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ABSTRACT

While epidemiological data have greatly contributed to the estimation of the dose and dose-rate effectiveness factor
(DDREF) for human populations, studies using animal models have made significant contributions to provide
quantitative data with mechanistic insights. The current article aims at compiling the animal studies, specific to
rodents, with reference to the dose-rate effects of cancer development. This review focuses specifically on the results
that explain the biological mechanisms underlying dose-rate effects and their potential involvement in radiation-
induced carcinogenic processes. Since the adverse outcome pathway (AOP) concept together with the key events
holds promise for improving the estimation of radiation risk at low doses and low dose-rates, the review intends to
scrutinize dose-rate dependency of the key events in animal models and to consider novel key events involved in the
dose-rate effects, which enables identification of important underlying mechanisms for linking animal experimental

and human epidemiological studies in a unified manner.
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INTRODUCTION

After the Fukushima Daiichi Nuclear Power Plant accident, the health
effects of exposure to low-dose and low-dose-rate radiation have
attracted much attention, Although the linear non-threshold (LNT)
model is currently applied to estimate cancer risk, however, the
scientific evaluation of the LNT model is still insufficient. It results
in the multiple layers of discomfort that hinders the resilience and
recovery of the affected areas [1].

While the International Commission on Radiological Protection
(ICRP) has applied the dose and dose-rate effectiveness factor
(DDREF) of 2 from cancer risk estimates derived from epidemio-
logical studies of A-bomb survivors [2-4], the value of DDREF has
been debated [5, 6]. Recent animal models have made significant
contributions to provide quantitative data and mechanistic insights
on this issue [7-9], and they are apparently the clue to understand
the dose-rate effects [10, 11]. Therefore, the current review aims at
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compiling animal studies with respect to dose-rate-dependent adverse
effects.

Recently, the application of the adverse outcome pathway (AOP),
together with that of the ‘key events’ leading to the outcome, has been
discussed [5]. Since little information was available in animal models
[12, 13], experimental studies using animals at different dose rates are
reviewed herein. We intend to scrutinize the dose-rate dependency
of the novel key events (Table 1), which should enable unifying the
underlying critical mechanisms to connect animal experimental stud-
ies with human epidemiological studies.

In conjunction with the accompanying review article, this review
continues compiling data from animal studies of three tissues, namely
hematopoietic tissue, lung and liver.

The definition of low-dose and low-dose-rate herein follows the
consideration by UNSCEAR. An ionizing radiation dose of <100 mGy
is considered as being low dose, and a dose rate of <0.1 mGy/min
averaged over 1 h (corresponding to 6 mGy/h) is regarded as low-dose-
rate [14].

STUDIES TOWARDS UNDERSTANDING THE
MECHANISMS UNDERLYING DOSE-RATE EFFECTS
IN ANIMAL EXPERIMENTS
Summary of in vivo studies towards
cancer development
This section reviews dose-rate effects in animal experiments concern-
ing hematopoietic system, lung and liver and discusses the possible

underlying mechanisms with respect to AOP.

Hematopoietic system

The hematopoietic system generates and maintains both a stable num-
ber of all type of blood cells and immune homeostasis via the dif-
ferentiation of hematopoietic stem cells (HSCs) [15]. Hematopoiesis
occurs mainly in the red bone marrow in adults. In contrast to solid
tumors, leukemia, especially acute myeloid leukemia (AML), has a
relatively short latency period after exposure to ionizing radiation.
Radiation-induced leukemia has an appreciably higher excess relative
risk (ERR) than any of the other late-arising pathologies that have
manifested within the A-bomb survivor cohort [16]. Therefore, the
tissue weighting factor of red bone marrow has been set to 0.12 [4]. In
this section, we focus on dose-rate effects on the hematopoietic system

based on informative results from animal experiments.

Architecture, development and maintenance. The general features of the
hematopoietic system in humans and mice have been well documented
in ICRP 2012 [15] and 2015 [16] (Fig. 1). Briefly, the hematopoietic
tissue is a hierarchical, self-renewing and cell-amplifying tissue, main-
tained by a very small number of stem cells and early progenitor cells
that undergo asymmetric self-renewal following division cycles and
differentiate into specific lineages, respectively. Differentiated blood
cellsinclude erythrocytes for oxygen transport, leukocytes forimmune
defense and platelets for hemostasis. A major site of hematopoiesis in
the fetal stage is the liver and that in adults is the red bone marrow. Fetal
liver HSCs undergo rapid cycling while HSCs of the adult bone marrow
are quiescent. In mice, the gradual shift in the program governing HSCs
cycling takes place approximately 3 weeks after birth.

Table 1. AOP and key events

1. Physical/chemical alterations
Ionization and excitation of macromolecules
Ionization of water molecules
2. Biochemical and molecular alterations
DNA damage induction
Chromatin damage induction
Epigenetic changes
3. Molecular and cellular responses
DNA damage repair and responses
e Incorrect DNA damage repair
e Generation of cancer driver mutations
Intra-cellular signaling
e Mitochondria and nuclear DNA
Gene expression & protein production
Cell cycle regulation
Apoptosis, senescence-like cell death, autophagy, necrosis
Non-targeted effects and inter-cellular signaling
4. Tissue/organ responses
Disruption of structure and function of tissues/organs
Alteration of physiology and homeostasis
e Stem and progenitor cells
e Tissue clearance and stem cell competition
Inflammation and tissue remodeling
Alteration of tissue/organ developments
Development of premalignant regions
S. Adverse outcomes
Induction of cancer
Death from cancer

Quiescent HSC:s in the steady-state marrow of humans and mice
replicate at different rate, i.e. approximately 280 days and 145 days,
respectively, suggesting that the number of replications of HSC
through life is significantly different between species [16]. The daily
turnover in the actively renewing cell system amounts to 490 x 10°
cells in the hematopoietic renewal system in mice [17]. The average
turnover rate of HSCs is ~2.5 weeks in mice (assessed by telomere
shortening) [18, 19] and ~ 45 weeks in humans [18].

