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INTRODUCTION

1.  Living organismsare exposed to numerous natural and
man-made agents that interact with molecules, cdls, and
tissues, causing reversble deviations from homeodatic
equilibrium or irreversble damage. Many aspects of aging
and many diseases are thought to stem from exogenous and
endogenous de eterious agents acting on key components of
cdlswithin the body. Because of the worldwide proliferation
of anumber of man-made agentsand theincreasing rel ease of
natura agents due to human activitiesinto the environment,
the assessment of toxicity, carcinogenicity, and mutagenicity
of aspecific chemical, physical, or biologica agent is, in fact,
astudy of combined exposures[G10]. Although thishasbeen
recognized for a long time, risk assessment is generdly
performed with the smplifying assumption that the agent
under study acts largely independently of other substances.
Studies of interactions have indicated, however, that, at least
at high exposures, the action of one agent can be influenced
by smultaneous exposures to other agents. The combined
effects may be greater or smaller than the sum of the effects
from separate exposures to theindividual agents. The action
at low levds of exposure, which are commonly encountered
in occupational and environmental Situations, is less clear.
Continued, critical review of dudies on the effects of
combined exposures to radiation and other toxic agents is
necessary, particularly at the lowest levels of exposure, to be
sure that any modifications of the radiation effects caused by
other environmental or occupational agents are recognized
and, asfar aspossible, taken into account in risk assessments.

2. In the UNSCEAR 1982 Report [U6], the Committee
discussed the problem of the combined action of radiation
with other agents. In reviewing the approaches and the many
reports in which synergisms were daimed, the Committee
noted that, in general, an adequate conceptual framework was
lacking. Despite many reports showing the potential import-
ance of interactions between different agents under pecific
conditions, mostly occupational, information on the mechan-
ismsof action waslargely missing, and the methodol ogies for
data analysis in different branches of the biological sciences
were based on different approaches. The UNSCEAR 1982
Report concluded that it was not possible to document clear
casesof interaction that could justify substantial modifications
to the exiging radiation risk estimates. The Committee felt
that systematicinvestigationsof combined effectswereneeded
to alow this field to move forward from its early stage of
devel opment.

3. The objective of this Annex is to update the Com-
mittee's previousreview of this subject [U6] and to reconsider
whether interactionsof radiation and one or morecther agents
should be taken into account in evaluating radiation risks at
low doses. To achievethisobjective, thefollowing subjectsare
considered:

(8 the concepts of doses, targets, and detriments currently
used in risk assessments of radiation and chemical

agents;

(b) recent developments from research on the possible
mechanisms of combined effects from low-level
exposures to radiation and other agents;

(¢) resultsandevaluationsof datafrom experimental and
epidemiological studies;

(d) mechanistic modelsapplied to experimental and epi-
demiological results, with generalizationsand extra-
polations that might be pertinent to low and chronic
exposures;

(e) conceptsand approachesin other areas of biological
science (for example, molecular biology and toxico-
logy) that could suggest ways to develop databases
and to identify and assess the effects of interactions
important for human popul ations.

4. Combined effects must be viewed in the light of the
consderable insights galned from wider studies of cancer
induction (see Annex E, “Mechanisms of radiation onco-
genesis', in the UNSCEAR 1993 Report [U3] and Annex G,
“Biological effectsat low radiation doses’), heritable defects
(see Annex G, “Hereditary effects of radiation” in the
UNSCEAR 1993 Report [U3]), and DNA integrity (see
Annex F, “DNA repair and mutagenesis’). Where necessary,
the following text refers to these and other Annexes.

5. Since a low levels of exposure, the main endpoints
from ionizing radiation alone and from its interaction with
other agents are sochadtic in nature, this Annex will mainly
focus on this type of effect and consder cancer induction,
mutation and the possibility of prenatal effects. Severd
specific areas where the combined action of high doses of
radiation and chemica agents are known to lead to
cond derable deviation from additivity will also be consdered
but only in so far asthey help to € ucidate the mechanisms of
combined exposures, These aress include the interaction of
chemotherapeutic compounds and senditizers to enhance
radiation effects in dinical radiotherapy, the effects of
protectiveagentson acuteradiation exposure, and stimulatory
responses to radiation (reviewed in the UNSCEAR 1994
Report [U2]). The endpoints of interest in these Situations of
high-dose exposure are deterministic effects.

6. The Annex begins by introducing the problem of
combined effects, congdering the additivity or non-additivity
of biologica effects and the possible differences between
radiation and chemical carcinogenesis. This is followed by
concepts and definitions of physical and biological dosmetry
for radiation and other agents. Interactions of other agentsin
the development of radiation-induced cancer are then
considered from a mechanigtic point of view. A very
important part of the Annex isareview of data on the effects
of specific combined exposures on carcinogenesis. This is
followed by a chapter on interactionsin humans that produce
effects other than cancer. Finaly, conclusions are drawn and
recommendations are offered. A detailed account of the
combined effects of radiation and specific physical, chemical,
and biological agentsis provided in the Appendix.



180 ANNEX H: COMBINED EFFECTS OF RADIATION AND OTHER AGENTS

|. IDENTIFYING INTERACTIONS AND COMBINED EFFECTS

A. SCOPE OF THE PROBLEM

7.  When discussng combined effects, it is of utmost
importance to provide clear definitions and terminology.
Multiple-agent toxicology uses many concepts the nomen-
clature for which is not unambiguous. Different names are
sometimes used for the same phenomenon, and sometimesthe
same nameis used for different mechanisms. The confuson
arisesin part because the conceptswere devel oped in different
disciplines, such as pharmacol ogy, toxicology, biology, stati-
dics, epidemiology, and radiation biology. Starting from
different basic assumptions and with different aimsin mind,
attempts are made to describe the effects of combined expo-
surestochemical and physical agents. Theconfusingtermino-
logy inhibits clear understanding and thwarts the comparison
of different investigations and results. In this Chapter some
basi ¢ problems concerning combined exposuresaredi scussed.

1. Additivity and deviations from additivity

8.  One of the basic questions surrounding the com-
bined effectsof two agentsisthe question of whether the
effect of a combined exposure to two or more agentsis
the same as or different from the sum of the effects of
each agent separately. Many terms and synonyms are
used to indicate the result (Table 1). They are, in
general, based on deviationsfrom the expected outcome
(additivity). On a descriptive level, two classes of com-
bined effects can be considered. In the first case, both
ionizing radiation and the other agent (or agents) are
deleterious on their own and combine to produce an
effect not directly predictablefrom thesingle exposures.
In the second case, only ionizing radiation produces an
effect, but its nature or severity may be modified by the
other agent, which is non-toxic by itself.

Table 1
Terms and synonyms for combined effects

Effect smaller than anticipated Effect as anticipated Effect larger than anticipated
Antagonism Additivity Augmentation
Antergism Additivism Enhancement
Depotentiation Independence Postive interaction
Desenditation Indifference Potentiation
Inhibition Non-interaction Sensitation
Infra-additivity Summation Superadditivity
Negative interaction Zero-interaction Supra-additivism
Negative synergism Synergism
Subadditivity Synergy

9. Onamechanigtic leve, ingghts gained in more recent
yearsindicate that a much more refined classfication may be
needed. The main dasses of genotoxic and non-genotoxic
agents must be consdered in relation to specific targets of
action. For example, achemical may act specificaly at theste
of aradiation-induced leson, modifying DNA repair fiddity,
or it may modify cdll growth, strongly influencing the clonal
expansion of precancerous cdls. The many possihilities for
interaction arerelated to the compl exity of the deve opment of
the radiation effect and the many seps involved in
carcinogenesis. Thesestepsare pronetotheinfluenceof many
classes of agents, both endogenous and environmental. The
multi-step process and the many leves of interaction to be
consdered are schematically depicted in Figurel. In view of
this complexity, it is not surprising that many models, both
descriptive and mechanistic, have been devel oped to describe
the combined effects of exposurestodifferent agents[B11, L2,
L8, L28, M16, S15, S16, S23, S25, Z1]. In the UNSCEAR
1982 Report [U6], the Committee reviewed these approaches.

10. Although dasscal epidemiology is important in
identifying critical combined effects, it has little potentia for
dissecting such interactions from the complex interplay

poss ble among theundocumented (and sometimes unknown)
expoaures that the individuals in these studies incur during
their lifetimes. In epidemiological studies, effectsthat may be
asociated with exposures to specific agents or circumstances
may be the result of interactions among components of a
mixture of agents and may have resulted from, or been
influenced by, previous exposures. The emerging fidd of
mol ecul ar epidemiol ogy may beableto addresssuch questions
in the near future.

11. Mot knowledgeof interaction effectshasbeen provided
by experimental studies. Thesestudieshavean advantage over
epidemiological sudies: they retain contral of

(8 thepopulation (e.g. selection of systemsranging from
DNA to intact animals and of species, strain, age,
gender and previous exposure history);

(b) the exposure (e.g. precise knowledge of the type,
dose, dose rate and timing of exposure); and

(c) the endpoints (e.g. selection of sampling time and
frequency, use of invasive and destructive tests,
consistency and completeness of health status
evaluations).
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Figure I. Schematic development of the events leading to stochastic radiation effects.

Moreover, in experimental studiesonecan rdate exposuresto
effects more directly than is typically possble in human
sudies. Thisisdue, in part, tothefact that both the history of
the subject and the exposures under study are known and
controlled, making cause-effect linkage easier. In addition,
experimental scientists can often determine that an exposure
actually results in a dose to the tissue manifesting an effect.

12. Experiments with animas or cdls have the disad-
vantage that the results and conclusions have to be extra
polated to humans. Additionally, conclusons drawn from
high-level exposures of animals and cdls have to be extra-
polated to the low leves of human exposures. The greatest
uncertainty is largely a problem of not knowing the shape of
thedose-effect rd ationship at |ow exposurelevelsand whether
there are effect thresholds. A well balanced conclusion on the
combined action of two agents can only be given if the dose-
effect rdationships of both agents separatdy and of the
combined exposure are known and can be analysed using a
(mathematical) modd in which the interaction can be
cond stently and quantitatively defined. Themgjority of sudies
on combined effects, including those with radiation, do not
mest these conditions.

13. For the basc case of a sngle agent acting on a
biological system, theresulting effect will be dependent onthe
dose of the agent and will follow some kind of functional
dose-effect rdationship. The effect leve in the absence of the
agent is termed the spontaneous or background effect. The
simplest relationship between dose and effect islinear. In the
realm of linear dose-effect rdationships, the three most
commonly cons dered typesof interacti onsbetween two agents
are additivity, synergism and antagonism, giving acombined
effect equal to, greater or lessthan the effects of independent
actions, respectively (reviewed in [M16]).

14. For combined effects of agents with non-linear dose-
effect relationships, the analysis is complicated, and more
precise definitions of the terms antagonism, additivity, and
synergism must be provided [S25, $49]. For example, for an
upward-bending dose-effect relationship (Figure 1), an
additional increment of dosefrom asingle agent will resultin
a non-linear increase in response, even in the case of additi-
vity. The term synergism has sometimes been erroneoudy
used for such stuations [Z3]. Although correct on a descrip-
tive and mathematical level, such a broad definition would
render the term synergism practically usdess in the study of
combined effects. With such adefinition, different agentswith
thesameaction spectrum, i.e. fully independent agents, would

A

SYNERGISM,I

EFFECT

Heteroaddition

——
——
——
—
—

ANTAGONTSAT

I
>

EXPOSURE

Figure Il. Interaction of two agents having non-linear
dose-effect relationships. Isoaddition results for mecha-
nically similar agents, heteroaddition for independently
acting agents [13, S49].
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producean apparent synergism in any combination of concen-
trations aslong asthe single dose-effect relationships are bent
upwards, as is often the case in the dose range of interest.
From a mechanigtic point of view, synergism can be defined
more narrowly to imply that agents combine by acting at
different rate-limiting steps of a multi-step process or at
different sites of amol ecul e, thereby enhancing the chancefor
a negative outcome, such as cancer, by different mechanisms
[B23]. Such an assessment is often hindered by insufficient
knowledge of the underlying mechanism of action and
therefore can rardly be made. Clearly, deviation from additi-
vityisapoor indicator of synergism or antagonism, sincenon-
linear dose-effect relationships and threshold phenomena are
the rule rather than the exception for most endpoaints in
biological sysems, and interaction in the dtatigtical-mathe-
matical sense does not define an interaction in a biological-
mechanigtic sense [B69].

15. In this Annex the term synergism will be used in a
narrow sense. Themost important question iswhether dataon
combined effects do show some modification of stochagtic
radiation effectsasaresult of combined exposurewith ancther
agent. If not, nointeraction will be assumed, and theresulting
effect is additive; if the result of combined exposure is
different, someform of interaction hasto be assumed, and the
resulting effect will be called sub- or supra-additive, depend-
ing on whether the effect islesser or greater, repectively, than
the sum of the single-agent effects separately.

2. Radiation effects and effects of other agents

16. Asfar as carcinogenesis is concerned, the primary
effects of ionizing radiation are on DNA, compromising
cell survival, cdl proliferation, and proper physiological
cell functioning. Although the deposition of energy along
the track of ionizing radiation can directly affect DNA,
most of the damage to DNA from low-LET radiation
comes from the formation of radical intermediates stable
enough to diffuse several nanometers and interact with
critical cdlular congtituents (for details see Annex F,
“DNA repair and mutagenesis’). Only a small fraction of
theradiation-induced mol ecul ar modificationsoccur inthe
DNA of the cell nucleus, but practically al experimental
and theoretical evidence indicates that DNA, the main
carrier of genetic information in living matter, is the
critical target. Especially at the doses under consideration
inthisAnnex, damageto structural and functional proteins
and lipids has not been shown to contribute noticeably to
the detriment from ionizing radiation. To protect the
integrity of the geneticinformation, most cellshave highly
intricateenzymesystemstorepair DNA damageefficiently
and effectively based on information contained within the
undamaged complementary DNA strand. Despite that,
residual fixed damage may result even from low-dose
exposures, especialy when both DNA dstrands are
damaged. Such damage may lead to reproductive cell
death, and therefore possible deterministic effects; to
somatic cell mutation, enhancing the risk of cancer; or to
mutationsin germ cells, with possibledel eteriouseffectsin
offspring.

17. Longer wavelength radiation, such as ultraviolet
(UV) light, although not ionizing itself, still actsmainly by
modifying DNA. The UV portion of the electromagnetic
spectrum coversthewavel engths between 200 and 400 nm.
Conventionally, a digtinction is made between UV-C
(200-280 nm), UV-B (280-320 nm), and UV-A (320-
400 nm). Theeffectsof UV light depend on thewavelength
and the absorption properties of the target. Ultraviolet
radiation mainly causestheformation of pyrimidinedimers
and 6-4 photoproducts, which may also lead to residua
DNA damage after repair. Apart from visible light up to
525 nm, which can till interact with photosensitizers to
generate reactive species and, subsequently, oxidative
damageto DNA, infrared, microwave, and low-frequency
electromagnetic radiation have no direct genotoxic effects
of their own. Indirect effectsmight arisefrom local heating
or from charge effects across membranes activating signal
transduction pathways and neurons. Such cellular changes
may be long-lasting or even be passed from one cell toits
progeny. Sugahara and Watanabe [S10] reviewed the
epigenetic aspects of radiation carcinogenesis. Studies using
cdl culture systems show that magnetic fields, depending on
their frequency, amplitude, and wave form, interact with
biological systems. Such effects have been seen on enzymes
related to growth regulation, on intracdlular calcium balance,
on geneexpression, and on peripheral leves of the oncostatic
hormonemdatonin [H45]. Theseeffectsarepotentially related
to tumour promotion. However, the considerable research
conducted thus far has not ducidated critical mechanisms or
revealed important health risks from non-thermal exposures.
Other than crude effects present only at high exposures, for
example grong irritations or protein denaturation, cdlular
perturbations resulting from non-ionizing radiation cannot be
labelled harmful per se.

18. Chemical agents may act as genotoxicants by, for
example, forming direct covalent links, by transferring
reactive molecular subgroups to DNA, by inducing DNA-
DNA or DNA-pratein crosslinks, or by generating strand
breaks. The mode of action may be direct, by the formation of
small or bulky DNA adducts as well as strand bresks, or
indirect, by the formation of radicals in the vicinity of DNA,
leading to strand breaks or small adducts. On the epigenetic
or non-genotoxic levd, chemicas may interfere with DNA
synthesisor repair or may prevent radical scavenging, thereby
promoting DNA damage. Non-genotoxic agents may also
influence a broad spectrum of other cdlular events. Of
concern in cancer induction is any interference with cdl
proliferation, cdl differentiation, cdl senescence, and
apoptosis or with the regulation of these processes.

19. Biodogica agents may also act at the genetic and
epigendticlevds, i.e they may begenotoxic or non-genotoxic,
respectively. Virusesareeffectivetrangport vectorsfor genome
fragments and may activate or block the expresson of
endogenous genetic information. Viral involvement in many
anima tumours and aso in human malignancies is well
established, eg. the DNA tumour viruses of the papilloma
family in cervical carcinomaand theretrovirusesHTLV-1in
adult T-cel leukaemia (reviewed in [H13]). In addition,
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biological-agent-induced influences on immune responses,
inflammation, fever, and endogenous radicals may lead to
cytotoxic and/or growth stimulatory responses that are co-
carcinogenic, as described later.

B. EXPOSURE ASSESSMENT

20. The most important prerequiste for a comparative
assessment of biological effects of different agents, and also of
ther possble interactions, is the characterization of the
exposure or the dosmetry of both agents that may be related
to subsequent effects. Some of the main concepts used in
toxicology and radiation biology to convert exposures into
meaningful measures of dose and hedlth impact are intro-
duced in the following paragraphs.

21. Thetoxicity of an agent can be defined as its inherent
ability to adversdy affect living organisms. The spectrum of
undesired effectsis very wide, ranging from local, reversible
effectstoirrevershble changesleading to the failure of critical
organ systems and then to death. The objective of dosimetry
isto relate the amount of agent presented to the organiam in
a way that is rdevant to the effects observed and that is
measurable in a physical, chemical, or biological manner.
| dentification of processesoccurring at themolecular leve, i.e.
at amechanigtic level of the effect, would give the most basic
indication of a dosmetric measure. The present approaches
and posshilities are discussed below. In Section 1.B.1,
dosimetry based on the measurement of physical or chemical
parameters of the agent itsdf, the physical or chemical
dosmetry, is consdered. In Section 1.B.2, measurement of
immediate biological damage caused by the agent (biochemi-
cal monitoring) is discussed; this damage may or may nat be
directly related to the biological effect being considered.

22. Sometimes, when physical, chemical, or biochemica
measurements are not possible or cannot be made accurately
enough, certain biological effects may be detectable. Such
effects may serve asindicators of the exposureto biologically
active agents. These “biological markers' reflect damage
resulting from toxic interaction, ether at the target or at an
analogous Sitethat isknown or believed to be pathogenically
linked to hedlth effects. A wide variety of biological markers
fall into this category, including gene mutation; aterationsin
oncogenes and tumour-suppressor genes, DNA single- and
double-gtrand breaks, and unscheduled DNA synthes's, sster
chromatid exchanges, chromosoma aberrations, and
micronucle. None of these markers is highly agent- or
exposure-specific, and other factors (lifestyle and environ-
ment) that affect these endpoints can act as confounding
variables in molecular studies. Some possibilities for assay
systems to measure biological markers such as specific gene
mutations and cytogenetic damage in exposed humans are
presented in Sections 1.B.3 and 1.B.4, respectively.

1. Dose concepts for physical and
chemical agents

23. lonizing radiation exposureisgenerally measured in
terms of absorbed dosg, i.e. the average energy deposited

per unit mass. The unit of absorbed dose is the gray (Gy),
with 1 Gy equal to1 Jkg*[13]. Atthelevel of acdl or cell
nucleus, the minimal doseis determined by the ionization
density of a single track. Averaged over the volume of a
cell nucleus, a single event amounts to between one and
several milligray (mGy) for electrons and about 300 mGy
for an alpha particle [U3]. Below these dose levels, the
probability of acell being hit varies but the absorbed dose
per cell nucleus does not. For internally deposited radio-
nuclides, their location and fate in the organism are used
to cal cul atethe absorbed dosein the organsof interest, and
usually the average absorbed dose in the organ istaken as
therelevant dosethat causesthebiol ogical effect, assuming
arather homogeneous distribution of energy absorption in
the tissue.

24. The ddfinition of exposure or dose for non-ionizing
radiation and for most chemical and biological agentsismore
difficult than for radiation. Ultraviolet radiation can penetrate
into tissue at most only for several millimetres, depending on
wavd ength. The energy absorbed in the tissue of interest, and
thus the effectiveness of UV, cannot be easily estimated.
Exposureto atoxic agent may be estimated by environmental
monitoring (referred to as externa dose evauation in
toxicology), interna monitoring (internal dose evaluation),
and biochemical effect monitoring (tissuedoseor biologically
effective dose determination) [E1].

25. For chemical and biological agents, the dose can be
based on the time integral of concentration, as for interna
exposures with radionuclides. However, in addition to the
common important question of defining the critical cdlular
targets, it is the activation and biodegradation of a chemical
agent in the different compartments of the organism that will
determine the degree of genetic damage or strength of an
epigendtic signal. Although the local concentrations of
receptors or reactants could posshly be estimated or
determined, these vary consderably in their response to
endogenous and environmental factors, which can lead to
different sengitivities to the physical or chemical agent. This
may restrict the use of biochemical markers somewhat,
becausetheir concentrationsin body fluidswill depend onthe
mechanisms of uptake, the formation of reactive molecular
species, and their breakdown. Somewhat likethe dose concept
for ionizing radiation, exposure can be reated to the number
of primary chemical events on DNA leading to the effect
under consderation. The above-mentioned quantitative link
between DNA alkylation and the product of concentration and
time for ethylene oxide may serve as an example [E3] (see
also paragraph 34). However, only rardly isthenature of such
events known or quantifiable.

26. To give exposure (or dose) its full biologica meaning,
the concentration-time product at the leve of the cdlular
target structure should be known. Even this is difficult to
determine owing to the many membranes and other barriers
to be crossed between the intake port and the place of action.
Many chemicals a so undergo modifications by detoxification
in theliver, lung, and other organs, which change both their
toxicity and their biokinetics. One of the best known carcino-
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gens, benzo(a)pyrene, becomes toxic only after metabalic
activation, leading to the ultimate reactive eectrophilic car-
cinogen. Such tranformations, called metabolic activation,
may differ cons derably among peciesand even between male
and female subjects, making inferences from experimental
systemstill more difficult. Theinduction of kidney cancer in
male rats by a group of chemicals (n-1,4-dichlorobenzene,
hexachloroethane, isophorone, tetrachloroethylene, and
unleaded gasoline) may serve as an example. It took a great
deal of ressarch [B29, E4] to show that the risk for the
endpoint under consideration, namely kidneytumoursin male
rats, isaspecies- and sex-specific finding that relatesto male
rats but not to femae rats, mice of ether sex, or humans.
Mechanigtic sudies showed that male rats have a specific
circulating protein, apha-2u-globulin, that binds the chemi-
calsunder congideration and leadstorenal accumulation, with
subsequent kidney damage and the development of kidney
tumours. This protein was shown to be absent in humans.
Only such detailed molecular information allowsareasonable
risk estimateto begenerated for humans[B29]. Unfortunately,
the gpeci es-specific detection and quantification of toxicagents
formed in biochemical pathways are rardy achieved.

2. Biochemical monitoring

27. For chemical agents, internal dose evaluation involves
the measurement of the amount of a carcinogen or its meta-
bolites present in cdls, tissues, or body fluids. Analyss of
internal dose takes into account individual differences in
absorption or biocaccumulation of the compound in question.
It may be rdatively easy to measure the concentrations of the
compound in body fluids. However, doing so doesnot provide
data on theinteractions of the compound with critical cdlular
targets. Examples of this type of monitoring include organic
compounds or metals (eg. lead) in the didt, cigarette smoke,
or industrial exposures that can be detected in blood or urine
[P3]. The binding of chemicalswith cdl congtituents may be
measured directly with radioactive labds. Even in vivo,
correlations between the administered amount of thetoxicant,
the number of molecules bound to critical targets, and the
biological effect can be established [P6].

28. Fromtheenergy deposition pattern of ionizing radiation
in the tissue condtituents and from some critical biochemical
parameters, such as oxygen pressure and thelocal concentra-
tions of radica scavengers, the primary damage, i.e. the
number of primary DNA lesons, can be estimated. A few of
these parameters are even stable enough to be used as
biological indi catorssuch ascytogenetic changesin peripheral
blood lymphocytes to assess exposures retrospectively.

