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In vivo radioadaptive response:
A review of studies relevant
to radiation-induced cancer risk

M Nenoi, B Wang and G Vares

Abstract
Radioadaptive response (RAR) describes phenomena where small conditioning doses of ionizing radiation (IR)
reduce detrimental effects of subsequent higher IR doses. Current radiation protection regulations do not
include RAR because of the large variability in expression among individuals and uncertainties of the mechan-
ism. However, RAR should be regarded as an indispensable factor for estimation and control of individual IR
sensitivity. In this article, RAR studies relevant to individual cancer risk are reviewed. Using various stains of
mice, carcinogenic RAR has been demonstrated. Consistently much in vivo evidence for RAR with end points
of DNA and chromosome damage is reported. Most in vivo RAR studies revealed efficient induction of RAR by
chronic or repeated low-dose priming irradiation. Chronic IR-induced RAR was observed also in human indi-
viduals after environmental, occupational, and nuclear accident radiation exposure. These observations may be
associated with an intrinsically distinct feature of in vivo experimental systems that mainly consist of nonpro-
liferating mature cells. Alternatively, induction of RAR by gap junction-mediated bystander effects suggests that
multicellular systems comprising densely communicating cells may be capable of responding to long-lasting low-
dose-rate priming irradiation. Regulation by endocrine factors is also a plausible mechanism for RAR at an indi-
vidual level. Emerging evidence suggests that glucocorticoids, known as stress hormones, participate in in vivo
RAR induction following long-term low-dose-rate exposure to IR.

Keywords
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Introduction

It is widely accepted that ionizing radiation (IR) at

high doses is detrimental to the exposed organism.

However, biological effects of low-dose or low-dose-

rate IR remain elusive. Radioadaptive response (RAR)

is a term describing phenomena where a small condi-

tioning dose of IR (called the ‘priming dose’) reduces

the biological effects of subsequent higher doses of

IR (called the ‘challenge dose’). Since its discovery

by Olivieri et al.1 in 1984, RAR has been confirmed

using a variety of experimental systems ranging from

yeasts to animal models. The end points are such

effects as IR-induced DNA damage, chromosomal

aberrations, cell transformation, cell death, and muta-

tion in in vitro experiments and prenatal death, mal-

formation, hematopoietic death, and carcinogenesis

in in vivo experiments.2 Keen interest has been shown

in RAR with the end points of carcinogenesis and the

related genomic damage because IR-induced cancer

is a major concern in the risk assessment of low-dose

or low-dose-rate IR.

There is considerable interindividual variation in

the expression of RAR. In a study analyzing RAR

in human lymphocytes from numerous individuals,

it was reported that RAR with the end points of

chromatid or chromosome damage was observed in
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50–78% of cases, and its extent (magnitude of

reduction of challenge dose effects after priming

dose exposure) ranged from 11% to 32%.3 A genetic

constitution is thought to be the major source of the

interindividual variability because the interindivi-

dual difference is not considerable in monozygotic

twins, whereas dizygotic twins show greater varia-

bility.4 Due to the large variability between individ-

uals as well as uncertainties of the mechanism, the

International Commission on Radiation Protection

concluded that RAR should not be included in the

estimation of the potential risk to human population

for low-level IR exposure.5 However, RAR could

potentially modulate the IR sensitivity of some frac-

tion of individuals so remarkably that it should be

regarded as an indispensable factor in ‘‘tailor-made

radiation protection,’’ which is a prospective radia-

tion protection system based on estimation and con-

trol of the IR sensitivity of individuals.

Progress in RAR research in the last three decades

has been well reviewed in several articles.2,3,6–9 Here,

we focus on the studies of RAR investigated at the

individual level with a particular interest in a possible

link to cancer risk. RAR studies in which challenge

irradiation was carried out in vitro are included in the

scope of this review if RAR was induced in vivo by

irradiating individuals with priming doses. However,

RAR studies irrelevant to cancer risks are not included.

