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Abstract

Recent insights into the mechanisms underlying the biological effects of low
dose effects of ionising radiation have revealed that similar mechanisms can be
induced by chemical stressors in the environment. This means that interactions
between radiation and chemicals are likely and that the outcomes following
mixed exposures to radiation and chemicals may not be predictable for human
health, by consideration of single agent effects. Our understanding of the
biological effects of low dose exposure has undergone a major paradigm shift.
We now possess technologies which can detect very subtle changes in cells
due to small exposures to radiation or other pollutants. We also understand
much more now about cell communication, systems biology and the need
to consider effects of low dose exposure at different hierarchical levels of
organisation from molecules up to and including ecosystems. Furthermore we
understand, at least in part, some of the mechanisms which drive low dose
effects and which perpetuate these not only in the exposed organism but also
in its progeny and in certain cases, its kin. This means that previously held
views about safe doses or lack of harmful effects cannot be sustained. The
International Commission on Radiological Protection (ICRP) and all national
radiation and environmental protection organisations have always accepted a
theoretical risk and have applied the precautionary principle and the LNT
(linear-non-threshold) model which basically says that there is no safe dose of
radiation. Therefore even in the absence of visible effects, exposure of people
to radiation is strictly limited. This review will consider the historical context
and the new discoveries and will focus on evidence for emergent effects after
mixed exposures to combined stressors which include ionising radiation. The
implications for regulation of low dose exposures to protect human health and
environmental security will be discussed.
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1. Biology of ‘non-targeted’ effects

Within conventional radiobiology as accepted in the 1950s continuing through to the 1990s
there was little consideration of epigenetic effects, because the traditional concept of
radiobiology was based on target theory [1, 2]. For an effect to occur, radiation had to hit a
defined target within the cell, assumed to be DNA. Assumptions about the number of targets
hit could then be made from measurements of dose and dose rate [3, 4]. The evolution of non-
targeted radiobiology meant that certainly at low doses the previous assumptions needed to be
reconsidered in the light of the existence of non-DNA mechanisms [5-7]. The mechanisms
underlying radiation effects are not constant with respect to dose and it would now be generally
accepted that low dose effects are mechanistically different to high doses effects. This is
not to say the mechanisms are necessarily mutually exclusive but it does mean that non-
targeted effects will contribute more to the overall outcome at low doses where targeted
effects are small. Targeted effects will predominate at high doses and in situations where
non-targeted effects have been inhibited or otherwise prevented. In terms of the progression of
radiobiological thinking in this field, disease caused by radiation no longer had to be exclusively
genetically based, but radiation could promote or exacerbate systemic disease. This disease
could have been caused for example by a chemical mutagen [8—10]. Equally, the radiation
could facilitate a non-mutation based inflammatory type disease [11-14]. These concepts,
although largely accepted theoretically by the radiobiology community, have been difficult to
prove epidemiologically because of what are generally called ‘confounding variables’ such as
smoking, drinking, age, gender, or concurrent past or future exposures to the same or a different
pollutant [15, 16]. Of course these actually reflect the futility of trying to assign causation,
as defined in epidemiology, to one agent when the doses are low! It has also been argued
that radiation and many chemical ‘pollutants’ might actually boost the immune system and be
good [17-19]. The hormetic argument has many interesting applications but is unproven with
regard to multiple pollutants. This further adds to the confusion and controversy surrounding
low dose exposures. The essential point is that there will be huge individual variation due
to involvement of epigenetic and non-targeted factors in the response [20-22]. At any one
time we are as unique epigenetically as we are genetically. Epigenetic differences are linked
to gender and lifestyle. In theory therefore a low dose of radiation could cause any number
of effects ranging from beneficial to death-inducing disease depending on the context of the
exposure and the interplay of factors such as cell communication, microenvironment, tissue
infrastructure and a whole host of systemic variables which influence outcome from a cellular
track of ionising radiation [23, 24].