29. In toxicology, the tissue dose or biologicaly effective
dose reflects the amount of carcinogen that has directly
interacted with cdllular macromolecules at atarget site. It can
be assessad from the amount of DNA and protein damage
(strand breaks, DNA adducts, protein adducts) in the target
tissue or by extrapolating from damage levels found in
surrogatetissues, such aswhiteblood cdls. Experiments have
shown that, in general, DNA damage levelsin target tissues
and non-target cdlsareproportiona totheexternal dose. This

class of markersis more mechanitically relevant to carcino-
genesis than internal dose, since it takes into account differ-
encesin metabolism (activation vs. detoxification) of the com-
pound in question, as wdl as the extent of repair of carcino-
gen-dtered DNA. Perera and Santela [P3] provided
examplesof compoundsand exposuresthat might beanalysed
using this type of biologicaly effective dosmetry, aswel as
the populations that have been studied.

30. DNA and protein adducts are measures of exposure to
carcinogenic compounds [E1l]. They are mechanigticaly
linked to cancer, asthey cause DNA damage and mutations
in important genes, such as genes coding for growth control
or damage repair enzymes. Adducts have been used to
estimate cancer risk by comparing their mutagenicity relaive
tothat of x rays. In the same way that the unit cancer risk of
X raysis defined, the relative mutagenicity is used to estimate
the cancer risk of a chemica exposure that causes adducts
(gray-equivalent approach) [EL, E3].

31. In the case of agents binding covaently to different
cdlular macromolecules, the degree of alkylation of proteins
can be usad as a surrogate measure for their effects on DNA.
Ehrenberg et d. [E3, E10] showed in the mousethat thetissue
dose of ethylene oxide, i.e. the concentration of the alkylating
agent integrated over time, corrdated well with thealkylation
pattern. In male mice, the authors were ableto show with this
method that the tissue dose for ethylene oxide, an agent
rapidly digributed to all organs after inhaation, was about
0.5mM h per ppm h for most organs, including thetestes. On
the basis of dose-effect curves of ethylene oxide and x raysin
barley, the same authors [E3] set a tissue dose of ethylene
oxide in humans of 1 mM h equa to 0.8 Gy of low-LET
radiation. Such an approach facilitates the comparison and
combination of risks of various agents.

32. Despite their relevance as dosmeters of biological
effects, thelimitations of the current methods should be noted.
Mogt avail ableassaysprovideinformation on total or multiple
adducts and are rardly capable of pinpointing the critical
adducts on DNA. Only for a few target organs, such as the
lung or bladder, are epithdia cdls available for routine
analyss. For other organs, DNA is not readily accessble;
many studies therefore use surrogate tissues (e.g. periphera
blood cdlsand placentas). However, thereationship between
adducts in the target and those in surrogate tissues has not
been wel characterized in humans, although for certain
carcinogensit hasbeen characterized in experimental animals
[S17]. Again, it must be cons dered that thereare species- and
sex-dependent differencesin the absorption and metabolism
of chemicalsin their various forms.

33. Bydéfinition, al typesofionizing radiationsgenerate
ions. lonizing radiation can directly induce ionizationsin
DNA, causing direct damage. However, the majority of
damage from low-LET radiation occurs in an indirect
manner viathe formation of freeradicalsand H,O,, which
areprecursorsof oxidativedamage B8, S34]. Whenliving
cells or organisms are irradiated, OH radicals are
generated in cells or tissue, which leads to many DNA
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lesions, including oxidative DNA base products. Both
ionizing radiation and oxidative stress generate free
radicals near DNA. Most of these radicals (- R) interact
with oxygen, forming peroxyl intermediates (- ROO) and
final products (- P). Most of the products are eliminated by
nucleotide excision repair and glycosylases [F10], whilea
small fraction remain in the DNA [S35]. Critical are
lesions leading to double-strand breaks or even more
complex local damage.

34. Free radicas are difficult to detect, identify, and
monitor because of their short haf-life, particularly in living
organisms. Such detection and monitoring can be achieved
only by detecting and measuring the products of their reaction
with endogenous hio-components or exogenous components
sdectivdy added to a biosystem. Specific products of such
reactions or ther metabolites may qualify as markers of a
particular processor specificfreeradical. In biosystems, these
products are called molecular markers, a subclass of bio-
markers[G9]. For aproduct to qualify asamolecular marker,
there must be unequivocal proof of an exclusive origin of the
product. First, acomprehensive understanding of thekinetics,
energetics, and mechanismsof product generationisrequired.
Then other possible sources of the product must be excluded
[S39].

35. Although a molecular marker can be quantified by
measurement in vivo, quantification of oxidative stress is
considerably more complex. The reactivity of al five bases,
adenine, cytosine, guanine, thymine and uridine, with OH
radicals is extremdy high, wheress that of deoxyribose is
about fivetimeslower [B34]. Thedigtribution of damagewill
therefore be governed by there ative abundanceand reactivity
of DNA and RNA components. Each DNA and RNA base
contains more than one site of attack. For example, OH adds
to the double bond of thymine at C-5 (56%) and C-6 (35%)
and removes hydrogen from the methyl group (9%) [J7]. The
5-hydroxythymidine intermediate leads to formation of
thymine glycal. The 6-hydroxythymidine intermediate is an
oxidizing radical that gives rise to ungable hydroxy-
hydrothymine. Theradical on the methyl group of thymine,
however, is a reducing radical that yidds 5-hydroxymethyl-
uracil asthefina product (reviewedin [S39]). Addition of OH
to the C-8 position of guanine yields a well-known product,
8-hydroxyguanineor 8-oxoguanine, which was discovered by
Kasa et a. [K1, K47] and described in detail [, S39].

Numerous other products have been identified, and the
kingtics and mechanisms of their formation have been
described [B8, S12, S34, S36].

36. Onthebassof extensve sudiesin radiation chemistry
and radiation biology of the kinetics and mechanisms of OH
radical reaction with DNA components, it was suggested that
detection of thymineglycol, thymidineglycol, and 5-hydroxy-
methyluracil indicated endogenous OH generation in ratsand
humans [C3, H18, W8]. Because thymine glyca can be
absorbed through the gastrointestingl tract and 5-hydroxy-
methyluracil may be generated by enzymatic hydroxylation of
thymine, these products may not alwaysqudify asbiomarkers
for oxidative damage in organisms. Thymidine glycal is less
prone to such confounders and qualifies as one of the best
endogenous markers of OH [S39]. It was suggested that
8-hydroxyguanine could beancther OH marker in biosystems
[B12, F3, K1, R9, S30, W12]. Enzymatic hydroxylation of
guanine, however, has not been ruled out unequivocaly.
Henceit is prudent to monitor more than one marker for each
specificfreeradical under investigation. 8-Hydroxyguanosine
was analysad in the DNA of peripheral blood leukocytes of
patients exposed to therapeutic doses of ionizing radiation
[W12]. Radiation-generated oxidative DNA base products
were also measured in the DNA of irradiated cdls[N2].

37. The chemica reaction products in DNA are excised
from damaged DNA over a certain period of time by repair
mechanisms and eventually appear in the cell medium or
urine. Some oxidative DNA base products have been
measured in the urine of irradiated humans and mice. The
radiation yidds of these markers, i.e. theincrements per unit
of energy (mass x dose), were obtained from thelevel oneday
after irradiation minus the level before irradiation and are
shown in Table 2. In contragt to the metabolic levels of these
markers, theirradiation yieldsper unit energy arethesamefor
both mouse and human, as expected, because the same
number of OH radicalsis generated in both cases[S39]. The
metabalic rate plays an important role in the variability of
relative rates of oxidative DNA damage. A high metabolic
rate, asin rodents, generatesa high yidd of urinary markers,
i.e. higher rates of DNA damage. Therate of DNA damage,
however, is not aways proportional to the specific metabolic
rate because the efficacy of inhibition and scavenging of
oxygen radicals and peroxides as wel as of DNA repair
sysems variesin different species.

Table 2

Yield in urine of biological markers of oxidative DNA damage [B12]

Metabolic yield Increment induced by radiation
Specific (nmol kg™ d*) (nmol kg™ Gy'?)
Species metabolic rate
(kI kgt d?) Thymidine glycol 8-Hydroxy-guanine Thymidine glycol 8-Hydroxy-guanine
Human 100 0.3+0.1 0.3+0.1 3.1+0.8 6.7+1.5
Mouse 750 7.3x1 11+2 3.0+0.6 6.9+1.3
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3. Gene mutation analysis

38. Theanalysisand quantification of genomic changesare
important steps in monitoring and in the eucidation of
mechanisms leading to critica hedlth effects. Functional
changes, i.e. changes in the phenotype of oncogenes and
tumour-suppressor genes, may be of direct rdevance to the
process of carcinogenesis. The ultimate effects of ionizing
radiation and other genotoxic agents are genetic changes,
which are heritable, i.e. which can be passed in a clonal
fashion from one somatic cdl to the fallowing cdl genera-
tions, or from a germ cdl to the offspring. Therefore critical
studies of combined effects should include gene mutation
analyss as one very important biological endpoint for
sochadtic hedlth effects. Several methodsare availablefor the
study of gene mutations arising in human somatic cdls in
vivo. These methods allow determination of the frequency of
mutant lymphocytes or erythrocytes or characterization of
mutations at the molecular level inlymphocytes. The study of
types, frequencies, and mechanisms of human somatic muta-
tions in vivo is valuable in its own right and may aso
improve the understanding of individua variation in sensiti-
vity to environmental exposures, theinfluence of DNA repair
and metabolism, and the rdationship between mutagenesis
and carcinogenesis[L7, M21]. Genetic changesarekey events
in carcinogenesis. Maost human tumours contain more or less
pecific mutationsthat are directly or indirectly related to the
carcinogenic process. A description of mutations in human
tumoursand thesci entific background of many of the concepts
and methods addressed in this and the following Chapter are
presented in more detail in Annex F, “DNA repair and
mutagenesis’.

39. Early and probably sngle-step hiological end points,
such as morphological changes in in vitro cdl lines, might
also serve asindicators of genetic changes. The deve opment
of cdl culture sysems has made it possible to assess the
oncogenic potentia of avariety of agentsat thecdlular leve.
Many assays for oncogenic transformation have been
developed, ranging from thosein established rodent cdll lines,
wheremorphological alteration is scored (e.g. loss of contact
inhibition in 10T¥2 cdls), to thasein human cdlsgrowingin
nude mice, where tumour invasiveness is determined. The
mutational changes involved are rardy defined. In general,
sampleinvitro sysemsthat ddiver reproducibleresultsarethe
least relevant in terms of human carcinogenesis and human
risk estimation. Themost important potential of these systems
lies in the opportunity they offer to identify and quantify
factors and conditions that prevent or enhance cdlular
transformation by radiation and chemicals [H11].

(&) Mutation frequencies

40. Five sysems for biomonitoring humans exposed to
carcinogenic agentshavebeen deve oped in which genemuta-
tion is the endpoint. Two of these use as markers haemo-
globin variants (Hb) [S18, T4] and loss of the cdl-surface
glycoprotein glycophorin A (GPA) in donors heterozygous at
the MN locus in erythrocytes [L1, L3, L6]. The other three
involve detection of mutations in T lymphocytes in the

X-linked locus for the purine savage pathway enzyme,
hypoxanthine phosphoribosyltransferase (hprt) [A5, A6, A8,
M22, R7, R8, T10], in the autosoma locus for human
leukocyte antigen-A (HLA-A) [J3, M18, T7, T§], and in the
autosomal T-cdl receptor genes (TCR) [K23, K24, N3, U15].

41. Mean background mutation frequenciesin human cells
in vivo, as analysed by the five mutation assays, differ by
about four ordersof magnitude. In summary, therelativeorder
of background mutation frequency values from normal adults
for the five markers are Hb (5 10°8) < hprt (5 10°°) < GPA
(110°) <HLA-A (>1 10°) < TCR (>1 10 (reviewed in
[C23)]). For at least three of these mutation systems, sufficient
numbers of donors have been tested to show that, asagenera
rule, the mutant frequency in normal, non-exposed donorsis
low at birth, increases with age, is often elevated in smokers,
and isincreasad in people who have been exposad to known
mutagens and carcinogens. Despite the great variation in
mutant frequency among individuals at each of the loc
studied, these findings show the potential relevance of muta
tional analysisin the assessment of combined environmental
exposures. More recently, the polymerase chain reaction
(PCR) has also been applied in the analysis of mutational
spectra. A fairly complete database has been compiled by
Caridloet a. [C51, C52].

42. The frequencies of hprt mutant cdls in hedthy adults
range from <0.5 to 112 1075, In most cases the frequency of
hprt mutant cdls is significantly increased after smoking
[C17, C19, H2, T4, T11]. There seemsto be no effect of sex
on the hprt mutant frequency. In most Sudies, an age-related
increese in mutant frequency is seen at the hprt locus,
estimated to be 1%-5% per year in adult donors. Radio-
chemotherapy for various malignant disorders, including
breast cancer, hepatoma, other solid tumours, and lymphoma
increased the frequency of hprt mutant T cells by a factor of
3-10[D5, M20, N8]. Coleet al. [C18, C20] examined factory
workers exposed to styrene or to nitrogen mustard. In contrast
to styrene, nitrogen mudard sgnificantly increased the
number of mutant hprt cellsin these donors. Tateset al. [T9)
described a sgnificantly increased mutant frequency in a
group of factory workers exposed to ethylene oxide.

(b) Mutational spectrum

43. The spectrum of mutational changes that arise
spontaneoudy or that may be induced by a physica or
chemical agent in human cdllsis broad. At the DNA leve it
encompasses, at one extreme, single-base events, and at the
other, chromosomal rearrangementsinvolving small to large
ddetionsor trand ocations. In addition, an important category
of mutational events in humans involves losses or gains of
whole chromosomes. The mutation spectrum in the
mammalian genomeis reviewed in Annex F, “DNA repair
and mutagenesis’.

44. Many known mutagens form covalent DNA adducts
that are released from DNA either spontaneoudy or by bio-
logical repair processes [H16]. Mutations induced by alarge
number of compounds, eg. alkylating agents, arylating
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agents, and radiation, have been scored and characterized
usng shuttle vectors. These experiments ducidate the
sequence specificity of adduct formation and, subsequently,
the mutations and the mutational efficiencies of different
adducts [D9, 16, M10].

45, About 15%-20% of hprt mutationsin normal adults
result from gross structural alterations [A8, B31, H8, N7,
T10], asdetected by Southern blot analysis. Theseinclude
deletions, insertions, and rearrangements. Thebreak points
or aterations are distributed randomly within the gene,
with no hot spotshaving thus far been identified [A8]. The
remaining 80% of the background in vivo hprt mutations
in adults consist of point mutations or small deletions,
insertions, and frameshifts beyond the resolution of
Southern analysis. Considering only the in vivo hprt
mutations (46 Lesch-Nyhan germinal, 51 normal adult
somatic, 86 exposed adult somatic), several hot spots of
point mutationswereobserved. In particular, four base-pair
siteshave been observed to be mutated in al groups[C13].

46. lonizing radiation is known to induce gross structural
alterationsin hprt and other reporter genesin cultured human
cdls. After exposureto radionuclidesfor diagnostic purposes,
an increase in the frequency of mutants with gross sructural
dterations on Southern blots was observed to be 33%,
compared with 13% before receiving radionuclides [B31].
Mutations from post-radioimmunctherapy patients showed
clearly greater frequencies of gross structural dterationsthan
mutations from pre-radioimmunotherapy patients or normal
individuals. The latter two frequencies are quite similar,
suggesting that cancer per se does not produce this sort of
damageat hprt [A9]. Taken in toto, thedatafrom Albertini et
a. [A9] on in vivo hprt T-cdl mutations indicate that
ionizing radiation produces deletions, particularly large
deletions.

47. Theyidd of mutationscaused by ionizing radiation may
be influenced drongly by adaptive responses to other
toxicants or earlier exposures to the same agent. This topic
wasreviewedin Annex B, “Adaptiveresponsestoradiationin
cdlsand organisms’ of the UNSCEAR 1994 Report [U2]. A
70% reduction in hprt mutant frequency in radicadapted
human lymphoblagtoid cdlls has been reported, asanaysed by
Southern blot analysis and multiplex polymerase chain
reaction assay [R10, R12]. The treatment was 4 Gy from
gamma rays alone or in addition to an adaptive dose of
0.02 Gy. The proportion of deetion-type mutations was
decreased in adapted cels (42%) compared with that in
mutants treated with the high dose done (77%).

48. Using a shuttle vector system, Kimura e a. [K12]
analysed mutational spectraof the human cDNA hprt gene, a
recombinant DNA copy of the hprt RNA, arising spontan-
eoudy or induced by the mutagens methyl nitrosourea (MNU);
3-amino-1-methyl-5H-pyridal[4,3-b-]-indole  (Trp-P2), a
tryptophan pyrolysate; and acetylaminofluorene (AAF). Mot
mutations induced by MNU are G:C to A: T trangitions. This
can be predicted by the major premutagenic lesion in DNA
produced by MNU, namely Of-methyl-guanine that specifi-

cally mispairswith thymine[S41]. Mutationsthat arise spon-
taneoudy or are caused by x rays, Trp-P2, or AAF giveriseto
a smilar mutation spectrum of c-hprt. Base subgtitutions
account for about one third of all mutations. Mutations other
than base subgtitutions make up some two thirds of all
mutations. The main mutational event in these casesisdde-
tion. A noticeable feature of these deletion mutations is the
frequent presence of short, direct repedts a the site of the
deletion.

49. Mutational aterations in p53, a tumour-suppressor
gene, are mogtly (morethan 85%) missense mutations, while
those of APC, another tumour-suppressor gene, and hprt are
largely composed of nonsense, frameshift, deetion, and
insertion mutations, resulting in truncated gene products or
loss of genes. The mutational spectrum in p53 is therefore
dearly different fromthat of other genes. Mutationsinthep53
gene detected in tumours seem to be the result of afunctional
sdection process for mutant p53 protein that gives growth
advantages to the cdl. On the other hand, large ddetionsin
the p53 region may not be compatible with cdl survival. This
suggests that the mutations of p53 observed in tumours may
reflect only those mutations of the initia events that are
compatible with cel praliferation and may even reflect those
that give the transformed cdll a growth advantage over the
surrounding cells. Mutational selectivity intumour-suppressor
genes is discussed in detail in Annex F, “DNA repair and
mutagenesis’.

50. With respect to interaction mechanisms leading to
combined effects, present knowledge indicates that the
mutationa spectrum found in tumours often reflects not the
agent responsible for the primary DNA damage but rather
growth sdlection based on specific changesin the phenotype
or general chromosome ingtability emerging during carcino-
genesis. Analysis of marker cdlsin peripheral lymphocytes
may overcomethisproblem, albet at theexpenseof losngthe
direct link to human disease

4. Cytogenetic analysis

51. Themain conceptual basisfor usng cytogenetic assays
for biologica monitoring is that genetic damage in easly
available cdls, such as peripheral blood lymphocytes, reflects
comparable eventsin target cdls. The fact that chromosomal
abnormalities are often a characterigtic feature in malignant
cdls points to the direct relevance of such markers for
clastogenic agentsto be considered in combined exposures. In
addition, long-term follow-up of populations screened for
chromosomal aberrations shows a clearly higher cancer risk
for the subgroup with an eevated level of chromosome
damage [B20, H5]. Microscopicaly recognizable chromo-
somal damage includes numerical aberrations and structural
chromosomal aberrations, in which a gross change in the
mor phol ogy of achromosomehas occurred. Chromoesomeand
chromatid bresks, dicentrics, and ring chromosomes are
important examples of this class of damage [N11]. Theyied
of sgter chromatid exchanges, which represent apparently
symmetrical intrachromosomal exchanges between the two
identical sgter chromatids and which are dready quite
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frequent in unexposed cels, is aso increased. Micronude
arisng either from acentric chromosome fragmentsor from a
lagged whole chromosome with centromere [W15] are also
important markers, although the second production pathway
points to a mechanism driven partialy by epigenetic factors.

(&) Chromosomal aberrations

52.  Induced chromosomal aberrations can be divided into
two main cdasses. chromosome-type aberrations, involving
both chromatids of a chromosome, and chromatid-type
aberrations, involving only one of the two chromatids.
lonizing radiation induces chromosome-type aberrations in
the G, or G, stage of the cdll cycdle (e.g. prior to replication),
whilechromatid-typeaberrationsare produced during the Sor
G, dage (eg. during or after replication of the affected
chromatid segment). In peripheral lymphocytes, most of
which arein the G, stage of the cdll cycdle, ionizing radiation
induces mainly chromosome-type aberrations.

53. Mog chemical mutagens are S-dependent clastogens
and therefore produce mainly chromatid-type aberrations.
S-dependent compounds have no direct effect on the chromo-
somes of peripheral lymphocytes in vivo, because they
replicate only after simulation in cdl culture. Peripheral
lymphocytes can, however, carry unrepaired/misrepaired,
long-lived lesions that may lead to aberrations during
replication of DNA in vitro [S28].

54, The classica chromosome aberration assay for
measuring dicentricsisareasonably good measure of dose
down to 100 mGy whole-body exposure [L31] or, with
much effort, even lower. However, it is based on agenetic
changethat considerably impairs the survival of indicator
cells and their stem cells, so that the signal fades with
time. Reciprocal trandlocations are considered less
disruptiveto the proliferative future of affected cells. It is
possible to score trand ocations with G-banding or FISH
(fluorescent in situ hybridization) techniques, with the
latter technique having a higher detection limit, about
500 mGy. In such systems, the preferential 1oss of affected
cells may ill be a minor problem; in addition, clonal
expansion of cells carrying trandocations conferring a
growth advantage may lead to an overestimation of the
dose with time. Biological dosimetry using cytogenetic
parameters will be discussed later. It seemsthat all agents
that apparently induce single-base changes (i.e. base
deletions, transversions, or transitions) also induce gross
chromosomal changes that are visible under the
microscope. However, the number of agents clearly shown
to induce cytogenetic changesin humansis till relatively
limited [A24, S31]. From known or suspected carcinogenic
agents, mixtures, or complex exposures to humans,
cytogenetic data are available for 27 compounds in
Group 1 of the lARC classification (known carcinogensto
humans), for 10 compounds in Group 2A (probable
carcinogens to humans), and 15 compounds in Group 2B
(possible carcinogens to humans) [I1, 12]. Chromosome
damage in humans was found in 19/27, 6/10, and 5/15
cases in these groups, respectively.

55. Mod of the informative data on induced chromosomal
aberrationsin humans arise from high-exposure occupational
dtuations. The comparisons of experimental animal dataand
human data for the endpoint of chromosomal aberration are
generaly in good agreement. However, in afew cases there
are discrepancies between animal and human data. High
occupational exposure to radon induces chromosomal
aberrationsin humans. Animal experimentswith comparable
exposures are negative. The mogt likely explanation is a
confounding by other clastogenic exposures in humans, eg.
smoking.

56. Unlike radiation exposure, chemical exposures have
been consdered in very few cytogenetic follow-up studies.
Studies on the induction of chromosomal aberrations after
exposure to akylating agents expressed in peripherd
lymphocytes show, like studies after radiation exposure, that
damage can be conserved over several months or even years
after treetment [G3]. The pers stenceof chromasome damage,
however, varieswith the type of exposure and the cytogenetic
endpoint examined.

(b) Sister chromatid exchange

57. The induction of sister chromatid exchange can be
observed in cdls that have undergone two rounds of DNA
replication in the presence of bromodeoxyuridine (BrUdR),
which results in chromosomes having sister chromatids that
are chemicaly different from one ancther: one is unifilarly
labd ed with BrUdR and the other hifilarly labeled. Such sster
chromatids stain differently from one ancther, and any
exchanges that occur between the sister chromatids can be
dearly seen and counted [W7]. A number of udies
confirmed the ahility of low-LET radiation to induce sister
chromatid exchangesin rodent cells[G4, L22, R5, U14] and
human lymphocytes [G14]. However, in other sudies, when
normal human lymphocytes in G, were assessed for their
ability to express sster chromatid exchanges following low-
LET radiation exposure, they failledtodo so, in contrast to the
quantifiable induction of chromosomal aberrations [L21,
M28, P2]. This difference could possbly be attributed to the
presence of BrUdR, a known radiosengtizer, at the time of
irradiation in therodent cdl studies[L25]. Nevertheless, low-
LET ionizing radiation and radiomimetic chemicals are not
very effectiveat inducing sister chromati d exchanges, contrary
to S-dependent agents such as UV light [W11], alkylating
agents [T1, Y4], and crosslinking agents [$4]. High-LET
radiation (neutrons and apha particles), however, induces
sger chromatid exchanges in norma human periphera
lymphocytes exposed in G,. This suggests that the reative
biological effectiveness for gster chromatid exchange
induction is very large, sncethereislittle low-LET response
[A2, S11]. Theinduction of Sgter chromatid exchange as a
function of charged-particle LET in Chinese hamder cels
was recently described [G7]. At each LET examined there
was a dose-dependent increase in the frequency of Sster
chromatid exchanges. In contrast to the majority of biological
endpoints, however, where relative biological effectiveness
increases as LET increases up to a maximum and then
declines, it was found that sster chromatid exchange
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induction aready declined as LET changed from 10 to 120
keV mm™ [G7]. These obsarvations can be explained on the
basis of repair differences for DNA damage induced by
radiations of different LET, i.e. the faster the repair, the less
likelihood there will be of unrepaired DNA damage at the
time of replication when siger chromatid exchanges are
formed.