A significant mechanistic role of intercellular signaling

such as bystander effects and endocrine signal trans-

duction through hormones in RAR is discussed with

a particular emphasis on its implication in risk modula-

tion by low-dose-rate IR.

Evidence of in vivo RARs

Animal data

Animal models showing in vivo RAR have been reported

from several groups as summarized in Table 1. Carcino-

genic RAR was first demonstrated by Bhattacharjee,10

who observed that the yield of thymic lymphoma of

Swiss mice induced by 2 Gy of g rays was remarkably

decreased when the mice were preirradiated with a

priming dose of 10 mGy day�1 for 5 or 10 consecutive

days. Ina et al.11 reported that induction of thymic

lymphomas by four fractionated doses of 1.8 Gy each

(7.2 Gy in total) in C57BL/6 mice was suppressed

consistently by preirradiation with 75 mGy of X-rays

given 6 h before each 1.8 Gy irradiation. They also

showed that induction of thymic lymphomas was more

effectively suppressed by continuous whole-body

irradiation with g rays at 1.2 mGy h�1 for 450 days

starting 35 days before the challenge dose of irradiation.

It is interesting that chronic exposure or fractionated

low-dose IR has efficiently suppressed carcinogenesis

induced by the challenge dose. Modulation of cancer

development through in vivo RAR has been observed

in a variety of mouse strains. Mitchel et al.12 reported

that the latent period for development of acute myeloid

leukemia induced by a challenge dose of 1 Gy in CBA/

Harwell mice was significantly increased when the mice

were preirradiated with a 100-mGy priming dose 24 h

prior to the challenge dose. Mitchel et al.27 also reported

that a single exposure of either 10 or 100 mGy alone

reduced spontaneous cancer development in p53 het-

erozygous mice. Kakinuma et al.13 reported that four

deliveries (1 week�1) of a fractionated dose of 200 mGy

(800 mGy in total) suppressed N-ethyl-N-nitrosourea-

induced thymic lymphoma in B6C3F1 mice, suggesting

a mechanism for RAR against chemical carcinogenesis.

Induction of genomic damage is thought to be a

critical step in IR carcinogenesis. Consistent with the

above-mentioned carcinogenic RAR, much data for in

vivo RAR with the end point of genomic damage,

such as chromosomal aberrations, micronuclei induc-

tion, DNA double-strand breaks (DSBs), and gene

mutations in lymphocytes or other somatic cells have

been reported (Table 1).17–23 For example, Otsuka

et al.22 analyzed DNA damage in spleen of C57BL/

6N mice by a comet assay and revealed that DNA dam-

age induced by a 0.4-Gy challenge dose was signifi-

cantly reduced in the mice that had been

preirradiated at 1.2 mGy h�1 for 23 days (500 mGy

in total) compared with that in the sham-irradiated

mice. The authors further revealed a correlation

between reduced DNA damage and induction of anti-

oxidative enzymes in the RAR condition. Induction

of RAR by extremely low doses of X-rays was demon-

strated in transgenic mice. By conducting a chromoso-

mal inversion assay in the pKZ1 mouse, which

contains the �-galactosidase gene in inverse orientation

with respect to the �-actin promoter, Day et al.21

showed that 0.001–10 mGy followed 4 h later by a

1-Gy challenge dose caused reduction in inversions

in prostates compared with those in mice irradiated

with 1 Gy alone. Recently, in vivo RAR was explored

using IR sources of high public concern such as nuclear

medicine diagnostic devices and environmental radio-

nuclides released from nuclear accidents. Phan et al.24

irradiated C57BL/6 mice with X-rays from a computed

tomography (CT) scanner followed by irradiation of

bone marrow cells withdrawn from the mice with a
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1–2-Gy challenge dose. They found an approximately

