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Abstract

This article reviews the current knowledge on the mechanisms of adaptive response to low doses of ionizing radiation or
chemical exposure. A better knowledge of these mechanisms is needed to improve our understanding of health risks at low
levels of environmental or occupational exposure and their involvement in cancer or non-cancer diseases. This response is
orchestrated through a multifaceted cellular program involving the concerted action of diverse stress response pathways.
These evolutionary highly conserved defense mechanisms determine the cellular response to chemical and physical aggres-
sion. They include DNA damage repair (p53, ATM, PARP pathways), antioxidant response (Nrf2 pathway), immune/
inflammatory response (NF-kB pathway), cell survival/death pathway (apoptosis), endoplasmic response to stress (UPR
response), and other cytoprotective processes including autophagy, cell cycle regulation, and the unfolded protein response.
The coordinated action of these processes induced by low-dose radiation or chemicals produces biological effects that are
currently estimated with the linear non-threshold model. These effects are controversial. They are difficult to detect because
of their low magnitude, the scarcity of events in humans, and the difficulty of corroborating associations over the long term.
Improving our understanding of these biological consequences should help humans and their environment by enabling better
risk estimates, the revision of radiation protection standards, and possible therapeutic advances.

Keywords Adaptive response - Low-dose - Signaling pathway - Stress response - Epigenetic regulation - Defense
mechanism

Abbreviations miRNA  Micro RNA

AhR Aryl hydrocarbon receptor NF-xB Nuclear factor-kappa B

Akt Protein kinase B Nfr2 NF-E2-related 2 (transcription factor)
ARE Antioxidant responsive element NMDR  Non-monotonic dose-response

ATM Ataxia telangiectasia mutated PERK Protein kinase R-like endoplasmic reticulum
CDK Cyclin-dependent kinases kinase

DSB Double-strand break ROS Reactive oxygen species

DNA-PK DNA-dependent protein kinase TGF-p Transforming growth factor beta

ER Endoplasmic reticulum UPR Unfolded protein response

ERK Extracellular signal-regulating kinase XIAP X-linked inhibitor of apoptosis

IR Ionizing radiation XRE Xenobiotic responsive element

JNK c-Jun N-terminal kinases

MAPK Mitogen-activated protein kinase
Introduction

P Yann Guéguen

yann.gueguen @irsn.fr Too little is known about the effects of low levels of expo-

sure to chemicals or radiation, despite the importance of
Institut de Radioprotection et de Sureté Nucléaire this issue. Because of the varied and polymorphous nature
(IRSN), PSE-SANTE, SESANE, LRTOX, B.P. no 17, of the various related factors and the consequent difficulty
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in extrapolating a signal from the diverse background

Institut de Radioprotection et de Sureté Nucléaire (IRSN), noise, epidemiology alone cannot provide a clear answer.
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In recent decades, however, the evidence underlying a bun-
dle of presumption appears to show that organisms and
cells can adapt to low-dose exposure. Despite discrepan-
cies in some epidemiological and experimental studies, the
complementarity of these two approaches should enable
advances in answering these questions [1-3].

Various physical and chemical toxic agents, some of
them natural (ionizing radiation), others released in the
environment by human activity (environmental pollut-
ants), affect organisms, which must adapt continuously
to these external fluctuations. Human beings are continu-
ously exposed to natural radiation to low doses (average
2.4 mSv) from radon, cosmic rays, terrestrial sources and
internal emissions of radioactive isotopes in food and
water. People are also exposed to anthropogenic sources
of radiation used in medicine, research, and industry which
contribute to about 20% of the total radiation exposure.
Individual’s exposure could then vary due to medical pur-
poses, occupational exposures and living areas [4]. Cell
response to these stresses determines whether the organ-
ism can function properly and survive. This response
is orchestrated through a multifaceted cellular program
involving the concerted action of diverse stress response
pathways [5] (Fig. 1). Many studies demonstrate “non-
targeted” effects, including adaptive responses, bystander
effects, genomic instability, and coordinated response—a
suite of effects that could modulate the relation at low
doses between cancer induction and increasing doses of
both ionizing radiation (IR) and chemicals. This progress
in knowledge about the mechanisms of low-dose biological
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effects calls for the updating of our understanding of them,
particularly the adaptive response.

Two competing hypotheses propose explanations of
the effects of exposure to IR or chemicals: the linear no-
threshold hypothesis, similar to the basic principle of toxi-
cology first propounded by Paracelsus that “the dose make
the poison”, and its no-linear relation alternative offered by
threshold models [6, 7], which assume that no increase in
risk occurs at doses below a certain level. Another variant
of this model is the non-monotonic dose-response model
(NMDR) [8], according to which low-level exposures to
chemicals or radiation might be beneficial for health, even
though larger doses are harmful. The NMDR model is valid
for some chemical substances and trace elements that the
body needs in small amounts to stay healthy, but which may
become deleterious when received in larger doses.

Current conventional models of radiation or chemical
dose-response relations are inconsistent with these rela-
tively new findings. As long as the mechanisms of the effects
remain unclear, modeling low-dose effects is difficult, and
its uncertainties are high. Many experimental studies of
species ranging from bacteria to human beings subjected
to mild stress induced by low doses of IR or other physical
or chemical agents describe NMDR [8-11] that could be
considered beneficial [12, 13] or detrimental [14—16]. The
low-dose range for chemicals varies substantially according
to the substance involved, but for IR UNSCEAR defines
low doses as those below 100 mGy, moderate doses as from
0.1 to 1 Gy and high doses as those above 1 Gy [3]. In this
review, we focus on the adaptive mechanisms involved after
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low-dose chemical and radiological exposure at the level of
the cell and the organism.

Numerous studies have shown that specific biological
mechanisms respond adaptively to low doses of IR or chemi-
cals. Adaptive response can be demonstrated by the ability
of a biological system exposed to a small “priming” stress to
exhibit a lower detrimental effect on subsequent reception of
another higher radiation dose, the “challenge” dose (Fig. 1).
Thus several reports and publications define a radioadap-
tive response as “the ability of low dose radiation to induce
cellular changes that alter the level of subsequent radiation
induced or spontaneous damage” [9, 17-21]. Low doses of
IR, such as low doses of chemical agents, might induce bio-
logical mechanisms that make the cells better able to cope
with subsequent exposures to high doses. The first adap-
tive response model of low-dose radiation involved a dose
range of 1-100 mGy of y-rays and postulated that it could be
beneficial. Oliveri et al. [9] reported fewer chromatid aber-
rations for cells previously exposed to a low concentration
of [*H]thymidine before acute X-rays than when exposure
began only with acute X-rays. The multiple descriptions of
low doses stimulating the body’s natural defenses in a wide
variety of organisms suggest that this phenomenon is evolu-
tionarily conserved [22]. Nevertheless, adaptation does not
occur in every system and with all exposure situations.