2. Radiation as ‘just another stressor’

Key developments leading to the current widespread acceptance of ionising radiation as ‘just
another stressor’ include;

(1) The development of very sensitive techniques such as M-FISH, for detecting chromosomal
abnormalities [25-28].

(2) The emergence of studies showing that delayed or persistent sub-optimal survival
(reproductive death) could be seen in surviving progeny of irradiated cells [29-32].

(3) The gradual understanding of genomic instability as a mechanism by which low doses of
radiation could cause delayed or persistent damage to chromosomes [33-37].

(4) The development of knowledge of ‘bystander effects’ whereby chromosome damage,
death, DNA damage and various other consequences occur in cells receiving signals from
cells irradiated with low doses of radiation [38—43].
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(5) Criticism of the epidemiological research undertaken after the Hiroshima and Nagasaki
bombs as ignoring the damage from residual radiation [44, 45].

The new paradigm emerged initially as a result of re examination of firmly held beliefs
and some odd results in the laboratory which did not fit. Proof of the new hypotheses required
the application of techniques such as molecular imaging, M-FISH, and SKY as well as the
development of tissue culture techniques for human normal tissues which permitted functional
studies to be performed [46]. Older studies tended to use high doses on a limited number of cell
lines or highly inbred animal strains. These tended to thrive in the laboratory but were often
unrepresentative of tissues in the outbred human or non-human [47-49].

The emerging non-targeted effects field has three important consequences for radiation
protection and risk assessment:

2.1. The concept of hierarchical levels

Hierarchical levels stretch from the individual ‘down’ (organs—tissues—cells—organelles—genes)
and ‘up’ to populations (multiples individuals/single species (multiples species—ecosystems)).
Confusion in the low dose exposure field (radiation and chemical) arise from lack of
consideration of this concept. Most of the arguments about whether radiation is ‘good for
you’ or ‘bad for you’ fail due to lack of consideration of the hierarchical level at which the
effect occurs and because most of the arguments are anthropocentric. For example cell death
is seen as a ‘bad’ effect but if it removes a potentially carcinogenic cell from the population
of cells in a tissue it could prevent cancer starting and could be seen as ‘good’. Similarly
in the non-human populations—death of radiosensitive individuals which cannot adapt to the
changed (now radioactive/chemically polluted) environment, could be ‘good’ for the population
in evolutionary terms depending on the life stage and reproductive status when the effects
manifest, although death will always be ‘bad’ for the individual. It is only by considering
responses in context, that any conclusions can be drawn about risk or harm.

2.2. Spatio-temporal concepts

There are two aspects to this—one is simply, the age of the irradiated unit and the spatial
deposition pattern of the ionising energy. This concept is relevant across all hierarchical
levels. Obvious considerations are the age or maturity of the unit (e.g. cell, organ, lifeform,
ecosystem) receiving the track, the density of the energy deposition, the lifetime of the unit
and its importance in the context of functionality of the higher hierarchical levels. Young units
tend to be less stable and thus more vulnerable (or more adaptive?) than old or mature units
because of their faster metabolic rate, higher rate of growth/cell division and at the ecosystem
level, because of their less strongly developed interdependencies. There is also (usually),
more redundancy in young units, for example there are more available individuals, better
reproductive rates and better viability from young progenitors, whether cells or individuals. The
other aspect is that the delayed effects of radiation and bystander effects mean that radiation
effects are not fixed in time or space to the energy deposition along ionising track. The effects
can persist and manifest at distant points in time and space. These concepts are also discussed
elsewhere [8, 9].

2.3. The importance of mixed exposure analysis

Pollutants including radiation seldom occur in isolation. In fact most environmental
radioactivity comes from radioisotopes which are chemical entities. This means that there
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is always a mixed exposure and that both the chemical and radioactive aspects need to be
considered. Additive damage used to be an acceptable way to deal with mixed exposures (if
any way were used!). The new field of non-targeted effects with the consequent realisation
that emergent properties can exist, which were not predictable from the individual agent dose
response data, makes this no longer acceptable. Two simple examples of why new analytical
thought is needed are presented below.