10% decrease in gH2AX fluorescence level in bone

marrow cells from the repeatedly CT-scanned mice

(irradiation with 20 mGy twice a week for 10 consec-

utive weeks) compared with that in sham CT-scanned

mice. The authors pointed out a requirement of

repeated CT scans to confer resistance to the chal-

lenge dose because no RAR could be observed in

mice receiving only a single CT scan. Howell

et al.25 used an exposure plate comprised of soils col-

lected from contaminated areas in Chernobyl, mainly

containing cesium-137 and strontium-90. Pregnant

BALB/c mice were irradiated on the exposure plate

at 10–13 mSv d�1 for 10 days during organogenesis

in the mouse fetus. The progeny mice born from the

irradiated or sham-irradiated pregnant mice were

exposed to the challenge dose of 2.4 Sv of g rays after

weaning. As a result, decreased micronuclei induc-

tion was observed in polychromatic erythrocytes

from mice preirradiated with IR from Chernobyl

soils.

It should be noted that the majority of in vivo RAR

studies revealed efficient suppression of IR-induced

carcinogenesis or genomic damage by chronic or

repeated low-dose priming irradiation. This is a dis-

tinguishing feature of in vivo RAR observations com-

pared with those of in vitro studies, although there are

a few reports that describe induction of RAR in cul-

tured cells by priming doses delivered at marginally

low-dose-rates such as 300 mGy h�1.28 The differ-

ence may be attributable to the technical difficulties

inherent in in vitro experiments to irradiate cultured

cells or tissues with chronic or fractionated low-dose

IR. Alternatively, it may be related to an intrinsically

distinct feature of in vivo experimental systems. Two

aspects can be considered. The first is that the in vivo

experimental systems consist of a majority of nonpro-

liferating mature cells, which are more likely capable

of spending a long time to accumulate enough prim-

ing stimuli to induce RAR. Besides, whereas the

repair of IR-induced DNA damage is thought to play

an important role in RAR,29–32 different DSB repair

pathways are chosen depending on the cell cycle.26

It may be speculated that the DSB repair pathway in

nonproliferating cells is differently induced by low-

dose-rate priming irradiation. The second aspect to

consider is that the cells in in vivo experimental sys-

tems are aligned in a three-dimensional structure

and are associated with neighboring cells through

a distinct intercellular communication different from

that of cells in two-dimensional in vitro experimental

systems. A highly organized multicellular structure

composed of densely communicating cells could

respond to low-dose-rate priming irradiation even if

only a minor fraction of the structure is irradiated at

any moment. The cells in in vivo experimental sys-

tems are also likely to be under the control of systemic

endocrine regulation. Intercellular dense communi-

cation within multicellular systems, and/or long-

term hormonal regulation, is the plausible mechanism

for in vivo RAR after chronic or sporadic low-dose

priming irradiation.

There is one in vivo study that described transgenera-

tional transmission of RAR-induced radioresistance.

Sorokina et al.33 observed that the combined exposure

of SHK white mongrel male mice to the immunomodu-

lator bendazol hydrochloride and 160 mGy of chronic

protons reduced micronuclei induction in bone marrow

cells of F1 and F2 offsprings irradiated with the chal-

lenge dose (1.5 Gy) of X-rays. Although genetic effects

of IR have not been observed in humans, ample amounts

of data have proved such effects in mice.34–38 A distinct

mechanism for transmission of IR effects to offspring is

thought to underlie the difference between humans and

rodents. The results of Sorokina et al. suggest a transge-

nerational transmission of RAR signals in mice, which

should provide an insight into the mechanisms behind

the frequently observable genetic effects in this species.

More studies into the mechanism of transgenerational

transmission of RAR signals are required.