Adaptive responses to low doses have been convincingly
demonstrated in cultured cells, although doubt remains over
how they influence risk in multicellular organisms. Mecha-
nistic studies are thus important for reducing uncertainty
in the estimation of both cancer and non-cancer diseases.
We will describe several underlying mechanisms at the level
of molecules, cells, tissues, and organisms. At the molecu-
lar level, key signaling pathways have been identified, by
their direct induction by IR or chemicals; these include
DNA damage response, as well as reactive oxygen species
(ROS) and other signaling molecules involved in cell sur-
vival. Adaptive processes also occur at the cellular level due
to molecular events: via the elimination of damaged orga-
nelles (autophagy) or of damaged cells (through apoptosis
or necrosis), or by cell cycle delay or the unfolded protein
response. Finally, tissue or organism processes can be impli-
cated in this response by inducing cell proliferation or dif-
ferentiation, controlling immune/inflammatory reactions,
inducing toxic substance excretion through transporters, or
activating distant cells through bystander/abscopal effects.

The originality of this review lies in its focus on stud-
ies showing an adaptive response to low doses of both IR
and chemicals and its updating of the mechanisms thus far
identified in other recent reviews [16, 20, 23]. Better knowl-
edge of these mechanisms is needed to improve our under-
standing of health risks at low levels of environmental or
occupational exposure and their involvement in cancer or
non-cancer diseases.

Molecular mechanisms of intracellular
signaling pathways

These pathways have evolved to overcome cellular per-
turbation and promote survival of the organism. Figure 2
and Table 1 summarizes the main data about the differ-
ent signaling pathways involved in the adaptive response
to low doses of radiation and chemicals reported in this
review. They include the DNA repair pathway, antioxidant
response pathway, immune/inflammatory response, cell
survival/death pathway, endoplasmic response to stress,
and numerous proteins and transcription factors involved
in these stress response pathways [16, 24, 25].

The enhanced expression of stress proteins is consid-
ered to be an important adaptive response to adverse con-
ditions such as exposure to chemicals, heavy metals, or
IR. They belong to a wide range of defense mechanisms
described in this section but also to the cellular and tissue
responses detailed further on.

DNA damage response

To protect the genome integrity, cells possess a sophisti-
cated mechanism of DNA lesions detection and repair, the
DNA damage response [26]. Endogenous or exogenous
stress can induce several different DNA repair systems,
including the mismatch repair, base excision repair, nucle-
otide excision repair, homologous repair, and non-homol-
ogous end joining repair systems.

Many studies have showed that radiation or chemical-
induced adaptive responses involve cell cycle regulation
and DNA-dependant protein kinases [27, 28] (Table 1).
Mammalian cells can incur DNA damage from endog-
enous factors such as oxidative metabolism and from
exogenous factors such as exposure to IR or to geno-
toxic chemicals. The induction of an adaptive response
through DNA repair pathway was first shown with alkylat-
ing agents. Cells chronically exposed to low non-toxic
doses were resistant to the induction of sister chromatid
exchange by subsequent exposures to high doses of the
same chemical [29]. Olivieri et al. [9] further reported the
first description of a radioadaptive response in human lym-
phocytes: a lower frequency of chromosomal aberrations
after a high (challenge) dose in cells previously treated
with very low (adaptive) doses of IR. A similar induced
adaptive response in human lymphocytes was observed
in individuals occupationally exposed to x- or y-rays,
who had lower dicentric frequencies than did non-occu-
pationally exposed individuals [30]. Other authors have
shown that the induction of DNA damage repair pathways
is an important component of the radioadaptive response
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Fig.2 Crosstalk of signaling pathways between intracellular mol-
ecules involved in the adaptive response. The figure highlights the
different pathways and main factors involved in autophagy, apopto-
sis, inflammation, antioxidant, DNA damage, UPR and detoxification
response. AhR aryl hydrocarbon receptor, Akt protein kinase B, AP
activator protein 1, ARE antioxidant response element, ATF activat-
ing transcription factor, ATM ataxia-telangiectasia mutated, Afg
autophagy-related, Bax Bcl-2—associated X, Bc/2 B-cell lymphoma
2, CHOP C/EBP homologous protein, ER endoplasmic reticulum,
GPx glutathione peroxidase, IRE! inositol requiring enzyme 1, ERSE
ER stress-response element, /L interleukin, JNK c-Jun N-terminal

TIRa ]:[Tm:m ]:[ [EE ) e
[ Unfolded Protein Response

kinases, MAPK mitogen-activated protein kinase, mTOR mechanis-
tic target of rapamycin, LC3B light chain 3B, NF-kB nuclear factor-
kappa B, NRE NF-kB response element, Nrf2 nuclear factor erythroid
2 (NFE2)-related factor 2, PERK protein kinase RNA-like ER kinase,
PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase, ROS reactive
oxygen species, SOD superoxide dismutase, TLR toll-like receptors,
TNF tumor necrosis factor, TRE 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) response element, UPR unfolded protein response, UPRE
unfolded protein response element, XBP-1S X-box binding protein
1, XIAP X-linked inhibitor of apoptosis protein, XRE xenobiotic
response element

Table 1 Development of adaptation for several signaling pathways induced by low dose irradiation and chemicals (relevant references indicated)

Signaling pathways

Ionizing radiation types

Chemical compounds

DNA damage repair (p53, ATM, PARP)
Nrf2 antioxidant pathway
NF-xB inflammatory pathway

MAPK (AKT, ERK, JNK) pathway v, X [73-75, 101]

Autophagy v [87, 88]
CyclinB1/CDK1 o, X [102, 124, 186]
Apoptosis (Bax/Bcl2, Wnt/p catenin) v [103, 104]

UPR response Not known

Bystander (diffusible factors) o,y [119, 126]

o, B, X, v [9,27, 32,42, 119, 124]
o, X [54, 68, 146, 149]
Y, X [61-63, 65, 67, 153]

Alkylating agent [29]

Sulforaphane, heavy metals, thiol [45, 46, 66, 145]
Thiol [66]

Alkylating agent [75]

CBZ, heavy metals [91, 92]

Not known

Cd [142]

Nephrotoxin drugs, Pb [112, 114, 115]

Cd [140]
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[31-33], demonstrating that 3-aminobenzamide blocks it
in lymphocytes, and thus suggesting the possible role of
repair pathways involving poly(ADP-ribose) polymerase.

Experimental studies have reported the induction of DNA
repair mechanisms at low doses of radiation [34]. Others
have suggested different factors involved in DNA repair,
including DNA-dependent protein kinase (DNA-PK) and
ERCCS5 (XPG) [35, 36]. Moreover, ataxia telangiectasia
mutated (ATM) and p53 tumor suppressor proteins are
involved in both cell cycle regulation and DNA repair [27,
35, 37] (Fig. 2). The results of these experiments highlight
the need for p53 in the induction of adaptive responses;
no such response occurred in pS3-deficient cells, such as
Trp53 knockout cells, or immortalized cells, such as AT
or m5S cells [27]. Similarly, reduced p53 function in mice
exposed to low-dose radiation administered at a low dose
rate accelerated disease in the modified compared to control
mice (with full p53 function) exposed to the same radiation
[38]. Several authors have proposed schematic representa-
tions summarizing p53 involvement in conjunction with the
molecular network relevant to signal transfers and double-
strand break (DSB) repair [27, 39]. Some suggest that adap-
tive response to low-dose IR in eukaryotic cells may involve
DSB repair by non-homologous end joining repair pathways.
Several protein kinases are reported to activate p53; among
them, low-dose irradiation efficiently activates p38MAPK,
which inversely is downregulated at high doses [40] (Fig. 2).