HSCs and multipotent hematopoietic progenitors (MPPs) can
be isolated using various cell surface markers. In the adult mouse, all
types of multipotent cells are contained in the c-Kit" Lineage”*"Sca-
1t (KLS) fraction of bone marrow cells. The KLS population
includes CD34~ FLt3~ long-term HSCs (LT-HSCs), which give rise to
CD34"FLt3™ short-term HSCs (ST-HSCs) and then CD34TFLT3™
MPPs. HSCs and MPPs can be defined also by the expression levels of
Thy-1, Mac-1 and CD4, i.e. HSCs are Thy-1""Sca-1"Lineage Mac-
17CD4 cKitt, while MPPs are Thy-1""Sca-17Lineage Mac-
1""CD4"" [20]. Additionally, HSCs can be isolated using SLAM
family markers as CD150YCD4S~ KLS cells, while MPPs are as
CD1507CD48~ KLS cells [21]. LT-HSCs are the most primitive
and quiescent cells, which are responsible for the long-term renewal
and maintenance of hematopoiesis. ST-HSCs are somewhat quiescent
with higher self-renewal potential and shorter-term responsibilities
for repopulating precursor marrow niches. MPPs are heterogenous
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Fig. 1. Architecture of mouse bone marrow.

with respect to reconstitution kinetics in irradiated mice and the
types of blood cells they can produce [16, 20]. The HSC niche in
bone marrow is perivascular, created partly by mesenchymal stromal
cells and endothelial cells and often, but not always, located near the
trabecular bone [22].

An in vitro clonogenic assay showed that stem and progeni-
tor cells (HSPCs: Sca-1TCD34~) were more radioresistant than
common myeloid progenitors (CMP) and granulocyte/macrophage
progenitors (GMPs), and Ataxia-telangiectasia mutated (ATM) is an
essential mediator of this differential DNA damage response (DDR)
[23]. Radiosensitivities of various murine HSCs and progenitor cell
subsets are also reviewed in ICRP 2015 [16]. Primitive repopulating
HSCs (marrow-repopulating ability [MRA] cells and cultured long-
term repopulating initial cells [LTC-Ic]) are relatively radioresistant.
Multipotential lineage-restricted spleen colony-forming cells (CFU-
S), assayed on day 12 or 9, are less resistant. Granulocyte, erythroid,
monocyte, megakaryocyte colony forming units (GEMM-CFU) and
colony-forming unit-megakaryocyte (CFU-meg) are more resistant
compared with erythroid-restricted progenitors, which are burst-
forming units erythroid (BFUe) and colony-forming units erythroid
(CFUe).

Dose-rate effect. Animal studies have shown that the hematopoietic sys-
tem can maintain adequate cell numbers during chronic low dose and
low dose-rate irradiation conditions [15] (Table 2). The influence of
dose and dose rate on the life-shortening and oncogenic effectiveness
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of 1-MeV neutrons, S-MeV neutrons, 250 kVp X-rays and “Co y -rays
was investigated in male and female RF/Un mice exposed to various
doses of whole-body radiation at dose-rates of 10~* to 1 Gy/min [24,
25]. In general, radiation-caused life shortening in 30-day survivors,
which increased with increasing dose and dose rate at all levels of
cumulative mortality [24]. Irradiated mice showed the same types of
disease as did the controls, although the frequency, severity and age
distribution of disease varied, depending on the dose, dose rate and
radiation quality. In the continuously irradiated mice, dying within
1-4 months after the start of irradiation was observed at the highest
dose-rate tested, and death was attributed to necrosis and aplasia of
lymphatic and hemopoietic tissues with complicating hemorrhage and
infection. The incidence of myeloid leukemia was markedly increased
by acute exposure to all types of radiation tested, passing through
a maximum at 2-4 Gy and declining at higher doses [25]. Chronic
irradiation was less effective than acute irradiation for y-rays; i.e. no
leukemogenic effects were evident even after 2-3 Gy at the lowest dose
rates, although chronic neutron irradiation seemed to be as effective as
acute irradiation.

The effects of protracted whole-body exposure of beagles to *Co -
rays were reported [26]. In those studies, the dogs were irradiated
under two conditions: (i) continuous, duration-of-life exposures at
dose rates of 0.0021-0.052 mGy/min; and (ii) discontinuous, fraction-
of-life exposures at dose rates 0.026-0.18 mGy/min, with cumulative
doses of 4.5-34.58 Gy and post-exposure times of 14-4702 days.
Under continuous, duration-of-life exposure regimens, the overall
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incidence of myeloproliferative disorders (MPD) increased from 1.4%
at the lowest dose rate tested (3 mGy/day=0.0021 mGy/min) to
41.7% at 0.026 mGy/min. At higher dose rates (0.052-0.18 mGy/min),
the incidence of MPD declined concomitantly with a marked
reduction in average survival time resulting from hematopoietically
ablative hypoplastic/aplastic marrow diseases. On the other hand, the
incidence of MPD continued to rise at the 0.052 and 0.089 mGy/min,
reaching incidences of 45.5% and 50.0%, respectively, although
there were short-live dogs, i.e. dogs surviving less than 300 days,
which represented 60.3% of the group at 0.052 mGy/min and 73.3%
of the group at 0.089 mGy/min. At the highest dose rate tested
(0.18 mGy/min), all dogs exhibited ablative marrow responses
to chronic exposure and associated short-term survival patterns
(<300 days of survival) without any evidence of evolving MPD.
Interestingly, a precipitous decline in the number of marrow CFU-
GM (granulocyte/monocyte colony forming unit in agar) during
the initial period of exposure (about S0-125 days) was followed
by a gradual recovery to nearly control levels following extended
periods of exposure (>700 days) in the long-lived, MPD-prone dogs
continuously irradiated under 0.052 mGy/min. Under discontinuous,
fraction-of-life exposure groups, the incidence of MPD was lower.
Relatively low peaks of MPD incidence (about 11%) occurred
at 0.052 mGy/min to total doses of 15 and 30 Gy. Incidences
were further reduced (to about 5%) at lower cumulative doses
(10.5 and 4.5 Gy), as well as at both lower (0.026 mGy/min) and
higher (0.089 and 0.18 mGy/min) dose rates. However, there were
individual differences in protracted irradiation at 0.052 mGy/min
[27].