The following situations could occur and could be argued, but there is no consistently right
or wrong answer. Without more information on the initial status of the irradiated unit;

(1) Ifacell is irradiated it can be internally or externally induced to undergo apoptosis whether
or not it is ‘damaged’, but if a chemical e.g. cadmium is present, it could interfere with
apoptotic signalling so that the cell lives. If cell survival were measured, the assay would
suggest cadmium were radioprotective but the surviving cells could carry mutations which
might (or might not) be harmful.

(2) At the population level, the situation could occur where a population becomes adapted
to a chronic radiation exposure. In this population, a further stress either radiation or
chemical might have little effect due to cross resistance, but this same level of stressor
might devastate a pristine, non-adapted population. Equally, withdrawal of the chronic
stressor might damage the adapted population.

These complexities call for a re-think of fundamental approaches to both epidemiological
causation after low dose exposures to anything. They also question the need regulators have
to regulate to a number (dose unit/exposure unit). Some of the issues concerning the latter
position include the following:

How to ensure compliance if there is no ‘safe’ or legal limit?

How to deal with multiple stressors especially if the interactions are not known?

How to correct for dose rate/time of exposure?

How to deal with mixed chronic and acute exposures?

How to factor in possible adaptive, hormetic or antagonistic effects?

How to regulate in pristine versus dirty environments?

The issues of legal causation are highly relevant to the former point but outside the scope of
this review. Discussion of these issues can be found elsewhere [50-52]. Ultimately, in order to
resolve these issues, more data are needed for mixed exposure scenarios using relevant species.
Systems biology approaches involving close interaction between experimental biologists and
modellers are also required.

3. Data concerning low dose effects of mixed exposures

There are very little data where low dose exposures to multiple stressors/mixed contaminants
involving radiation and a chemical are investigated. The field was reviewed by Mothersill
et al [53] in 2006. Recent interest in non-targeted effects probably means more attention
will be paid to this area in future. Gowans et al [54] have data showing chemical induction
of genomic instability. Data from the authors’ own and other laboratories shows that heavy
metals singly or in combination can cause genomic instability [55-67]. Delayed death and
chromosome aberrations in human cells following nickel, titanium or cadmium exposure have
been reported [64—67]. Similar effects have been reported in fish cell lines [58—63], and more
recently in live fish exposed to very low doses of gamma radiation 4-75 mGy over 48 h in the
presence of heavy metals at levels just above background [68, 69].

Organic pesticides and detergents such as prochloras, nonoylphenol, nonoxynol and
dichloroaniline have also been found to cause delayed lethal mutations in fish cells [57, 58, 61].
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Chromium and vanadium used in implants and dentures lead to a variety of genetic and
reproductive delayed effects in vivo and to multiple endpoints associated with non-targeted
effects in vitro [64-67].

4. Implications for environmental protection and human health

While many of the studies cited above are concerned with fish rather than humans, the
data show that non-targeted effects can be induced by low dose exposures to a number of
environmental chemicals as well as ionising radiation. This means that combined exposures
to low doses of these agents cannot be regulated in isolation and that studies of potential
mechanistic interactions are important. Radiation protection of humans could find use from the
approaches which are being taken by the task groups within ICRP, IAEA and the US-DoE (see
for example [70, 71]) who have to formulate policy to regulate exposure of non-human biota.
Many of the issues involved such as dealing with non-cancer endpoints, mixed contaminants or
chronic low dose exposure are real issues in human radiation protection.