(c) Micronuclei induction

58. Micronuclel can beformed from entirechromosomesor
chromosomefragments[M36]. They result from chromosome
breakage and/or damagetothemitotic spindleand areused as
a measure of genotoxicity [H15]. Techniques to block
cytokinesisin mitogen-stimulated lymphocytes[F4, F5, M24,
P19] alow these micronuclel to be observed in binucleated
cdls found after the abortive attempt of the cel to divide.
Thereis, however, alargeand variable background frequency
of some 5- 12 micronuclei per 10° binucleated cdls[F5, Y2).
The background frequency increases with age from about 4
per 10° among those > 20 years, to 8 per 10° for those »30
years, and nearly 12 per 10° for those >40 years[Y2]. The
increase is about 4% per year [F5]. The range of variability
increases with age as well. Faroogi and Kesavan [F18] dso
foundthat theyidd of radiation-induced micronuclel inmouse
polychromatic erythrocytes was strongly influenced by small
conditioning doses (25 mGy). Micronucdle assays are faster
and have a greater potential for automation than the scoring
of chromosome aberrations [M36].

59. Caffeinated and alcoholic beverageshave no significant
effects on in vivo mean micronucle frequency in binuc eated
lymphocytes. Even the intraperitoneal (ip) injection of large
amounts of caffeine (15 mg kg™ body weight) did not induce
chromosomal aberrations in mice [F19]. However, the
estimated number of diagnogtic x-ray examinations to an
individual in the year prior to measurement was significantly

correlated to micronuclel frequency [Y2, Y5]. The effect of
age and x rays on lymphocyte micronuclei has been shown
repeatedly [A11, E2, F5, 11, 12]. Tobacco smoke and tobacco-
related exposures are listed in the IARC Monograph series
[12, 12] as micronuclé-inducing agents.

60. Inananayssaof micronucle frequency in survivors of
the atomic bombings, Ban et a. [B4] confirmed the age
dependency of background micronuclel levels in peripheral
lymphocytes. Females showed a somewhat higher frequency
of binudeated cells. Age and sex were independently acting
factors. Thereisno evidencefor an effect of radiation doseon
present-day background micronucle frequency in the
survivors.

5. Summary

61. Theprimary molecular and cdlular effects of the many
agents potentially involved in combined effects are extremely
diverse. No unifying concept of dose can therefore be applied.
However, comparisons of toxicity may be based on relevant
experimental and clinical endpoints with sometimes only
looseand enigmatic linksto primary lesionsand interactions.
A large number of quantitative and semi-quantitative
indicators of exposure are presently available. On the leve of
genatoxicity, DNA damage can be measured up to the
functional leve of single genes, thus allowing a comparison
of thebiological activity of different agents and an assessment
of possible interactions on a directly relevant levd. The
accessihility of critical cdls and tissues to gandard anaysis
remainsaproblem. Qualitativeand quantitativemonitoring of
biological effects at the different levels of organization, from
molecules to organisms, not only might allow an assessment
of the exposure to the different agentsinvolved but could also
form the basis for a better understanding of the mechanisms
of combined effects and for the ducidation of dose-effect
functions for cellular and clinical endpoints.

Il. MECHANISTIC CONSIDERATIONS

62. In view of the many different agents that may be
involved in combined exposures with radiation and the
complexity of the possibleinteractions, it isnecessary togain
some ingght from the mechanigtic point of view. This
Chapter will give a quditative ingght into the interaction
processes by describing important stepsin the devel opment of
theradiation effect and by suggesting how the radiation effect
might be influenced by other agents. For a quantitative
insight, various model's have been developed to describe the
biologica effects. Examples of such modes will be briefly
discussed, in sofar asthey serve to improve understanding of
the mechaniams involved in combined effects. However, it
should bekept in mind that modd s have limited applicahility,
and agents do not aways have only a single mode of
interaction.

63. Since cancer is the most important health effect for
radiation at low doses, the review presented in this Chapter

dedls mainly with mechanisms that are centrd to the
emergence of malignant growth. An in-depth review of the
scientific background of some of the concepts discussed here
was presented in Annex E, “Mechanisms of radiation
oncogeness’, of the UNSCEAR 1993 Report [U3], Annex F,
“DNA repair and mutagenesis’ and Annex G, “Biological
effects at low radiation doses’.

64. The timexcde of events for the various stages of
radiation-induced cancer ranges from less than a second to
tens of years. Schematically, three crude time-scal e-based
phases can be defined on the molecular, the cdlular, and the
tissue/organ level. Themolecular phaserangesfrom theearly
interaction of the radiation track until initial damage in
biologically important molecules has occurred (of theorder of
seconds). The cdlular phase follows and lasts until the
biological reactions of the cdls involved have occurred and
biologica cdlular effects are induced (of the order of a few
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days). Ultimately, on the tissug/organ leved, cdlular damage
may progress in due time, with or without cooperation from
other damage, todlinically detectable cancer, which can occur
up to 40 or more years after the initia irradiation. These
phases are described below. A schematic representation of the
processes is given in Figure |. The separation into these
phasesis arbitrary; it istime-scale-mativated and serves here
only to describethe possibl einteractions of theradiation effect
with other agents. In redlity, the processes are not separated
that rigoroudy, and i nteractionswith another agent may occur
on more than one leve or phase.

65. Radiation-induced effects other than cancer, such as
deterministic and teratogenic effects, involve similar
phases in the development of the radiation damage. For
conciseness, these effects are not explicitly mentioned and
considered here, but the data in humans are reviewed
briefly in Chapter V.

A. EFFECTS ON THE MOLECULAR LEVEL

66. Following the primary interaction of a radiation track
with biological matter, an avalanche of events occurs, and
various reactive species are |eft after passage of an ionizing
particleor photon: moleculesareexcited andionized, radicals
are formed, and secondary eectrons progress through the
material. Mogt of these species are chemically very reactive
and produce other molecular species. These initial processes
develop in a very short time (of the order of microseconds)
and at short distances from the radiation track. The processes
are dependent on the physical and chemical characteristics of
the material, the type of radiation, and the conditions in the
immediate environment of the target molecule, such as the
availahility of oxygen, the presenceof sensitizing or protecting
agents, the ambient temperature, and theionization density of
the radiation. The processes involved in the interaction of
radiation at the molecular leved are extensvey sudied in
radiation biochemistry and microdosmetry, the concepts of
which have been described by the International Commission
on Radiation Units and Measurements (ICRU) [17].

67. The biologica effects of radiation arise mainly from
damage induced in DNA molecules. Important types of DNA
damage are DNA single- and double-strand breaks, base
damage, intra- and intermolecular cross-links, and multiply
damaged sites (mds) (see Annex F, “DNA repair and muta-
genesis’). A review of special modeds with emphasis on the
importance of the DNA damage is given by Goodhead et al.
[G17]. Asfar as epigenetic damage or modifications of other
cdl condituents are concerned, cytoplasmic changes and
mitochondrial or membrane damage may also play arolein
certain types of radiation effects, but the importance of these
for radiation-induced cancer is disputed. Indirect effect
modifiers such as growth simulation as a result of stem cdll
killing may become important at higher doses.

68. The posshility of another agent interacting with the
radiation effect in this early phaseisdependent on changesin
the DNA environment. The direct environment of the DNA

definesthe fate of radiation-induced reactive species, such as
water radicals, andthepossibility for direct or indirect damage
to the DNA. Interaction leads to changes in the dose-effect
relationship for DNA damage and consequently to changesin
the dose-effect relationship for cdlular effects (see Section
[1.B). A wdl known modification of the radiation effect is
caused by a change in the oxygen content. Anoxic cdls, in
general, are more resi stant to radiation than well oxygenated
cdls. Typica agents interacting with the radiation effect at
thisleve ared ectrophilic compounds, such asN,O, NO,, NO,
CO,, S0O,, and SO,, and nucleophilic agents, such as cystea
mine and cysteine [G17, O11]. For interaction with the
radiation effect, the agents should, in general, be present in
the DNA environment during irradiation. They may modify
radiation effects by a factor of up to 3. Moreindirect effects
may result from vasodilators and congrictors modulating
oxygen pressure in irradiated tissue.

69. An important cass of agents are hypoxic cdl
radiosensitizers, also called oxygen-mimetic agents, which
have potential use in radiotherapy to enhance the effective-
ness of theradiation treatment in anoxic or poorly oxygenated
parts of the tumour. These sendtizers must be present at the
ingtant of irradiation. The mechanismsarefree-radical-based:
the compounds, in general, have increased eectron affinity
and are believed to involve fast dectron transfer processesin
DNA [A1]. WdlI-known agentsincludenitroheterocyclic com-
pounds, such as metronidazole, misonidazole, and related
compounds, metal-based compounds containing Pt, Rh, Fe,
Co, and other metals, and nitro-compounds, such as nitro-
soureas [S2].

70. Other chemicals protect hedthy cdls againg the
radiation effect. They may also beused in radiotherapy. These
radioprotectors are mainly sulphur-containing compounds.
They act, in part, asradical scavengersand haveto be present
at thetimeof irradiation to producetheir protectiveeffect. The
radioprotective effect is a factor of 3 or less Typicd
compounds of thistype are cysteine, cysteamine, aminoethyl-
isothiourea (AET), mercaptoethylamine (MEA), and other
sulfhydryl-group-containing agents [M4].

B. EFFECTS ON THE CELLULAR LEVEL

71.  When theradiation hasinduced molecular damage, the
cdl reacts by attempting to remove the damage and restore
normal cellular function. The reaction depends on the type of
damage. For smplicity, only damage to the DNA is
considered here, which may be characterized assngle-strand
or doublestrand damage. Single-strand damage, such as
breaks or base damage, may be readily and effectively
repaired. Complex localized damage, such asadouble-strand
break, ismoredifficult torepair and may lead toabiologicaly
different behaviour of the cell. Repair depends on the cdl’s
genotype. It takes place within a few hours after the
irradiation. Some of the damage may be persistent and lead to
a radiation effect at the cellular levd. The most important
cdlular effects are chromosomal aberrations, mutations and
cdl inactivation, killing, and apoptosis. Changes leading to
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malignant transformation, which can be considered a specific
class of somatic mutations or chromosomal aberrations, are
particularly important for radiation carcinogenesis.

72. Attemptsto characterizetheinitial biological effect of a
radiation exposure and its dose-effect relationship have led to
the devdopment of mechanidic biophysicad modes of
radiation action. The aim of these modds is to present a
mathematical description of radiation action based on realistic
assumptions related to basic mechanisms [G12]. Broadly, a
common characterigtic of these modds is that they describe
the cdlular radiation effect E(D) by alinear quadratic dose-
effect rdationship:

E(D) - E, +aD + pD? 1)

where E(D) isthe cellular effect from adose D, E, isthe
effect without radiation (D = 0), aisthe contribution tothe
effect per unit dose and p is the contribution to the effect
per unit dose squared.

73. The interpretation of the linear and quadratic dose
terms depends on the underlying assumptions of the modd .
The linear term has a single-track nature, sometimes called
intratrack damage. The quadratic term has a dua or
multitrack nature, involving the accumulation of sublethal
damage or sublesions [C16, K5, K8]. Some modds do not
account for repair; in other modds, repair is considered
essential for development of the radiation effect. Most models
do not specify the initia type of damage [C16, K4], while
others are more specific [C45]. In general, double-strand
breaksin DNA play an essential rolein the radiation effect.

74. Equation (1) broadly describes the dose-effect ration-
shipsfor exposureswithin one cdl cycleand isgenerally used
to anayse cdlular experimental data, such as chromosomal
aberrations, mutations, cdlular transformation, and cell killing
[114]. The dose coefficients o and B depend on the effect
considered, the cdl type, the type of radiation, and the
devel opment of the radiation damage during the molecular
phase [L11]. For instance, o is particularly dependent on the
typeof radiation and, in general, islarger for densdyionizing
radiation than for sparsely ionizing radiation. The coefficient
B, in genera, tendstodecreasewith higher-LET radiation. As
far asirradiation timeis concerned, o hardly changes and is
mogly invariable, but f changes markedly: it reaches a
maximum for acuteirradiation, decreasesfor lower doserates,
and for irradiation times of more than a few hours is
negligible or zero. Thisimpliesthat for chronicirradiation a
linear dose-effect relationshipfor cellular effectsisanticipated.

75. The mechanism of interaction of another agent with
theradiation effect at the cdllular level is broadly based on
three types of action: (a) the accumulation of sublesions
and lesions; (b) interference with cdlular repair; and (c)
changesin cell-cycle kinetics. All types of interaction are
most effective when the potentially interacting agent is
present in thecell at thetime of irradiation or within afew
hours later, roughly as long as the radiation effect is not
fixed and repair is still possible.

1. Accumulation of (sub)lesions

76. Animportant category of combined exposures involv-
ing accumulation of sublesionsisthat of combined exposures
to different types of ionizing radiation. For cdlular effects
such ascdl killing, mutations, and chromosoma aberrations,
it iswel known that the combined exposure to two types of
radiation can lead to a larger than additive effect. Under-
sanding how cdlular damage produced by densdy ionizing
radiation (high-LET radiation) interactswith that produced by
low-LET radiation isimportant both in radiation therapy and
in evaluating risk.

77.  With amilarity in the underlying radiation mechanism,
i nteracti on between different typesof ionizing radiation can be
shown to be, in genera, of the so-called isoadditive type
Moddlers of cdlular radiation effects tend to describe the
larger effect of combined radiation exposures in terms of
accumulation of and interaction between sublethal damaged
sites, which may lead to an extra contribution to the radiation
effect (increase of the quadratic term of the linear-quadratic
dose-effect reationship) [B35, C15, L10, Z14].

78. In general, if the (additional) radiation effect E; of
radiation typei is linear-quadratic with dose D;,

2
E(D) = D + B, Di2 @)
then the combined exposureto radiation types 1 and 2 will
lead to effect E,, given by

E.(Dy,D,) = a,D; +o,D, + (\/El D, + \/EZ D,)? @)

In the absence of interaction, the effect would be given by

4
E.(D1,D,) = a,D; + oD, + BlDlZ + BzDz2 @

The extra effect is expressed in the difference between
equations (3) and (4) and can be calculated to be

E.(D,,D,) - E,(D,,D,) = 2B,B,D,D, ®)

Equation (5) indicatesthat the extra effect is dependent on
B, and B,. Experimental evidence[B5, C6] showsthat 3 is
practically independent of radiation type(i.e. low- or high-
LET radiation), sothat interaction of sublethal damage can
be expected. Using this assumption, the radiation effect of
combined exposures of acute high- and low-LET radiation
could well be described by the equations given here [L10].

79. Considering thisinteraction process, one hasto keep

in mind the following restrictions:

(@ sublethal damage can be repaired by the cdl, so that
when there is time between the two exposures, the
extra effect will decrease;

(b) thequadratic term for each radiation type separately
isdependent on doserate, i.e. irradiation time, which
implies that the extra term for combined exposures
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alsovanishesfor doseratesbelow acertain value(i.e.
less than 10 mGy min™Y);

(¢) the interaction process described here is, drictly
speaking, proven only for exposuresoccurringwithin
one cell cycle. Deviations may be expected when
exposures occur over more than one cell cycle; and

(d) for practical applicationsin risk analysis, deviations
from additivity are generally not very large, with the
most significant deviations being expected for acute
irradiation exposures such as are used in radiation
therapy; additivity isvirtually expected for combined
chronic exposures.

80. AsLam|[L47] hasshown, theinteraction of twotypes
of radiation can also be described using the linear isobolic
relationship, which isusually used for the combined action
of two toxic agents. The reverse aso applies. the
interaction with radiation of a toxic chemical that has a
supralinear or quadratic exposure-effect relationship for
cellular effectscan besimilarly described astheinteraction
of two types of radiation. As described above, if the
radiation effect after adose D isgiven by equation (1) and
the effect after an exposure X of asecond agent isgiven by

E,(X) - oX +&X? (6)
then the effect of a combined exposure will be
E,(D,X) - oD +pD2+oX +eX2+qDX ()

This means that the effect of the combined exposure to
radiation and the second agent is given by the sum of the
effects of the two agents separately and an extra effect
(mDX), which is proportional to the dose D of radiation
and exposure X of the second agent. Thisextratermisthe
result of the interaction of sublethal damage of radiation
with sublethal damage of the second agent.

81. Thisdescription of theeffect of combined exposurescan
be usad for a number of compounds with radiation [L51]. In
thisanalysisit is assumed that the cdlular effect of physica
and chemical agents can be described as a linear-quadratic
function of exposure X. Examples of such agents are ultra-
violet radiation (UV) [L52]; akylating agents such as the
nitrosouric compounds ethylnitrosourea (ENU), 1,3-big(2-
chloroethyl)-1-nitrosourea (BCNU), and 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea (CCNU) [L48]; benzd &) pyrene(BP);
ethylmethane sulphonate (EMS) [C7] and many more. The
conditions mentioned in paragraph 84 concerning the
interaction of two types of radiation should bekeptin mind
for this interaction of radiation with another physical or
chemical agent as well. Repair of the sublesions from the
first agent before the other agent becomes effective can
lessen the enhancement effect of the combined exposure
and lead to an effect more nearly like additivity. In general,
the analysis can be applied to different cellular endpoints,
such as cdl killing [L48, L50, L51], chromosomal
aberrations, and mutations [C7].

2. Cellular repair

82. Thespeed and fiddity of DNA repair isoneof themain
determinants of the yield of fixed damage. Most molecular
damage to DNA issubject to a sequential series of enzymatic
reactions that congtitutes the repair process. This topic has
been the subject of much recent study, and a spectrum of
analytical procedures, operative at both the molecular and
cdlular leved, has been developed to monitor DNA repair
[F10]. DNA damage may incude altered bases, the covalent
binding of bulky adducts, intrastrand or interstrand cross-links
and the generation of strand breaks. Altered bases may be
generated by spontaneous reactions, most importantly deami-
nation of cytosine to form uracil, of adenine to form hypo-
xanthine, and of 5-methylcytosine to form thymine. A range
of alkylated products is formed in DNA as a consequence of
exposure to nitroso compounds and other alkylating agents.
Bulky adducts are formed as a conseguence of the covalent
binding, to purinesin particular, of polycyclic hydrocarbons,
aromatic amines, aflatoxins, and similar substances. Two
types of pyrimidine dimer are induced by exposure to UV
radiation: cyclobutyl pyrimidine dimers are most common,
and the so-called 6- 4 photoproductsarea so produced. Cross-
linking of DNA dgrands may occur following exposure to
bifunctional akylating agents and chemicas such as cs
diaminedichloroplatinum. Strand breakage may be caused by
ionizing radiation, heavy metals, chemicals such as
bleomycin, and endogenoudy generated active oxygen species
(reviewed in [S9]).

83. Efficient repair of DNA damage is necessary to retain
genomic stahility and to prevent somatic and genetic disease
in humans and other organisms as well. There are severa
modes of repair, and these may al o be affected themsdves by
mutagenic agents. Failure of repair may thus be as much a
cause of dissaseastheinitial DNA damage. To safeguard the
genome, cdls are able to block cel-cyde progression in
responseto DNA damage at specifictrangtion pointstoallow
DNA repair. Mogt prominent are the so-called checkpoint
control mechanisms a the G,/S phase and G,/M phase
transition. Thesubject of DNA repair isreviewed in Annex F,
“DNA repair and mutageness’.

84. Programmed cdl death, known as apoptoss, obviates
therisksfrom error-pronerepair in heavily damaged cellsand
is, accordingly, another important defence mechanism of the
cdl, preventing the survival of aberrant cels and, hence,
tumour development [D13]. Apoptosis can become activated
under physiological conditionsand also after damageto DNA
[H44, T17]. p53 plays an important role in DNA damage-
induced apoptosis [L32], so the clona sdection of cdls with
non-functional p53 by hypoxia[G19] or by UV radiation [Z5]
is potentially an important mechaniam to increase tumour
yield. Thiswasa so shown for radiation teratogenesisin mice.
Norimura et a. [N18] found that p53-mediated apoptosis
strongly reduced fetal malformations after in utero exposure
toionizing radiation (2 Gy), whereas p53™'~ strains displayed
a 70% incidence of anomalies. Such effects may lead to an
gpparent threshold in the dose-effect reationship for
malformations after in utero irradiation [N19]. Severa other
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types of cel loss or irreversble growth arrest occur in
mammalian systems in addition to apoptoss, these include
terminal differentiation, senescence, and necross. Necrosis, in
contragt to apoptos's, is not an orderly cdlular process but
rather the disorganized death of acdl. Severa recent reviews
of thistopic have been published [S5, T17, W6]. Apoptosisis
discussed further in Annex F, “DNA repair and muta-
genesis’.

85. A second dlass of agentsthat can interact with radiation
and cause changes in the radiation effect at the cdlular leve
are agents that modify the repair capacity of cdls. Repair
inhibitors often influence the DNA sructure and may be
immunosuppressive [S1]. These agents might have toxic
effects themsdves. Examples are the intercalating agents
actinomycin D, adriamycin, and quinacrine. The xanthine
derivatives (caffeine, theobromine, and theophylline) also
belong to thistype of agent. The different effects reported for
these agents may be due to the different kinetics of repair in
the cell cycle and the presence of the drugs during different
phases of the cdl cycle [B3, T16]. Depending on the drugs,
therepair of sublethal damage or of potentially lethal damage
might be involved in the interaction process.

3. Cytokinetics

86. Anocther important class of agents are chemicals that
change the behaviour of the cdls in the cdl cyde These
agentsareindirectly rd ated to those that interfere with repair,
because cdls that are irradiated tend to move more dowly
through the cell cyclein order to have more time for repair.
Some cytokinetic agents inhibit changes in the cdl cycle
Cadffeine is an agent known to remove or alter the cdl’'s
capacity to induce a G, block or shorten the S phase after
irradiation [S1]. Theresult isthat caffeineenhancesradiation-
induced cdl killing and chromosomal aberrations. Effects of
cytokinetic agents are investigated for different purposes,
among which isto study the mechanism of radiation-induced
cellular response and to answer questions such as, in which
phase of the cdl cyde isthe radiation damage fixed? These
effects are also invettigated for their possible application in
radiotherapy. Cytokinetic agents are not normally considered
important for environmental risks of stochagtic radiation
effects. However, some chemicals, for example those with
hormonal side effects such as environmental estrogens, have
been shown to be effective even a environmental concen-
trations [SB81].

4. Toxicological analysis

87. Thecdlular effects of combined exposures to radiation
and other agents are part of the broad, dassca field of
toxicology, in which the effects of exposuresto two agentsare
analysed using the isobolic method. The method is primarily
useful for agents with isoadditive effects, but it is used for
other agents as wdll. It has been applied to radiation effects
[L47, S1].

88. The use of an isobolic diagram to describe the
combined effect of two agentsis shown in Figurelll. The
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Figure 1ll.  Isobolic diagrams for a given level of
response in two agents, both acting with linear (upper
diagram) and non-linear (lower diagram) exposure
response [U6].

The axes are normalized to values of 1.0 for each agent
acting separately, i.e. X', and X'g.

exposures areindicated on the two ordinates, usually with the
single-agent exposuresyidding the same effect normalized to
one. The case of additivity is described by a straight i soeffect
line for any combination of two agents with linear dose-
response relationships for separate action (Figure 111, upper
diagram). If the points deviate Sgnificantly to the lft of the
isobalic ling, the interaction is synergistic. An antagonistic
interaction is postulated when the experimenta pointslie to
theright of theisobalicline. Even in such asmpletheoretical
case, to asess the combined action of two agents, several
combinations of the two agents leading to the given effect,
E,g, have to be tested. Although there are some important
biological endpoints, such as frequency of point mutations,
that show a linear or nearly linear increase after separate
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exposuresto genotoxic chemicals or radiation, the dose-effect
relationshipsfor hedth impai rmentscaused by complex multi-
stage changesin biological sysems are often better described
by exponentia or sgmoid functions of dose. For these more
regligic circumstances, the line of additivity in the isobolic
diagram becomes curved and transforms into an envelope of
additivity (Figurelll, lower diagram). In general, the order of
exposure to agents with differing dose-response relationships
then becomes important as well [R4].

89. Such isobalic analyses areimportant toals, for example
in optimizing combination therapy [L16, R4], but are of less
value in evaluating the effects of chronic exposures in the
workplace and in non-occupational settings [B69]. An
extended review of this approach and its mathematical
background was presented in the UNSCEAR 1982 Report
[U6]. Thisapproach isbased on producing equal effectswith
different combinations of the two agents under restricted
conditions of time. Owing to the general lack of such ranges
of exposures in human populations, this method is not
applicable in epidemiology.