Fliedner et al. [28] reproduced the results that the effects of pro-
tracted irradiation of the blood forming organs of the rat examined
first by Lamerton et al. in the 1950s [29]. Hematological responses in
rats following continuous whole-body exposure to )y -rays were stud-
ied at dose-rates of 0.11, 0.35, 0.58 and 1.2 mGy/min. A lethal out-
come was not observed at 0.11 and 0.35 mGy/min. After initial tur-
bulences of cell counts, the hemopoietic system apparently could tol-
erate continuous irradiation at a certain level for some time individ-
ually before the hemopoietic system collapses. The organism tries to
maintain homeostasis by increasing cell production to compensate for
radiation-induced cell loss under chronic irradiation conditions. Mean-
while, the hemopoietic system failed fully within less than 20 days at
1.2 mGy/min and within about 50 days at 0.58 mGy/min. However, at
this dose-rate, an initial short-lasting rise in peripheral blood cell counts
turned to a decline to a minimum at approximately 20 days, followed
by a small increase in all cell counts to a maximum at about 25 days,
after which the system irreversibly tended to fail over the next 25 days.
Additionally, the studies using the beagle dogs subjected to whole body
%Co y-rays irradiated continuously throughout life at relatively low
dose-rates [27, 30, 31] were also reviewed [28]. The dose-rates to
the whole body over the entire life span were 0.0021, 0.0052, 0.012,
0.026, 0.052 and 0.089 mGy/min. Higher dose-rates of 0.18, 0.26 and
0.44 mGy/min resulted in the death of all animals within 100 days.
This is the largest systematic hematological chronic irradiation study
known, where dogs were chronically exposed to radiation for their
entire lifetime, i.e. until death occurred in the radiation field. Within
the high dose-rate groups (0.38, 0.26 and 0.18 mGy/min) irradiation

resulted in a lethal outcome caused by hemopoietic failure for all ani-
mals within a time span below 100 days of exposure. In the middle
dose-rate groups (0.089, 0.052 and 0.026 mGy/min) there is a remark-
able span in the survival times. For example, in the 0.089 mGy/min
group the first death occurs after about 80 days of irradiation, the
last death is observed after about 1000 days. The observed causes of
death within the same dose group shift from hemopoietic insufficiency
with septicemia and aplasia to MPD and fatal tumors. In the dose-rate
group 0.013 mGy/min still some dogs died from MPD, but below this
dose-rate the relative numbers of deaths from fatal tumors increased
to the level seen in control dogs. In addition, there was no significant
changes in the concentration of red blood cells, platelets and segmented
granulocytes in the individual dogs in a clinically relevant way in the
group of 92 dogs exposed to 0.0021 mGy/min (= 3 mGy/day) [30-
32]. Fliedner et al. [28] summarized that canine studies show two
major causes of death depending on dose-rate: hemopoietic failure and
tumors. With decreasing low dose-rates, hemopoietic failure became
infrequent and finally disappeared at about 0.0021 mGy/min. Then,
tumors became the predominant fate at a near full life span, simi-
lar to the control unirradiated dogs. Trilineal cell-producing capacity
(erythropoiesis, myelopoiesis and megakaryopoiesis) was also fully
retained for several years of exposure at the lowest dose-rate tested
(0.0021 mGy/min) but was completely lost within several hundred
days at the highest dose-rate (0.18 mGy/min) [33].

There is a clear dose-rate effect of the LDsg/30 values of BED2F1
mice; the values were about 6.7 Gy (300 kV X-rays, 700 mGy/min),
7.8 Gy (*¥"Cs y-rays, 4 Gy/min) and 12.6 Gy (“Co y -rays, 60 mGy/
min) [34]. Recovery of hemopoietic stem cells (CFU-S), CFU-GM
and stromal colony-forming units (CFU-F) was almost complete by
1 year after doses up to 12.5 Gy at 0.5 mGy/min in comparison with
incomplete recovery after only 6.5 Gy at >0.7 Gy/min. Importantly,
the level of CFU-F recovery at 1 year after 6.5-12.5 Gy at 0.06 Gy/min
was lower than the fully recovered after the same doses at 0.5 mGy/min,
i.e. the DREF was 10 or more.

Female C57BL/6 J mice irradiated with y -rays at 1.3 x 10™* and
2.7 x 107" mGy/min (70 and 140 mGy/y, respectively) showed a
significantly longer mean life span than controls [35]. Same group also
studied using **Th y-rays at 1.9 x 10™* mGy/min (=100 mGy/y),
no difference was observed in life-span, weigh curves or food intake
between control and irradiated mice [36]. There was no adverse effect
on malignant and non-malignant diseases. The percentage of CD4"
and CD8™" cells in the thymus and spleen, or in the reactivity of T-
cells to lectins showed no difference between control and irradiated
mice at 1.9 X 107" mGy/min [37]. While the number of B-cells in
the spleen was unchanged, IgG1, IgG2b and IgG2a decreased sig-
nificantly after 12, 18 and 24 months of irradiation, respectively. On
the other hand, the SJL/J female mice irradiated with **Th y-rays
at 1.9 x 107 mGy/min (=100 mGy/y) showed slightly prolonged
life span, i.e. the mean survival was 397 and 417 days for controls
and irradiated mice, respectively [38]. The mice died of lymphoma.
The percentages of CD3%, CD4" and CD4"-CD25" T cells and of
CD49" B cells in the spleen and lymph nodes were not different
between the irradiated and control groups, while cytotoxic CD8" T
cells were significantly decreased in lymph nodes in irradiated mice.
The percentages of CD49" NK cells were significantly Increased in
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the spleens of Irradiated mice at 28 and 32 weeks, although NK cells
activity remained unchanged.

Dose-rate effect of genomic instability in mice following prenatal
irradiation with '¥Cs y -rays was also studied [40]. Pregnant CBA/Ca
mice were irradiated for an average of 16 days at dose rates of 0.031,
0.069 and 0.18 mGy/min. Peripheral blood was drawn from all
offspring at 36 days after birth. Increased frequencies of micronucle-
ated polychromatic erythrocytes (fMPCE) and/or micronucleated
normochromatic erythrocytes (fMNCE) were not observed among
the in utero exposed mice of either gender, although a significant
reduction of fMPCE was detected among the male offspring exposed
at 0.18 mGy/min. These results indicate that low dose-rate irradiated
mice in utero did not induce damage in erythroid stem cells that can be
detected as persistent or delayed chromosome aberrations.

Possible ‘key events’ related to dose rate effect in the hematopoietic system.
Key events of the AOP related to dose-rate effect have been also unclear
in the hematopoietic system as well as the digestive system. There are
plenty of studies carried out at high dose and at a high dose-rate [15,
16], therefore, in this section we focused on the studies with the low
dose-rate radiation effect and/or HSCs.