5. Summary thoughts and recommendations

The challenge in the low dose exposure field is to tease out the ‘noise’. Noise is the euphemistic
term we use when the level of the disease which is un attributable to our favoured causative
agent, is too high to prove causation formally in any strict scientific or legal sense. Perhaps
we should accept that we cannot assign causation and instead view ionising radiation as
one among many agents which fogether contribute to cause disease. Before we can do this
it is vital to understand the key mechanisms and in particular to find areas of mechanistic
commonality suggesting common causation. Biomarkers may be useful to identify possible
common mechanisms and to validate their relevance across different hierarchical levels. If
this is achieved it should be possible to model links between effects at one level e.g. cellular
or individual leading to harm and risk at higher levels—in this example the individual or the
population. Biomarker studies do need to be interpreted cautiously however because they are
often used as surrogates for risk when in fact they may merely be pointing to change in the
system. Without the back-up modelling and multi-level analysis of their relevance they may
lead to false conclusions and confusion about the true risk of an inducing agent.

The problem of establishing causation following mixed exposures remains along with the
issue of what constitutes ‘harm’. In the non-human biota field, there is great concern about
doing more harm than good, if action levels are enforced which might require ‘remediation’
of a habitat—i.e. removal of contaminated vegetation and soil. This could cause much more
harm to the ecosystem than the original stressor. In the realm of human protection against low
dose stressors, issues might include the ethics of genetic screening to identify sensitive sub-
populations. If a sensitivity marker were available, who should be tested and when? Should
diagnostic screening be forbidden to these individuals because of their possible sensitivity to
low doses of radiation? There are also issues regarding lifestyle choices and risk benefit analysis
at the biological level. Evolutionary adaptation leads to a fitter population (of cells, individuals)
by eliminating the weak units but how is that population changed? In dealing with concepts
of adaptation to environmental stressors where ‘nature’ sorts things out in the optimal way, is
‘nature’s way’ to Nietzian for Man?

It would be nice to conclude this reflection with a ‘way forward’ but as we are still in
the very early stages of accepting that radiation doses effects at low doses are non-linear, that
multiple stressors impact the final outcome, and that what appears to be bad (or good) may
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be good (or bad)—it is perhaps best to recommend caution and consideration of these points
rather than a great new regulatory framework!

Acknowledgments

We acknowledge continued support from the Canada Research Chairs programme, NSERC,
Bruce Power, COG and the EU NOTE integrated project.

References

(11
(2]
31
(4]
(31
(6]
(71
(8]
(91
[10]
[11]
[12]

[13]

[14]

[15]
[16]

[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]

[25]

Timofeeff-Ressovky N' W, Zimmer K G and Delbriick M 1935 Uber die natur der genmutation und der
genstruktur Nachrichten Von Ges. Wiss. Gott. Math.-Phys. Kl. Fachgr. VI, Biol. 1 189-245

Osborne James C, Miller J H Jr and Kempner E S 2000 Molecular mass and volume in radiation target theory
Biophys. J. 78 1698-702

Elkind M M 1967 Radiobiology of Cultured Mammalian Cells (London: Gordon and Breach)

Alper T 1979 Cellular Radiobiology (Cambridge: Cambridge University Press)

Morgan W F and Sowa M B 2006 Non-targeted bystander effects induced by ionizing radiation Mutat. Res.
616 159-64 Epub

Mothersill C and Seymour C 2006 Radiation-induced bystander and other non-targeted effects: novel intervention
points in cancer therapy? Curr. Cancer Drug Targets 6 447-54

Hei T K, Zhou H, Ivanov V N, Hong M, Lieberman H B, Brenner D J, Amundson S A and Geard C R 2008
Mechanism of radiation-induced bystander effects: a unifying model J. Pharm. Pharmacol. 60 943-50

Preston R J 2005 Bystander effects, genomic instability, adaptive response, and cancer risk assessment for
radiation and chemical exposures Toxicol. Appl. Pharmacol. 207 (2 Suppl) 550-6

Baverstock K and Ronkk6 M 2008 Epigenetic regulation of the mammalian cell PLoS ONE 43 ¢2290