Human data

RAR was first discovered by analyzing X-ray-induced

chromatid aberrations in cultured lymphocytes obtained

from the peripheral blood of healthy human adults.1

Subsequently, a number of in vitro studies were con-

ducted to investigate the characteristics and mechan-

isms of RAR in human lymphocytes.2 In accord with

these in vitro studies, data have been obtained for

human in vivo RAR after long-term low-dose-rate

exposure to environmental, occupational, and acci-

dental radiation as previously summarized by Tapio

and Jacob.3 For instance, Ghiassi-nejad et al.39 ana-

lyzed chromosomal aberrations in lymphocytes col-

lected from residents in a high background radiation

area (HBRA) and normal background radiation area

in Ramsar, Iran. Residents in the HBRA had been

exposed to up to 260 mGy year�1 primarily due to

high concentrations of radium-226 on the ground.

When the lymphocytes collected from residents in the

HBRA were exposed to 1.5 Gy of g rays, a
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significantly lower frequency of chromosomal aber-

ration was observed compared with that in 1.5 Gy-

irradiated lymphocytes collected from the normal

background radiation area residents. This result sug-

gests that long-term exposure of human individuals to

low-dose-rate IR induces a steady radioresistance. A

potential criticism against the interpretation of the

radioresistance in HBRA residents as a result of RAR

is that radioresistant individuals may have been selected

during stable inhabitation over multiple generations.

However, sensitivity to the low-dose-rate IR from natu-

ral sources is unlikely subjected to natural selection

because the effects would appear much later than repro-

ductive age. A more sound analysis is required into the

possible correlation of the radioresistance in HBRA res-

idents with any advantageous genetic changes.

As another example, Barquinero et al.40 studied RAR

in lymphocytes after in vivo exposure to medical IR.

The chromosomal aberration induced by challenge irra-

diation with 2 Gy of X-rays in lymphocytes collected

from hospital workers who had been exposed to IR of

up to 28 mSv year�1 was significantly lower than that

in lymphocytes taken from nonradiation workers. A

common shortcoming of these and other human RAR

studies is that the number of donors who provided the

blood sample was limited. As a result, significance of

the data was often limited by poor statistical power due

to large interindividual variations in both basal IR sen-

sitivity and RAR inducibility. However, the influence

of the interindividual variation in basal IR sensitivity

was thought to be eliminated by measuring IR sensitiv-

ity of lymphocytes taken from identical individuals both

before and after exposure to priming low-dose-rate IR.

Based on this strategy, the micronuclei induction by

3.5 Gy of g rays was tested in short-term radiation work-

ers who had been exposed to 3 mSv on average in about

5 weeks by Thierens et al.14 Blood samples were col-

lected twice before and after the radiation work, and it

was found that for the majority of the workers, micronu-

clei induction by 3.5 Gy of g rays was lower in lympho-

cytes collected after radiation work.

Mechanisms for in vivo RAR

Protective bystander effects. It is widely believed that

the initial event for RAR is the generation of DSB,35

although there are some exceptions that suggest RAR

is triggered by nongenotoxic agents such as radiofre-

quency fields.15,41 Initiated by a few DSB per cell,

signal transduction cascades involving de novo pro-

tein synthesis are elicited42 and are thought to result

in activation of effector factors that play direct roles

either in enhancement of DNA repair, induction of

molecular chaperon, synchronization of the cell cycle,

or induction of antioxidants.43 The signaling factor p53

is crucial in various experimental systems for RAR.2 In

vitro studies revealed that RAR is a transient but quasi-

sustainable response in which radioresistance is typi-

cally elevated during a limited time period of about

20 h following a time interval of about 4 h after prim-

ing irradiation.44 Shimizu et al.45 and Sasaki et al.44

proposed a model of a molecular mechanism for RAR

emphasizing a pivotal role of signaling factors as

shown in Figure 1. Here, in response to a small number

of DSB produced by a priming dose in the cell nucleus,

a long-lasting signal transduction circuit circulating

between cell nucleus and cell membrane is postulated,

which would be maintained by p38 mitogen-activated

protein kinases, phospholipase C, and protein kinase

C (PKc). The RAR signal is thought to be transferred

to neighboring cells through growth factors, reactive

oxygen species, and/or nitric oxide (NO), which bring

about protective bystander effects.