DNA damage responses. Sublethal damage (SLD) recovery of marrow
CFU-GM from dogs irradiated with low dose-rate exposure to “Co
y-rays was studied [26]. Under continuous 0.052 mGy/min, the
radiosensitivity to additional exposure to “Co y -rays at 250 mGy/min
to total doses between 0-3 Gy marrow CFU-GM from long-lived
MPD-prone dogs changed markedly with both time of exposure and
preclinical phase progression. During the initial phase of exposure
(<100 days), marrow CFU-GM from these dogs exhibited a high
degree of radiosensitivity (Dy ~ S00 mGy), whereas following
extended exposure periods (>300 days), progenitors exhibited
markedly Increased levels of radioresistance (Dy ~ 1.5 Gy). The
capacity of progenitor’s SLD repair declined from the high levels
observed for dog irradiated at 0.052 mGy/day to control-like levels
at 0.013 mGy/min. At the lower dose-rate (0.052 to 0 mGy/min), the
SLD repair capacity again was substantially elevated at 0.052 mGy/min
relative to the controls. An extended survey of the radioresistance
progenitor phenotype within the marrow of long-lived dogs showed
that discontinuous, fraction-of-life exposure regimens were largely
ineffective for promoting (or maintaining) the radioresistance. Only
those dogs irradiated at the relatively high dose-rate of 0.088 mGy/min
and doses of 10.5 and 15 Gy were moderately radioresistant. Dose
rates (< 0.088 mGy/min), as well as the lower cumulative doses,
consistently failed to elicit (or maintain) levels of radioresistance
comparable to those observed under continuous irradiation.

DSB repair-related genes have essential roles for quality control of
HSCs and/or their progenitors. Endogenous DNA damage accumu-
lated with age in wild-type HSCs, and their proliferating progenitors
could repair more readily or eliminate accumulating DNA damage
[41]. Tto et al. [42] first reported that ATM serves essential roles in
the reconstitutive capacity of HSCs but is not important for the pro-
liferation or differentiation of progenitors, in a telomere-independent
manner in mice. Atm knockout mice older than 24 weeks showed
progressive bone marrow failure caused by a loss of function of HSCs
associated with elevated ROS. Elevation of ROS induces HSC-specific

phosphorylation of p38 MAPK accompanied by a defect in the mainte-
nance of HSC quiescence [43]. Additionally, HSCs harvested from old
mice exhibit diminished ATM activity and attenuated DNA damage
response (DDR), leading to elevated clonal survival in response to a
range of genotoxins, including ionizing radiation, that was underwrit-
ten by diminished apoptotic priming [44]. Interestingly, when HSCs
from old mice were transplanted into young recipients, ATM signaling
and clonal survival in response to DNA damage could be restored to
the levels observed in young HSCs. This observation indicates that the
defect in DDR of old HSCs was non-cell autonomous.

Canonical-NHE] (c-NHEJ)-related Ku80 [41], DNA-PKcs [45],
and DNA ligase IV [46, 47] and are also critical for the maintenance of
HSCs. Competitive transplantation of LT-HSCs from Ku80~/~ mice
showed that Ku80~/~ LT-HSCs were unable to generate mature B
and T cells as a result of an inability to undergo V(D)]J recombina-
tion, and were also impaired in their ability to reconstitute myeloid
lineages [41]. The DNA ligase IV mutant (Lig4*“) mouse is the
viable model of human LIG4 syndrome [46]. The Lig4"**“ mutation
causes progressive loss of HSCs and cellularity of bone marrow with
age. The Lig4"™*¢ mutation also causes multiple defects in lymphocyte
survival and proliferation, and in B cell class switch recombination
[47]. Knock-in mice with the DNA-PKcs**** allele, which codes for
three alanine substitution at the mouse Thr2605 phosphorylation clus-
ter (Thr260S, Thr2634 and Thr2643), die prematurely because of
congenital bone marrow failure [45]. Loss of proliferative activity of
DNA-PKcs*** HSC s mainly caused by accumulation of DNA damage
following TrpS53-dependent apoptosis. Furthermore, DNA-PKcs*/**
mouse embryo fibroblasts (MEFs) showed hypersensitivity not only to
ionizing radiation but also to DNA cross-linking agents, and they were
also defective in HR, and the Fanconi anemia DDR pathways as well as
- NHEJ.

Gene expression. Splenocytes from male CS7BL/6 J mice irradiated
with ®Co y-rays at 2.8x1072 mGy/min (40 mGy/day) showed
elevated constitutive levels of HSP70 mRNA, HSC70 and HSP72
[48]. Splenocytes could respond to T cell antigens by further
increasing levels of those and by mounting a heightened proliferative
response, although exposure to 0.069 mGy/min (0.10 Gy/day) was
ineffective. In addition, T cells of mice irradiated at 0.028 mGy/min
(40 mGy/day/exposure/day, 5 consecutive days/week, 2 weeks)
showed elevated constitutive levels of Hsp70 mRNA and HSP72, and
they responded to T-cell receptor-specific anti-CD3 stimulation by
producing more Hsp70 mRNA and HSP72 and by proliferating more
extensively than T cells of controls [49].

Cell death. In SJL/J female mice irradiated with **Th y-rays at
1.9%107* mGy/min (=100 mGy/y), the mean values of percentages
of Ki-67% cell nuclei in lymphomatous lymph nodes did not change at
32 weeks but significantly lower at 42 weeks than controls [39]. On the
other hand, the percentage of apoptotic bodies were not significantly
changed between irradiated and control mice.

Intercellular signaling. Thrombopoietin (TPO) and its receptor Mpl are
master regulators of both megakaryopoiesis and HSCs. TPO increases
HSC interaction with the osteoblastic niche and to support HSC qui-

escence and expansion. TPO stimulates DNA repair both in vitro and in
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vivo by increasing DNA-PK-dependent c-NHE], suggesting that niche
factors can modulate the HSC DSB repair machinery [S0].

Alteration of physiology and homeostasis. As described above, the
precipitous decline in the number of marrow CFU-GM during the
initial period of exposure (approximately S0-125 days) was followed
by a gradual recovery to nearly control levels following extended
periods of exposure (>700 days) in the long-lived, MPD-prone dogs
continuously irradiated under 0.052 mGy/min [26]. Data accumulated
by Fliedner et al. [28] are compatible with the ‘injured stem cell
hypothesis,” that radiation—injured stem cells, depending on dose-
rate, may continue to deliver clones of functional cells that maintain
homeostasis of hemopoiesis throughout life. Following whole-body
exposure of rats to y-rays at 0.35 mGy/min, the initial response was a
short lasting rise in peripheral blood cell counts within the first days
of exposure [29]. This was followed by a decline in cell counts to
a minimum again at approximately 20 days. Thereafter, the system
appeared capable of reestablishing homeostasis with some cell count
undulations during the 200 days of observation. The early temporary
rise was hardly seen at 0.11 Gy/min when the initial drop in cell counts
reached a minimum at approximately 20 days followed by recovery
to a cell count plateau of homeostasis, again with some cell count
oscillations during the 300 days of observation. It is the hypothesis
that the remarkable capacity of recovery at 0.35 and 0.11 mGy/min is,
nevertheless, accompanied by some functional deficit that may appear
in the cell count oscillations. This presumed deficit may be indicative
of cell kinetic adaptations in the pool of stem cells, all of which must
carry damage that possibly is distributed stochastically in the stem cell
pool, thus giving rise to injured stem cell clones.