90. Theinteraction at thecdlular leve isrestrictedin time,
so that damage from one agent seldom interacts with damage
from a second one. For low dose rates of radiation and long-
term exposures of other agents, the supralinear or quadratic
dose terms of the dose-effect relationships tend to diminish,
and only a linear dose-effect reationship remains. In these
cases, the possible interaction in combined exposure aso
decreases, and additivity results. This implies that since
interaction at the cdlular level during low-dose, long-term
exposures to radiation and other agents can be expected to
have alow probability of occurrence, it istherefore of limited
importance for carcinogenesis.

C. EFFECTS ON THE TISSUE/ORGAN
LEVEL

91. Afterfixation of theradiation effect at thecdlular leve,
which occurswithin afew days, amuch longer timeisneeded
before an effect at the organ leve occurs, i.e. before a
stochadtic radiation effect isevident. The period of occurrence
of a gochastic effect is dependent on the type of effect. For
example, hereditary defectsmay occur when agerm cdll, after
having been irradiated, formsthe origin of an organism of the
next generation. For radiation-induced cancer, it isthetime
between the initiation event, or possibly one of the fallowing
seps of the carcinogenesis process, and the detection of a
tumour. Full consderation of the mechanistic aspects of
cancer devdopment isgiven in Annex G, “Biological effects
at low radiation doses’. The events occurring after the
initiation event in the development of tumorigenesis are
consdered totake place on thetissueand organ levd and may
occur years or decades later.

92. Itisgenealy accepted that carcinogenesis is a multi-
gep process. The usual chain of events is consdered to be
initigtion of damage, tumour promotion, possbly with
activated proto-oncogenes or deactivated tumour-suppressor

genes, and malignant progression. Each of theseprocessescan
be related to effects at the cdlular level. The basic aspects of
these processes were reviewed in Annex E, “Mechaniams of
radiation oncogenesis’, of the UNSCEAR 1993 Report [U3].
The concepts of multi-stage carcinogenesis have evolved over
many years of cancer research [A17, B10, B14, B15, C8, F7,
M27, R6]. Severa lines of evidence that support the multi-
dage modd of cancer derive from studies of pathology,
epidemiology, chemica and radiation carcinogenesis in
animals, cdl biology, molecular biology, and human genetics
[K28, M5]. Germ-linemutations, somatic genetic events, and
epigenetic gimulation by the host organism may al play
important roles in neoplastic development. The definition of
two broad classes of genes, proto-oncogenes with growth-
enhancing functions and tumour- suppressor genes with
growth-inhibiting functions, brought a biological basis and a
unifying concept to the multi-stage theory of cancer [V2].
Owing to the functiona diversity of the products of these
genes involving cdl surface receptors, protein kinases,
phosphatases, and DNA-binding proteins, to mention only a
few, this concept does not lend itsdlf directly to a better
understanding quantitatively. However, in this area the
modifications of the cancer process after exposure to external
agents may be investigated.

93. The number of genetic changes involved in the
evolution of a specific malignant neoplasm is not known
with certainty. In some cancers that occur early in life,
soon after exposure, or in genetically susceptible
individuals, there may be only one rate-limiting change
needed for malignant disease. Certain formsof |leukaemia,
e.g. thoseresulting from reciprocal trand ocations[B64] or
cancer induction in retinoblastoma heterozygotes, seem to
follow thiscourse. Multi-hit model s devel oped on thebasis
of specificincidencerates of solid cancers from epidemio-
logical data often show an exponential increase in the
incidence of specific cancers with the fifth to seventh
power of age [K11]. Most colorectal cancers havethree or
morealtered genes, [F6, V1, V2], and estimates of asmany
as 10 or more mutational changes have been proposed to
occur in adult human cancers [B17]. Basicaly, al these
genetic changes might be induced by ionizing radiation,
other genotoxicagents, andtheinherent instability of DNA
alone.

94. The digtinction between proto-oncogenes and
tumour-suppressor genes has important repercussions for
dose-effect models, because the former class would
generally express its function dominantly, whereas the
latter could fulfill its protective function as long as one
alele is functionally intact, i.e. the tumour-suppressor
function would be a recessive trait. However, the
probability of devel oping cancer isin many caseshigher in
heterozygotes than a pure recessive trait would predict,
indicating the importance of penetrancein the genetics of
the different tumour-suppressor genes. Moreover, muta-
tionsin some tumour-suppressor genes like p53 and WT1
may be of the dominant negative type, in which the
mutated protein overridestheaction of the suppressor wild-
type allele [H4, M25].
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exposuresto genotoxic chemicals or radiation, the dose-effect
relationshipsfor hedth impai rmentscaused by complex multi-
stage changesin biological sysems are often better described
by exponentia or sgmoid functions of dose. For these more
regligic circumstances, the line of additivity in the isobolic
diagram becomes curved and transforms into an envelope of
additivity (Figurelll, lower diagram). In general, the order of
exposure to agents with differing dose-response relationships
then becomes important as well [R4].

89. Such isobalic analyses areimportant toals, for example
in optimizing combination therapy [L16, R4], but are of less
value in evaluating the effects of chronic exposures in the
workplace and in non-occupational settings [B69]. An
extended review of this approach and its mathematical
background was presented in the UNSCEAR 1982 Report
[U6]. Thisapproach isbased on producing equal effectswith
different combinations of the two agents under restricted
conditions of time. Owing to the general lack of such ranges
of exposures in human populations, this method is not
applicable in epidemiology.

90. Theinteraction at thecdlular leve isrestrictedin time,
so that damage from one agent seldom interacts with damage
from a second one. For low dose rates of radiation and long-
term exposures of other agents, the supralinear or quadratic
dose terms of the dose-effect relationships tend to diminish,
and only a linear dose-effect reationship remains. In these
cases, the possible interaction in combined exposure aso
decreases, and additivity results. This implies that since
interaction at the cdlular level during low-dose, long-term
exposures to radiation and other agents can be expected to
have alow probability of occurrence, it istherefore of limited
importance for carcinogenesis.

C. EFFECTS ON THE TISSUE/ORGAN
LEVEL

91. Afterfixation of theradiation effect at thecdlular leve,
which occurswithin afew days, amuch longer timeisneeded
before an effect at the organ leve occurs, i.e. before a
stochadtic radiation effect isevident. The period of occurrence
of a gochastic effect is dependent on the type of effect. For
example, hereditary defectsmay occur when agerm cdll, after
having been irradiated, formsthe origin of an organism of the
next generation. For radiation-induced cancer, it isthetime
between the initiation event, or possibly one of the fallowing
seps of the carcinogenesis process, and the detection of a
tumour. Full consderation of the mechanistic aspects of
cancer devdopment isgiven in Annex G, “Biological effects
at low radiation doses’. The events occurring after the
initiation event in the development of tumorigenesis are
consdered totake place on thetissueand organ levd and may
occur years or decades later.

92. Itisgenealy accepted that carcinogenesis is a multi-
gep process. The usual chain of events is consdered to be
initigtion of damage, tumour promotion, possbly with
activated proto-oncogenes or deactivated tumour-suppressor

genes, and malignant progression. Each of theseprocessescan
be related to effects at the cdlular level. The basic aspects of
these processes were reviewed in Annex E, “Mechanisms of
radiation oncogeness’, of the UNSCEAR 1993 Report [U3].
The concepts of multi-stage carcinogenesis have evolved over
many years of cancer research [A17, B10, B14, B15, C8, F7,
M27, R6]. Severa lines of evidence that support the multi-
dage modd of cancer derive from studies of pathology,
epidemiology, chemica and radiation carcinogenesis in
animals, cdl biology, molecular biology, and human genetics
[K28, M5]. Germ-linemutations, somatic genetic events, and
epigenetic gimulation by the host organism may al play
important roles in neoplastic development. The definition of
two broad classes of genes, proto-oncogenes with growth-
enhancing functions and tumour- suppressor genes with
growth-inhibiting functions, brought a biological basis and a
unifying concept to the multi-stage theory of cancer [V2].
Owing to the functiona diversity of the products of these
genes involving cdl surface receptors, protein kinases,
phosphatases, and DNA-binding proteins, to mention only a
few, this concept does not lend itsdlf directly to a better
understanding quantitatively. However, in this area the
modifications of the cancer process after exposure to external
agents may be investigated.

93. The number of genetic changes involved in the
evolution of a specific malignant neoplasm is not known
with certainty. In some cancers that occur early in life,
soon after exposure, or in genetically susceptible
individuals, there may be only one rate-limiting change
needed for malignant disease. Certain formsof |leukaemia,
e.g. thoseresulting from reciprocal trand ocations[B64] or
cancer induction in retinoblastoma heterozygotes, seem to
follow thiscourse. Multi-hit model s devel oped on thebasis
of specificincidencerates of solid cancers from epidemio-
logical data often show an exponential increase in the
incidence of specific cancers with the fifth to seventh
power of age [K11]. Most colorectal cancers havethree or
morealtered genes, [F6, V1, V2], and estimates of asmany
as 10 or more mutational changes have been proposed to
occur in adult human cancers [B17]. Basicaly, al these
genetic changes might be induced by ionizing radiation,
other genotoxicagents, andtheinherent instability of DNA
alone.

94. The digtinction between proto-oncogenes and
tumour-suppressor genes has important repercussions for
dose-effect models, because the former class would
generally express its function dominantly, whereas the
latter could fulfill its protective function as long as one
alele is functionally intact, i.e. the tumour-suppressor
function would be a recessive trait. However, the
probability of devel oping cancer isin many caseshigher in
heterozygotes than a pure recessive trait would predict,
indicating the importance of penetrancein the genetics of
the different tumour-suppressor genes. Moreover, muta-
tionsin some tumour-suppressor genes like p53 and WT1
may be of the dominant negative type, in which the
mutated protein overridestheaction of the suppressor wild-
type allele [H4, M25].
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Figure IV. Models of carcinogenesis.
Parameters: pis the probability of transformation, G; is the birth or replication rate,
0, is the death rate, p, is the repair rate, i is the stage, d the dose, and t the time.

95. Multi-stage cancer modds are described in Annex G,
“Biological effects at low radiation doses’. The multi-stage
modd proposed by Armitage and Doll [A16, Al7, A18]
represents one of the firg attempts to develop a biological
modd of carcinogenesis. They postul ated that cancer develops
from a single cel that must pass sequentialy through a
particular series of transformations to become a malignant
cdl. Themulti-stage Armitage-Doll modd isillustratedin the
upper portion of FigurelV. Thismodd assumesthat anormal
cdl mugt pass through k sequential stages before becoming
fully malignant. This mode has k + 1 types of cdls normal
cdls, stage 1 cdls, stage 2 cdls, ..., and stage k (malignant)
cdls. The modd supposes that at age t an individual has a
population Ny(t) of completely normd cels and that these
cdlsacquireafirg mutation at arate,(t). Thecedlswith one
mutation acquire a second mutation at a rate i,(t), and so on
until at the (k - 1) stage the cdls with (k - 1) mutations
proceed at arate i (t) to become fully malignant.

96. Theinstantaneoustumour incidencerate h(t) at time
tin themulti-stagemode istherefore approximately of the
form

t X1 X2

dN, (t)/dt = 2t Ng(X0) %y (X)) -
W0 k(){{ {O(X) (xy) @

M (X axg .odxy

where N isthe number of cdlsin the target tissue and %(t) is
the ingtantaneousrate of thei-th cdlular change(i = 1, ..., k).
For smplicity, it isoften assumed that the transition rates are
linearly related to the dose di(t) of the carcinogen at timet for
thei-th stage. Therefore the trangtion rate from one stage to
the next is given by %(t) = a + bd(t). Here, g denotes the
trangition rate in the absence of exposure and b reflects the
effects of the carcinogen on thetrangition rateinto sagei = 1,
..., K. With similar values for spontaneous transition rates (a
to g), this modd predicts that the age-specific tumour
incidence rate will be proportional to the (k - 1)t power of
time and provides a good description of human cancer
incidence datawith 2 < k < 6 stages[A20, A22].

97. Toencompassthegrowing biological evidencethat the
process of carcinogeness invalves intermediate cdls having
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a gronth advantage over normd cdls, Armitage and Dall
[A17] modified ther initid modd. The initid modd is
generally viewed asnot biologically plausible, becauseit does
not account for cell kinetics, more specifically the birth and
degth of cells. The modified mode that includes cdl kinetics
must sometimes assume very small and, in the opinion of
Armitageand Dall [A17], unlikdly valuesfor the growth rate
of intermediate cellsto fit the data.

98. Moolgavkar and Venzon [M29] and Moolgavkar and
Knudson [M23] proposed a two-stage hirth-death-mutation
model to describe the process of carcinogenesisin adults. By
incorporating both cdl kinetics and tissue growth, thismodel
can be usad to describe a broader dass of tumour incidence
data than the dasscal multi-stage modd. This modd has
three cdl types. normal cdls, intermediate or initiated cdls,
and maignant cdls. Themiddleportion of FigurelV displays
the general two-stage model of carcinogenesisin which for a
norma cdl to become malignant, it must pass from the
norma date through the intermediate state and into the
malignant state. The simplicity of this modd alows
dassfying externa agentsin three categories of carcinogen:
initiators, which stimulatethefirg trangition of anormal sem
cdl into theintermediate stage; completers, which transform
an intermediate cdl into a maignant cell by the second
trangition; and promoters, which enhancecdl divison and the
net increase of intermediate cdls with time [K46]. lonizing
radiation and other genotoxic agents may be both initiators
and completers.

99. The Moolgavkar-Venzon-Knudson modd was later
extended to account for more than two mutational stages
[L23, L24, M14]. For the generalized Mool gavkar-Venzon-
Knudson mode it may be supposed that at aget thereare N(t)
susceptiblestem cdl's, each subject to mutation toatypeof cdl
carrying an irreversible mutation at a rate of p(t). The cdls
with one mutation divideinto two such cdlsat aratey,(t). At
a rate 3,(t) they die or differentiate. Each cdl with one
mutation can a o divide into an equivalent daughter cdll and
another cdl with asecond irreversible mutation at aratepy (t).
For the cdlswith two mutations there are also assumed to be
competing processes of cdll growth, death and differentiation,
and mutation taking place at rates y,(t), d,(t), and p(t),
respectively. This continues until at the (k-1) stage the cell
will have accumulated (k-1) mutations. It will eventualy
acquire another mutation and become fully malignant.

100. With the advent of more sophiticated experimental
techniques and a growing understanding of the process of
carcinogenesis, more refined mathematical modd shave been
devel oped and continueto be devel oped to embody the current
scientific knowledge and mechanisms of cancer. Mutation is
the result of DNA damage and the subsequent fixation and
propagation of the damage by DNA replication. This process
isincluded asasinglerate constant in themodel sdescribed in
the previous paragraphs. However, agents can affect DNA
damage rates, cdlular replication rates, and/or the processes
of DNA repair. Kopp-Schneider and Portier [K19] expanded
themodelling of the mutation processto account explicitly for
the process of cdlular damage to DNA, DNA repair, and

DNA replication. The two-stage damage-fixation modd has
five types of cdls. normal cdls, damaged norma cdls and
damaged initiated cells both of which are subject to DNA
repair, initiated cdls, and maignant cdls (in which damage
has been fixed by replication). This mode is shown in the
lower portion of Figure V.

101. It is clear that research on quantitative multi-stage
modds is dill in progress and that the complexity of the
carcinogenic process inhibits a choice of a universdly
accepted and applicable moded. However, it is aso dear that
multi-stage modd s have abiological basisand could describe
tumour incidence quantitatively and as such have a futurein
improving radiation risk estimates and estimates of combined
effects. Always important is the question of complexity vs.
smplicity. The biology of cancer formation is so complicated
that an ever-increasing number of parameters are needed to
cover al possibilitiesof tumour formation mathematically. On
theother hand the available dataarelimited, sothe number of
parameters that can be fixed is limited aswell. Asfar asthe
mathematics and atigtics are concerned, it is preferable that
the number of unknown parameters be aslow as possible.

102. Most multi-stage modds are used to describe the age
dependence of tumour incidence and the influence of
chemical carcinogensin animal experiments. In a few cases,
they havebeen used to describeradi ation-induced tumours. As
far as human data are concerned, the induction of lung
tumours by radon in miners [L9, M39] and the lifespan
studies of the Japanese atomic bomb survivors [H1, K45, L5]
were used to test multi-stage models. In general, ionizing
radiation acts mainly as an initiator, although it has some
influenceon other coefficients. Animportant conclusion of the
use of multi-stage models for radiation carcinogenesisisthat
radiation generally seems to affect only one step in the
carcinogeness process, in other words, it is a co-factor of
background tumour incidence. Thisimpliesthat theradiation
effect is dependent on background tumour incidence as well
as on other agents or factors that produce tumours or cancer.

103. Thetimescale for effects at the tissue or organ leve is
long and can last for years. Theimplicationisthat interaction
with another agent is possible even when the exposures of the
two agents are separated in time for up to severa years. A
comprehensve treatment of the carcinogenic effect of
combined exposures and the implications for dose-effect
reationships using a two-mutation carcinogenesis modd is
given in Krewski e a. [K46]. They classify carcinogenic
agents asinitiators, completers, and promoters and conclude
that the joint effect of two compounds that both affect the
same stage in the carcinogenic process will be described well
by the additive risk model; however, the effect of combined
exposure to two carcinogens that influence different stages
will not necessarily result in a multiplicative modd. Short
exposures that occur close together in time and do not
occur at either very young or very old ages can produce a
nearly additive relative relationship. Synergism would,
however, arise when the contribution to different transi-
tions by different carcinogenic agents is large compared
with the spontaneous rate and when the time course of
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exposure is penalizing if the sequence of steps matters.
Brown and Chu [B9] concluded that the observation of a
multiplicative relative risk relationship in studies of joint
exposure to two carcinogens is evidence of action at two
different stages of the carcinogenesis process. These
examplesillustrate the importance of afull understanding
of the timescal e of exposure for both agents.

104. Anoverview of interactionsfor smplebinary exposures
to agents with specific effectsis given in Table 3. According
to the terminology used by Krewski et a. [K46], many
i nteracti onsleading to considerabl e deviations from additivity
are possible although hardly predictable. The effectiveness of
a carcinogenic agent depends not only on the exposure but
also on the time of exposure, age a exposure, time since
exposure, and duration of exposure. Thistime dependenceis
completdy different from and should not be confused with the

timeinvolvedin thecdlular dose-rate effect. It isthereforenot
possible to quantitatively predict the dose-effect rdationship
for tumour induction after combined exposure.

105. This assessment is based on the evaluation of
carcinogenesis data usng a two-mutation modd. Deviations
of the carcinogenesis processin other ways, e.g. by disturbing
organ functionsin a crude way, are ignored. The assumption
of otherwise undisturbed functioning of theorgan or organism
is probably reasonable for low exposures but may complicate
analysisfor high dosesand exposures. Thelong-term devel op-
ment of tumoursimpliesalong period of time over which the
process can be influenced. For interaction in the geness of
radiation-induced tumours, it implies that exposure to a
different agent at atime that is completely separated from the
time of irradiation may influence the radiation effect in often

poorly predictable ways.

Table 3
Anticipated interaction response of two single-agent carcinogens *
[K29]
Carcinogen A Carcinogen B Interaction response
Initiator Initiator Additive
Completer Completer Additive
Initiator Completer Multiplicative
Initiator Promoter Multiplicative to supra-multiplicative
Initiator Promoter and completer Multiplicative to supra-multiplicative
Initiator Initiator and compl eter Supra-additive to sub-multiplicative
Initiator Initiator and promoter Supra-additive to supra-multiplicative
Promoter Promoter and completer Supra-multiplicative

a Seeglossary for definition of terms.

D. DOSE MODIFIERS AND OTHER
INDIRECT INTERACTIONS

106. Apart from the direct interference with the devel op-
ment of the radiation effect, further indirect interaction
mechanisms are possible when an agent changes the
retention of the radioactive substancefollowing inhalation
or ingestion and consequently changes the organ dose. A
well-known caseisblockage of ! uptaketothethyroid by
stable iodine, which is used in nuclear medicine and
envisaged in future radiological emergencies to greatly
reduce the dose to the thyroid gland. Other drugs, such as
ethylenediaminetetracetic acid (EDTA), are used for
therapeutic reasons, to stimulate the metabolic transfer of
inhaled or ingested radionuclides and, consequently, to
reduce the relevant organ dose. Natural chelators such as
citrate may also modulate the biological half-livesof metal
and actinide ions. Synergistic effects on this level are
known from the inhibition of mucocilliary clearance by a
second agent [F28]. Several examples of dose-modifying
agents are given in the Appendix, which covers specific
interactions. Mechanistic considerations indicate that the
irritants and cytotoxicants implicated here generally
display an effect threshold and are therefore of little
concern for combined effects at low exposure levels.

107. Other modifications of the radiation effect are
possible when the physiological condition of the organism
ischanged, either intentionally or by chance. Examplesare
changesin hormonelevelsor intheimmunol ogical system.
Such changes may also be induced by radiation (e.g. UV
radiation). Also, novel mechanismsof genetic changesuch
asradiation- or chemical-induced geneticinstability, which
leads to new genetic damage many cell generations after
exposure (see Annex F, “DNA repair and mutagenesis’),
may be prone to more-than-additive effects. The results of
thistype of interaction are dependent on the conditions of
the change and are, in general, poorly predictable.

E. SUMMARY

108. Carcinogenesis and, consequently, also the devel op-
ment of radiation-induced tumoursis along-term process.
Mechanigtically, three levels can be distinguished in the
devel opment of the radiation effect on cancer: the molecu-
lar, cellular, and tissue/organ levels. On each level, ioniz-
ing radiation induces changes and processes, and these
may beinfluenced by combined exposuresto other agents.
A summary of the levels, processes involved in cancer
development, and examples of the many classes of sub-
stances and agent with a potential to interfere at different
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levels of radiation-induced carcinogenesisis presented in
Figure V. The biological effect of combined exposures to
radiation and other agents at low doses is, in general,
expected to be additive, especially in the case of chronic
exposures. Deviations from additivity may primarily be
expected frominteractionson thetissue/organ level. Inthis
phase, exposureto other agentsmay takealong time, upto
tens of years, and for interaction to occur, the exposuresto
radiation and the other agent need not be simultaneous.

Thus, interaction can last arelatively long time, and the
radiation effect can beinfluenced to asignificant extent by
the interactions that take place during this phase. Studies
using multi-stage models show that classifying the agents
involved in terms of their action asinitiators, completers,
and/or promoters may help to predict the result of their
interaction with radiation and other agents. These studies
also indicate that the radiation effect depends on the
background tumour incidence.
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Figure V. Schematic representation of radiation-induced carcinogenesis and possible interaction mechanisms
with examples of agents having shown a potential for more (+) or less (-) than additive effects
for at least one tumour site.
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l1l. SPECIFIC COMBINED EXPOSURES

109. Recent data on combined exposures to radiation and
specific physical, chemical, or biological agents are reviewed
in this Chapter. For each type of interaction, data from epi-
demiological studies of the adverse hedlth effects in humans
are generally reviewed firgt. Studies involving experimental
anima modds are considered next. Lagtly, various effects
observed in in vitro sysems are reviewed. Carcinogenesisis
theprincipal endpoint of interest; non-neoplagticendpointsare
viewed mainly in relation to mechanistic considerations.

110. Only a minor fraction of the interacting agents
described below are found in the human environment at
potentially critical levels. An overview of agentsknown or
suspected to affect human health on their own is given in
Table 4. Details of the experimental and epidemiological
conditions and results of studies on specified combined
exposures may be found in the Appendix and are
summarized in Table A.1.

Table 4

Exposure conditions and characteristics of prominent environmental and occupational agents and

substances that may produce combined effects with them

[B6]

Typical Occupational Estimated Substance with
environmental limit for chronic Major health contribution to Estimated known or
Agent exposure exposure endpoint total incidence/ | |ifetimerisk 2 suspected
(E) (0) mortality of (%) combined effect
endpoint (%)
lonizing radiation 1.5-4mSv a* 20mSv a* Cancer 3-8 (E) 0.4-1(E) Smoking,
~10 (O) ~4(0) ashedtos,
hormones,
arsenic?