The IR-induced bystander response was originally

characterized by the cellular effects expressed in uni-

rradiated cells located in some vicinity to an irradiated

cell or cells.46 It was initially described in 1992 by

Nagasawa and Little,47 who observed an elevated fre-

quency (20–40%) of sister chromatid exchanges in

Chinese hamster ovary cells in the condition where

Figure 1. Signal transduction functioning in RAR. RAR:
radioadaptive response; DSB: double-strand break; iNOS:
inducible nitric oxide synthase; PKC: protein kinase C; PLC:
phospholipase C; NO: nitric oxide; ROS: reactive oxygen
species; MAPK: mitogen-activated protein kinase. Modified
from Nenoi et al.72 with permission of Radiation Biology
Research Communications.
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only 0.1-1% of cell nuclei were actually traversed by

an a–particle track. The bystander effect is mediated

by two modes of signal transduction from irradiated

cells to unirradiated bystander cells; one is transmission

of signaling molecules through a gap junction assembly

spanning plasma membranes of adjacent two cells, and

the other is interaction of factors secreted from irra-

diated cells with their specific receptors in bystander

cells. It was recently reported that RAR is induced via

the bystander mechanism (referred to as protective

bystander effects). By measuring DSB in primary nor-

mal human fibroblast MRC-5 cells irradiated with 1

Gy of X-rays, Ojima et al.48 observed that the mean

number of DSB per cell significantly decreased when

nondividing confluent cells were preirradiated with

3–5 mGy of X-rays 4 h prior to the challenge irradia-

tion. The authors further found that the effect of the

preirradiation was diminished when the cells were

incubated with lindane, an inhibitor of gap junction

assembly, for 2 h before the priming irradiation. The

result clearly indicated that the RAR was induced

depending on signaling molecules transmitted through

the gap junction. By investigating RAR with the end

point of chromosomal aberrations in human H1299 lung

cancer cells, Takahashi et al.49 observed that the RAR

was blocked by aminoguanidine, an inducible NO

synthase inhibitor, or 2-(4-Carboxyphenyl)-4,4,5,5-tet-

ramethylimidazoline-1-oxyl-3-oxide (carboxy PTIO),

an NO radical scavenger. The authors further observed

that an RAR-like response was induced by treatment of

cells with isosorbide dinitrate, an NO-generating agent,

alone. On the basis of these observations, they con-

cluded that RAR was induced via NO radicals as inter-

cellular signaling mediators. In addition, by incubating

mouse embryonic fibroblasts in the media transferred

from the replica culture irradiated with 0.1–1 Gy of X-

rays, Klammer et al.50 found that the activity of DNA-

PKc-dependent nonhomologous end joining was

slightly but significantly elevated in unirradiated cells

with similar kinetics compared with directly irradiated

cells. Although the mechanisms are yet to be deter-

mined, involvement of enhanced DSB repair activity

in protective bystander effects could be suggested.

RAR is a cellular response whereby radioresistance

is elevated only during a limited time period after

priming irradiation. However, it may be expected that

radioresistance is sustainably induced by IR at an

extremely low-dose rate (a few DSB or less in 1 year)

considering the role of bystander effects in RAR. This

can be depicted by a simplified and hypothetical

model of in vivo RAR illustrated in Figure 2. The

model is based on three assumptions, which were

derived from in vitro studies: (1) RAR is initiated

by a DSB, and the resistance to subsequent DSB

is induced in cells during a limited time period of

4–24 h after generation of initial DSB as shown in

Figure 2(a); (2) during the time period in which resis-

tance to DSB is induced, the RAR signal is also trans-

mitted to neighboring cells (up to Nth cells) in all

directions from the cell in which the initial DSB was

generated (Figure 2(b)); and (3) the cells can repeat-

edly become radioresistant as long as they receive the

RAR signal. On the basis of these assumptions, every

cell in the three-dimensional structure can receive an

RAR signal from its neighboring (2N þ 1)3 cells as

shown by the gray cube in Figure 2(b). When the dose

rate and number of DSB produced by 1 Gy are repre-

sented by R (in gray per hour) and � (per gray),

respectively, the probability that radioresistance is

induced in each cell, P, can be described as:

P ¼ 1� 1� 20�Rð ÞM ;
where M ¼ (2N þ 1)3.