Borham and Mitchel [41] showed that DNA single-strand
breaks are more closely associated with radioresistance
induction than the DSBs. Hydroxyl radicals derived from
the radiolytic decomposition of H,O or from reactive nitro-
gen species strongly induce these single-strand breaks. This
finding is consistent with the increases in protein levels of
AP-endonuclease (a DNA base excision repair protein) that
occur after a low dose of a particles [42].

Nrf2 mechanisms dependent on and independent
of the Nrf2/Keap1 pathway

Oxidative stress can result in the impairment of DNA and
other cell components, such as proteins and lipids. This sec-
tion develops the major pathway described for the adaptive
response to oxidative stress: the Nrf2 pathway. Nrf2 plays
a role in controlling the inducible expression of various
enzymes responsible for the synthesis of glutathione, direct-
acting antioxidants, and reducing equivalents [43].
NF-E2-related 2 (Nrf2) is a transcription factor, and acti-
vation of the Nrf2-signaling pathway is an adaptive response
to environmental and endogenous stresses. This response
renders animals resistant to chemicals and other forms of
toxicity by inducing a variety of detoxification or antioxidant
enzymes, as reviewed by Osborn and Kensler [44]. This fac-
tor belongs to the cap’n collar protein family of basic leucine

zipper transcription factors, which bind to the antioxidant
responsive element (ARE) and appear essential for maintain-
ing cellular redox balance. Under normal conditions, Keap1
sequesters Nrf2 in the cytoplasm, where Nrf2 then facilitates
the degradation of Keapl via the proteasome.

The Nrf2-antioxidant pathway can be stimulated by irra-
diation and its preactivation by chemical inducers such as
sulforaphane reduce the number of irradiation-induced DNA
DSBs [45, 46]. The induction of this protective Nrf2 func-
tion by low-dose IR has also been observed in the diabetic
mouse model, where it reduces renal inflammation, oxidative
damage, remodeling, and dysfunction [47-49]. This group of
authors first showed that low-dose radiation prevented dia-
betic downregulation of both renal Nrf2 expression and the
downstream genes NQO1 and HO-1 [47] (Fig. 2, Table 1).

Upregulation of the Nrf2 pathway after low-dose irradia-
tion might also be due to the induction of autophagy. As
mention below, low-dose irradiation promotes the autophagy
process. A deficiency in autophagy results in competitive
inhibition of Nrf2-Keap1 binding by the selective autophagy
substrate p62 and stabilizes Nrf2 and its downstream path-
way [50]. Other studies have demonstrated that autophagy
upregulates Nrf2 by its autophagosomal degradation of
Keapl [51] or by upregulation of the oncogene signaling
protein and the subsequent induction of the antioxidant path-
way [52]. Nrf2 has also been associated with chemoresist-
ance in cancer cell lines. Overexpression of Nrf2 enhances
resistance to chemotherapeutic drugs including cisplatin,
doxorubicin, and etoposide in breast carcinoma or neuro-
blastoma cell lines, and downregulation of Nrf2 makes can-
cer cells more susceptible to these drugs [53]. In 2015, Chen
et al. [54] also demonstrated that exposure to 50 mGy of
a-particles induces radioresistance in human lung adenocar-
cinoma A459 cells after a subsequent exposure to 750 mGy
a-particle radiation. The initial exposure to 50 mGy triggers
an increase in the expression of Nrf2 and its target HO-1.
These authors used short-hairpin RNA (shRNA) of Nrf2 and
a chemical inhibitor of HO-1 to suppress the induced radi-
oresistance of the 50 mGy a-particle radiation and thereby
demonstrate Nrf2 pathway involvement.

Although Nrf2 is primarily regulated via its interaction
with Keapl, studies have begun to show that it can be regu-
lated independently of Keapl. Nrf2 phosphorylation by
several signal transduction pathways, the involvement of
epigenetic factors such as microRNAs (miRNAs), and Nrf2
interaction with other proteins also play a role in its activa-
tion [55]. miRNAs can modulate the Nrf2 signaling network
either by their involvement in regulating Nrf2 activity (affec-
tors) or by mediating Nrf2 activity (effectors) [56]. At the
post-transcriptional level, components of the Nrf2 pathway
can be regulated by several miRNAs (miR-28, 34, 144, 200).
For example, Wagner et al. [57] showed that decreased levels
of miR-155 is correlated with increased Nrf2 expression and
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a severe reduction in the expression of the proinflammatory
TNFa gene. Nrf2 is also regulated post-transcriptionally by
phosphorylation, ubiquitination, and acetylation via a variety
of enzymes affecting its interaction with Keapl (ERK/JNK,
PCK, MAPK/ERK, and p38), by its localization (PKC, CK2,
and GSK3p/Fyn) in the nucleus or within the proteasome, its
degradation (GSK3p/BTrCP), or its binding to DNA binding
protein (300/CBP, Maf).

Ligands of AhR (aryl hydrocarbon receptor) activate the
XRE (xenobiotic responsive element) to induce the expres-
sion of many phase I enzymes, such as the cytochrome
P450 s that produce reactive intermediates able to activate
the antioxidant pathway via the ARE (Fig. 2). Some of the
products of these Nrf2-regulated enzymes can then activate
Nrf2 signaling and thereby potentiate the Nrf2 adaptive
response. AhR inducers such as TCDD also induce ROS
as well as Nrf2 itself and can, therefore, activate both ARE
and XRE pathways [58]. Moreover, Nrf2 possesses an ARE
sequence within its own promoter region to enhance the
adaptive cell defense response. For example, upregulation
of miR-125b through Nrf2 expression regulates the expres-
sion of the AhR repressor and thus reduces cisplatin-induced
injury [59]. Nrf2 knockout mice consistently abrogate the
adaptive increase of miR-125b elicited by cisplatin and thus
worsen kidney injury.

This items of evidence shows that the Nrf2 pathway is
highly regulated and suggests that a better understanding
of the interplay between the pathways involved in cellular
processes such as apoptosis, survival, differentiation, and
inflammation is essential to clarify the coordinated cell pro-
tection that produces adaptation against stressful conditions.

NF-kB signaling pathway

The NF-xB (nuclear factor-kappa B) family of transcription
factors is a master regulator of the both innate and adap-
tive immune responses [60]. It also controls the expression
of genes involved in the repair of damaged DNA and the
regulation of molecules that contribute to the control of
cell proliferation, survival, or apoptotic cell death (Fig. 2).
Numerous studies have shown that NF-xB, by inducing
genes involved in proinflammatory processes, plays a pro-
inflammatory role. Simultaneously, however, reports have
described its anti-inflammatory role and the induction of
leukocyte apoptosis during the resolution of inflammation.
The serine/threonine kinase Akt (protein kinase B) pathway
is a central node in cell signaling downstream from inflam-
matory agents or other cell stimuli and appears to be associ-
ated with the adaptive response induced by exposure to low
doses of IR (Table 1).