Gundy S 2006 The role of chemical and physical factors in cancer development Magy. Onkol. 50 5-18

Kusunoki Y and Hayashi T 2008 Long-lasting alterations of the immune system by ionizing radiation exposure:
implications for disease development among atomic bomb survivors Int. J. Radiat. Biol. 84 1-14

Lorimore S A and Wright E G 2003 Radiation-induced genomic instability and bystander effects: related
inflammatory-type responses to radiation-induced stress and injury? Int. J. Radiat. Biol. 79 15-25

Manton K G, Volovik S and Kulminski A 2004 ROS effects on neurodegeneration in Alzheimer’s disease and
related disorders: on environmental stresses of ionizing radiation Curr. Alzheimer Res. 1277-93

Little M P, Tawn E J, Tzoulaki I, Wakeford R, Hildebrandt G, Paris F, Tapio S and Elliott P 2008 A systematic
review of epidemiological associations between low and moderate doses of ionizing radiation and late
cardiovascular effects, and their possible mechanisms Radiat. Res. 169 99-109

Sigurdson A J and Ron E 2004 Cosmic radiation exposure and cancer risk among flight crew Cancer Investig.
22 743-61 (PMID: 15581056)

Prasad KN, Cole W C and Hasse G M 2004 Health risks of low dose ionizing radiation in humans: a review Exp.
Biol. Med. 229 378-82

Calabrese E J and Baldwin L A 2000 The effects of gamma rays on longevity Biogerontology 1 309-19

Sakai K 2006 Biological responses to low dose radiation-hormesis and adaptive responses Yakugaku Zasshi
126 827-31

Boonstra R, Manzon R G, Mihok S and Helson J E 2005 Hormetic effects of gamma radiation on the stress axis
of natural populations of meadow voles (microtuspennsylvanicus) Environ. Toxicol. Chem. 24 33443

Wright E G and Coates P J 2006 Untargeted effects of ionizing radiation: implications for radiation pathology
Mutat. Res. 11 119-32

Pinto M and Howell R W 2007 Concomitant quantification of targeted drug delivery and biological response in
individual cells Biotechniques 43 6671 (PMID: 17695254)

Fike J R, Rola R and Limoli C L 2007 Radiation response of neural precursor cells Neurosurg. Clin. North Am.
18 115-27

Wright E G 2007 Microenvironmental and genetic factors in haemopoietic radiation responses Int. J. Radiat.
Biol. 83 813-8

Gault N, Rigaud O, Poncy J L and Lefaix J L 2007 Biochemical alterations in human cells irradiated with alpha
particles delivered by macro- or microbeams Radiat. Res. 167 551-62

Pinkel D et al 1988 Fluorescence in situ hybridization with human chromosome-specific libraries: detection of
trisomy 21 and translocations of chromosome 4 Proc. Natl Acad. Sci. 85 9138-42


http://dx.doi.org/10.1016/S0006-3495(00)76721-X
http://dx.doi.org/10.2174/156800906777723976
http://dx.doi.org/10.1211/jpp.60.8.0001
http://dx.doi.org/10.1016/j.taap.2004.12.024
http://dx.doi.org/10.1371/journal.pone.0002290
http://dx.doi.org/10.1080/09553000701616106
http://dx.doi.org/10.1080/713864986
http://dx.doi.org/10.2174/1567205043332036
http://dx.doi.org/10.1667/RR1070.1
http://dx.doi.org/10.1081/CNV-200032767
http://dx.doi.org/10.1023/A:1026510001286
http://dx.doi.org/10.1248/yakushi.126.827
http://dx.doi.org/10.1897/03-163R.1
http://dx.doi.org/10.2144/000112492
http://dx.doi.org/10.1016/j.nec.2006.10.010
http://dx.doi.org/10.1080/09553000701731111
http://dx.doi.org/10.1667/RR0684.1
http://dx.doi.org/10.1073/pnas.85.23.9138