Systemic activity of blood lymphocytes is also affected by dose
rate [S1]. After high dose-rate irradiation (2.27 Gy/min), the synthetic
activity of rat blood lymphocytes decreased sharply, indicating the
predominant damaging effect. On the contrary, the synthetic activity
increased by the stimulatory effect of low-dose radiation during the
first four stages after starting irradiation under continuous irradiation
conditions (0.1 mGy/min).

Fliedner and Graessle [52] also estimated the ‘excess cell loss’ using
the data of the beagles [27, 31, 32] applying the biomathematical
models [53, 54]. Excess cell loss was found to increase with increas-
ing daily dose rate from the rate of £*=0.0011/h at a dose rate of
0.0021 mGy/min (=3 mGy/day) to arate of £* =0.0123/h at a dose
rate of 0.0088 mGy/min, where £* denotes the fraction of cells lost per
hour from the compartment. As described above, hemopoietic failure
became infrequent and finally disappeared at about 0.0021 mGy/min.
At the same rates of excess cell loss, the content of the model stem
cell compartment was greatly reduced than the content of the throm-
bocyte compartment. Drawn from this fact is that cell numbers of the
hematopoietic progenitor and stem cell pools, especially in the case of
pluripotent stem cells, are affected by radiation-induced excess cell loss
to a much greater extent than that recognized by the platelet counts in
the peripheral blood.

Radiation-induced stem cell competition was first identified in
HSCs by Bonder and Medzhitov [5S5], as well as the stem cells of
the small intestine [S6], while it has not been proved under low
dose-rate irradiation conditions. To assess stem cell competition
[55], bone marrow was harvested 4 days after 1 Gy of irradiation to

exclude direct proapoptotic effects on competing cells. Bone marrow
cells from irradiated mice were transferred into lethally irradiated
recipient mice, either alone or mixed with untreated competitor cells.
The percentage of HSPCs from untreated donors increased about
4-hold relative to their initial 10% in the injected cell mixture. Stem
cell competition involved long-term repopulating stem cells, because
it affected multiple lineages as well as phenotypic HSCs as late as
16 weeks post-transplantation. HSPCs from the unirradiated donor
replaced a significant number of HSPCs from irradiated wild-type
donor, but not from irradiated TrpS3™/~ donor mice. Additionally,
stem cell competition may be mediated by non-cell-autonomous
induction of growth arrest and senescence-related gene expression
in outcompeted cells with higher TrpS3 activity.

Development of premalignant lesions and dose-rate effect. The frequency
of hypoxanthine phosphoribosyl transferase (HPRT)-deficient splenic
T lymphocytes was measured in mice irradiated with *’Cs y -rays by
the T cell cloning method [57]. Radiation-induced mutant frequency
depended markedly on dose, dose-rate and time after exposure. When
mutant fractions were determined 8 ~ 10 weeks after high dose-
rate irradiation (500 mGy/min), the dose-effect curve fitted to the
linear-quadratic equation. However, the dose-effect data could be
fitted by linear equation in low dose-rate experiments at 0.69 and
0.099 mGy/min (1 Gy/day and 1 Gy/week, respectively). When
low dose-rate-irradiated mice were dissected 30 ~40 weeks after
irradiation, the value of mutant frequency was about one-third of that
observed after 8 weeks. For doses <2 Gy the DDREF was ~1.5 when
dose-rate was <1 Gy/day, whereas the DDREF was 3-5 at higher
doses.

Radiation-induced acute myeloid leukemia (rAML) is commonly
seen in humans and mice, and large hemizygous deletions on chro-
mosome 2 (Chr2) around the Sfpil (PU.1) allele in the rAML cells
were Identified in more than 80% of mice [S8, 59]. Hirouchi et al.
[59] found that the CD-antigen profiles and gene expression profiles
of rAML stem cells were similar to those of CMPs and that there
was continuous proliferative stress on HSCs, MPPs and CMPs. They
suggested that hemizygous deletion of Dusp2 on Chr2 contributed to
the self-renewal potential of rAML stem cells, and the initial rAML
stem cell may originate not only from irradiated stem cells but also
from MPPs and CMPs [16, 59]. Recently, Ojima et al. [60] studied
the dose-rate dependence of the frequency of hemizygous deletion
of the Sfpil gene (DSG) and point mutation of the allele Sfpil gene
(PMASG) in HSCs of C3H mice received a total dose of 3 Gy of
'¥Cs y-rays at 0.014, 0.14 (20, 200 mGy/day), or 1000 mGy/min.
They found that frequency of HSCs with the DSG was proportional
to dose rate. Additionally, immunofluorescent analysis of both Sfpil
(PU.1) and GM-CSF receptor-« also showed the dose-rate-dependent
levels of Sfpil (PU.1)-inactivated HSCs. They suggested a mechanism
for dose-rate dependent rAML as follows: (i) radiation-induce DNA
damage in HSCs in a dose-rate dependent manner, and the subsequent
DSG occurring at an early stage during the DDR; (ii) HSCs with
DNA damage and/or DSG are outcompeted by normal HSCs; and
(iii) cell proliferation is to recover the number of HSCs decreased
by radiation. These results indicate a dose-rate effect on mutagen-
esis and suggest a dose-rate-dependent induction of hematopoietic

tumors.
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Fig. 2. Architecture of mouse lung.

Lung

Lung cancer is one of the most common types of cancer and its progno-
sis is poor in the majority of cases. The risk of lung cancer is greater for
men than for women, and cigarette smoking is the leading risk factor
[61]. Epidemiological evidence from the Life Span Study of atomic
bomb survivors demonstrated that radiation also increases the risk
of lung cancer [61]. As with many other solid cancers, the ERR/Gy
decreases with attained age, however, the risk of lung cancer increases
with the increasing of the age at exposure.