The yield of DSB induced by IR in a cell was found

to be linearly dependent on dose with a rate of approx-

imately 30 Gy�1 (� ¼ 30 Gy�1).51,52 The propagation

distance has been reported to vary in the range of 0.1–3

mm, roughly corresponding to >3 cells.53 However, no

data are available to date on the transmission of protec-

tive bystander signals. If we postulate that the protec-

tive bystander RAR signal could be transmitted up to

a third of the neighboring cells (N ¼ 3) and a dose rate

of 3 mSv in 5 weeks (R ¼ 3.4 � 10�6 Gy h�1) is used

as an example, we obtain P ¼ 0.50.

This calculation suggests that resistance to DSB is

induced in 50% of cells as long as irradiation is contin-

ued, and therefore, the induced radioresistance would

likely be experimentally detectable. Thus, it is sug-

gested that the cancer incidence after low-dose-rate IR

could be reduced by an RAR mediated by the protective

bystander effect. However, it should be noted that the

outcome of RAR by low-dose-rate IR would be a persis-

tent elevation of radioresistance, which would be indis-

tinguishable from the general dose rate effects.

Potential association of endocrine factors. In vivo RAR

can be regarded as a type of homeostatic control,

where constancy in the internal environment of the

body is maintained by various sensing, feedback, and

control mechanisms. Because the endocrine response

is a key mechanism for homeostatic control, regula-

tion through endocrine factors is also a plausible
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mechanism for RAR at the individual level. The

release of glucocorticoids (cortisol in humans, rabbits,

and squirrels or corticosterone in mice and rats) from

the adrenal cortex is a typical response of vertebrates to

stressors such as intrinsic ROS and extrinsic assaults

including infectious agents, toxic substances, and tem-

perature extremes.54,55 The major role of glucocorti-

coid is to protect individuals against the excessive

actions of immune and inflammatory responses. How-

ever, it was shown that glucocorticoids play a role in

mitigating the harmful effects of a variety of stressors56

and moderate hyperadrenocorticism (increased secre-

tion of glucocorticoids) induced by low levels of stres-

sors making individuals resistant to these stressors. By

examining blood samples collected from Chernobyl

workers who carried out cleanup operations at the

destroyed reactor from 1986 to 1988 (approximately

120 mSv of exposure on average over 1–3 months),

Souchkevitch and Lyasko57 revealed a statistically sig-

nificant increase in cortisol level compared with the

controls. Similarly, Boonstra et al.58 reported a signif-

icantly higher level of corticosterone in meadow voles

irradiated with low-dose-rate g rays (22.6 mGy h�1 over

2.5 years) than those in the control or higher dose-rate

(3840 mGy h�1 over 1.5 years)-irradiated groups. These

results suggest a potential role of glucocorticoids in

RAR induced in vivo after a long-term low-dose-rate

exposure to IR.

Figure 2. A hypothetical model for in vivo RAR depending on intercellular communication via gap junction. (a) It is
postulated that the resistance to DNA DSBs is induced in cells during a limited time period of 4–24 h after generation of
the initial DSB (indicated by a horizontally long oval), and (b) it is also postulated that the RAR signal is transmitted to
neighboring cells (up to the Nth cells) in all directions from the cell in which the initial DSB was generated. It is also
postulated that the cells can become radioresistant repeatedly as long as they receive the RAR signal. (c) Based on
these assumptions, cells in the three-dimensional structure can receive multiple RAR signals from neighboring cells. RAR:
radioadaptive response; DSB: double-strand break. Modified from Nenoi et al.73 with permission of National Institute of
Radiological Sciences.
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In a normal condition, glucocorticoid receptor

(GR) remains in the cytoplasm in large macromolecu-

lar complexes bound to chaperones such as HSP90.