Prasad et al. first reported NF-kB activation after low to
moderate radiation (0.25-2 Gy) in lymphoblastoid cells [61];
it has since been reported in endothelial cells as well [62].

@ Springer

Both studies observed that NF-xB binding has a biphasic
induction profile and reported transcriptional activities with
a first peak at 0.5 Gy and a second at 2 Gy. Rodel et al.
further showed that the anti-inflammatory properties of low-
dose IR may be due to the interrelations between NF-kB
and TGF-f1 (transforming growth factor betal) in exposed
endothelial cells [62]. The induction of X-linked inhibitor
of apoptosis (XIAP) expression in the same model dem-
onstrates the role of this protein in modulating NF-kB and
TGF-B1 expression; both contribute to anti-inflammatory
effects and the modulation of apoptosis after low-dose IR
[63]. Consistently with this finding, other works have dem-
onstrated that low doses of IR reduce the IL-1f secretion by
macrophages that results from reduced expression of RelA
(p65), p38 MAPK, and Akt, which are up- and downstream
signaling molecules of NF-xB [64] (Fig. 2). Studies also
suggest that Akt activity responds differentially to low-dose
IR. Kim et al. [65] showed that a 50-mGy exposure stimu-
lates cell proliferation through the transient activation of Raf
and Akt but does not change the cell cycle response-related
p53 and p21 levels in lung fibroblasts. A 2-Gy dose of IR,
however, induces cell cycle arrest by changing these levels.

As described below, the antioxidant enzyme MnSOD
is often cited as an important mechanism of the adaptive
response to low doses of IR. Increased NF-kB-mediated
SOD?2 expression (Fig. 2, Table 1), producing a radioadap-
tive response, has followed thiol treatment or constitutive
activation of Akt [66, 67]. Both classes of agents seem to
share the same pathway after activation of NF-xB, which
reduces the overall damage induced by the IR challenge
dose. Nevertheless, they differ in complexity, with the TNFa
signaling pathway implicated in the low-dose radiation-
induced response, but not in the thiol-induced pathway [68].

MAPK (ERK/JNK/p38) signaling pathway

The mitogen-activated protein kinase (MAPK) cascade is
essential for the transduction of extracellular signals into
specific cellular responses such as cell migration and sur-
vival and modulate cellular metabolism [69, 70]. Stress-
activated MAPK superfamily can be induced by exposure
to IR or chemicals and to adapt to these environmental cir-
cumstances. These pathways are regulated by a diverse array
of intra- and extracellular stressors, including environmental
physical/chemical changes and exposure to inflammatory
cytokines. Their activation appears to be associated with
cell protection against IR and chemicals and with survival
of these stressors. Several studies have suggested that extra-
cellular signal-regulating kinase 1/2 (ERK1/2), a member
of this superfamily, plays a critical role in determining the
cellular outcome—survival or death—after irradiation
(Table 1). Low IR doses induce ERK1/2 through ATM, its
upstream regulator, whereas high-dose exposure results in
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ATM-independent dephosphorylation of ERK1/2, and thus
shuts down prosurvival signaling [71]. Experiments using
siRNA and chemical inhibitors have demonstrated that the
cell proliferation stimulated by low-dose IR occurs through
ERK1/2 and p38 in normal human fibroblasts, and thus con-
firmed the activation of the MAPK pathway in lung fibro-
blasts exposed to 50 mGy radiation [72].

Studies have also reported that low-dose IR (0.01-0.1 Gy)
induces ERK activation in immune lymphoblast cells with-
out altering Akt activation and then induces an adaptive
response to a subsequent high-dose radiation challenge
(2 Gy) [73]. The authors suggest that activation of the ERK
pathway in cells lacking Akt activity is compensatory and
might explain the differential sensitivity of non-tumor and
tumor cells previously observed by others [74].

Bystander cells exposed to conditioned media from IR-
exposed cells (1-2 Gy) or to genotoxic chemicals show tran-
sient increases in MAPK phosphorylation [75]. ERK, JNK,
and p38 are all activated and then decline and are inhibited,
in correlation with a decrease in caspase activity. Asur et al.
suggest that activation of ERK and p38 results in the cell
cycle arrest of bystander cells and then the activation of pro-
liferative pathways to repair damaged components. Cells that
escape repair may then undergo apoptosis through MAPK-
mediated pathways.

Cross-talk between the intracellular pathways

As noted in the previous sections describing molecular
activities, several types of relations enable cells to balance
between stress responses (e.g., antioxidant, anti-inflamma-
tory, and autophagy) and regulation of either death signals
or the cell cycle. Although our understanding about the
common hallmarks of these responses remains incomplete
at present, they most likely originate from an overlap of

several processes that may be initiated at various thresholds
(depending on the pathway) and operate in a staggered man-
ner (Fig. 3).

Among these pathways, Nrf2 is a central transcription
factor responsible for the basal and inducible expression of
proteins involved in oxidative stress response, xenobiotic
metabolism, and cytoprotection, but it is also linked to dif-
ferentiation, proliferation, growth, and apoptosis. Nrf2-regu-
lated genes include antioxidant enzymes, molecular chaper-
ones, DNA repair enzymes, and anti-inflammatory response
proteins. Nrf2 activation can suppress NF-kB activity and
thereby inhibit inflammation. Cross-talk between Nrf2 and
AhR or Nrf2 and NF-xB, and the identification of XRE- and
NF-kB-binding regions of Nrf2 all suggest that its transcrip-
tion can be regulated by these pathways, as reported in previ-
ous sections (Fig. 2).

The link between the autophagy process and antioxida-
tive response is an important component of the adaptive
response. Several laboratories have shown various adaptive
mechanisms of human lung adenocarcinoma A549 cells
exposed to low-dose IR before high-dose radiation and con-
firmed the association between p62, an autophagy adaptor
protein, and Keapl, the regulator of Nrf2 antioxidant tran-
scription factor [55, 76]. The sequestration of Keap1 by p62
allows Nrf2 to upregulate ARE-regulated genes.

Links between the antioxidative factor Nrf2 and the UPR
(unfolded protein response) pathway are also necessary to
alleviate ROS production in the endoplasmic reticulum
(ER) during UPR-increased protein folding. Cullinan et al.
showed that the Nrf2 pathway is induced by ER stress in
a manner depending on protein kinase R-like endoplasmic
reticulum kinase (PERK) and that it enhances cell survival
[77]. Another example is the interaction of the UPR path-
way with apoptosis; toll-like receptor 4 (TLR4) inhibits in
a TRIF-dependent manner the UPR-induced expression of
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CHOP [78], a protein that leads to apoptosis after prolonged
induction [79]. Nevertheless, these last interrelations as well
as many other links between stress response pathways have
only been shown in mechanistic molecular studies but have
not yet been demonstrated in an adaptive response process
induced by low-dose exposure to physical or chemical stress.