Architecture, development and maintenance. The lung is a respiratory
organ essential for breathing and responsible for gas exchange between
air and blood. Under normal physiological conditions, cell turnover
in the adult lung is slower than that of other organs such as the skin
and intestine [62, 63]. However, substantial repair and regeneration
may take place in lung tissue after insult or injury [64-66]. The mature
lung comprises four main biologically distinct portions: the trachea,
bronchi, bronchioles and alveoli. The trachea and larger bronchi are
lined with a pseudostratified epithelium composed of basal and luminal
cells. The more distal bronchiolar region is lined with an epithelium
monolayer consisting of secretory (Club; formerly known as Clara),
ciliated and neuroendocrine epithelial lineages (Fig. 2). The alveoli are
located in the alveolar sacs of the lungs, where gas exchange occurs.
The alveoli are composed of type I and type II alveolar epithelial cells,
capillaries and various resident mesenchymal cells including myofi-
broblasts and lipofibroblasts. Alveolar type I (AT1) cells cover ~95%
of the alveolar surface; they exhibit an expanded flattened morphology
and are responsible for gas exchange between the alveoli and blood.
Alveolar type II cells (AT2 cells) are cuboidal in morphology and
contain secretory granular organelles known as lamellar bodies that
fuse with the cell membrane thus mediating secretion of pulmonary
surfactant (Fig. 2).

Lung development is divided into three main periods, namely:
embryonic, fetal and postnatal lung development period called alve-
olization, which continues until young adulthood [67]. Alveologenesis
requires the proliferation and differentiation of epithelial progenitors in
coordination with the mesenchyme [67].

+———— Terminal bronchiole

Bronchiole Ciliated cell

AN XN 0 WA

Ty
OIICO0CO0

OLJI0)

Club cell
Neuroendocrine cell

Alveoli

Alveolar type | cell

Alveolar type Il cell

Dose-rate effect on radiation carcinogenesis. Studies on radiation-induced
lung cancer in mice have produced somewhat conflicting results regard-
ing the dose-rate effect on lung carcinogenesis (Table 3). Notably, mice
of different strains show highly variable sensitivity to radiation-induced
lung tumor, as well as the incidence of spontaneous tumor [68]. The
fact that lung cancer is a late-onset disease in mice further complicates
the studies of radiation carcinogenesis. Thus, the incidence of other
early-onset cancers hinders analysis of the dose-rate effect of radiation
on lung cancer. Also, the competition among the cause of death should
be considered.

In humans, radiation-induced lung cancer risk increases with
increasing age at exposure. Based on this knowledge, it can be assumed
that the value of DREF might also depend on this factor. However,
review of the available reports from rodent models gives limited
information on this issue. Besides, most of them did not apply low
dose-rate radiation. While Sasaki reported that the incidence of lung
cancer decreased with increasing age at exposure in B6C3F1 female
mice [69, 70], Yamada et al. reported that Wistar rats subjected to
thoracic irradiation at S or 15 weeks of age showed increased rates
of lung adenocarcinoma compared with those irradiated at 1 week of
age [71]. Ullrich et al. reported that the incidence of lung adenomas by
neutron radiation at 12 weeks of age was higher than that at 25 weeks of
age [72]. Despite these studies, the mechanisms of radiation-induced
carcinogenesis remain to be elucidated, and it is also important to

understand the dose-rate dependence of cancer induction.

Possible ‘key events’ related to dose-rate effect in the lung. In the last
10 years advanced techniques, such as cell-lineage tracing, single-cell
RNA sequencing and organoid culture combined with injury models
have provided novel information about the multiple stem/progenitor
cell populations in different regions of the adult lung. In the proximal
airways, basal cells are a population of multipotent stem cells that
drive both homeostasis of the normal epithelium and its regeneration
after injury. In the distal bronchiolar region, secretoglobin family 1a
member 1-expressing club cells can self-renew and retain differentia-
tion capacity. Stem cell populations were also identified at the bron-
choalveolar duct junction (BAD]Js) [86-88]. In the adult lung alveolus,
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100 um

Fig. 3. Architecture of mouse liver.

surfactant protein C-positive (SFTPC-positive) AT2 cells function as
alveolar progenitors and long-term stem cells and can give rise to AT1
cells [62, 63]. Oncogenic Kras®?" expression in AT2 cells can effi-
ciently generate multifocal clonal adenomas [63]. Several reports have
characterized lung mesenchymal cells [89, 90]. Lgr6-expressing cells
or Axin2-positive cells were found surrounding bronchiolar epithelia
and in the alveolar space, whereas LgrS-expressing cells were mostly
identified in the alveolar niche. These mesenchymal cell types in the
lung influence epithelial homeostasis and regeneration through serving
stem cell niche.

Thus, in distinct regions of the lung different populations of
epithelial cells function as adult stem/progenitor cells. Interestingly,
these stem/progenitor cells are not undifferentiated, and they
express genes associated with specialized functions. Under certain
circumstances such as tissue injury, these stem/progenitor cells display
remarkable lineage plasticity and can change their phenotype by ‘de-
differentiation,” consequently giving rise to different cell types. The
pathways for maintenance of stemness and regeneration may manifest
diversity depending on the stem/progenitor cells. For instance, it
was reported that in the proximal airways, Notch signaling is active
in steady state airways and increase during repair. Notch is required
for differentiation, but not self-renewal of basal cells [91, 92]. In the
proximal region of the lung, AT2 stem cells require Wnt signaling from
neighboring single-cell fibroblast niches, whereas in the alveolar region
of the lung injury induces autocrine Wnt that transiently expand the
progenitor pool [93].

Recent studies are starting to provide exciting insights into how the
stem cell compartment operates during not only normal homeostasis
of the lung, but also in the development of radiation-induced lung
cancer. For example, in the bronchiolar region of the mouse lung,
in vivo irradiation was shown to cause a reduction in clonogenicity
and to promote expansion of the remaining progenitors to replace the
damaged tissue [94, 95]. It was also reported that lung basal stem cells
rapidly repaired radiation-induced DNA damage using the pathway of
NHE]J [96].

In conclusion, even though we have solid evidence to believe that
stem/progenitor cells and stem cell niches are crucial players in tumor
development, the key events in the AOP related to dose-rate effects in
the lung remain largely unknown. Further extensive experiments are

Hepatocytes

Kupffer cell Hepatic stellate cell

Sinusoid

Bile duct

Portal vein

needed to elucidate these pathways in distinct regions of the lung and
bronchial tree, and to address the issue of dose-rate effects in the lung.

Liver

Tissue architecture, development and maintenance. Liver tissue contains
various types of cells, such as hepatocytes, bile duct epithelial cells,
Kupffer cells, sinusoid endothelial cells and hepatic stellate cells (Hep-
SCs) (Fig. 3). Liver haslong been known as a highly regenerative organ,
however, the source of cells for new hepatocytes after liver injury has
also been debated for a long time [97]. While several types of liver
stem cells have been identified, the plasticity of hepatocytes and biliary
epithelial cells was also involved in liver regeneration [98]. Thus, the
liver stem cells involved in tissue damage repair after radiation is still to
be determined.

