalling in case of acrylamide or 
γ-irradiation-induced neurotoxicity. They found that rutin 
provides protection effect against acrylamide or γ-radiation-
induced neurotoxicity via activation of the PI3K/AKT/ 

Fig. 5. Nrf2 Target Gene Expression in Splenic Cells on 10 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

spleen was examined by qRT-PCR for the following genes: Ho-1, Nqo1, Gclc, 
Gclm, Gsr, and Txnrd1. The mRNA level in control mice was defined as the base-
line. ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 
0 Gy, c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical 
significance, which were analyzed with one-way ANOVA and Bonferroni/Dunn 
multiple comparison tests.

Fig. 6. Nrf2 Target Gene Expression in Splenic Cells on 18 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

spleen was examined by qRT-PCR for the following genes: Ho-1, Nqo1, Gclc, 
Gclm, Gsr, and Txnrd1. The mRNA level in control mice was defined as the base-
line. ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 
0 Gy, c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical 
significance, which were analyzed with one-way ANOVA and Bonferroni/Dunn 
multiple comparison tests.
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glycogen synthase kinase 3β (GSK-3β)/Nrf2-pathway.29) Rutin  
activated PI3K/AKT/GSK-3β/Nrf2-pathway through increased 
protein levels of p-PI3K, p-AKT and p-GSK-3β and up-
regulated the expression of Nrf2. PI3K have an activating 
effect on Nrf2 translocation to the nucleus via the inhibition 
of GSK-3β by AKT phosphorylation which follows those  
therapies/diets/conditions that activate PI3K (upstream of 
AKT).30) Binding of RP to TPOR causes the activation of 
Janus kinase 2 (JAK2) and signals from the phosphorylated 
molecules to the JAK2-signal transducer and activator of  
transcription 3 (STAT3)/STAT5 pathway, the mitogen-activated  
protein kinase (MAPK) pathway (extracellular signal-regulated  
kinase 1/2 (ERK1/2) pathway and p38 MAPK pathway), and 
the PI3K-AKT pathway.31) Taken together, the present results 
suggest the possibility that RP involved in the activation of 
Nrf2, leading to the expression of Nqo1, Gclc and Gclm, 
particularly in the spleen, finally an increase in anti-oxidant 
activity.

There are many reports on compounds that activate Nrf2 
target genes, including electrophilic substances.32–35) Thus 
far, research on the development of radio-protective/radio-

mitigative agents has focused on various mechanisms of ac-
tion, but few studies have targeted Nrf2. Furthermore, there 
are also few reports that RP promotes the expression of Nrf2 
target genes. Recently, Lu et al. reported that 3,3′-diindolyl-
methane, a natural small molecule compound that is a 
potent antioxidant agent, increases the expression of Nrf2 
and decreases the rate of apoptosis in the small intestine of 
irradiated mice.36) Furthermore, Li et al. also reported that 
(−)-epi catechin exerts a protective effect on the intestine 
and promotes intestinal regeneration after radiation through 
Nrf2 and the Wnt/β-catenin signal pathway.37) Thus, the role 
of Nrf2 target genes in radiation injury reduction has been 
gradually elucidated. Preparing for the risk of high radiation 
exposure due to radiation/nuclear accidents or terrorism is 
an important issue in the era of nuclear energy era. Medical 
countermeasures for ARS, bone marrow death and intes-
tinal death, are required. Therefore, more detailed studies  
clarifying the biological defence mechanism underlying the 
anti-oxidant response of transcription factor Nrf2 should be 
continued.

Fig. 7. Nrf2 Target Gene Expression in Lung Cells on 10 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

lung was examined by qRT-PCR for the following genes: Ho-1, Nqo1, Gclc, Gclm, 
Gsr, and Txnrd1. The mRNA level in control mice was defined as the baseline. 
ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 0 Gy, c; 
p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical signifi-
cance, which were analyzed with one-way ANOVA and the Turkey–Kramer [A, B, 
F] and Bonferroni/Dunn [C, E] multiple comparison tests.

Fig. 8. Nrf2 Target Gene Expression in Lung Cells on 18 d after TBI
The dotted line in the figure shows the value for control mice. Total RNA from 

lung was examined by qRT-PCR for the following genes: Ho-1, Nqo1, Gclc, Gclm, 
Gsr, and Txnrd1. The mRNA level in control mice was defined as the baseline. 
ATP6 was used as an internal control. a; p < 0.05 vs. 0 Gy, b; p < 0.01 vs. 0 Gy, 
c; p < 0.05 vs. 7 Gy, d; p < 0.01 vs. 7 Gy were considered to indicate statistical 
significance, which were analyzed with one-way ANOVA and the Turkey–Kramer 
multiple comparison tests.
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CONCLUSION

The radio-mitigative effects of RP indicate on the activation 
of Nrf2 target genes involved in redox regulation and the anti-
oxidative function, especially Nqo1, Gclc and Gclm.
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