Adaptive mechanisms at the cellular level

To maintain a stable intracellular environment, cells can
respond to physiological stressors or pathological stimuli in
various ways, ranging from the activation of survival path-
ways to the initiation of cell death. The stress response path-
ways are evolutionary highly conserved defense mechanisms
that determine the cellular response to chemical or physi-
cal aggression according to a hierarchical stress model. We
present a model adapted from Li et al. [80] (Fig. 3). At the
cell level, these cytoprotective processes include autophagy,
which enables cell survival by the degradation and recy-
cling of cell components, cell cycle regulation, which orients
cells for repair, proliferation, or differentiation, UPR, which
allows re-establishment of normal endoplasmic reticulum
function, and apoptosis, that is, programmed cell death
induced by excess damage. The bystander response is also
described in this chapter as it occurs at the cell level and can
involve different signaling pathways.

Autophagy

Autophagy is a housekeeping survival mechanism that pro-
motes programmed cell survival, sustaining homeostasis by
maintaining cellular integrity and favoring efficient cellular
function; it is thus distinct from, even antagonistic to, apop-
tosis or programmed cell death [81]. Autophagy is strongly
induced by starvation and is a key component of the adaptive
response of cells and organisms to nutrient deprivation, by
promoting survival until nutrients become available again. It
is a nonselective bulk degradative pathway, but also a selec-
tive pathway mediated by autophagic adaptor proteins in
response to stressful conditions [82]. Its induction by vari-
ous stimuli (xenobiotics, cytokines, endoplasmic reticulum
stress, and oxidative stress) suggests that it plays an essential
role in cellular homeostasis and adaptation to adverse envi-
ronments. Collectively, autophagy antagonizes apoptosis and
promotes cell survival via a series of responses to damaged
organelles, ER stress, and DNA instability. However, mas-
sive and persistent autophagy depletes the cell of organelles
and critical proteins and can thus kill severely damaged cells
by a caspase-independent form of cell death [83]. Cross-talk
between autophagy and apoptosis is manifested by regula-
tory genes shared with common pathways including p53,
Atg5, and Bcel-2 [81, 84].
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In organs often exposed to stressful conditions, such
as the kidney and liver, autophagy promotes cytopro-
tection and maintains cellular homeostasis in different
cell types through a common mechanism aimed at pre-
venting inflammation, oxidative stress, and apoptosis:
the clearance of protein aggregates and unwanted orga-
nelles. Autophagy is now accepted to be renoprotective.
An increased autophagic flux is observed in renal cell
lines and murine models exposed to several nephrotoxins
including heavy metals and drugs. The sensitization of
kidney cells to hypoxic and ischemia-reperfusion injury by
blocking autophagy by knocking out the atg gene suggests
autophagy is renoprotective, promoting survival of these
kidney cells [85]. Autophagy has also been identified as
a critical mechanism for glomerular homeostatic mainte-
nance in response to injuries, contributing to the preserva-
tion of structure and function [84]. Autophagy is described
increasingly often in vascular diseases such as atheroscle-
rosis, where it is required for endothelial cell alignment
and atheroprotection under physiological blood flow [86].
Indeed genetic inactivation of autophagy resulted in major
atherosclerosis plaque formation only in areas previously
resistant to atherosclerosis, but no increase in the normally
atheroprone (low shear stress) areas.

Autophagy can be induced by IR [87-90] or by chemi-
cal inducers that confer radioprotective effects [91]. The
treatment of hematopoietic cells by carbamazepine before
irradiation increases both cell survival, as assessed by clo-
nogenic survival, and autophagy, assayed by immunoblot
for microtubule-associated protein light chain 3 (LC3) [91].
Paglin et al. [87] showed that the formation of acidic vesicu-
lar organelles and autophagy in surviving colonies of cell
lines exposed to IR provide long-term protection against
damage from low-dose radiation. Exposure to low-dose IR
(50 mGy) can also stimulate the autophagy process through
the Nrf2 antioxidant pathway. Blockade of the autophagy
pathway by an inhibitor suppresses radioresistance and the
induction of Nrf2 and HO-1 expression, findings indicating
that autophagy mediates Nrf2 upregulation [54].

Exposure to heavy metals at low (subtoxic) doses has
also been shown to trigger cell proliferation and autophagy
[92]. This study unraveled the unexpected early upregula-
tion of autophagy in 80% of cadmium (Cd)-treated proximal
convoluted tubules in vivo (< 10 uM), without induction of
apoptosis or tubular dysfunction. Induction of endoplasmic
reticulum stress was also observed in this study. The authors
concluded that autophagy can serve as an early adaptive
mechanism but that continuous activation of this process
due to cadmium persistence might impair its efficiency and
lead to nephrotoxicity in the long term.

In other diseases, such as neuropathies and ischemic heart
diseases, autophagy is more widely accepted as beneficial
given its role in eliminating “toxic assets” and promoting
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cell viability. Thus, autophagy has emerged as a new and
potent modulator of disease progression.

Cell cycle regulation and apoptosis

The cellular machinery of the cell cycle is controlled by
serine/threonine protein kinases, which are the cyclin-
dependent kinases (CDK). They can stop the cell cycle at
different steps if the genome is altered and cause either its
repair or apoptosis. The Wnt/B-catenin pathway plays a criti-
cal role in cellular development, survival, proliferation, etc.
[93, 94], but the role of this pathway in adaptive response
and particularly in immunity is beginning to become more
well-defined [95]. The regulatory function of Wnt/p-catenin
signaling is increased after low dose exposure to ionizing
radiation. Indeed, it was shown that low level of irradiation
promotes the bone marrow stromal cells through the Wnt/f-
catenin pathway [96].

The role of cell cycle regulators of the mitochondrial
functions enabling radiation-induced adaptive responses at
low doses has been reviewed recently [97]. The authors con-
cluded that the Cyclin B1/CDK1 complex, which is the cell
cycle G2/M checkpoint regulator, may be considered a key
harmonizer for the regulation of mitochondrial functions in
cellular adaptive response to genotoxic stress, including low-
dose IR. This kinase complex is one of the main components
by which cells communicate with mitochondria under stress-
ing conditions; it plays an important role in coordinating
mitochondrial energy production related to cell cycle pro-
gression and adaptive response to genotoxic stress. Induced
radioadaptation has been reported at doses below 0.6 Gy and
attributed to a change in the balance of G2/M checkpoint
induction that allows time for DNA repair and increases cell
survival. Several studies have demonstrated that low-dose
radiation induces an adaptive response via stimulation of
normal cell proliferation but does not induce a radioadaptive
response in tumor cells [73, 74].