Dose-rate effect on radiation carcinogenesis. Since hepatocellular car-
cinoma is the major type of cancer in liver, hepatocytes and their
progenitor cells should be a cell origin of liver cancer. While liver is
the major organ-at-risk for radiation-induced carcinogenesis, an insuf-
ficient number of studies have directed to elucidate the mechanism of
radiation-induced liver cancer.

Development of liver neoplasms following radiation exposure has
been known for many years (Table4). In early studies, hepatoma
induction was demonstrated with either single or fractionated radiation
exposure [99, 100], and its age-dependency was also observed [101].
For example, (C57L x A) F1 mice, referred to as LAF1, were exposed
to y-rays or X-rays at 280 to 300 mGy/min, and overall incidence for
hepatoma was 2% for doses ranging from 2.6 Gy to 11 Gy, while the
baseline incidence was 6% [102, 103]. LAF1 mice were also exposed
to radiation from an atomic bomb explosion (mostly y-rays), and
observed incidence for benign hepatoma and malignant hepatoma was
5.54% and 0.16% for the control groups, and 9.21% and 0.48% for the
y -irradiated groups, respectively [99]. In large-scale experiments using
female RFM/Un mice exposed to y-rays at 450 mGy/min, increased
incidence of liver tumors was not detectable with doses between 0.1
and 3 Gy [73].

In other experiments, (CS7BL/6 x C3H) F1 mice were exposed
to X-rays at 0.35 Gy/min at 1, 15 and 42 days of age, and the effects
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Table 4. Liver tumors induced by acute and chronic radiation

Mouse strains Radiation Endpoint of Radiation source  Dose (doserate)  Effect Reference
(Age at exposure)  exposure analysis
RFMf/Un Whole body Incidence y,¥Cs 0.1-3 Gy, Little increase in liver [73]
(10+0.5W) (0.45 Gy/min) tumor incidence
CS57BL/6xC3H  Whole body Hepatoma X,230kV,25mA  2-4 fractionation ~ Hepatoma incidence at [101]
F1 (Day 1, 15,42) incidence of 2.8 Gy (320R) 86 weeks: 18% (2.8 Gyxl1)
(0.35 Gy/min (40 28% (0.7 Gy x4)
R/min))
CS7BL/Cnex Whole body Incidence X,250kvV 0.04-2.56 Gy No clear dose-dependence [106]
C3H/HeCne (0.06 Gy/min. in hepatoma incidence
(4-6W) 0.68 Gy/min)
CS7BL/6NCrjx ~ Whole body Incidence X,250kVp,25mA 0.5,5.0 Gy No clear induction of [108]
C3H/HeNCrj (0.1 Gy/min, hepatoma
(6wW) 1 Gy/min)
CS7BL/6JNrsx ~ Whole body Incidence y,"Cs 0.1,0.48,0.95Gy ERR—O0.21at0.10 Gy [81]
C3H/HeNrs (0.8 Gy/min) ERR =7.32at 0.48 Gy
(1w) ERR =12.59at 0.95 Gy
B6C3F1 (8 W) Whole body Incidence Y, Cs 0.02,0.4, 8 Gy Incidence of adenoma: [110]
(0.0, 1.1, 15.5%/0 mGy
21 mGy/day 22.2%/0.0S mGy/day
(22h)) 22.4%/1.1 mGy/day
23.2%/21 mGy/day
Incidence of carcinoma:
29.3%/0 mGy
34.3%/0.0S mGy/day
31.2%/1.1 mGy/day
27.7%/21 mGy/day

of fractionated exposure were examined. The results indicated signif-
icant age-dependent decrease in the frequency of hepatoma only in
the male mice [101]. Similar results were obtained by the study, in
which (CS7BL/Cne x C3H/HeCne) F1 male mice were exposed to
various doses of X-rays at 133 mGy/min in utero, at 3 and 19 months.
Liver tumors were rarely induced at 19 months [104]. It was indicated
that radiation exposure tended to shorten the latency period for hep-
atoma induction [99]. Accelerated hepatoma development was clearly
observed in neonatal (CS7BL/6JNrs x WHT/Ht) F1 (B6WF1) mice
exposed to 1.75-5.26 Gy of X-rays at 480-530 mGy/min [105].

In the subsequent studies, dose-response for the induction of
hepatoma was further determined. For example, one study using
(CS7BL/Cne x C3H/HeCne) F1 (BC3F1) and CBA/Cne mice
exposed to X-rays at 1.26 to 1.34 Gy/min showed that X-irradiation
with 3 Gy or more significantly increased an incidence of hepatoma,
but exposure to 7 Gy gave the incidence lower than that of the control
value [106]. The same group also investigated the hepatoma incidence
in BC3F1 mice exposed to 40 mGy - 2.56 Gy of X-rays at 60 mGy/min
and 680 mGy/min for lower and higher doses, respectively, and they
did not find clear dose-dependent hepatoma induction at lower doses,
while the incidence of overall solid cancers showed dose-dependent
increase [107, 108]. A similar conclusion was obtained in the study
using (CS7BL/6NCrj x C3H/HeNCrj) F1 (B6C3F1) mice exposed
to X-rays with 0.5 and 5.0 Gy exposed at 100 mGy/min [109].

Details of the dose-response relationship for induction of liver
tumors has been described lately in (CS7BL/6JNrsx C3H/ HeNrs) F1
(B6C3F1) neonatal mice exposed to 480 mGy to 5.7 Gy of y-rays at
870 mGy/min [110]. The results demonstrated that the induction of
liver cancer increased with increasing dose up to 3 Gy, while it slightly
decreased at higher doses. Age-dependency of liver tumor incidence
was also examined by the same group, in which mice were irradiated
at day 17 of the intra-uterine period, or at days 0, 7, 35, 105 and 365 of
the postnatal periods. Significantly higher incidence ofliver tumors was
observed at days 0 (53.8%) and 7 (54.9%) after birth, while incidence
was only 19.7% for the control group [70], indicating that low dose and
dose-rate effects must be affected by age at exposure.

Accordingly, the effects of low dose were examined at day 7 postna-
tal age. Although an early study, in which mice were irradiated at 4 to
6 weeks of age did not show any increase in hepatoma incidence below
1 Gy of X-rays [106], B6C3F1 mice exposed to doses below 1 Gy of
y-rays at 0.8 Gy/min at 7 days of age showed increased liver tumor
incidence with 480 mGy and 950 mGy, but not with 100 mGy [81].