Implications for environmental health of multiple stressors A27

[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]
[51]

[52]
[53]

[54]

[55]

Speicher M R et al 1996 Multiple-fluorescence in situ hydridisation for chromosome karyotyping Nat. Protocols
11172-76

Hande M P et al 2003 Past exposure to densely ionising radiation leaves a unique permanent signature in the
genome Am. J. Hum. Genet. 72 1162-70

Edwards A A et al 2005 Review of translocations detected by FISH for retrospective biological dosimetry
applications Radiat. Prot. Dosim. 113 396-402

Seymour C B, Mothersill C and Alper T 1986 High yields of lethal mutations in somatic mammalian cells that
survive ionizing radiation Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 50 167-79

Mothersill C and Seymour C 1997 Lethal mutations and genomic instability Int. J. Radiat. Biol. 71 751-8

Stamato T, Weinstein R, Peters B, Hu J, Doherty B and Giaccia A 1987 Delayed mutation in Chinese hamster
cells Somat Cell Mol. Genet. 13 57-65

Coates P J, Lorimore S A and Wright E G 2005 Cell and tissue responses to genotoxic stress J. Pathol.
205 221-35

Kadhim M A, Macdonald D A, Goodhead D T, Lorimore S A, Marsden S J and Wright E G 1992 Transmission
of chromosomal instability after plutonium alpha-particle irradiation Nature 355 738—40

Little J B and Nagasawa H 1992 Induction of sister chromatid exchanges by extremely low doses alpha-particles
Cancer Res. 52 6394-6

Marder B A and Morgan W F 1993 Delayed chromosomal instability induced by DNA damage Mol. Cell Biol.
13 6667-77

Ponniaya B et al 1997 Radiation-induced chromosomal instability in BALB/c and C57BL/6 mice: the difference
is as clear as black and white Radiat. Res. 147 121-5

Watson G E, Lorimore S A, Clutton S M, Kadhim M A and Wright E G 1997 Genetic factors influencing alpha-
particle-induced chromosomal instability Int. J. Radiat. Biol. 71 497-503

Hei T K, Persaud R, Zhou H and Suzuki M 2004 Genotoxicity in the eyes of bystander cells Mutat. Res. 568
111-20

Lorimore S A, Kadhim M A, Pocock D A, Papworth D, Stevens D L, Goodhead D T and Wright E G 1998
Chromosomal instability in the descendents of unirradiated surviving cells after alpha-particle irradiation
Proc. Natl Acad. Sci. 95 5730-3

Brenner D J et al 2001 The bystander effect in radiation oncogenesis Radiat. Res. 155 402-8

Schettino G, Folkard M, Michael B D and Prise K M 2005 Low-dose binary behaviour of bystander cell killing
after microbeam irradiation of a single cell with focused c(k) x-rays Radiat. Res. 163 3326

Weber T J, Siegel R W, Markillie L M, Chrisler W B, Lei X C and Colburn N H 2005 A paracrine signal mediates
the cell transformation response to low dose gamma radiation in JB6 cells Mol. Carcinog. 43 31-7

Lui Z, Mothersill C E, McNeill F E, Lyng F M, Byun S H, Seymour C B and Prestwich W V 2006 A dose
threshold for a medium transfer bystander effect for a human skin cell line Radiat. Res. 166 19-23

Sawada S 2007 Cover-up of the effects of internal exposure by residual radiation from the atomic bombing of
Hiroshima and Nagasaki Med. Confl. Surv. 23 58-74

Mossman K L 2001 Deconstructing radiation hormesis Health Phys. 80 263-9

Freshney R 12005 Culture of Animal Cells a manual of basic technique (Liss: Wiley)

Elkind M M 1988 The initial part of the survival curve: does it predict the outcome of fractionated radiotherapy?
Radiat. Res. 114 425-36