UV radiation Noontime intengity: 350 nm: Skin aging Important (E) - Phototoxicity,

[w31] UV-A: 40 W m? 150kJm?in8h | Skincancer >50 (E) >20 (E) alergy with
UV-B: 3Wm? 300 nm: Melanoma ? ? UV sendtizers
100Jm?in8h

Asbestos Crocidolite: Lung cancer Low Smoking

[112] 0.2 fiberscm Mesothelioma >50%
Other forms:
2 fibrescm’®
Benzene 14 ug m3inindoor 3.2mgm? Leukaemia 25(E) 0.01 (E) Substrates for
[M60, W34] ar activation/
detoxification
systems

Carbon tetra- 3ugmdinindoor ar | 65mgm? Cancer 0.05 (E) 0.01 (E) Chloroform

chloride [W34]

Chloroform [12] 1.2 ygkg'd* from 50 mg m3 Cancer 0.15 (E) 0.03 (E) Carbon tetra-
tap water and chloride
showering

Dioxingfurans 1.3 ugkgtd? 50 pg m'® Cancer 0.1(E) 0.02 (E)

[F8] dietary intake

Ethylenebisdithio- na na Cancer, adverse 0.17 () 0.034 (E)

carbamates reproductive
(EBDCs) [L49] outcomes

Polychlorinated 1l4ngkgtd? Imgm?3 Cancer 0.06 (E) 0.01 (E)

biphenyls (PCBs) (42% Cl)
[G8]

a Assuming 80 and 40 years of exposure for environmental (E) and occupational (O) levels, respectively. Risks are generally upper bound
estimates based on linear extrapolations from high exposures.
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A. RADIATION AND PHYSICAL
AGENTS

1. Combinations of ionizing radiation

111. Many experiments have been undertaken to investi-
gatethecellular effectsof combined exposuresof two types
of ionizing radiations. In view of their potentia radio-
therapeutic applications, awealth of data on the combined
action of neutrons, heavy ions, and gamma or X rays was
accumulated in the 1970s and early 1980s. This informa-
tion was reviewed in Annex L, “Biological effects of
radiationin combinationwith other physical, chemical and
biological agents’, in the UNSCEAR 1982 Report [U6].
Theresultsgenerally indicate additive effects of combined
exposures characterized by the so-called isoaddition of
these agents at the cellular level [L10, L47], as described
in Chapter 11. A few data [E5, L26] were reported on
radiation-induced tumours; these, in general, include
exposuretointernal emitters. Theresultsindicate additive
to dightly supra-additive effects for combined exposures,
mainly because of the lower doseratesthat areinvolvedin
the internal exposure to alpha radiation in these
experiments. For estimating therisk of carcinogenesis, the
effects of combined exposures to more than one type of
ionizing radiation are expected to beisoadditive, i.e. toadd
up in the same way as effects of increments of the same
agents, when at least one of theradiationsisdelivered at a
low doserate (chronicirradiation), asisgenerally the case
for occupational and environ-mental exposure levels.

2. Ultraviolet radiation

112. Ultraviolet (UV) radiation isrecognized as the most
important initiator and co-factor for human skin carcino-
genesis [S29]. It is mainly the skin that is exposed to UV
radiation. A study of combined exposures to gamma
radiation and UV radiation was presented by Shore, who
analysed 12 studies on the incidence of skin cancer in
populationsirradiated with known skin doses[S29]. In the
absence of a proper control (skin exposed to ionizing
radiation but not to UV), it was concluded that, at least for
combined exposures, the data are compatible with alinear
dose-responsere ationship for ionizing radiation [ S29] but
that the interaction is unclear. The question of whether
relative risk or absolute risk models are more appropriate
remains open. From the mechanistic point of view,
interaction at the cellular level may be expected, which
results in amore or less additive effect for low exposure
rates [L52]. The considerable variations in skin cancer
among different populationsand subgroups seem to reflect
the large differencesin UV exposures due to latitude and
lifestyle and the differences in genetic predisposition to
skin cancer due to skin type. The overwhelming depend-
ence of skin cancer on extended exposuresto UV prevents
conclusive epidemiological data on the interaction of UV
with ionizing radiation. Another important factor to take
into account in possible interactions is UV-induced
suppression of the immune system [B76, L58, N26]

3. Electromagnetic radiation

113. Neither low- nor high-frequency dectromagnetic radia-
tion have enough single photon energy to directly damage
DNA and therefore cannot be cancer initiators. However,
srong dectromagnetic fidlds may modify and stimulate
growth [K16, S33], and this has led to the hypothess that
electromagnetic fidds may influence cancer development.
However, no graightforward inferences from experimental
results to exposure Stuations in occupational or environ-
mental settings have been found at this stage for the com-
bination of eectromagnetic and ionizing radiation [B77, B78,
B79, U19]. Moreover, thereisat present littleindication from
amechanigtic sandpoint for potentialy harmful interactions
between eectromagnetic fidds and ionizing radiation at
controlled exposure levelsin the workplace or the dlinic. The
possible modulation of radiation effects by heating produced
by strong eectromagnetic fidds is consdered in the next
Section.

4., Temperature

114. Heat can kill mammalian cdls in a predictable and
sochastic way [D3]. Elevated temperature is used as a
modifier of radiation sensitivity in many therapies to control
tumour growth. In combination with ionizing radiation, heat
can act synergistically on cdl survival, cdl proliferation, and
cytogenetic damage by, for example, interfering with DNA
repair. However, extremely high temperatures, which are
generaly not found in the workplace or in environmental
conditions, are neaded in the cdls at risk, so0 heat is not
consdered as potentialy enhancing radiation risk.

5. Ultrasound

115. Ultrasound has achieved widespread use in medical
diagnostic and therapeutic procedures. Studieshave shown
that at the intensities used for diagnostic purposes,
ultrasound does not interact with ionizing radiation to
cause cytogenetic damage in treated cells, although the
yield of sister chromatid exchanges was observed to be
dlightly increased in one study [K20]. Because cavitation-
induced mechanical damage by ultrasound shows high
thresholds, this mechanism is of little concern for
environmental exposures. Such damagehastobeprevented
in other situations already caused by single-agent effects.

6. Dust, asbestos, and other mineral fibres

116. Minera dust and fibres such as asbestos generdly act
through non-genotoxic mechanisms such as mechanical
irritation and cdl killing [B13]. The combination of radiation
exposure and exposure to dusts and fibresis quite common in
indudtrial settings and in the environment, and these agents
arereported in both animal sudies and in vitro studiesto act
synergidticaly at high exposures [B38, H11]. Silicoss was
shown to be a risk factor for human lung cancer in metal
minersin the 1940s [H9] and is implicated as a modifier of
lung cancer risk in radon-exposed underground workers
[K49]. Combined exposure to phosphate ore dust, gamma
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radiation, and radon daughter products aso resulted in
elevated lung cancer risksin earlier practices[B74]. Although
exposuresand thusrisksare cons derably lower today, minerd
dugt and fibres gill deserve atention because they may
interact with radiation, including densely ionizing radiation
such as apharadiation in mining environments, to enhance
the risk of cancer.

7. Space flight

117. A specia form of combined exposureis experienced in
space flights, where a multitude of stressors act in combina-
tion on astronauts. This problem has been investigated using
animals[A13, Al4, V3]. The most important environmental
parameter is microgravity. Space radiation effects were
comprehensively reviewed by Kiefer et a. [K54], the inter-
action of microgravity and radiation at thecdlular level [H52,
K55]. No synergigtic actions were found. A very important
agpect is a possible reduction of theimmune response [S86],
which could have an influence on cancer development. The
changes of many parameters that are normally stable in
experimental work on earth make well designed studies in
pace potentially important in addressing combined effects of
physical agents.

B. RADIATION AND CHEMICAL AGENTS

118. A multitudeof natural and man-madechemicalswith
cancer initiating and promoting potential arepresentinthe
human environment and may interact with radiation.
Classification based on their mode of action is often
difficult, as many have morethan onetypeof action, but at
least a crude separation can be made into substances that
mainly act by damaging DNA (genotoxic substances) and
those that act in other ways (non-genotoxic substances)
[C48]. The former group includes chemically active
species, or substances that can be activated, bind to or
modify DNA directly, or indirectly viaradicals. The non-
genotoxic substances range from nonspecific irritants and
cytotoxins to natural hormones, growth factors, and their
analogues. They interact with the regulatory systems of
cells and organs and cannot always be considered toxic by
themselves. Someareclearly protective, e.g. they scavenge
reactive species before they interact with DNA.

1. Genotoxic chemicals

119. Numerousexamplesof combined exposurestoradiation
and chemical genatoxic agents can befound in the literature,
including studies on theimprovement of radiation therapy by
simultaneous treatment with a chemical (see Chapter IV). In
many cases, supra-additive effects are reported, caused by
interaction in the cdlular phase and by the high exposure
levds involved. The agents include 1,2-dimethylhydrazine
(DMH) [S27], N-methyl-N-nitrosourea (MNU), butyl-
nitrasourea (BNU), N-ethyl-N-nitrasourea (ENU) [H6, K15,
S13, S20, S21, S22], diethylnitrasamine (DEN) [M8, P26],
N-2-fluorenylacetamide  (FAA), 4-nitroquinoline-1-oxide
(4NQO) [H39], bleomycin [D6], and 1,2-dibromoethane

(DBE) [L13]. The effects are dependent on the species,
exposureconditions, timeof exposure, etc., and sometimesthe
same chemical is involved in a supra-additive and a sub-
additive result. In general, for short exposures to high
concentrationsand for low chronic concentrations, deviations
from additivity are small, if at all existent. In most epidemio-
logical and experimental gudies, effects exceading a leve
predicted from isoaddition have not specificaly been
demonstrated.

2. Non-genotoxic chemicals

120. Many chemicals in the human environment or their
metabolites do not specifically attack DNA but influence
cell proliferation and cell differentiation on an epigenetic
level. These include the tumour promoter 12-O-
tetradecanoyl phorbol-13-acetate (TPA) [H3, L24], carbon
tetrachloride, and a-difluoromethylornithine (DFMO)
[O12]. These agents act in combination with radiation on
the cellular andtissuelevel of cancer development and can
significantly enhance the induction of tumours. Specific
mitogens may interfere with regulatory mechanisms and
cell-cell signalling, but many substances with a high
chemical reactivity act asnon-specificirritantsor toxicants
via membranes or proteins. For example, toxin-induced
cell death will induce proliferation in neighbouring cells,
which may enhancethe progression of premalignant cells.
Substances acting in a non-specific manner, for example
lipophilic solvents, quite often show highly non-linear
dose-response relationships with apparent thresholds.
Other agents may interfere with critical cellular processes
involved in repairing damage to cellular constituents such
as DNA. The assessment of possible synergistic effects at
the exposure levels relevant for risk estimation remains
very difficult because of the high exposures used in
experimental systems and the apparent threshold levels.
Oneimportant group of chemicals, which includes cystea-
mine and mexamine, has radioprotective effects; these
chemicals scavenge radical s formed by ionizing radiation
[M4]. A considerable number of agents may have both
genotoxic and epigenetic functionalities such as the base
anal ogue 5-bromo-2'-deoxyuridine (BrUdR) [A15].

3. Tobacco

121. Giventhelarge collectivedosefrom radon and itsdecay
products in non-occupational and occupational settings and
the prevalence of active smoking, the combined effect of these
two exposures on human heslth deserves specia attention
[B27]. A large body of epidemiological evidence from
uranium miner studies allows, at least for higher radiation
doses, caleulating risks and interaction coefficients directly
from human data[C46]. However, thefact that tobacco smoke
is itsdf a complex mixture of genotoxic and non-genotoxic
substances and even contains some natural radionuclides (the
long-lived radon progeny 2°Po and 2°Ph) makes a
mechanigtic assessment difficult.

122. Because of the complex composition of tobacco smoke,
the issues surrounding combined exposures to radiation and
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tobacco smoke are even more difficult to eaborate than for
binary combinations. Some 4,000 individua chemical
componentsof cigarettesmoke have beenidentified, and there
areprobably anumber of additional important but unidentified
components, for example, extremdy reactive, short-lived
compounds or those present in very low concentrations [G1].
The complexity of tobacco smoke means that the action in
combined exposures with radiation can take placein both the
cdlular and organ phase of cancer development. Tobacco
smoke contains only reatively small amounts of DNA-
reactive carcinogens such as nitrosamines, polycyclic
aromatic hydrocarbons, and pyrolysis products such as
carbalines. Hence enhancing and promating factors, eg.
catechols, other phenols and terpenes, are important.
Discontinuation of smoking progressively reducestherédative
risk of cancer devdopment as time snce withdrawal
increases, probably because of reduced pressure from the
action of promoters [W1].

123. Inthelast few years, joint analyses of original data sets
[C1, L18] and meta-analyses of published results[T14] have
yielded a detailed assessment of risk patterns and have
allowed invedtigators to test risk modds. The most com-
prehensive and complete analysis of radon-induced hedth
riskswas published by Lubin et al. [L18]. Thereview contains
a joint analyss of original data from 11 gtudies of male
underground miners, Data.on smoking were availablefor 6 of
the11 cohorts, but theassessmentswerelimited by incomplete
data on lifetime tobacco consumption patterns and the
sometimes exatic forms of tobacco use, such aswater pipesin
the Chinese study [L18]. Single studies for which smoking
data could beanaysed weregenerally not informative enough
to allow choosing between an additiveor amultiplicativejoint
relationship between radon progeny and smoking. The
Chinese cohort seemed to suggest an association more con-
sgtent with additivity, while the Colorado cohort suggested a
relationship more cong stent with amultiplicativeinteraction.
For al dudies taken together, the combined influence of
smoking and radon progeny exposures on lung cancer was
clearly more than purdy additive but lessthan multiplicative
and compatible with isoadditivity [B69]. The most recent
analyses of the BEIR VI Committee [C46], which were based
on an update of these data, suggested synergism between the
two agentsthat is Satistically most consstent with a dightly
sub-multiplicative interaction. A best etimate from miner
dataindicatesthat thelung cancer risk for smokers expressed
in absolute termsis higher by afactor of at least 3. To further
characterizethe associ ation, more detail ed data on tobaccouse
would be needed. Age of darting to smoke, amount and
duration of smoking, and type of tobacco were recognized as
important determinants of risk. A further handicap of present
studiesisthat thesub-cohortsof lifetimenon-smokers exposed
only to radon are very small. The Satistical power of the
conclusions on the radon-tobacco smoke interaction is cor-
respondingly low. Data are available from a study by Finch et
al. [F28] of smoke exposure and adpha-particle lung irradia-
tion over the lifespan of exposed rats. The pulmonary reten-
tion of inhaled Z°Pu was higher, increasing with the con-
centration of the 2°Pu, in smoke-exposed rats than in sham-
smoke-exposed rats. This effect on retention resulted in

increased apharadiation doses to the lung. Assuming an
approximately linear dose-response reationship between
radiation dose and lung neoplasm incidence, approximate
increases of 20% and 80% in tumour incidence over controls
would be expected in rats exposed to Z°PuO, + low-level
cigarette smoke and *°PuO, + high-levd cigarette smoke,
respectively.

124. Hypotheses on the mechanidtic interaction between
tobacco smoke and radon were tested by applying the two-
mutation clonal expanson model of carcinogenesis of
Moolgavkar to data from the Colorado plateau miners[M39)].
Nointeraction between radon and tobacco smokein any of the
three steps (the two mutation steps and clonal expansion) is
needed to fit the data, which are dearly supra-additive for
radon and smoking combined. The modd, however, showsa
significant dependence on age at exposure. Quantitatively
similar resultswereobtai ned by Leenhoutsand Chadwick [L9,
L57]. A highly significant decreasein excessrdativerisk with
time since exposure is found in miner studies in contrast to
findings on lung cancer in survivors of the atomic bombings.
This may be explained by microdosimetric considerations. In
the case of high-LET apharadiation from radon progeny, the
minimal local dose from one singlea phatrack averaged over
a cdl nudeus is dready in the range of severa hundred
milligray, whereas one electron track yields a dose to the
nucleus of only 1-3 mGy. This meansthat even at thelowest
possiblenuclear dose from aphaexposure, stem cdlsthat are
hit carry amultitude of DNA lesions, which may considerably
impair longterm cdl survivd and maintenance of
proliferative capacity [B25, B27].

125. Smoking is also of great importance for non-
occupational radon exposuresin the indoor environment.
Until now, little quantitative evidence has come from
indoor radon studies. Most of the case-control studies
published are inconclusive [A28, K53, P11]. Only one
larger study [P11] was indicative of an indoor radon risk
and its modification by tobacco that is comparable to what
is predicted from miner studies. It remains doubtful
whether the results from the many case-control studies
under way will in the near future allow narrowing the
uncertainties that surround indoor radon risk and the
possibleinteractionswith smoking. Emerging study results
from Europe based on much longer residence times may
offer better statistical power. Several large indoor case-
control studies under way will narrow uncertaintiesin the
next few years. First results from the United Kingdom
[D33] and Germany [K53, W35] are indicating a lung
cancer risk in the range of ICRP projections. However,
confidence intervals are relatively large and still include
zerorisk in most analyses. Because of thelimitation of the
indoor radon studies, risk estimates based on miner data
remain the main basis for predicting lung cancer from
indoor radon exposure. A best linear estimate of the risk
coefficientsfoundin thejoint analysisof Lubinetal. [L18,
L35] for the indoor environment indicates that in the
United States, some 10%-12%, or 10,000 cases, of the
lung cancer deaths among smokers and 28%-31%, or
5,000 cases, of the lung cancer deaths among never-
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smokers are caused by radon progeny. About half of these
15,000 lung cancer deathstraceableto radon would then be
the result of overadditivity, i.e. synergistic interactions
between radon and tobacco. Based on the samerisk mode,
Steindorf et al. [$47] estimated an attributable risk for
indoor radon of 4%-7% for smokers and 14%-22% for
non-smokers. Because of the many differences between
exposed persons and exposure situations in mines and
homesand theadditional carcinogenssuch asarsenic, dust,
and diesd exhaust in mine air, these figures should be
interpreted with caution.

4. Metals

126. Toxic metals are important trace pollutants in the
human environment (Table 5). They interact in many ways
with cdlular condtituents and may produce oxidative DNA
damage or influence enzyme activity at low concentrations,
e.g. by competing with essential metal ions [H38]. Carcino-
genic trandtion metals are capable of causing promutagenic
damage, such as DNA base modifications, DNA-protein
cross-links, and strand breaks [K7]. The underlying mechan-
ism seemsto involve active oxygen and other radicalsarising

Table 5
Metals in the environment and effects on humans
[M38, N14, S48]

Release ® Main sources of intake - .
Metal (10° g ad) and typical levelsin the body Characterigtics affecting health
Argenic 31(61) Source: food (seafood up to 120 mg kg™) and Mutagenic, teratogenic, co-carcinogenic,
drinking water As*cauises skin cancer
Concentration in body: 0.3 mg kg*
Cadmium 8.9 (85) Source: inhaation (2 pg digarette™) and Mutagenic, teratogenic, co-carcinogenic,
food (0.025 mg kg?) causes canoer at multiple stes
Mercury 6.1 (59) Source: metal vapours, food (Up to 1 mg kg'* Mutagenic, teratogenic (brain damage), co-carcinogenic,
MeHg" naturally in fish), tooth fillings causes sercomas and renal tumours
Intake: by inhaation and ingestion
0.2 and 25 g d*, respectively
Nickel 86 (65) Source: food intake (0.2 mg d™) Essential dement; allergenic, comutagenic,
Concentration in body: 0.007 mg kg* cocarcinogenic, causes nasal sinus cancer
Lead 12 (96) Source: Food, dug, air (0.15 mg d*) Subdtitutesfor Ca?*, neurobehavioural deficits (decreasein
Amount in body: seady increase fertility, abortifacient)
to about 200 mg at age of 60 years Low mutagenic and carcinogenic potential
(may cause rend adenocarcnoma)
Antimony 5.9 (59) Source: food and tobacco (0.005 mg d?) Mutagenic as Sb™, organic antimony compounds used as
emetics
Vanadium 114 (75) Source: food (0.01-0.05 mg d*) Essntial dement
Inhibits Na'/K* ATPase and drug detoxification
enzymes at low concentration
Mutagenic, teratogenic, carcinogenic
Zinc 177 (66) Source: food intake (10-50 mg d*) Essential dement with small window of tolerance
Clagtogenic (causes chromosome aberrations)
Cauges growth of some tumours
at devated concentrations

a Global values; percentage of anthropogenic contribution is given in parentheses.

from metal-catalysed redox reactions. Cadmium, nicke,
cobalt, lead, and arsenic may also disturb DNA repair pro-
cesses [H48]. Only a few data are available from combined
exposures of radiation and metals in human populations, no
firm evidence of interactions was observed. However, metals
and ioni zing radiation have been shown to produce combined
effectsin many other biological systems (see the Appendix).
Especialy in underground mining, possible effects from the
epidemiologically provenlung carcinogensarsenic, cadmium,
chromium, nickd, and antimony [M65] have to be assessed
together with high-LET radiation from radon. Arsenic in
particular is a mgjor risk factor in combined exposures to

mineral dugt, radon, metals, and diesd fumes[K48, T5]. The
risk-enhancing effects of iron dust seem to be limited to very
high dust concentrations, leading to changesin lung function
[B74]. The significance of these data for radiation risk
estimation at low dose levels remains unclear.

5. Mitogens and cytotoxicants

127. Although many mitogenic and cytotoxic compounds
could have been considered above with genotoxic or non-
genctoxic agents, they should be mentioned separately
because of their potentia to interact with radiation,
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principally by virtue of their ability to simulate cel
proliferation. From a mechanigtic standpoint, they can be
expected to interact in the organ phase of radiation carcino-
genes's, but theresulting interaction (sub- or supra-additivity)
is not always predictable. Examples of such agents include
N-methylformamide (NMF) [L15], caffeine [M11], theobro-
mine, theophylline [Z4], 2-aminopurine, and tributyl
phosphate. Many studies ng deviations from additivity
in combined exposuresof mitogens/cytotoxicantsandionizing
radiation are found in the literature (see Appendix), but the
high exposure levels applied and the biologica endpoint
studied generally do not allow directly transferring the results
to carcinogenesis in humans. However, any endogenous or
dietary levels of agentsinfluencing sem-cdl population sze
or kinetics will have the potentia to modulate response to
radiation.

6. Antioxidants, vitamins, and other
dietary factors

128. Diet can modify the effectiveness of chemical carcino-
gens, sometimes by a large factor, and interactions with
radiation arefound aswell [B24, C26, H11, W29]. All classes
of substances described in the five preceding Sections
[11.B.1-5 arefound in human food supplies. Actionsranging
from subadditive to supra-additive may occur, depending on
the specific agent. The radiation risk may be reduced when
growth stimuli arereduced asaresult of nutritional deficiency
or when repair possibilities are optimized. Synergism can be
expected where lower levels of radica scavengers or the
coenzymes needed for repair increase the yidd of effective
damage from ionizing radiation or impair the speed and
accuracy of cdlular recovery from damage. Some of the
underlying mechanismsof specificagentshavebeenidentified
in animal experiments. Tumour-incidence-enhancing effects
have been naticed with € evated consumption of, for example,
riboflavin, ethanol, and marihuana. Tumour-incidence-
reducing effectsarefound for low-caloric diets, vitaminsA, C,
K, and E, retinoic acid derivatives (but enhancing effects of
artificial betacaratin in some smoker cohorts), sdenium, and
3-aminobenzamide. Very important in view of population
health arebehavioura changesand atendency tomalnutrition
in alcohal addicts, which may increase the susceptibility to
toxicants in the environment or a the workplace [U18]. In
general, the combined action is not specific for radiation but
is aso found for other carcinogens, and the interaction is
dependent on the dosage.

129. Insummary, dietary factorsare proven modifiersof risk
from diverseagentsat levelsfound in human populationsand
probably also influence the production and repair of endo-
genoudy arising lesions. Absence or deficiency of important
coenzymes and nutrients on the one side and high levds of
directly or indirectly acting mitogens on the other interfere
with molecular, celular, and tissue responses to ionizing
radiation. A modulation in the radiation risk may occur in
dtuations where growth stimuli are reduced or increased,
owing to nutritional deficiency or surplus or where the
number of gem cdls at risk is changed. Synergisms are also
to be expected where reduced levels of radical scavengers or

coenzymes needed for repair increase the yied of primary
damage from ionizing radiation or impair the speed and
accuracy of cdlular responses to damage. In genera, these
mechanisms apply to most de eterious agents in the human
environment.

C. RADIATION AND BIOLOGICAL AGENTS

130. Many hormones are potent growth stimulators, and
there is considerable evidence that they may modify cancer
risk. They include thyroid-gtimulating hormone (TSH),
oestradiol-17 beta(E,), prolactin, diethyltilbestrol (DES), and
androgensin general. Their effect isdependent on tissue, type
of hormone, and dosage and isimportant enough to bekept in
mind when analysing radiation risks. Tamoxifen, asynthetic
anti-oestrogen, has both cancer risk-enhancing functions
(endometrium) and protective properties (breest), depending
on the organ [J9]. An important consequence of interaction
with hormones is the sex difference in tumour sensitivity,
mainly of organs of the reproductive system.