In an early study, LAF1 mice were exposed to 6.18 Gy to 24 Gy of y -
rays at 0.24 mGy/min, and the hepatoma incidence was reported to be
32% in contrast to the 6% for the control mice [100]. The Institute for
Environmental Sciences (IES) in Japan conducted a series of studies
was conducted with 400 days’ chronic exposures at very low-dose-
rate, including 0.05 mGy/day, 1 mGy/day and 20 mGy/day, until the
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Fig. 4. Apoptosis in micronuclei. Human mammary epithelial cells (HMEC) were exposed to 10 Gy of y -rays, and incubated for
24 h. Fixed cells were stained with anti-phosphorylated histone H2AX at serine 139 and Alexa488-conjugated secondary antibody.
Micronuclei stained with DAPI (right) show homogeneous staining with anti-phosphorylated H2AX antibody (left), indicating

that apoptosis is executed only in the micronuclei.

total doses reached to 20 mGy, 400 mGy and 8 Gy, respectively. The
study demonstrated that the incidence of liver tumors was increased in
the 20 mGy/day group examined [111, 112]. The increased ratio was
approximately 2-fold, which was slightly lower than the approximately
3-fold in mice exposed at 0.87 Gy/min [110].

Genetically engineered mice should be good tools for defining
radiation effects, and one study, using FHIT KO mice, demonstrated
that 1 Gy exposed at 1 Gy/min increased the incidence of liver cancer,
while 1 Gy delivered in 10 fractions (100 mGy daily for 10 days) did
not show such an increase [113].

Possible ‘key events’ related to dose-rate effect. With respect to the key
events, studies using C57BL/6J and B6C3F1 mice chronically exposed
to low-dose y-rays reported changes in expressions of the genes
[114, 115]. Differential protein expression was also reported in the
CS57BL/6 ] mice exposed to 20 mGy/day, and they were different from
those detected at a high dose rates (720 mGy/min or 550 mGy/min)
[116]. Proteomics analysis was also performed with C57BL/6 ] mice
exposed to y-rays for 90 days at a dose rate of 0.05 to 1 mGy/h,
demonstrating modulation of proteins related to stress response, such
as calreticulin and GSTP1 [117, 118]. Furthermore, a recent study
demonstrated protein markers associated with liver adenoma induced
by low-dose-rate radiation [119].

Altered metabolism could also be the one pathway worth further
consideration [120, 121]. For example, it has been demonstrated
that low-dose-rate radiation exposure accelerates fatty liver reaction
[122]. It was reported that not only high-dose-rate exposure but also
low-dose-rate exposure accelerated fatty liver [122]. Moreover, an
unexpected link between liver cancer and obesity-associated intestinal
microbial metabolism was reported recently [123]. Obesity changes
the spectrum of microbiota, which results in enhanced metabolism
of bile acid, generating deoxycholic acid (DCA) and lipoteichoic
acid (LTA). These metabolites are harmful to HepSCs and induce
senescence-like cell death through the production of DSBs. Then,
senesced HepSCs secreted factors that promote cancer development.
It was also showed that secreted factors from HepSC contained
prostaglandin (PG) E2, which mediates suppression of CD8+ T cell
activity [124].

Besides the functional analyses of HepSCs [125], different types of
stem cells existed in different parts of liver tissue were studied [126,
127]. Insult-dependent roles are expected for these different types of

stem cells [128], but their role after radiation exposure is still an open
question.

In order to bring the knowledge obtained in animal experiments
back to human epidemiology, it will be necessary to identify physi-
ological difference in the liver tissue between animals and humans.
Also, species differences in the stem cell biology have to be deter-
mined. Together with such information it should enable extrapolation

of knowledge from animal experiments to humans.

NOVEL KEY EVENTS TO BE INTEGRATED IN THE
AOP TO DOSE-RATE EFFECTS

In addition to the nuclear DDR, an unexpected role of exo-nuclear
signaling was demonstrated. Previously, histone H2AX phosphoryla-
tion was reported in micronuclei [ 129], indicating caspase-dependent
apoptotic fragmentation (Fig. 4). Recent evidence has revealed that
cytoplasmic fragmented DNA executes an innate immune response
through activation of the cGAS-STING pathway [ 130], which resulted
in secretion of cytokines, such as interleukin (IL)-18, IL-6, and tumor
necrosis factor (TNF)-« [130]. They were involved in cellular senes-
cence and senescence-associated phenotypes [131]. Because micronu-
clei induction is dose-rate dependent [132], the resultant induction
of inflammation and senescence could also be dose-rate dependent,
which might be a new important key event for dose-rate effects.

Senescence-associated secretory phenotype (SASP) was originally
described in senesced cultured cells, and its impact on cancer develop-
ment has been discussed in depth [133]. It has been recognized that
SASP could modify tissue microenvironment in response to radiation
exposure [134]. It was found that many SASP factors are exactly the
same as so-called bystander factors, such as TNF-, IL-1 and IL-8
[135].

In relation to the senescence-associated inflammatory response,
or the radiation-induced inflammation overall [136], other novel key
event emerging should be radiation effect on the immune response. In
fact, the possible involvement of immunosenescence in cancer risk was
discussed in a study of A-bomb survivors [137].

Although the influence of the microenvironment on radiation
carcinogenesis has not been well understood except in the mammary
gland [138], the kinetics of stem cells greatly relies on the local
microenvironment [16]. Thus, a tissue-based response, which is
specific for liver, should be another key event to be integrated into
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AOP. For example, at least two types of stem cells are known to exist in
the liver, one near the central vein and the other in the portal vein, so
that differences in radiosensitivity must be taken into account.

SUMMARY AND THE FUTURE PERSPECTIVES
Current review compiles animal studies with respect to the dose-rate
effect, and discusses the results with regard to the underlying biological
mechanisms. As a result, it became clear that our knowledge is still
far from the full representation of low-dose-rate effects. Thus, studies
using experimental animal models are compelled to adopt innovative
in vivo research tools to facilitate consolidation of our understanding of
the underlying mechanisms of tissue/organ reactions, which result in
adverse outcomes.

From this point of view, indispensable role of tissue response must
be emphasized. For example, long-term exposure of low-dose-rate radi-
ation could be influenced by the kinetics of DSB repair and tissue
turnover, as well as by age-related physiological changes of the tis-
sues/organs. In addition, it is indispensable to provide a bridge that
fills the gap between epidemiological studies and experimental animal
studies. In the current review, several mechanisms underlying the dose-
rate effect in animal models were provided, which will make it possi-
ble to assess whether a common mechanism is applicable to human
tissues/organs. Comparison of the biological differences between ani-
mals and humans should provide a clue to promote better understand-
ing of the results obtained from the different species.
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