Hornsey S, Kutsutani Y and Field S B 1975 Damage to mouse lung with fractionated neutrons and x rays
Radiology 116 171-4

Alper T 1973 The relevance of experimental radiobiology to radiotherapy. Present limitations and future
possibilities Br. Med. Bull. 29 3-6

Masse R 2000 Ionizing radiation C. R. Acad. Sci. 111 323 63340

Gonzélez A J 2005 Lauriston S Taylor Lecture: radiation protection in the aftermath of a terrorist attack involving
exposure to ionizing radiation Health Phys. 89 418-46

Miller C 2006 Causation in personal injury: legal or epidemiological common sense? Leg. Stud. 26 544-69

Mothersill C, Mosse I and Seymour C B 2006 Multiple Stressors: A Challenge for the Future: Proc. of the NATO
Advanced Research Workshop on Multipollution Exposure and Risk Assessment—A Challenge for the Future
(Minsk) vol 6 (Dordrecht: Springer) pp 283-98 Epub 2007 ISBN: 978-1-4020-6334-3

Gowans I D, Lorimore S A, Mcllrath J M and Wright E G 2005 Genotype-dependent induction of transmissible
chromosomal instability by gamma-radiation and the benzene metabolite hydroquinone Cancer Res.
65 3527-30

Grygoryev D, Moskalenko O and Zimbrick J D 2008 Non-linear effects in the formation of DNA damage in
medaka fish fibroblast cells caused by combined action of cadmium and ionizing radiation Dose Response
6283-98


http://dx.doi.org/10.1086/375041
http://dx.doi.org/10.1093/rpd/nch452
http://dx.doi.org/10.1080/09553008614550541
http://dx.doi.org/10.1080/095530097143743
http://dx.doi.org/10.1007/BF02422299
http://dx.doi.org/10.1002/path.1701
http://dx.doi.org/10.1038/355738a0
http://dx.doi.org/10.2307/3579411
http://dx.doi.org/10.1080/095530097143824
http://dx.doi.org/10.1073/pnas.95.10.5730
http://dx.doi.org/10.1667/0033-7587(2001)155[0402:TBEIRO]2.0.CO;2
http://dx.doi.org/10.1667/RR3319
http://dx.doi.org/10.1002/mc.20092
http://dx.doi.org/10.1667/RR3580.1
http://dx.doi.org/10.1080/13623690601084617
http://dx.doi.org/10.2307/3577116
http://dx.doi.org/10.1097/01.HP.0000179340.57348.26
http://dx.doi.org/10.1111/j.1748-121X.2006.00029.x
http://dx.doi.org/10.1158/0008-5472.CAN-04-4242
http://dx.doi.org/10.2203/dose-response.07-012.Grygoryev

A28

C Mothersill and C Seymour

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]
[67]

[68]

[69]
[70]

[71]

Bagwell C E, Milliken C E, Ghoshroy S and Blom D A 2008 Intracellular copper accumulation enhances the
growth of kineococcus radiotolerans during chronic irradiation Appl. Environ. Microbiol. 74 1376-84

Mothersill C, Crean M, Lyons M, McSweeney J, Mooney R, O’Reilly J and Seymour C B 1998 Expression of
delayed toxicity and lethal mutations in the progeny of human cells surviving exposure to radiation and other
environmental mutagens Int. J. Radiat. Biol. 74 673-80

Dowling K, Seymour C and Mothersill C 2005 Delayed cell death and bystander effects in the progeny of chinook
salmon embryo cells exposed to radiation and a range of aquatic pollutants Int. J. Radiat. Biol. 81 89-96

Dowling K and Mothersill C 2001 The further development of rainbow trout primary epithelial cell cultures as a
diagnostic tool in ecotoxicology risk assessment Aquat. Toxicol. 53 279-89

Ni Shailleabhdin S, Mothersill C, Sheehan D, O’Brien N M, O’Halloran J, van Pelt F N, Kilemade M and
Davoren M 2006 Cellular responses in primary epidermal cultures from rainbow trout exposed to zinc chloride
Ecotoxicol. Environ. Safety 65 33241