Upon ligand binding, GR dissociates from the com-

plex and translocates into the cell nucleus where it

activates or represses transcription of various genes

depending on physiological conditions.59–61 Vares

et al.62 searched for potential recognition sequences for

transcription factors in the upstream region of the genes

whose expression was modulated in the liver of C57BL/

6J mice after long-term (400 days) irradiation at low

dose rates (2.3–910 mGy h�1). As a result, the potential

recognition sequence for GR was found with a signifi-

cantly higher frequency than that in unmodulated genes

consistent with the observations that the glucocorticoid

level was modulated after a low-dose-rate irradiation.

This result further supports the idea that glucocorticoids

may be involved in in vivo RAR after low-dose-rate IR.

However, the level of the dose response of GR and glu-

cocorticoids after exposure to IR seems complicated, as

Liu63 has shown a decreased GR level in splenic T cells

after a low-dose (30–75 mGy) X-irradiation. It is also

elusive whether activated GR suppresses IR carcino-

genesis. Whereas p53 is a key factor in the suppression

of carcinogenesis after exposure to IR, GR is known to

interact with p53 in both a complementary and antago-

nistic fashion depending on physiological and patholo-

gical conditions.64 The physical interaction of GR and

p53 in the presence of ligand causes their cytoplasmic

sequestration and degradation through the proteasome

pathway by recruiting the E3 ubiquitin ligase Hdm2,

resulting in inhibition of each other’s transactivation

properties.65–67 Consistently, it was reported that a

short-term in vitro exposure of BALB/c 3T3 cells to

physiological concentrations of cortisol consistently

resulted in increased DNA damage and cellular trans-

formation.68 In addition, using a p53 heterozygous

mouse model with an elevated corticosterone level due

to chronic restraint stress, Feng et al.69 demonstrated

that the carcinogenic effect of IR was enhanced through

reduced p53 activity. These observations suggest an

enhancement of the carcinogenic effects of IR by glu-

cocorticoids. In contrast, it was demonstrated that

activated GR caused translocation of p53 to the cell

nucleus, leading to enhanced transcription of p53-

target genes.70 GR was also found to stimulate p21

gene transcription through the steroid response ele-

ment in the promoter in rat hepatoma cells.71 More

studies are required to clarify how glucocorticoids

modulate cancer susceptibility depending on physio-

logical and pathological conditions.

Conclusion

Carcinogenic RAR has been demonstrated in various

strains of mice, and the majority of in vivo RAR stud-

ies revealed efficient induction of RAR by chronic or

repeated low-dose priming irradiation. In vivo RAR

in humans after long-term low-dose-rate exposure to

environmental, occupational, and nuclear accident IR

was also reported. The recent finding of protective

bystander effects via gap junction-mediated intercellu-

lar signal transduction suggests that exposure of only a

small fraction of cells to IR could induce RAR at the

individual level, providing insights into the mechanism

for in vivo RAR after very low-dose-rate exposure. In

addition, by viewing RAR as a type of homeostatic

control, regulation through endocrine factors is thought

to be a plausible mechanism for RAR at the individual

level. Emerging evidence suggests that glucocorti-

coids, known as stress hormones, are involved in in

vivo RAR after long-term low-dose-rate exposure to

IR. In vivo RAR induced by exposure to low-dose-

rate IR should be reflected in the reduced effects of the

low-dose-rate IR itself, and this effect should be indis-

tinguishable from the general dose rate effects. Thus, in

vivo RAR induced by low-dose-rate IR does not seem

to have a drastic effect on the conventional radiation

protection system. However, to establish a scientific

basis for estimation and control of the IR sensitivity

of individuals as an essential factor for prospective

tailor-made radiation protection, more in vivo studies

as well as studies of the underlying mechanism are nec-

essary, with a particular focus on genetic components

associated with interindividual differences of RAR.
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