131. Viruses, bacteriaand microbia genetic sequences have
been shown to play an important role in the deveopment of
tumours. Cancer viruses may interact with radiation by muta-
tion or trand ocation of dormant viral sequences. Experiments
sofar giveno dear indication of any interaction with radiation
that influences cancer development. Viruses may induce
genatypic and functional changes, i.e. they may act ashighly
ste-gpecific genotoxic agents in multi-step mechanisms.
Highly synergigtic effects due to increased sensitivity may
arise for some endpoints. Little information is available at
present on the mechanism of the induction of gastric cancer
by bacteria (Helicobacter pylori).

132. Theinteraction of several miscellaneousfactorswith
radiation exposure and itsrolein carcinogenesis has been
investigated. Some of these factors are reviewed in the
Appendix. Theroleof others, such as psychosocial factors,
remains unclear and is outside the scope of this Annex.

D. SUMMARY

133. Combinations of different types of ionizing radiation
show mainly isoadditive effects. For decreasng doses and
chronic exposure, the quadratic terms of the dose-effect
relationships tend to vanish and the linear terms to prevail,
indicating additivity for low-level exposures. Also, for the
combination of UV radiation and ionizing radiation, additive
effects are expected for low exposurelevels. Temperature and
ultrasound arenaot considered to significantly modify radiation
risk. The temperature range and the ultrasound intensities
necessary for an interaction with radiation aretoo high to be
of relevance for environmental or occupational settings.
Mineral dust and fibres, including asbestos, tend to show
supra-additive interaction with radiation at high exposure
levels. These levels were reached in workplacesin the 1950s
and earlier. Today the occupational exposures are lower, but
these agents ill deserve attention for their potential to
enhance risks after combined exposure.
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134. At high exposures, awealth of supra-additive effects
between genotoxic chemicals (e.g. alkylating agents) and
radiation were recorded. For low-level exposures, thereis
no mechanistic evidence of combined effectsat the cellular
level greater than those predicted from isoadditivity. Nor
are these agents expected to show a more-than-additive
effect at the organ level. However, non-genctoxic agents
with mitogenic, cytotoxic, or hormonal activity may inter-
act with radiation in an additive to highly supra-additive
manner. High exposures clearly have a considerable
potential for enhancing radiation risk during the organ
phase of radiation-induced cancer. Since most of these
substancesshow highly non-linear dose-effect rel ationships
with sometimes considerable thresholds, the combined
effects with radiation at low concentrations could be ex-

pected not to deviate much from additivity, i.e. to be additive
to dightly supra-additive. Special attention hasto be given to
the combined effects of radiation and tobacco smoke. Tobacco
smoke itsdf isa complex mixture of different genotoxic and
non-genotoxic chemicals. Combined exposures to radiation
and tobacco smoke show clearly supra-additive effects. Heavy
metalsand arsenic may generatefreeradicalsor disurb DNA
repair mechanisms and therefore may & so cause more-than-
additive effects. Many human cancers show considerable
dependence on lifestyle, nutrition, and other dietary factors.
Tumour- incidence-enhancing effects have been reported for
riboflavin, ethanol, and high fat diets and incidence-reducing
effects for low fat diets and some vitamins. In generd, these
combination effects have been found not just for radiation but
also for other carcinogens.

IV. COMBINED EXPOSURES IN CANCER THERAPY

135. Many modern cancer trestment regimens combine
surgery, radiotherapy, chemaotherapy, and/or immunotherapy.
Generally, combining the different treatments does not mean
that the different therapeutic agentsinteract in a mechanigtic
manner. Central to the discussion of cancer therapy is, there-
fore, the digtinction between non-interactive and interactive
combinations, with the latter being of interest in this Annex.
From the rapidly emerging understanding of the action and
interaction mechanisms of different agents in combined
modality therapy, information rd evant to possibleinteraction
mechanisms in environmental and occupational exposure
situations may be obtained.

136. Central to cancer therapy isthere ationship between the
desired and undesired effects of the therapies chosen. This
relationship is defined as the therapeutic index ratio or gain
[G21, H41]. The gap between the sgmoid curves of tumour
cure (tumour control probability) and dose-limiting toxicity to
normal tissue (normal tissue complication probability) isthe
therapeutic index (Figure VI1). The goal of cancer therapy is
toincreasethetherapeuticindex by separating thetwo curves.
The therapeutic index is increased when the tumour control
probahility curve is displaced to the left of the normal tissue
complication probability curve. This can be achieved in
radictherapy by atering the exposure schedule. Important
techniques are hyperfractionation, accelerated fractionation,
split-course techniques, interdtitia irradiation, manipulation
of target volumes, shrinking field techniques and others.
Anacther approach to increasing the therapeutic index is to
combine radiotherapy with chemotherapy. Drug-ionizing
radiation interaction in therapy isuseful only when it leadsto
a further separation of the curves, not just to their displace-
ment [K43].

137. 1t should, however, be clearly noted here that the final
goal of tumour therapy is tumour control and therefore cell
desth (apoptosis, necrosis) or blockageof cdlular growth (loss
of proliferative capacity, differentiation, senescence). These
effects are modtly determinigtic and often mechanidtically

different from the sochastic radiation effects that are of
concern in radiation protection. Emphasisistherefore placed
on the mechanisms of interaction between the drugs and
radiation that reveal possible mechanisms of interaction
between chemical agents and radiation under environmental
and normal occupational settings. Clinical results will be
mentioned only if mechanistic information with relevancefor
low dose effects can be provided.

A B
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Figure VI. Sigmoid curves of tumour control and com-
plications [H41].

A: Dose for tumour control with minimum complications.
B: Maximum tumour dose with significant complications.

A. MECHANISMS OF INTERACTIONS

138. Publications on the mechanisms of interaction between
radiation and drugs are numerous but often lack precise and
quantitative information. Factors on which the interaction of
these two treatment modalities depends include the type of
tumour and normal tissueinvolved, theendpoints studied, the
drug and its dose leve, the radiation dose, dose rate, and
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fractionation, and theinterval s between and sequencing of the
combined trestments. Chemotherapy could dow the process
of cdll repopulation after radiotherapy or it could synchronize
the cdl cyde Moreover, tumour reduction by chematherapy
could improve tumour oxygenation, thusincreasing the effect
of radiotherapy. At the cdlular levd, inhibition of repair of
subletha and potentialy lethal radiation damageby anticancer
drugs is probably the most important mechanism of radio-
sengitization. Exploitable mechanisms in combined chemo-
therapy and radiotherapy treatment can be described under
four headings, as was originally done by Sted and Peckham
[S1, S23, 46]: soatial cooperation, independent cytotoxicity,
protection of normal tissues, and enhancement of tumour
response.

139. Spatial cooperation describes a non-interactive com-
bination of radiotherapy, chemaotherapy, surgery, and other
therapeuticstrategiesthat act at different anatomical sites. The
commonest situation iswhere surgery and/or radiation isused
to treat the primary tumour and chemotherapy is added asan
adjuvant to attack remaining local tumour cdls and distant
metastases. Thereisan analogoussituation in thetreatment of
leukaemia, wherechemotherapy isthemainlinetreatment and
radiotherapy is added to deal with the disease in anatomical
stes, e.g. thebrain, protected from chemotherapeuti c attack by
vascular congraints or by blood barriers. Spatial cooperation
il appears to be one of the main dlinical benefits of com-
bination modality trestment. This mechanism does not
require interactive processes between drugs and radiation.

140. Independent cytotoxicity describesanother form of non-
interactive combination of therapeutic modalities. If two
modalities can both be given at full dose, then even in the
absenceof interactiveprocessesthetumour responseshould be
greater than that achieved with either modality alone. Thecost
of thisimprovement on tumour responseisthat thepatient has
to tolerate a wider range of toxic reactionsin normal tissues
(within and outsde of the radiation fidd). As with spatial
cooperation, the mechanism of independent cytotoxicity does
not requireinteractive processes between drugsand radiation.
Independent cytotoxicity can even tolerate asubadditiveinter-
action of themodalitiesand till produce an increasein thera-
peutic gain. The rdative extent of reduction in toxicity to
normal tissue within the radiation fied is the critical para-
meter of this mechanism.

141. The protection of normal tissues requires an antagon-
istic interaction of the combined modalities. Since two toxic
agentsusually tend to produce more damagethan ether agent
aone, it would seem rather unlikely that chemotherapy in
conjunction with radiation could reduce the damage to dose-
limiting normal tissue. However, there are well-documented
situationsin which certain cytotoxic drugsincreasetheres &-
ance of normal tissue to radiation or to a second cytotoxic
treatment.

142. Studiesof thisseemingly contradictory mechanism have
concentrated on the bone marrow and the intestinal epithel-
ium. It has been shown by Millar et al. [M51, M52] that in
the bone marrow, the most effective cytotoxic agent, cytara-

bine, does not modify stem-cell radiosengtivity; insteed, it
stimulates enhanced repopulation by the surviving stem cdlls.
This phenomenon is highly dependent on the timing of the
twomodalities. Maximal radioprotection isachieved whenthe
drugisgiven two days before radiation. In thesmall intestine,
microcolony survival wasincreased when cytosinearabinoside
was given 12 hours before irradiation [P24]. Other cytotoxic
drugs with radioprotective action are cyclophosphamide,
chlorambucil, and methotrexate [M51]. Recently, a topoiso-
merase |l inhibitor (etoposide) was shown to increase the
radioresstance of the bone marrow when given one day
before whole-body irradiation [Y 1].

143. Normal tissue can be protected from radiation effects
by radioprotective agents. Increasing the differential
between tumour and normal tissueradiosensitivitieswould
give a therapeutic advantage. Radioprotectors can thus be
used as sdlective protectors against radiation damage to
normal tissue, allowing higher curative doses of radiation
to be delivered to tumours.

144. Chemical radioprotectorstarget thedetoxifying mechan-
ismsof thecdl, in particular the antioxidant enzymesthat are
availablefor removal or detoxification of the reactive oxygen
species and their products formed by the action of ionizing
rediation. By far the most widdy studied dass of radio-
protective agents is the thiols, and the most important non-
protein thiol present in cdls is glutathione. Other dlasses of
agents conferring radioresistance to norma tissue are the
e cosanoids, which arebiol ogically active compounds derived
from arachidonic acid, thelipoic acids, and calcium antagon-
igs (reviewed in [M51, M56]). The effects of biologica
response modifiers such as the cytokines IL-1 and TNF, as
radioprotectorsin normal tissue have been discussed in recent
reviews [M53, M54, N12, N13, Z11, Z12].

145. Relative enhancement of tumour responseiscommonly
perceived to be the principal aim of adding chemotherapy to
radiotherapy. A wide variety of biological mechaniams have
been proposed to explain interactions between radiation and
therapeutic agents. In the context of this Annex, this kind of
interaction is the most important mechanism with respect to
environmental and normal occupational sattings.

146. DNA adduct repair regularly involves strand scissions
by repair enzymes. Conversion of repairableinto lethal DNA
damage may occur if a DNA-repair-associated single-strand
break combineswith a radiation-induced single-strand break
to produce new DNA double-strand bresks. This mechanism
has been suggested for the interaction of cisplatin and
radiation. A similar mechanism, the production of double-
srand breaks by combining single-strand breaks, may occur
when topoisomerase | or Il inhibitors and radiation are
combined.

147. Many drugs inhibit the repair of radiation damage.
Antitumour antibictics (e.g. dactinomycin and doxorubicin),
antimetabolites (eg. hydroxyurea, cytarabine, and arabino-
furanosyl-adenine), and akylating agents and platinum ana
logues (eg. cisplatin) have been shown to inhibit radiation-



ANNEX H: COMBINED EFFECTS OF RADIATION AND OTHER AGENTS 207

induced DNA damage repair. Repair inhibition has been
detected in a number of ways, including remova of the
shoulder on the cell survival curve, inhibition of split-dose
recovery, and inhibition of ddayed plating recovery.

148. Cdl-cycle synchronization explaits the fact that many
cytotoxic drugs and radiation show some degree of sdlectivity
in cdl killing at certain phases of the cdl cycle. Antimeta
bolites show a maximum effect on cdls undergoing the
S phase. Radiation sengtivity is highest in the G,/M phase.
Thereis, therefore, an attractive possibility of complementary
action between drugs and radiation. The most attractive
possi bility seem to betheinteraction between microtubuleand
topoi somerase poisons and primary DNA-damaging agents
such asradiation.

149. Activation of apoptoss by differential pathways
increases cdl killing during tumour therapy and istherefore
another possihility for combined action of radiation and
chemotherapeutic drugs. lonizing radiation may activate the
apoptotic processby aDNA damage-p53 dependent pathway,
whereas taxoids like paclitaxd may activate a pathway
downgtream of p53 by phosphorylation of Bd-2. There is,
therefore, a possibility that radiation-induced cdl killing can
increase, even in p53-deficient tumours. The involvement of
apoptosis in radiation-induced cdl killing has recently been
studied extensively [B75, D34, H44, H49, M69, 019].

150. Reduction of the hypoxic fraction by bioreductive drugs
targeted at hypoxic tumour cdls increases tumour radio-
sendgitivity. Mogt promising here is the development of dual-
function drugs specific to hypoxic cdls and with intrinsc
cytotoxic activity (e.g. akylating activity).

B. SECONDARY CANCERS FOLLOWING
COMBINED MODALITY TREATMENT

151. The successful treetment of cancers involves radiation
therapy and/or multi-agent chemotherapy, each of which is
used either as primary therapy or as an adjunct to therapy of
the primary tumour, and it often includes surgery. With
further improvementsin modern cancer therapy, theduration
of survival and the curability of many patients has increased
up to 45%. However, along with this progress has come a
recognition of thelong-term complicationsof therapy, such as
secondary cancers (reviewed in [T30]). Although other
cinical consequences in non-target tissues are known, the
main focus in this Section is on secondary cancers after
combined modality treatments. Secondary cancers resulting
from the combined effect of radiotherapy and tobacco smoke
are discussad in the Appendix, Section B.3.

152. No one specific type of secondary cancer is seen after
therapeutic irradiation. Secondary cancers can occur after
any initial cancer, when survival surpasses the latent
period. Radiation-induced | eukaemiasbegin toappear after
3-5 years. Solid cancers typically emerge more than 10
years after treatment but may occur earlier in particularly
susceptibleindividual s[F9, G32, T31, V10]. When therisk

of secondary solid cancer is eevated, it rises with
increasing radiation dose to the site and with increasing
time since treatment and persists as long as 20 years.

153. The predominant secondary cancer associated with
chemotherapy is acute non-lymphocytic leukaemia (ANL).
Most ANLs have occurred after treatment with alkylating
agentsor nitrosoureas. Thefindingsaresimilar for Hodgkin's
disease, paediatric cancers, ovarian cancer, multiplemye oma,
polycythemia vera, gastrointestinal cancers, small-cdl lung
cancer, and breast cancer [B22, B36, B63, B65, C14, F9, G32,
G33, R22, T31, T32, V10Q]. Therisk for leukaemiariseswith
increasing cumulative dose of the alkylating agent or nitro-
sourea. A few ANL cases were reported following combina
tion chemotherapy, including teniposide or etoposide. The
leukaemias differ from those that follow akylating agentsin
that they occur sooner and that specific chromosomal abnorm-
alities are induced [P9, P29, P30, W32]. Few solid tumours
have been linked to chemotherapy. Bladder cancer has been
asociated with cycdophosphamide treatment, and risk is
dependent on the cumulative dose of cyclophosphamide [P4,
T33, T36, W33]. Excess bladder cancer risk following
treatment with both radiotherapy and cyclophogphamide was
as expected from a summation of the individual risks. Bone
sarcomas have a so foll owed treatment with alkylating agents
[T34]. In generd, the risk for solid tumours after chemo-
therapy alone has been difficult to eval uate because too few
patients survived long enough after treatment by chemo-
therapy alone. At present, several cohort studiesareunder way
to assess this risk.

154. Earlier reports indicated a didinctive pattern of
secondary cancers after treatment of childhood malignancies
[M1]. Themost common secondary cancer wasbonesarcoma,
followed by soft tissue sarcomas, leukaemias, and cancer of
the brain, thyroid, and breast. The cancears showing the
highest increases compared with the usual distribution of
childhood cancers were retinoblastoma, followed by
Hodgkin’s disease, soft tissue sarcomas, Wilms' tumour, and
brain cancer. This difference may reflect both the genetic
predisposition to develop multiple tumours in the case of
heritable retinoblastoma, soft tissue sarcoma of Li-Fraumeni
syndrome, and possibly the immune dysfunction associated
with Hodgkin's dissase. To summarize the findings from
recent study results [B68, O17, S5, S7], there is little
indication that heritable sengtivity to treatment is a
significant component of secondary cancer, but intensive
multiple agent therapy used in childhood cancer treatment
acts as an independent aetiological factor for a second
tumour. The risk for a second malignant neoplasm after
cancer in childhood is consderable. Absolute risks up to 7%
over 15 yearsfollowing diagnoss of the primary cancer were
found for Hodgkin’' sdisease[B68]. Thisamountsto an excess
rdaive risk (ERR) of about 17, with breast cancer
contributing most. A follow-up study in the Nordic countries
showed asignificant increasein the ERR from alow of 2.6in
patients first diagnosed in the 1940s and 1950s to 5.9 for
cohort members included in the late 1970s and 1980s,
indicating that newer trestments are not only more successful
but also carry a higher long-term risk [O17].
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155. In patientswith bone sarcomas asthe secondary tumour
following childhood cancer therapy, the effects of radiation
therapy, chemaotherapy, and combined modality trestment
have been analysed [H43, T34]. Therisk for bone sarcoma
rose dramatically with increasing doses of radiation with a
linear trend. Petients with heritable retinoblastoma had a
much higher risk for secondary bone sarcoma, but their
responseto radiation was similar to that of patientswith other
childhood cancers. In addition to the radiation dose, the
exposure to chemotherapy was evaluated. There was an
independent effect of exposureto alkylating agentsin therisk
for bone cancer, i.e radiation and alkylating agents acted
additively. The risk rose with increasing cumulative dose of
the akylating agents. The effect of alkylating agents was
much smaller than that of radiation, and in the presence of
radiation at the site of the bone sarcoma, the alkylating agents
added little to the risk.

156. Thyroid cancer risk after treatment of childhood cancer
isincreased 53-fold compared with generd population rates
[T35]. The risk for thyroid cancer rose with increasing
radiation dose. There was no increased risk of thyroid cancer
asociated with akylating-agent chemaotherapy.

157. There was a sevenfold increased risk of secondary
cancers after treatment of acute lymphoblastic leukaemia
(ALL) [N22]. Most of this risk was due to a 22-fold
increase in brain cancers. The brain cancers occurred in
patients diagnosed with ALL before the age of five years
and who received cranial or whole-body irradiation.

158. Among 29,552 patientswith Hodgkin’ slymphoma, 163
cases of secondary leukaemia after trestment of the primary
disease indicated a consderable risk [K44]. There was no
difference in the reative risk of secondary leukaemias from
chemotherapy alone(MOPPregimen) and chemotherapy plus
radiotherapy. A rdatively small risk for leukaemia was seen
after radiation alone, and this risk increased with radiation
dose. Therisk did not vary sgnificantly or constently across
radiation doses for any given number of chemotherapy cycles
but increased cong stently with more cycles of chematherapy
in each radiation dose range.

159. Significantly devated risksfor secondary solid tumours
(lung, non-Hodgkin’ slymphoma, ssomach, melanoma, bone,
and connective tissue) were reported in patients treated for
Hodgkin's disease [T31]. The pattern of secondary tumours
was digtinctive and was Smilar to the distribution of cancers
seen in immunosuppressed populations, such asrend trans
plantation patients or patients with non-Hodgkin’s lympho-
ma. All cancers of the somach, bone, and connective tissue
occurred within areas previoudy treated with radiation
therapy. All those who developed lung cancer had received
radiation therapy and smoked. For breast cancer, a fourfold
elevated risk was reported in Hodgkin's disease patients after
15 years of folow-up. The highest risk was in women
irradiated beforetheageof 30[H19]. Comparableresultswere
reported from aDutch study [V 11]. Theseauthorsreported an
overall rdaive risk of 3.5 for secondary cancers after
Hodgkin's disease. Significant increases in relative risk of

34.7, 20.6, 8.8, 4.9, 3.7, 24, and 2.0 were reported for
leukaemia, non-Hodgkin's lymphoma, soft tissue sarcoma,
melanoma, lung cancer, urogenital cancers, and gastrointesti-
nal cancers, respectivey. Risk factors for leukaemia were
chemotherapy and hogt factors; for non-Hodgkin' slymphoma
they were combined modality treatment rather than single
modality trestment or host factors. For lung cancer the risk
factors were strongly related to radiation therapy, while an
additional rolefor chemotherapy could not be demonstrated.

160. Significant excesses of ANL followed therapy for non-
Hodgkin's disease with ether prednimustine, a derivative of
nitrogen mustard, or with regimens containing mechlor-
ethamine and procarbazine, for example MOPP therapy,
(nitrogen mustard, vincristine, and procarbazine prednisone)
[T6]. Chlorambucil and cydophosphamide were associated
with smaler increased risk of ANL. In this study, radio-
therapy did not add to the leukaemogenicity of alkylating
agents. This finding should be interpreted cautioudy,
however, because of the small number of patients and the
large number of parameters evaluated.

161. Few studies have evaluated the late effects of adjuvant
chemotherapy and radiotherapy in breast cancer. The inter-
action of alkylating agents with radiation in producing
leukaemiainwomen treated for breast cancer wasinvestigated
in a cohort of 82,700 patients in the United States [C29].
Based on 74 cases the risk of ANL was sgnificantly
increased after radiotherapy alone (reativerisk = 2.4, 7.5 Gy
mean dose to the active marrow) and akylating agents
(mephalan and cyclophosphamide) alone (rdativerisk = 10).
Combined therapy resulted in a more-than-additive relative
risk of 17.4. Themost common solid cancer that occurs after
breast cancer is contralateral breast cancer, but fewer than 3%
of thesetumourscould beattributed to radiation [B2]. Therisk
was highest in women treated at young age (under 45 years).
The usefulness of such gudies is gill hampered by the fact
that an important proportion of patients developing primary
tumours might already belong to a genetically more sendtive
subpopulation [E11]. In addition, combined trestments might
be more often used in more advanced stages of tumours
needing higher total doses or more cyclesfor cure

C. SUMMARY

162. A large number of chemotherapeutic drugs are used
in clinical cancer therapy in combination with radiation.
Themain onesin use or proposed for use are described in
the Appendix, with emphasis on the mechanisms of
interaction between the drugs and radiation that may have
relevance for combined effects between chemical agents
and radiation even at the low exposure levels found in
controlled environmental and occupational settings. The
main findings on modes of action and combined effectsare
summarized in Table 6.

163. The predominant secondary cancer associated with
chemotherapy is ANL and, to a lesser degree, bladder
cancer. No one specific type of secondary cancer follows
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radictherapy. In generd, there are independent effects of
exposuretoakylating agentsand radiotherapy. For secondary
solid tumours, radiation is the main risk factor, whilearole
for chemotherapy has been demonstrated in some cases. For
lung cancer, an additional role of smoking wasreported. Host
factors, for example, age of diagnosisand treetment for breast
cancer, are additional risk factors. For secondary leukaemias
themain risk factorsarechemotherapy and host factors. There
isonlyasmall increasein thisrisk duetoradiation. The effect

on secondary cancers of increasingly used adjuvant treatments
with topoisomerase | or Il inhibitors, microtubule poisons
(discussed in the Appendix), and hormonetreatment is as yet
unknown. In summary, secondary, treatment-related cancers
are observed increasingly because of the long-term success of
the initial treatments. At present, no important synergistic
effectsbetweenioni zing radiation and other agentsareknown.
Further investigations are needed to assess and to develop
drategies to reduce this potential complication.

V. EFFECTS OTHER THAN CANCER

164. Given that there is an overlap in the development of
radiation-induced cancer and other biological effects, such as
cdlular effects, determinigtic effects, and teratogenic effects
(see Chapter 11), results of combined exposures to radiation
and other agents for these other effects might give some
information on themechani stic aspectsof possibleinteractions
for radiation carcinogenesis. In this Chapter effects other than
cancer following combined exposures are reviewed with the
aim of concluding whether the agentsand low-leve radiation
interact. It must be kept in mind that most deterministic
effects and many aspects of teratogenesis are a result of
cytotoxicity and cytolethality having apparent threshold levels
intissue. Qudlitatively, theresultsreportedin thisChapter can
be consdered as interactions occurring at the cdlular and
tissuelorgan leve of radiation-induced cancer. In view of the
many data availableand theaim of thisAnnex, only effectsin
humans and mammalian organisms are reviewed.