Dowling K and Mothersill C 1999 Use of rainbow trout primary epidermal cell cultures as an alternative to
immortalized cell lines in toxicity assessment: a study with nonoxynol Environ. Toxicol. Chem. 18 2846-50

Mothersill C, Lyng F, Mulford A, Seymour C, Cottell D, Lyons M and Austin B 2001 Effect of low doses
of ionizing radiation on cells cultured from the hematopoietic tissue of the dublin bay prawn, nephrops
norvegicus Radiat. Res. 156 241-50

Lyng F M, Lyons-Alcantara M, Olwell P, Ni Shuilleabhdin S, Seymour C, Cottell D C and Mothersill C 2004
Tonizing radiation induces a stress response in primary cultures of rainbow trout skin Radiat. Res. 162 226-32

Glaviano A et al 2006 Effects of hTERT on metal ion-induced genomic instability Oncogene 25 3424-35

Glaviano A, Mothersill C, Case C P, Rubio M A, Newson R and Lyng F 2009 Effects of hTERT on genomic
instability caused by either metal or radiation or combined exposure Mutagenesis 24 25-33

Coen N, Kadhim M A, Wright E G, Case C P and Mothersill C E 2003 Particulate debris from a titanium metal
prosthesis induces genomic instability in primary human fibroblast cells. Br. J. Cancer 88 548-52

Coen N, Mothersill C, Kadhim M and Wright E G 2001 Heavy metals of relevance to human health induce
genomic instability J. Pathol. 195 293-9

Salbu B, Denbeigh J, Smith R W, Heier L S, Teien H C, Rosseland B O, Oughton D, Seymour C B and
Mothersill C 2008 Environmentally relevant mixed exposures to radiation and heavy metals induce measurable
stress responses in Atlantic salmon Environ. Sci. Technol. 42 3441-6

Mothersill C, Salbu B, Heier L S, Teien H C, Denbeigh J, Oughton D, Rosseland B O and Seymour C B 2007
Multiple stressor effects of radiation and metals in salmon (Salmo salar) J. Environ. Radioact. 96 20-31

2003 A framework for assessing the impact of ionising radiation on non-human species ICRP Publication 91;
Ann. ICRP 33 201-70

2009 New recommendations of the ICRP ICRP Publication 103; Ann. ICRP 37 2—4 (Amsterdam: Elsevier)


http://dx.doi.org/10.1128/AEM.02175-07
http://dx.doi.org/10.1080/095530098140934
http://dx.doi.org/10.1080/09553000400017606
http://dx.doi.org/10.1016/S0166-445X(01)00172-2
http://dx.doi.org/10.1016/j.ecoenv.2005.08.004
http://dx.doi.org/10.1897/1551-5028(1999)018<2846:UORTPE>2.3.CO;2
http://dx.doi.org/10.1667/0033-7587(2001)156[0241:EOLDOI]2.0.CO;2
http://dx.doi.org/10.1667/RR3216
http://dx.doi.org/10.1038/sj.onc.1209399
http://dx.doi.org/10.1093/mutage/gen048
http://dx.doi.org/10.1038/sj.bjc.6600758
http://dx.doi.org/10.1002/path.950
http://dx.doi.org/10.1021/es7027394
http://dx.doi.org/10.1016/j.jenvrad.2007.01.025
http://dx.doi.org/10.1016/S0146-6453(03)00022-8

	1. Biology of `non-targeted' effects
	2. Radiation as `just another stressor'
	2.1. The concept of hierarchical levels
	2.2. Spatio-temporal concepts
	2.3. The importance of mixed exposure analysis

	3. Data concerning low dose effects of mixed exposures
	4. Implications for environmental protection and human health
	5. Summary thoughts and recommendations
	Acknowledgments
	References