Apoptosis is a physiological process of endogenous pro-
grammed cell death, mediated by a variety of endogenous
and exogenous stimuli including IR. Some miRNAs have
been shown to be involved in radioresponsive effects at
either high or low doses [98]. These authors suggest a model
in which miRNAs may act as “hub” regulators of specific
cellular responses, by immediately down-regulating them
to stimulate DNA repair mechanisms and then upregulating
those involved in suppressing apoptosis for cell survival.
They further suggest that among the miRNAs identified
miR-608 may contribute to cell cycle arrest. Others have
confirmed the decreased apoptosis after low-dose IR and
demonstrated it with UV radiation as well [99-101]. Irradia-
tion of human breast epithelial MCF10A cells at 100 mGy
produces MnSOD phosphorylation through CyclinB1/CDK1
and then increases resistance to apoptosis induced by a

challenge dose of 10 Gy [102]. In human myeloid cells, low-
dose irradiation confers some protection against the induc-
tion of apoptosis [103]. Microarray analysis of these cells
has identified low-dose inducible genes with known roles in
apoptosis regulation and cell cycle regulation. Thus, low-
dose y-radiation modifies apoptotic-related gene expression
in freshly isolated blood lymphocytes, inducing upregulation
of Bcl-2, an anti-apoptotic molecule and down-regulation of
Bax, a pro-apoptotic gene [104].

Neurogenesis is another process that may be enhanced
by low-dose irradiation [105]. Wei and coauthors related
the stimulation of neural stem cell proliferation and reduced
neuronal apoptosis in the hippocampus and learning by mice
to stimulation of the Wnt/B-catenin signaling pathway by
0.3 Gy radiation, whereas they confirmed deleterious effects
after a dose of 3 Gy.

The unfolded protein response (UPR)

The ER is the major cell organelle for the synthesis, folding,
and sorting of proteins. The UPR is a protective mecha-
nism for adaptation to environmental stress and recovery of
normal ER function. The role of the UPR is to modify cel-
lular functions in response to ER stress and re-establish ER
function, by reducing messenger RNA translation, increas-
ing proteasomal degradation, and increasing protein-folding
capacity [106, 107]. Under prolonged or unresolvable ER
stress, the UPR switches from an adaptive to an apoptotic
role. Numerous studies suggest that ER stress and UPR are
involved in several pathological situations (ischemia, dia-
betes, neurodegenerative and renal disorders, and chemical-
induced tissue injury) and physiological events (develop-
ment of different cell types and cytoprotection) [108]. If
UPR fails, apoptosis begins. Numerous and widely varied
chemicals that perturb calcium signaling, induce ROS pro-
duction or hypoxia, or deplete amino acids are known to
activate the UPR [109, 110]. The ER is one of the main
reservoirs of calcium in the cell, and some divalent metals
including lead may replace endogenous divalent cations. It
has been reported that lead or cadmium induces ER stress
and the corresponding GRP94 and GRP78 calcium-binding
chaperones [109]. Knockdown of the latter protein results
in an increase in both ROS generation and lead cytotoxicity
[111]. The authors suggested that these two ER chaperones
(GRP94 and GRP78), as well as the UPR response, may
function as a defense mechanism against lead toxicity in
coordination with antioxidant enzyme induction.

In addition to its pathological significance, ER stress/UPR
also has physiological and protective effects, as shown, for
example, by the cytoprotection of renal cell lines after ER
stress by clinically relevant nephrotoxins that induce GRP78
and GRP94 [112]. These results have been confirmed
in vitro and in vivo by other authors who have demonstrated
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that some ER stress inducers, such as heavy metals or phar-
macological compounds, trigger UPR, upregulate GRP78,
and then activate the autophagy pathway [113—-115]. In vivo,
these actions result in reducing renal ischemia-reperfusion
injury through the improvement of renal function and histol-
ogy [114]. In vitro binding assays investigating the molecu-
lar mechanism show that PERK can directly bind Nrf2 and
that tunicamycin, a UPR-inducing agent, triggers Nrf2-DNA
binding. Nrf2 is phosphorylated during ER stress responses,
thus triggering Nrf2 nuclear import in murine fibroblasts,
whereas Nrf2 remains cytoplasmic in PERK ™~ cells [77].

The bystander effect

The bystander effect is a biological/biochemical change
expressed by a cell or a tissue that is not directly targeted
by IR or chemicals; it happens to cells neighboring or
even distant from targeted cells. It was first demonstrated
by Nagasawa and Little [116], who found that although
a-particles traversed less than 1% of the nuclei of a mon-
olayer cell culture, 30% of the cells showed increased fre-
quencies of sister chromatid exchanges.

Radiation-induced bystander effects refer to DNA
damage-like responses in cells that have not been directly
exposed to radiation [117, 118]. Matsumoto reviewed the
interrelation between bystander effects and radioadaptive
response in 2007 [10]. A more recent finding is that unex-
posed bystander cells respond to factors released by targeted
cells, and thus produce specific responses that can be either
deleterious or beneficial [28]. The induction of radioadap-
tive responses in bystanders depends on the cell type and
experimental conditions. Cells that are grown in condi-
tioned medium harvested from cells exposed to low doses
of a-particles or y-rays display increased clonogenic sur-
vival after subsequent exposures to radiation [42, 119]. This
phenomenon has also been observed in vivo and appears to
resemble abscopal effects, defined as radiation responses in
tissues “definitively separate” from the irradiated area [120].
Specific irradiation of human tumor cells in vivo produces
a bystander effect in subcutaneously growing tumors [121,
122].

The two main types of intercellular signaling path-
ways identified as producing radiation-induced bystander
responses [123] occur through either cell-cell contact (gap-
junction intercellular communication) [124, 125] or secreted
diffusible factors (e.g., cytokines, ROS, and miRNAs) [126,
127]. Low-dose irradiation can induce the selective removal
of precancerous cells via intercellular induction of apoptosis.
The use of scavengers and inhibitors confirms the involve-
ment of secreted diffusible factors such as cytokines and
reactive oxygen/nitrogen species signaling in the selective
removal of transformed cells by non-transformed cells in co-
culture [128]. Nitric oxide (NO) from irradiated cells acts as
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an intercellular signaling molecule to initiate and activate the
early steps in the bystander response process after low-dose
irradiation [129]. Epigenetic elements such as DNA meth-
ylation may also play a role in regulating low-dose radiation
effects through the bystander effect [98, 130]. DNA methyla-
tion regulates low-dose response through reduction of DNA
methyltransferases and global DNA methylation in bystander
tissues [131] and may inhibit DNA repair [132]. Several data
suggest that miRNA changes may have a protective effect
after radiation exposure [133]. Recently studies of their role
in the bystander response showed that expression levels of
some miRNAs, such as miR-21, are modified by fibroblast
irradiation and may act on non-irradiated cells [134, 135].

Until recently it has been difficult to demonstrate a
bystander response for chemical exposures because treat-
ments expose all cells simultaneously. Nevertheless, new
in vitro experimental models have demonstrated the ability
of genotoxic agents or chemotherapeutic drugs to induce
bystander effects [136—139]. These effects are, therefore,
not specific to IR, and authors have suggested novel mecha-
nisms by which chemotherapeutic agents act on cancer cells.
Chemically induced adaptive responses have also been dem-
onstrated in vivo in rats pretreated with low doses of cad-
mium that induce hepatic metallothionein and produce an
adaptive tolerance to lethality from a subsequent high dose
[140].