165. Especidly in earlier occupational situations, concomit-
ant exposures to other agents may have caused pathological
changes in organs such asthelung, with considerable impli-
cationsfor exposure-dose conversion coefficientsand possibly
also for target sendtivity towards stochastic effects from
ionizing radiation. For example, in the studies of miners,
reduced pulmonary function and early onsat of silicosisfrom
exposure to dust is also corrdated with end points of interest
inthe context of thisAnnex [K21, K49, N25]. Although these
combined exposures have little rdevance at present, they
contribute to the uncertaintiesinvolved in drawing inferences
from higtoric occupational risksand applyingthem to modern-
day working environments and non-occupational settings.

A. PRE- AND POST-NATAL EFFECTS

166. The effects of x-irradiation and hyperthermia at 43°C
both individually and in combination on mouse embryoswere
investigated by Nakashima e al. [N1]. Cultured eight-day
B6C3F, embryoswereexposed to 0.3-2 Gy from x rays, 5-20
minutes of heating, or 5 minutes of heating and irradiation at
0.3, 0.6, and 0.9 Gy. Irradiation alone at 0.3 Gy showed no
apparent effect on embryonic development, but irradiation at
0.6-2 Gy caused a dose-dependent increase in malformed
embryos. Heating a onefor 5 minutes produced no malformed
embryos, while heating for 10-20 minutes caused malforma-

tions as a function of heating time. Combined trestments
produced higher frequencies (22%- 100%) of malformations
than would have been expected from considering the sum of
the separate treatments (0%-42%). The maformations
observed were primarily microphthalmia, microcephaly, and
open neural tubes. Theresultsindicatethat in cultured mouse
embryosirradiation combined with a non-teratogenic dose of
hyperthermiaincreases the formation of malformed embryos.
The interaction is mogt probably in the celular phase of
effects devel opment (see Section 11.B).

167. The interaction of exposures to heavy metas with
radiation was studied during the pre-implantation stage in
mice by Miller and Streffer [M3]. At this stage, placenta
protection against chemicad attack is lacking, and low cell
numbers limit replacement of damaged cdls. Of the metals
arsenic, cadmium, lead, and mercury tested in micromolar
concentrations, arsenic showed no interaction with radiation
[M59] and cadmium and lead showed supra-additivity only
for singleendpoints: morphol ogical devel opment for cadmium
and micronucleé formation for lead. Mercury, however,
showed considerable interaction for morphological develop-
ment and cdl proliferation. A dassical congtruction of the
envelope of additivity in the range 0-3 Gy from x rays and
0-8 UM of mercury chloride showed synergiam, i.e. an
interaction effect exceeding isoadditivity. However, therewas
no effect on micronudlel formation by mercury. Time factors
were shown to play an important role in these experiments
[M57, M58]. For an enhancement of radiation risk, exposure
to mercury (3 uM) had to start immediately after irradiation
and tolast for an extended time period afterwards (112 hours).
Theinteraction is probably in the cdlular phase, but the fact
that a 24-hour exposure has little effect spesks against
inhibition of repair of radiation-induced DNA damage asthe
only mechanism of mercury toxicity in this system.

168. Theinteraction of ionizing radiation with cadmium,
which at higher concentrationsisteratogenic by itself, was
studied by Michd and Balla [M37]. Metal exposure
(2 mg kg ™) on day 8 of gestation significantly increased
exencephaly and eye anomalies. They found considerable
antagonistic effects on survival, growth retardation, and
devel opmental malformations for combined exposures to
CdCl, and x rays (0.5 and 1 Gy) in NMRI mouse embryos.
Since the metal exposure had to precede radiation for an
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antagonistic effect, induction of maternal metallothionein
was proposed as a protective mechanism. However, appli-
cation of metallothionein shortly before CdCl, exposure
exerted no protectiveeffect. HgCl, aloneinduced alow rate
of exencephaly, and combined treatment with x rays
resultedin additivity of single-exposureeffectsin therange
tested (0.5and 1 Gy, 2mgkg ). No conclusion on possible
implicationsfor chronic, low-level exposuresand radiation
carcinogenesisis possible.

B. GENETIC AND MULTI-GENERATION
EFFECTS

169. An undergtanding of mutations in germ cels and of
carcinogenic and teratogenic effectsfrom germ-ced| exposure
is of grest importance for assessing hedlth risks in future
generations [N19, N24]. The same holds true for potentia
combined effectsin these exposure Stuations. The hereditary
effects of radiation have been consdered in most previous
reports of the Committee. Experimental studies in animals
and emerging human evidencefrom epidemiol ogy considered
heredeal mainlywith combined modalitiesin tumour therapy.
The combined effects of cytotoxic substances used in tumour
therapy on mouse stem cells and gammarray doses of 5 and
9 Gy were sudied using the spermatocyte test [D7]. Mogt of
the chemicals tested showed additive effects when combined
with doses in the ascending part of the dose-response curve
and potentiating effects when combined with doses in the
curve s descending part. This has generally been considered
additional confirmation that any kind of spermatogonia
depletion is sufficient to modify the genetic response of stem
cdls. The chemicas mitomycin C and N,N',N"-triethylen-
ethiophosphoramide (thiotepa) induced very low yidds of
trand ocations after singletreatments. In combined treatments
with a dose of 5 Gy, mitomycin C was found to have a
subadditive effect and thiotepa, an additive effect. Combined
with adose of 9 Gy, the compounds potentiated the effect of
radiation.

170. Based onthegenerally accepted hypothesisthat most
cancers are multifactorial in origin, perinatal and multi-
generation carcinogenesis should be considered in depth.
Neverthe ess, the consequences of prenatal exposures and
of prenatal events are often ignored [T15], partially
because it is not possible at present to quantify the role of
prenatal exposuresto carcinogens/mutagensin determining
or modulating therisk of cancer in humans. Tomatis[T15]
listed prenatal eventsimportant tothe occurrenceof cancer
as the consequence of one of the following:

(8 thedirect exposureof embryonal or fetal cellsto a
carcinogenic agent;

(b) aprezygotic exposure of thegerm cellsof oneor both
parents to a carcinogen/mutagen before mating; or

(c) ageneticinstability and/or a genetic rearrangement
resulting from sel ective breeding, which may favour
aderegulation of cellular growth and differentiation.

Because they involve both germ and somatic cells, studies
of prenatal carcinogenesis are sometimes difficult to

interpret but are essential for amore accurate estimation of
therisksattributable to environmental agents. At thesame
time they may contribute to an understanding of some of
the mechanisms underlying individual variability in the
genetic predisposition to cancer. With regard to combined
effects, no new or additional mechanisms are apparent for
genetic and multi-generation effects.

C. DETERMINISTIC EFFECTS

171. Determinigtic effects of ionizing radiation are the
result of exposuresthat cause sufficient cell damageor loss
of proliferative capacity in stem cellstoimpair functionin
the irradiated tissue or organ. For a given determinigtic
effect, alarge proportion of cdls must generdly be affected,
so that in most cases there are consderable thresholds in the
range from tenths of asievert to several sievert. Deterministic
effects were reviewed by the Committee in Annex |, “Late
determinigtic effects in children”, of the UNSCEAR 1993
Report [U3]. Although deterministic effectsare practically
excluded in controlled settings, side effects in tissue
adjacent to treated tumours and localized effects in skin,
eyes, and lungs must still be considered when assessing
human health risks. Since loss of the ability to divide is
also a result of DNA damage, many of the molecular
mechanisms that modulate combined effects in
carcinogenesis also modulate determinigtic effects. In this
context, the scavenging of radiation-induced radicals by
scavengers such as cysteamine will also exert antagonistic
effectsfor deterministic endpoints. Because thisfield is of
limited relevancefor thisAnnex, only afew examplesfrom
this poorly explored field are given below.

172. There are suggestions from clinical findings that pre-
exiging diabetes exacerbates radiation injury to the retinal
vasculature. Gardiner et d. [G2] studied this phenomenon in
Sreptozotocin-induced diabetic rats. In both digbetic and
contral rats, the right eye was irradiated with 90 kVp x rays
to 10 Gy and the prevalence of acdlular capillariesin trypsin
digests of the retinal vasculature was quantified 6.5 months
after irradiation. Diabetes as well as irradiation led to a
datidtically dgnificant higher prevaence of acdlular
capillaries. The net increasein acdlular capillariesfollowing
irradiation was much grester in ratswith an eight-month term
of pre-exiging diabetes (180%) than in those that had been
diabetic for only three months (36%). Theseresults suggest a
synergigic relationship between pre-existing diabetes and
ionizing radiation in the devel opment of retina vascul opathy
that seems to depend on the duration of diabetes before
radiation exposure.

173. Ivanitskaia[l4] studied thereduction of spermatogenes's
and of activities of key enzymes as a result of single or
combined action of ionizing radiation and mercury in rats.
Thecombined biological effects seemed to be cdosetothesum
of the effects caused by the single agents.

174. Higher acute radiation doses are known to impair
immunefunctionsat | east temporarily. Generally, immune
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deficiencies are the condition being considered. However,
overstimulation of theimmunefunctionsor theemergence
of new antigenic sites as a secondary effect of radiation
damage haveto beconsidered aswell. A stimulation effect
at high doses was described by Lehnert et al. [L14] in
inbred C57BL mice. Themice wereirradiated with 10 Gy
delivered to the thorax 24 hours prior to the induction of
graft-versus-host disease by the injection of allogeneic
lymphoid cells (2 107 cells). In miceonly irradiated or only
injected, survival was 100% at 250 days. In contrast, a
combination of the two treatments, graft-versus-host
diseaseand partial-body irradiation, resultedin amortality
of 83% and a mean survival time of only 29 days,
indi cating strong synergy between graft-versus-host disease
and partial-body irradiation. From histological studies of
the lung, it appeared that about 40% of the deaths
occurring after combined graft-versus-host disease and
partial-body irradiation (PBI) treatment might be attri-
butable to pneumonia. The cause of death in the remain-
ing mice that received combined treatment is unknown.
Micereceiving combined PBI/lymphoid cell treatment also
develop acharacteristic skin lesion that isnot seenin non-
irradiated mice and that is confined to theirradiated area.
A firg indication of the mechanism involved is the fact
that the amplifying effect of pre-induction partial-body
irradiation on the timing and severity of graft-versus-host
diseaseissimilar totheeffect that would be produced by an
increase in the number of effector cells. Such a
proliferative response should display a highly non-linear
dose-response rdationship with an apparent threshold
similar toimmune deficiencies based on widespread stem-
cell killing. Therefore, nodirect relevanceof thesefindings
for much lower occupational or environmental exposures
is apparent.

175. Guadagny et al. [G18] described an increasein immu-
nogenicity of murine lymphoma cdlls following exposure to
gammaraysin vivo. On the bas s that mutagenic compounds
auchas5 (3,3-dimethyl-1-triazeno)-imidazol e-4-carboxamide
(DTIC) causeamarked increaseinimmunogenicityin murine
lymphoma cdls in vivo or in vitro, they then conducted
further experimentsto test whether ionizing radiation would
be abl eto affect theimmunogenic properties of cancer cdlsin
amouseleukaemiamodd. Male CD2F, micewereinocul ated
with histocompatible L1210 Ha leukaemia cells and treated
with 4 Gy of whole-body irradiation. A number of transplant
generations were carried out with leukaemic cells collected
from irradiated donors, generating a radiation-trested line.
The immunogenicity of radiation-treated cdl lines increased
significantly compared with that of the L1210 Halineasearly
as after three passages in vivo. However, no strong trans
plantation antigens comparable to those dicited by treatment
with DTIC were found in radiation-trested cdl lines, even
after anumber of trangplant generations. The combination of
bis-chloroethyl-nitrosourea and the weakly antigenic radia-
tion-treated cdl line dicited a srongly synergistic immune
response of the host. Moreover, lymphoma induced with
radiation-treated cdl lines acquired strong immunogenic
properties after a single cycle of DTIC treatment in vivo.
Again, theseresults may well provide an experimental model
for the explaitation of a radiation-induced increase of tumour
cdl immunogenidity for combined radioimmunochemotherapy
in cancer treatment, but no direct rdevance for the risk of
radiation carcinogenesisis evident. Aswith other combined
modalitiesin tumour therapy that also enhance and modulate
determinidtic effects (described in depth in the Appendix), the
above examples do not indicate mechanisms leading to
marked supra-additivity for effects from low-levd exposures
to multiple agents.

EXTENDED SUMMARY

176. In this Annex, the effects of combined exposures to
radiation and other agentsare considered particularly with
respect to the induction of stochastic effects at low doses.
A large amount of information on the combined exposures
of radiation and other physical, chemical, and biological
agentsisreviewed. In many situations agents can interact
with radiation and may significantly modify the biological
processesand outcomes. Theimplicationsfor radiationrisk
assessment and limitation of individual and collective
health risks are considered.

177. For ionizing radiation, the main potential risk to
humans from exposures at low doses, i.e. at the level of
background radiation or a few times that levd, is the
enhancedincidenceof stochasticeffects, i.e. carcinogenesis
and heritable genetic effects. In this Annex the effects of
combined exposures to radiation and other agents are
considered, particularly with respect to the possibility of
enhanced radiation carcinogenesis caused by chronic low
doses. Many radiobiological experiments, however, used

acute, high radiation doses and high exposurestothe other
agent. It is usually not clear how these results might be
extrapolated to low and chronic irradiation conditions and
tohumans. Such data may, however, be informativeon the
possible mechanisms of the interactions between various
agents and radiation, and in that sense they may be of
relevance for combined, low-dose exposures leading to
carcinogenesis.

178. For assessing the effects of chemical agents, the
situation is somewhat more complex than for ionizing
radiation. For genotoxic chemicals, the main biological
effects from low and chronic exposures are comparable to
effects from low levels of radiation, i.e. stochastic in
nature. However, aswith radiation, most experimental data
are from high, acute exposures. The wealth of epidemio-
logical data and risk estimates based on such information,
is much greater for radiation protection than for toxi-
cology. With only afew exceptions (e.g. asbestos, smoking,
and arsenic) for which human dataare available, chemical
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carcinogenesis data are based solely on biochemical, cell
biological, and/or animal data. Thegeneral assumption about
the dose-effect reationships for radiation and genotoxic
chemicalsin the low-dose region for chronic exposures and
for sochagtic endpointsis, however, the same. In generdl, it
isassumed that these rdationships are linear from high-dose
ranges with observed effects down to zero dose. For non-
genatoxic chemicals, non-linear dose-effect relationships are
thenorm, sincehigher order enzymereactionsareinvolvedin
most cases (uptake of agents, incorporation, metabolization,
cdl physiologica reections, €c.). These reactions are
dominated by sigmoidal dose-effect rdationships with
apparent thresholds, related to the biochemical Michadis
Menten kinetics.

179. The darting point for an anayds of combined
exposures is to specify the doses of the agents at the site of
interaction. For ionizing radiation, absorbed dose is the
quantity most generally applied to characterize the exposure,
and methods have been developed to calculate the dose in
target cdlsfrom theirradiation conditions. For other agents,
different methods are used, depending on the characterigtics
of the agent involved. Unfortunately, the exposure of the cdls
at risk for carcinogenesis is not aways clear. No unifying
concept of doseexigs. In this Annex, methods of biochemical
and biologica monitoring and dosmetric evaluation are
reviewed. The concluson is that physiologicaly based
parameters, such as concentration of toxic agentsin blood or
uring, are often not specific and sendtive enough to be
generaly applicablefor theanalysis of thebiological action of
a chemica agent. Therefore, biological endpoints at the
cdlular leve, which are more directly rdated to stochastic
health effects, have been developed and used as measures for
genetic changes in somatic as well as germ cdls. To these
endpoints bedong biochemical parameters such as DNA
adducts, and gene mutation parameters such as mutation
frequency and spectrum, and stable chromosomal alterations.
A generally applicablemethod for analysing combined effects
isgtll lacking, but taking these endpoints as a measure of the
genotoxic burden of radiation or of chemical agents, a
unifying risk concept based on genetic burden can be
envisaged.

180. Carcinogeness is, in general, a dowly deveoping
process extending over years and even decades. From a
mechanigtic andpoint, different phasesin the development
of the effects of an agent can be considered. These may be
characterized broadly as changes on the molecular, cdlular,
and tissug/organ levels. Agents can interact with radiation in
each phaseto produce an effect. Radiobiological research has
turned up numerous agents potentially capable of influencing
the progression of early radiation effects towards adverse
hedlth effects. Genera conclusions are hindered by the
multitude and complexity of the possbleinteractions and the
dependence of the combined effect on the sequence of the
exposures. More explicitly, because of the long time period
between the initial radiation event and the fina effect, a
combined exposure to radiation and another agent may occur
after smultaneous exposure but also from exposures hours or
even years apart.

181. Intheearly, molecular phase of the development of the
radiation effect, interactions of chemicals with the primary
radiation process can occur that areimportant for the fixation
of the primary molecular radiation damage. For an interaction
to occur, the active agents must bein close proximity to the
DNA, which is the most important molecule for radiation
carcinogenesis, at thetimeof irradiation or during repair and
inasufficiently high concentration. Molecular interactionsare
studied particularly to investigate the early radiation mechan-
ism, and changesin theradiation effect from interactionshave
been seen. However, because of the high concentrations
needed to observe a significant effect, the results from these
investigations are not of direct reevance for thelow levels of
exposure found in occupational or environmental settings.

182. An impressive amount of information concerning
interactions in the cdlular phase can be found in the
literature. For acute exposures, many agents can interact with
radiation in this phase, including physca (eg. UV) and
chemical (e.g. adkylating and other genotoxic) agents. Toxic
chemicals have been evaluated, using the isobolic method of
analyss. Different interaction mechanisms are involved,
ranging from an accumulation of DNA (sub)lesions, some-
times enhanced by repair inhibitors, to modulation of cell-
cycle kinetics: The reaults of the interactions range from
subadditive to supra-additive; however, for interaction to
occur, the agents must generally be present during or shortly
after irradiation, and the interaction effects decrease at low
doses and dose rates. This mode of interaction may have
implicationsfor radiation carcinogenes's, but at low dosesand
for chronicirradiation, deviationsfrom additivity areexpected
to be small.

183. In the organ phase of cancer development, interactions
in combined exposures can be significant. The long duration
of this phase creates many opportunities for interaction with
other agents. As is also concluded for chemical carcino-
genesis, these interactions are potentially important, but only
a few data from human epidemiologica studies are suitable
for quantitative analysis. Radiation has been found tointeract
with physical agentssuch asUV radiation and mineral fibres,
with chemical agents such as akylating chemicals, tumour
promoaters, digtary factors, arsenic, and heavy metas, and with
biological agents such ashormonesand viruses. Well-defined
effects are summarized in Table 7. Observation and identifi-
cation of combination effectsin this phaseis difficult, because
theduration of theinteraction with theradiation damage may
belong. In view of the many possihilities, it may well bethat
different interactions in the organ phase are largely respon-
sible for the variations in background cancer incidence
between populations.

184. A veryimportant combined effect istheinteraction of
smoking and exposureto radon, although even in this case
thereisstill no unambiguous conclusion on theinteraction
mechanism. Epidemiological data clearly indicate that
combined exposure to radon and cigarette smoke leads to
more-than-additive effects on lung cancer. These results
warrant special consideration in estimating the radiation
risks because a large proportion of the world’s population
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is exposed concomitantly to considerable levels of indoor
radon and smoking. The combined analysis of 11 miner
studies [L18] indicates that the effect of radon may be
enhanced by a factor of about 3 by being combined with
smoking.

185. Since the Committee's previous review of this subject
[U6], there have been advances in modd ling the multi-stage
processes involved in carcinogenesis. The development and
application of mechanigtically based, multi-stage
carcinogenesis modds promise to give new insights into the
interaction processes, epecially because with these moddl st
is possibleto analyse interactions at the tissue/organ level of
carcinogenesis. Theresultsindicate, for example, that the

effect of radiation is dependent on the background tumour
incidence; they also show how the interaction of radiation
with other agents might influence carcinogenesis.

186. Information is scarce on combined exposures of
radiation and specific agentsthat might alter theradiation
health risks caused by ambient exposures in the human
environment. The possible relevance of the interaction of
other agents with the radiation effect is obscured by the
many sometimes poorly known or unknown sources of
uncertainty surrounding radiation-induced carcinogenesis,
such as variations in background cancer incidences,
popul ation characteristicsand genetics, diet, and individual
susceptibility.

Table 7

Agents that interact with ionizing radiation of importance in radiation carcinogenesis

Interacting agent

Interaction

Endpoint

Physical agents

External ionizing radiation with internal emitters Supra-additive
Ultraviolet radiation (UV) Possibly supra-additive
Alpha emitterswith mineral fibres, including asbestos Supra-additive

Bone cancer
Skin cancer
Lung cancer

Chemical agents

Nitroso compounds, such asMNU, DEN, 4NQO Supra-additive

Tumour promoters, such as TPA Supra-additive Effects shown only in animal experiments

Smoking Supra-additive Lung cancer

Vitamins Subadditive

Diet/fat Sub- to supra-additive Interaction dependent on comparing level

Arsenic Supra-additive Extrapolated from chemical carcinogenesis

Biological agents

DES Supra-additive Breast cancer

Testosterone Supra-additive Prostate cancer
CONCLUSIONS

187. Combined exposures are a characterigtic of life. The
environment in which organisms reside and the organisms
themsdves are complex sysems in which a multitude of
interactionsbetween physica, chemica, andbiological factors
occur. The specific agents involved in exposures in the
environment and in occupational settings vary widdy, but
almogt dl physical and chemical agents, both natural and
man-made, are capable of producing adverse effects under
some exposure conditions, although individual agents differ
consderably in their capacity to do so. In genera, for many
agents essential for life, there is a spectrum of effects asso-
ciated with exposure, ranging from deficiency through
sufficiency to adverse effects with increasing leves of
exposure.

188. Although both synergistic and antagonistic combined
effects are common at high exposures, there is no firm
evidence for large deviations from additivity at controlled
occupational or environmental exposures. This holds for

mechanigtic cons derations, animal studies, and epidemiol ogy-
based assessments. Therefore, in spite of the potentia
importance of combined effects, results from assessments of
the effects of single agents on human hedlth are generally
deemed applicable to exposure situations involving multiple
agents.

189. With the exception of radiation and smoking, there
islittleindication from epidemiological datafor a need to
adjust for strong antagonigtic or synergigtic combined effects.
The lack of pertinent data on combined effects does not
imply per sethat interactions between radiation and other
agents do not occur. Indeed, substances with tumour pro-
moter and/or inhibitor activitiesarefoundin thedaily diet,
and cancer risk therefore dependson lifestyle, particularly
eating habits. Not only can these agents modify the natural
or spontaneous cancer incidence, but they may al so modify
thecarcinogenic potential of radiation. Such modifications
would influence the outcome particularly when radiation
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risks are projected relative to the spontaneous cancer
incidence.

190. Theanalysis of small effects of combined exposures of
other agentswith radiation isasoinhibited by thelack of well
defined and pertinent harmonized measures of the exposures
to radiation and the other agent. A generaly applicable
method for use in the analyss of combined effects is ill
lacking, but taking end points such as measures of the
genatoxic effects of radiation or chemical agents, a unifying
risk concept based on genetic burden could be envisaged for
combinationsof genotoxicants. At thisstage, theuncertainties
in the data permit the possible interactions from combined
exposures of radiation with other agents to be only
gualitatively recognized. A quantitative assessment of the
radiation risksat low dosesisnot yet possible. In other words,
even possi bledeviationsfrom additivity at lower exposuresare
generally too low to show up in experimenta studies or
population cohorts.

191. The extent to which the effects of combined exposures
can be ducidated is highly dependent on darification of the
carcinogenesis process itsdf and its dependence on environ-
mental and lifestyle factors. Interactions of agentswith radia-
tion can be broadly grouped into three different levels (mole-
cular, cdlular, and tissue/organ levels) of the radiation effect.
Themolecular phase lagtsonly afraction of asecond until the
primary radiation damage to DNA has occurred. For inter-
actions during this phase, the other agent has to be present
concomitantly and in a high enough concentration.

192. Thecdlular phaseof theradiation effect lastsfor one
or afew cdl cycles until the primary radiation damagein
DNA hasbeen repaired or the remaining damage has been
fixed into heritable genetic damage (mutation in somatic
and germ cells). For low doses and dose rates of radiation
andlow dosesand chronic exposuresto genotoxic chemical
agents, the supralinear or quadratic terms of dose-effect
relationshipstend tovanish, and thelinear termsdominate
for single-agent effects. In theabsence of target specificity,
this implies that interaction at the cdlular level during
long-term low-level exposures to radiation and chemicals
isof limited importance.

193. During the tissue/organ phase of radiation-induced
carcinogeness, which lasts from the first fixed genetic
alteration to the clinically manifested tumour and which may
include several genetic and epigenetic changes, combined
effects can occur from exposures of two and more agents
sporead over days or decades, giving a large potentia for
combined effects. Besides genotoxic chemicals, many non-
genotoxic agents may interact during the organ phase
Tumour promation, mitogenic simulation, and hormona
activation are a few of the important examples of processes
with the potential for more-than-additive effects. Also,
radiation- or chemical-induced geneticinstability, which leads
to new genetic damage after many cdll generations, may be
prone to more-than-additive effects. An overview of posshble
interaction processes and groups of agents involved in these
processesisgiven in Figure V.