Adaptive mechanisms at the tissue
and organism levels

Some biological systems sustain and maintain normal phys-
iology in the organism in response to low or mild-stress.
These include antioxidant and immune/inflammatory sys-
tems, which are particularly active in detoxifying organs
such as the kidneys, lung, and liver as well as the vascular
system. They sustain and maintain normal physiology in
the body in response to such mild stress and protect against
toxicity induced by chemicals or radiation. These systems
include the adaptive response provided by transporters, but
as this is well described in other studies and is specific to
chemical exposure, including endocrine disruptors [141],
this review will not describe it specifically.

The antioxidant response

The antioxidant defense system is a key factor that prevents
oxidative stress due to by exogenous stress. Mitochondria
and ROS appear important to the coordination and regu-
lation of the adaptive response. Because we described the
specific role of the Nrf2 pathway above, a more general
response by antioxidant enzymes is described here.
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The mechanisms of adaptive response have been identi-
fied for exposure to heavy metals such as Cd; they involve
the induction of metallothioneins (by 10- to 50-fold) after
low concentration (< 10 pM) Cd pretreatment of rats [140].
The works of Nair et al. [142] confirmed these results and
showed that the chronic exposure of rats to low doses of Cd
induces protective mechanisms including the expression of
genes for antioxidant enzymes and mitochondrial biogen-
esis factors. Similarly, we have showed that chronic uranium
exposure appears to reinforce the antioxidant system in kid-
neys, glutathione homeostasis in particular [143]. Uranium
is also a heavy metal and a radionuclide known to be nephro-
toxic after acute exposure. Chronic exposure at low doses
failed to produce nephrotoxic effects but did induce an anti-
oxidative response [143, 144]. These findings suggest that
the kidney adapts to uranium during the chronic exposure.
Other heavy metals, such as Hg, Cu, or Pb, may produce
protective effects at low concentrations by increasing the
expression of antioxidant enzymes, according to Korashy
and El-Kadi [145], who hypothesize that Pb can replace Zn
in the metal-binding site of Keap 1, thereby activating Nrf2
and its downstream proteins HO-1, NQO1, or GSTAI.

High-dose irradiation is particularly known to deactivate
antioxidative functions and lead to ROS-induced damage in
cells and tissues, while low-dose irradiation or radon inha-
lation activates antioxidative functions and inhibits ROS-
induced damage in in vivo studies [146]: enhanced antioxi-
dative functions have been shown in the brain, lungs, liver
and kidneys of mice inhaling radon [146], while low-dose
y-irradiation before or after carbon tetrachloride treatment
activates antioxidative functions as an adaptive response
in mouse liver and inhibits hepatopathy [147, 148]. The
activity of detoxification enzymes such as MnSOD, Cata-
lase, Gpx, and GST has also been reported to rise in cells
exposed to low-dose radiation, and thus reduce cell damage
[68, 149]. Glutathione content rises after 500 mGy irra-
diation along with other antioxidants in the liver of mice
or in macrophage-like cell lines; this might contribute to
a radioadaptive response. Nrf2 plays a role in controlling
the inducible expression of various enzymes responsible for
the synthesis of glutathione, direct-acting antioxidants, and
reducing equivalents.

Immune/inflammatory reactions

Inflammation is a protective response by cells to pathogens,
infections, or tissue damage and serves to destroy or wall off
both the injurious agent and the injured tissue. It involves the
coordinated communication between different immune cells
and blood vessels through an intricate cascade of molecular
signals designed to remove the stimulus or initiate the heal-
ing process. Observations of changes in the immune system
after radiation exposure imply that inflammation might also

play an essential role in the immunocompetence of living
organisms [150]. Recent reviews of several experimental
findings reveal that low-dose radiation induces anti-inflam-
matory properties and may thereby protect against inflam-
matory diseases [151, 152]. Chronic exposure to low-dose
radiation of different wild-type mouse strains may stimulate
effects that activate the immunological network of the entire
body including cell populations and their surface molecules,
together with antibody-producing activity [153].

It has been reported that under protracted chronic expo-
sure to low-dose y-rays, the normally highly radiosensitive
hematopoietic system adapts and becomes radioresistant
[150, 153, 154]. Evidence from animal experiments demon-
strates that low dose rate irradiation can activate the immune
function [155], promoted by enhancement of the prolifera-
tive response of splenic and thymic lymphocytes to mito-
gens, amplification of NK activity, and increased secretion
of cytokines that regulate immune cells. Repeated low-dose
IR (six fractions of 100 mGy) also enhances other immune
cells or animal models. Kojima et al. [147] observed intensi-
fied natural killer activity and antibody-dependent cellular
cytotoxicity correlated with the increase in the glutathione
level and the suppression of tumor growth in Ehrlich-
Solid-Tumor-bearing mice. In vitro, low-dose irradiation
is described as activating macrophage cells towards a pro-
inflammatory phenotype [156]. Nonetheless, decreased
inflammatory cytokine production, reduced migration,
and increased chemotaxis in macrophages have also been
observed [157]. A recent study by our group showed the
importance of dose rate on endothelial cells’ molecular and
functional responses; upregulation of antioxidant and anti-
inflammatory gene expression after chronic low dose rate
exposure (6 mGy/h) produced an adaptive response even
when the dose reached 2 Gy [158].

Accordingly, the effect of mild stressors such as low-
dose irradiation has modulatory anti-inflammatory proper-
ties that have been used in preclinical models of low-dose
radiotherapy. In vivo models of induced arthritis treated
by fractions of irradiation (1-1.5 Gy) are reported to
diminish inflammatory proliferation symptoms, and thus
joint swelling [159-161]. In further studies, histological
analysis of arthritic joints revealed a reduction in clinical
symptoms (cartilage and bone destruction) after local irra-
diation, apparently related to a reduction of iNOS activity
and increased expression of heme oxygenase-1 and Hsp70
[162, 163]. Reduced levels of the inflammatory cytokines
TNFa, IFNy, and IL-6 are associated with an improvement
in clinical symptoms in another model of induced arthritis
in mice, treated by 0.5-Gy per week for five consecutive
weeks [164]. Regulatory T cells (Treg) may thus contribute
to reducing clinical symptoms in mice treated with low-
dose irradiation [165]. In a human TNF-transgenic mouse
model of chronic polyarthritis characterized by synovial
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inflammation, low-dose irradiation of the mice improves
the disease’s clinical progression [166].

The therapeutic effect of low-dose radiation is also
observed in diabetic nephropathy. In a type 2 diabetes mouse
model, repeated exposure to low-dose radiation at 25 mGy
attenuates diabetes-induced higher renal levels of ICAM-1,
TNF-a, and PAI-1, three proinflammatory factors involved
in the pathogenesis of kidney failure [48]. These results are
in line with previous animal studies showing that low-dose
radiation modifies the progression of chronic renal failure
[167]. As discussed before, the protective mechanisms of
enhancing immunity are linked to the antioxidative action
of low-dose radiation [168, 169]. Along with inflamma-
tion, oxidative stress is a common feature in chronic kidney
diseases; in experimental animals, the ablation of the Nrf2
gene, a critical regulator of cytoprotective factors, causes a
lupus-like autoimmune nephritis and exacerbates diabetes-
induced oxidative stress, inflammation, and nephropathy
[170, 171].

The regulation of inflammation in the cells of the vascular
tree or other organs often involves an adaptive response by
the immune system, associated with an increase in T-reg
cells, which control autoreactive T cells and negatively
regulate immune response by decreasing proinflammatory
lymphocytes and monocytes. Upregulation of T-reg cells
is also associated with a decrease in IL-6, which inhibits
their production through the action of TGFp [172]. In fact,
increasing the number of T-reg cells is an adaptive response
used by different types of tissue as an immune evasion strat-
egy [173]. In this context, repeated exposure to low-dose
mild stressors attenuates inflammation, and upregulate the
immunosuppressive T-reg cells response [164, 174].

Moreover, inflammation is a hallmark of several cardio-
vascular disorders, atherosclerosis in particular. It can be
described as a chronic inflammatory disease of the arterial
wall in which plaque build-up in the intima impairs normal
vascular functioning. High doses of IR increase inflam-
mation and atherosclerosis [175-177], while low doses
administered at a low dose rate are anti-inflammatory and
reduce atherosclerosis in most situations [67, 178—180].
Recent studies demonstrate the importance of dose rate in
the inflammatory response: high dose rates are associated
with the upregulation of inflammation, whereas low dose
rates induce anti-inflammatory responses [175, 178]. The
latter study showed that chronic low-dose '*’Cs exposure for
6 months reduces levels of the inflammatory mediators CRP,
TNFa, MCP-1, and IFN-y, as well as plaque macrophage
content, results that suggest increased plaque stability.

Lung inflammation by benzo[a]pyrene (BaP), a com-
ponent of cigarette smoke, induces lung tumors in animal
models. When human lung fibroblasts were used to study
the effect of low-dose radiation on these proinflammatory
effects, a single low dose of 90 mGy inhibited the secretion
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of proinflammatory cytokines (IL-6, CXCL1, and CXCLS),
probably due to the suppression of IL-6/IL-6R and CLF1/
CNFTR signaling [181]. The authors suggest that low-dose
y-ray exposure suppresses the transformation of human
bronchial epithelial cells exposed to BaP by suppressing
cytokine secretion. Similarly, the arrest of cancer-facilitating
inflammation is a plausible explanation for the reduction of
the number of lung tumors by low-dose total body irradia-
tion after their induction by BaP exposure [182].

All these findings indicate that the immune system is
modified after low dose exposure to IR or chemicals; the
extent and impact of this modification depend on factors
such as the IR dose and its temporal relation to the immune
system. At low doses and low dose rates, the effects of IR on
the immune system may be suppressive or stimulatory, and
their long-term impact may have consequences on various
human inflammatory pathologies.

Discussion

The biological effects of low doses of radiation or chemicals
are often controversial, in view of the difficulty in detecting
noticeable low-level effects or rare events in humans in the
short term, despite the great importance of and interest in
their long-term biological effects. The development of more
sensitive assays is improving the detection of these biologi-
cal effects at low doses and our understanding of the mech-
anisms involved. Nevertheless, these effects can include
maladaptive responses that may appear beneficial in the
short term but may be deleterious over the long term. More
specifically, carcinogenesis is an adaptive response process
in a given tissue and must thus be understood biologically
from its early stages, including DNA repair, tumor promo-
tion, and inflammation. It may, therefore, play an important
role in preventing the immortalization of human cells. The
study and understanding of the mechanisms involved in the
adaptive response are highly complex as they depend on
the model (in vitro, in vivo) used, the endpoint, the dose or
the dose rate for radiation, and the interval between expo-
sure and the observed biological effects. Additionally, the
duration of the adaptive response can also differ strongly:
enzymatic or transcription responses act within minutes or
hours) to remodeling, epigenetic, or genomic effects that are
observed after months or years [22]. Accordingly, the adap-
tive response fades if the time between the first and second
exposure is too long; inversely, if these exposures follow
each other too rapidly, adaptive response mechanisms may
not have sufficient time to be induced.

Although some recent epidemiological studies have
found significantly elevated risks of solid cancers associ-
ated with exposure in the 0-100 mGy dose range, their sta-
tistical power remains too limited to investigate risks in the
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low-dose range with sufficient precision [1]. The biological
effects of low-dose radiation or chemicals are currently esti-
mated with the linear non-threshold model, but as EJ Cala-
brese wrote: “Regulators must extrapolate results not only
from animal toxicity studies, typically from mice and/or rats
to humans, but also from the very high doses usually used in
animal experiments to the very low doses that are character-
istic of human exposure. These two types of extrapolation
are steeped in uncertainty”. Calabrese and Baldwin have
proposed a quantitative methodology with scoring criteria
for beneficial hormetic effects [183]; it has been applied by
others to all NMDR for chemicals [8], modified to include
a stepwise decision tree to consider individual NMDR rela-
tions in a risk assessment context. This is particularly useful
for determining the potential impacts of endocrine disrupt-
ing chemicals for which NMDR relations have been experi-
mentally described with relatively higher frequency than for
other chemicals [141].

Improving our understanding of these biological con-
sequences is essential for protection of humans and their
environment, as it will enable better risk estimates, the revi-
sion of standards, and, as some authors suggest, translational
applications for new therapies. The neurogenic effects of
low-dose radiation have led to the exploration of neuro-
degenerative disorders. Wei and colleagues, for example,
showed that parameters reflecting hippocampal neurogenesis
and animal learning both increased in the group exposed
to low-dose radiation, but confirmed a detrimental effect
on neurogenesis in the high-dose group [105]. An evalua-
tion of the protective mechanisms of low-dose radiation in
an animal model of type 2 diabetes-induced kidney injury
showed that low-dose radiation attenuates dyslipidemia,
inflammation, oxidative stress, and fibrosis—that is, the
causes of renal damage in type 2 diabetes [47, 48]. Moreo-
ver, the anti-inflammatory effect of low-dose radiation may
protect against other inflammatory diseases, such as arthritis
symptoms [151]. Single or fractional administration of low-
dose radiation also diminishes inflammatory proliferation
(cytokines, iNOS) and is associated with improvement in
clinical symptoms (cartilage and bone destruction).

Conclusion

This review shows the importance of studying low-dose
effects while avoiding extrapolations from high-dose stud-
ies, which are not sufficient for estimating the real conse-
quences of low-dose exposures. A better understanding
of these low-dose effects is underway, through molecular
studies that allow us to identify the pathways responsible
for the adaptive mechanisms. DNA repair and antioxidative
mechanisms are among the best described pathways involved
in adaptive response to exposure to low doses of radiation

or chemicals. Their interplay with autophagy, inflamma-
tory responses, and UPR can allow the cells to cope with
mild stress through a better functional response leading
to a higher likelihood of cell survival. If this protection is
insufficient and defense mechanisms are overwhelmed, cell
death or neoplastic transformation can be observed. In the
coming years, a better understanding of the stress response
pathway, molecular pathways of toxicity, and the adverse
outcome pathway (AOP) will all be helpful in linking the
cellular stress response to organ dysfunction and the risk of
an adverse effect on the organism [184].
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