194. Within the framework of the multi-stage mechanism
of carcinogenesis, thefollowing general conclusionscan be
drawn for the combined action of different carcinogenic
and co-carcinogenic agents:

(8 genatoxic agents with similar biological and mechan-
istic behaviour and acting at the sametimewill interact
inanisoadditiveor concentration-additivemanner. This
means that concurrent exposures to ionizing radiation
and other DNA-damaging agents with no specific
affinity to those DNA sequences that are criticaly
involvedin carcinogenesiswill generally resultin effects
not far from isoadditive. Isoadditivity at this point
includes “apparent synergisms’ or “autosynergisms’
resulting fromnon-linear dose-effect rel ationshipsof the
sngleagent effects. Supracadditivity of this quality
generally does not exceed the expectation value derived
from high-exposure, single-agent effectscombined with
linear dose-effect modds;

(b) for genotoxic agents acting on different rate-limiting
geps of multi-stage stochagtic diseases like cancer,
strong deviations from additivity might result. Devia:
tion from additivity can depend on the specificity of the
agents for the different Seps, sequence specificity, and
the sequence of exposures. Highly synergidtic effects
are, however, only to be expected in cases where both
agents are responsible for a large fraction of the total
trangtions through the respective rate-limiting steps;

(©) in combinations of radiation and non-genotoxic agents
in which the second agent causes promotion, i.e. the
multiplication of premalignant cells, highly synergistic
effectsmay arise. Thiscombined effect is dependent on
the exposure schedule. Thresholds for such combined
effects are generally implicated from the highly non-
linear dose-effect rdationship for the non-genotoxic
agent acting aone;

(d) for agents acting independently and through different
mechanisms and pathways, heteroadditivity or effect
additivity is predicted. Apparent thresholds will not
interferewith each other, and possible conservatismsin
linear dose-effect extrapolations from high exposures
will not be affected;

(& in combinations of agents, in which one agent induces
adaptive mechaniams, eg. increased DNA repair
capacity or increased radical scavenger function, andthe
other agent induces DNA damage, antagonistic effects
may arise. Owing to the generaly short half-times of
adaptive mechanisms, the exposures have to occur
concurrently or nearly concurrently.

195. In summary, the folowing parameters need to be
considered to address and assess potential combined effects.
themode of action of the agent (genotoxic or non-genctoxic);
the shape of the dose-effect rdationship for sngle-agent
effects, the dose or concentration involved (low or high); the
typeof exposure (chronic or acute); and thesequenceandtime
interval between exposures (Smultaneous or before or after
radiation exposure).

196. There has been little systematic research on possible
interactions of radiation with other agents. An exceptionis
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the use of combined modalities in tumour therapy, but the
high doses and deterministic effects involved cannot be
easly related to stochastic, low-level combined effects.
Considerable progress in the biological sciences and the
many radiological and toxicological disciplines involved
will be needed to allow predicting the potential presence of
combined effects at low exposure levels and negative

health outcomes. It can be stated, however, that the
conclusion of the Committee's previous review on com-
bined effects [U6] till holds: except for radiation and
smoking, thereis no evidence that low-level exposures to
multiple agentsyield combined effects far from additivity,
or above the estimates resulting from linear extrapolation
of single agent effects to lower doses.

FURTHER RESEARCH NEEDS

197. Thelack of systematic mechanigtic understanding and
quantitative assessments of combined exposures and the
resulting possible interactions urgently needs to be resolved.
Thiseucidation of interactions of agentsin combined effects
critically depends on both a qualitative (mechanigtic) and a
quantitative knowledge of the action of any single exogenous
or endogenous agent involved. The badc tends of
experimental toxicology and radiobiology will have to be
appliedin gudiesof theadversehealth effectsof combinations
of exposures. In view of convincing evidence that the critical
stochasticendpoint, cancer, ismultifactorial, themany studies
concentrating on singlecarcinogenic agentsand attempting to
quantify cancer risksasif they were dueto singlefactorshave
to be supplemented and extended to address potentia
modifications from joint effects.

198. Present knowledge of the many qualitatively different
interactions aready found in biologica systems speaks
againg the emergence of smple unifying concepts to predict
modifications of risk from combined exposures. However,
mechanigtically based classfications of interactions may be
hepful in predicting effects. At present, relevant knowledge
is being gained on interaction mechanismsin different parts
of the long process of radiation carcinogenesis. A better
undergtanding of how important these separate physical,
chemical, and biological interaction mechaniams are for the
ultimate endpoint will help to creste a basis for risk
asessment, and a better understanding of the carcinogenesis
process itsdf and the ratelimiting steps involved may
contributeto an understanding of theinteractionsaswedl. The
development of mechanigtically based cancer mode's could
greatly improve the estimation of quantitative risks.

199. Individua genetic susceptibility isalready aconcern for
the assessment of radiation risks. In addition to those parts of
the genome susceptibletoradiati on-induced effects, e.g. repair
and proofreading genes, heterozygosity for oncogenes and
tumour suppressor genes, many additional gene products
determining thebiokineticsand biotransformati on of chemical
agentswill haveto be consdered in theindividual responseto
combined exposures involving chemicals.

200. Progressintheanalyssof interactionsbetweenionizing
radiation and toxicants is often hampered by a lack of
scientific data that quantitatively relates chemical exposureto
health risk or experimental endpoints. Theimplementation of
gandard protocols and dosmetry to harmonize reported
research is urgently needed to allow comparison of data from

sudies on different agents. Datawill also haveto be extended
over asufficiently large exposure rangeto allow extrapolating
to the doses rdlevant in environmental health.

201. Epidemiological studieshaveal ready revealedimportant
combined effects for carcinogenes's, particularly for the joint
effect of cigarettesmokewith either radiation or asbestos. New
tools in molecular biology point the way to the fidd of
molecular epidemiology and will provide investigators with
markersof exposureand damagethat aremuch moresensitive
than the cruder incidence measures of dlinical diseases. Such
approaches, if successful, can be expected to yied significant
new information on interactions between agentsat thecd lular
and molecular levels. Markersof thiskind can alsobeusedin
moreclassical human epidemiol ogical studiesof cancer, some
of which may help in probing potential interactions between
agents that may have induced the disease.

202. A mechanidic assessment of combined effects is
dependent on progressin the scientific understanding of other
genericissues, such as extrapolation from high to low leves,
trandfer of data from laboratory animals to humans, and age
dependenceof theradiation risk, that arecentral tothegeneral
risk assessment process. Current approaches to the risk
assessment of complex exposures rey heavily on linear dose-
effect relationships and additivity models. However, in the
doseand concentration rangeof interest for human exposures,
dose-effect rel ationshi psother than linear (Sgmoidal and even
U-shaped curves in the case of partially stimulatory or
essential agents) arereported aswdl. Thisissue must befully
addressed in assessing the risks of combined effects.

203. Finally, a comprehensive approach for the study and
quantitative assessment of combined effects must be
developed. The gap between different conceptual approaches
in the assessment of rik in chemica toxicology and
radiologica protection has to be bridged urgently.
Multidisciplinary approaches to research (radiobiology,
toxicology, cdl and molecular biology, biodtatigtics,
epidemiology) haveto beforged. In someinstances, recasting
and combining resultsfrom recent studies and on-going work
into more refined models that take into account additional
mechanisms of responses and that take advantage of the
multidisciplinary approach may improve the understanding
and quantification of specificinteractions. This, together with
the application of refined multi-sage modds, will hep to
reduce uncertainties at the low exposure leves found in the
human environment.
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APPENDIX

Combined effects of specific physical, chemical, and biological agents
with ionizing radiation

1. Studies of the combined effects of gpecific physica,
chemical, and biological agentsin asociation with radiation
exposure are reviewed in deail in this Appendix. The
intention isto provide an overview of the available literature
in support of the more general findings, summaries, and
conclusions of this Annex. Firgt, data from epidemiologica
studies of the adverse health effectsin humans of each group
of agentsarereviewed. Studiesinvolving experimental animal
models are then considered. Finally, various effects observed
using in vitro systems are reviewed. Carcinogenesis is the
principal endpoint of interest, but non-neopl asticendpaintsare
alsodiscussed. Only aminor fraction of theinteracting agents
described below are found in the human environment at
potentialy critical levels. A few such critical agents already
known or suspected to affect human hedlth on their own are
listed in Table4. Thefindings of specific combined exposures
and effects described in depth in this Appendix are
summarized in Table A.1.

A. RADIATION AND PHYSICAL AGENTS

1. Combinations of different types
of ionizing radiation

2. Underganding how cdlular damage produced by high
linear-energy-transfer (LET) radiation interacts with that
produced by low-LET radiation isimportant both in radiation
therapy and in evaluating risk. In view of the possible
radiotherapeutic applications, a wedth of data on the
combined action of neutrons, heavy ions, and gamma or
X rays was accumulated in the 1970s and early 1980s. This
information was reviewed in Annex L, “Biological effects of
radiation in combination with other physical, chemical and
biological agents’, in the UNSCEAR 1982 Report [U6].
Because the underlying damage mechanism is similar, the
interaction between different types of ionizing radiation is, in
genera, of the isoadditive type in the case of cdl killing.
Deviations from additivity are generally not very large and
can be explained in most cases by concomitant changes in
exposure rates and in exposures of critical target sructures.
For example, survival of Chinese hamaer V79 cdlsin vitro
after irradiation first with neon ions (LET = 180 keV um'™)
and then with x rays (225 kVp) was additive, as predicted
from independent action. The system also showed no
dependence on the order of application [N5].

3. Inextremeemergency situations, localized exposuresto
the skin or other organs in the presence of devated externa
radiation fields is of consderable concern. Randall and
Coggle [R3] studied the deterministic effects of concomitant
whole-body irradiation and localized radiation trauma from

beta activity on the skin. They moddled theimmunosuppres-
sive effects of whole-body gammaradiation in the sublethal to
lethal range (1-11 Gy) on skin reactions produced by 50 Gy
from superficial betaradiation from **Tm in male mice. For
gamma doses below 4 Gy, nointeraction effects were detect-
able. For gammadosesin therange 4- 8 Gy, the skin reaction
devel oped moredowly, but it was not much more severe. The
overdl time for the resolution of the skin reaction, about 45
days, was aso unaffected by high-dose whole-body irradia-
tion. The authors ascribed the absence of any consderable
deviation from additivity in this sysem to the mismatch in
time between maxima immunosuppression and localized
severe beta burns ranging from 2 to 10 days and 10 to 25
days, respectively. Although such beneficial mismatches in
time are speciesgecific, these mechanisms may also be
important in humans. Determinigtic combined effects in
Chernobyl power plant gtaff and emergency workers are
discussed in Annex J, “Exposures and effects of the
Chernobyl accident”.

4. A grong antagonistic combined effect was found in an
experimental study of determinigtic effects in rats. When the
animals received high external gamma (about 6 Gy) or beta
(about 24 Gy surface dose) radiation, lethality was lower by a
factor of 5 when the animal s recei ved a concomitant exposure
to the thyroid gland of 0.3 kBq g* from ! given orally
[M13]. The protective influence of the combined treatment
was attributed to **!1-induced changesin thehormonal statein
the course of acute radiation sickness. In another study by the
sameauthor with lower sublethal externa dosesof upto 3 Gy
and additional orally administered **4, therewasan increased
yield of mammary tumoursin the combined trestment group
receiving low exposures from iodine (0.04-0.8 kBq g %). For
higher iodineexposures, however, thereversewastrue[M30].
The combined effects observed seem to be deterministic and
can be attributed mainly to different organ doses rather than
different radiation qualities.

5. Changesin the haematopoietic bone marrow, i.e. in the
number of colony-forming units (CFU), of ratswere observed
by Brezani et a. [B1] after a single whole-body neutron dose
of 2 Gy and combined single neutron (2 Gy) and continuous
gammairradiation (6 Gy, daily doserate of 0.57 Gy). Neutron
irradiation alone dgnificantly reduced the number of
karyocytes, induding CFU-Sin the bone marrow and induced
extensive cytogenetic damage. When followed by continuous
gamma irradiation, the primary damage from neutrons was
not enhanced, however CFU-S remained at a decreased leve
for the whole time of irradiation. Recovery from damage
began only after termination of the continuousirradiation; its
course was similar to that after single neutron irradiation. A
long-lasting supra-additive influence of the combined
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exposure to neutrons and gamma rays is neverthdess
manifested in later periods after irradiation by areduction in
the total CFU-S number in the bone marrow.

6. Mog studiesof sochasticeffectsfrom combinedirradia-
tions are undertaken in connection with cancer. For bone-
seeking radionuclides, a synergigtic effect was found in mice
for osteosarcomasafter combined exposuretoshort-lived?'Th
(190 Bg g, corresponding to about 10 Gy meen skeletal
apha dose) and to longer-lived ZAc (1.9 Bg g'%) bone-
seeking radionudlides. The beta emitter 2’Ac produces pro-
tracted internal apha exposures through ingrowth of the
decay product Z'Th. At 700 days after intraperitonea (ip)
injection of pure 2"Th or 2'Th contaminated with 1% *Ac
(combined exposure) in the form of citrate, an osteosarcoma
incidence higher than additive was found for the combined
exposure. With incidences of lessthan 1% for controls, 8% for
ZIAc aone, and 36% for 2'Th aone, the combined effect of
62% amounted to an interaction factor of 1.7 [L26]. In terms
of thetimefor 50% tumour appearance, theinteraction factor
was reduced to a barely sgnificant 1.3. The authors specu-
lated that the increased oncogenetic effectiveness of #'Th
contaminated with 1% %2’Ac may be caused by the continuous
gimulation of cel proliferation or by the activation of retro-
viruses by protracted low-level alphairradiation from 2’Ac/
ZITh.

7.  Bukhtoiarova and Spirina [B33] studied the combined
effect of external gamma irradiation and *Pu on the
incidence of osteosarcomas in inbred male ratis. Osteo-
sarcomas occurred more frequently and at earlier times and
displayed a more pronounced multicentric pattern of growth
and metagtatic spreading than the malignancies induced by
exposure to only one of the two agents. The differences
resulted from increased development of tumours and
decreased osteogenesis. A quantitative eval uation of the com-
bined effect of the same radiation mix on biochemical
parameters of the rat immune sysem was undertaken by
Elkina and Lumpov [E5]. The combined effect of external
gamma radiation (*Cs, 1-4 Gy) and incorporated alpha
radiation (*°Pu nitrate, 9.3-93 kBq kg body mass) was
estimated by determining changesin nucle c acid metabolism
and the number of cdls in rat thymus, spleen, and bone
marrow. The data obtained for the lower end of exposures
werecong stent with an additivemode. The sameresearchers
also studied aminatransferase and lactate dehydrogenase
activity in the blood of dogs exposed to the joint action of
externa gamma and interna alpha radiation [E6]. After the
effect of external gammaradiation (0.25-2 Gy) and inhaled
2Py submicron oxide containing 25% *Am (approximately
7-10 kBq kg!) ddlivered separately and in combination,
activities of danine-agpartate aminotransferase and lactate
dehydrogenase changed in an undulatory manner, tending to
increase at later times. The changewas afunction of typeand
levd of radiation as well as time dapsed from the onsat of
exposure. Even at the relatively high exposures used in these
experiments, the combined effect of gamma and apha
radiation did not exceed the additive effect of the two factors
ddivered separatdy. In view of the determinigtic nature of the
endpoints studied, no inferences for controlled exposures are
apparent.

8.  Several authors have shown that large radiation doses
influence biokinetics and hence exposure from incorporated
radionudides. Theinfluence of external gammaradiation on
2py redigribution in pregnant and lactating rats was
described by Ovcharenko and Fomina[O1]. A quitehigh dose
range of acute external gamma radiation, from 0.5 to 4 Gy,
was investigated. Transplacental transfer of *°Pu to the
embryo increased with dosetoa maximum at 1 Gy and then
declined. However, transfer of 2°Pu viamilk to newborn rats
was decreased by external gammairradiation of lactating rats
with the dose of 0.5 Gy. The nature of the biological
mechanisms respongble for the changes in biokinetics
remains dusive. There are no suggestions by the authors that
these radiation effects on metabolism are stochagtic in nature
and would extend to low doses and dose rates.

9. Lundgren et d. [L19, L20] examined the carcino-
genicity of a single, acute pernasa inhaation exposure of
3,201 male and female F344 ratsto *°PuO, followed oneand
two monthslater by whole-body x-irradiation. Plutonium lung
burdens were 56 or 170 Bg, and the x-ray exposure was
fractionated into two exposurestotalling ether 3.8 or 11.5Gy.
Other groupsof ratsreceived contral (sham) exposures. Minor
x-ray-dependent differences in #°Pu lung retention were
observed; however, exposure to x rays significantly reduced
the median survival timesin rats of both sexes [L19]. For a
given leve of x-ray exposure (0, 3.8, or 11.5 Gy), theleve of
9Py exposure (0, 56, or 170 Bg) had no effect on median
survival time. A priminary histological evaluation of
primary lung tumours produced has been reported for
approximately two thirds of theratsin thisstudy. Theauthors
noted an apparently antagonigtic interaction between the two
agentsin producing lung tumours; for example, crudetumour
incidenceswere 10.8%in ratsrecaving 11.5 Gy x-irradiation
alone, 9.2%inratsreceiving a 170 Bg lung burden of Z°Pu0O,
alone, but only 11.7% in rats receiving a combined exposure
at these levels[L20]. The authors cautioned, however, that a
simpleeval uation of thecrudetumour incidenceisinsufficient
because of the effect of exposure on lifespan. They further
date that analyss of this study is not yet complete.

10. An apparent synergism was described in an in vitro
study of the combined effect of apha particles and x rays
on cel killing and micronucleus induction in rat lung
epithelial cells (LEC) [B39]. The cells were grown on
Mylar filmsand exposed to both x raysand al pha particles,
separately or simultaneously. X rays and alpha particles
given separately caused dose-related increasesin cell cycle
time, with alpha particles producing greater mitotic delay
than x rays. Damage from al pha particles and x rays given
simultaneoudly did not interact to further ater the cel
cycle. Cell survival data following exposure to x rays and
alpha particles, combined or individually, were fitted by
linear-quadratic models. Survival curves following
exposure to alpha particles only, or to 1 Gy from alpha
particles plus graded Xx-ray doses, were adequately
described using only the linear (alpha) terms with values
of the coefficients of 0.9+0.04 and 1.03+0.18 Gy},
respectively. Survival following exposureto x rays only or
t0 0.06 Gy from alpha particles combined with x rayswas
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best fitted using both a pha and beta terms (0.12+0.03)D +
(0.007+0.002)D?> and (0.57+0.08)D + (0.3+0.02)D?
respectively. The numbers of micronucle in binucleated
cells produced by exposure to alpha particles or x rays
alone increased linearly with dose, with slopes of 0.48+
0.07 and 0.19+0.05 micronuclel per binucleated cell per Gy
for apha particles and x rays, respectively. Simultaneous
exposure to graded levels of x rays and a constant alpha
dose of either 1.0 or 0.06 Gy increased micronuclei
frequency, with a slope of 0.74+0.05 or 0.58+0.04 micro-
nuclei per binucleated cell and Gy, respectively. These
dopesaresimilar tothat produced by alphaparticlesalone.
These studies demonstrated that both cell killing and the
induction of micronuclei were greater with combined
exposures than with separate exposures.

11. A-refined modd for the combined effects of mixtures of
ionizing radiations was recently published by Lam [L4].
Assuming that ionizing radiation is a special group of toxic
agentswhose genera interaction can be calculated, themodd
postul ates the exi stence of a common intermediatelesion and
therdative action of lesonsbefore, at, and after thiscommon
sage Genera quantitative dose-effect rel ationships of mixed
radiations can be derived from the dose-effect re ationships of
the componentsin the mixture. Again, only small deviations
from isoadditivity are predicted by this damage function,
which alows tresting mixed irradiation as two different
increments of dose from the same radiation source.

12. A unifying concept to predict the expected combined
stochastic radiobiological effects of different ionizing
radiations was presented by Scott [S15]. Additive-damage
dose-effect models were developed for predicting the
radiobiological effects of sequential and simultaneous
exposures. These additive-damage dose-effect models
assume that

(8) each type of radiation in the combined exposure
produces initial damage, called critical damage, that
could lead to the radiobiological effect of interest; and

(b) dosesof different radiations that lead to the same level
of radiobiological effect (or risk) can be viewed as
producing the same amount of critical damage, which
isindistinguishable asfar asthe effects of subsequently
administered radiation are concerned.

The methodologies allow the use of known radiation-
specific risk functions to derive risk functions for the
combined effects of different radiations, called global risk
functions. For sequential exposures to different ionizing
radiations, theglobal risk functionsderived depend on how
individual radiation doses are ordered. Global risk
functions can also differ for sequential and simultaneous
exposures. Themethodol ogiesare used to account for some
previously unexplai ned radiobiol ogical effectsof combined
exposures to high- and low-LET radiations. Since all
radiation effects are traced to a common initial damage
mainly occurring in DNA, the model isbasically additive.

13. At doses lower than those that induce deterministic
effects, no large deviationsfrom additivity arefound in the

interaction of different radiation qualities(seeadso TableA.1).
Although the mathematical modelling of mixed radiation
showing non-linear dose-response reationshipswith asingle
radiation quality yid dsapparent synergigticinteractionswhen
the analysis of endpaints like survival is based on some
current  definitions [Z2], these definitions are clearly
inappropriate for the approach used in thisAnnex. Thispaoint
isaso made by Suzuki, who stressed the need for definitions
based on biological mechanisms [S3].

14. In summary, it can be stated that when dose rates and
other possible confounders are taken into account, practically
all the results from mixed radiation yielding more than the
sum of the single agents can be explained by isoaddition, so
that general quantitativedose-responserd ationshipsfor mixed
radiationscan bederived from thedose-responserel ationships
of the components in the mixture [L4, L47]. There is no
indication that the influence of externa radiation on the
biokinetics of radionudides found at high dosesisrdevant at
occupationa or environmental exposure levels.

2. Ultraviolet radiation

15. Ultraviolet (UV) radiation is recognized as an
important initiator and co-factor for human skin carcino-
genesis. Genetic predisposition, i.e. skin type, age at
exposure, and duration of exposures are important deter-
minants of risk for UV radiation-induced skin cancer.
Shore analysed 12 studies on theincidence of skin cancer
inirradiated populations with known skin doses [S29]. In
the absence of a proper control (skin exposed to ionizing
radiation but not to UV), it was concluded that at least for
combined exposures, there was no evidence of a dose
threshold for radiation-induced skin cancer. The data are
compatiblewith alinear dose-response relationship [S29].
The question whether relativerisk or absolute risk models
are more appropriate remains open. Considerable varia-
tionsin senditivity to skin cancer induction among demo-
graphic and genetic subgroups may be mainly a reflection
of the large differences in UV exposures because of
lifestyle, skin type, and tanning.

16. Combined exposure to UV and x rays leads to
synergistic interaction in killing mammalian cells [H53],
confirming previous studies in yeast [S87]. Only a small
interaction was found for mutations at the hprt locus in
Chinese hamster cells[K56]. A recent study by Spitkovsky
et al. [S82] in human peripheral lymphocytes on the
interaction between x-ray doses of 5-250 mGy and
20 Jm 2 of 254 nm UV light in DNA repair, measured by
unscheduled DNA synthesis (UDS), indicated that the
repair of UV-induced damage was modulated by previous
X-ray exposures. For radiation alone, UDSwas highest for
20-30 mGy and 150-200 mGy and lowest at 100 mGy.
For combined exposures, i.e. ionizing radiation fol lowed by
UV, UDS was highest in cells previously exposed to
100 mGy and lower than in UV-only controls for cells
previousy exposed to 20-30 or 150-200 mGy. The
mechanism of this proposed adaptive response remainsto
be elucidated.
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17. Intheearly sudy of molecular genetics, awedlth of data
were accumulated on interactions between UV and ionizing
radiation in bacterial sysems. For a review, see Annex L,
“Biologica effects of radiation in combination with other
physical, chemical, and biological agents’, in the UNSCEAR
1982 Report [U6]. Recently, laser applications have become
important in industrial settings. A sparing effect from visible
light on irradiated bacteria was reported by Voskanian et al.
[V6]. The sudy measured the combined effect of laser
(hdium-neon laser, 633 nm) and apha radiation on the
surviva of Escherichia coli K-12 cdlsof different genotypes.
Pree and pod-irradiation exposures to laser radiation
diminished the damaging effect of apha partides The
increasein survival wasmore pronounced for post-irradiation
exposure. Thereisawdl-known molecular basisfor enhanced
DNA repair and hence for survival: photoreactivation with
vishblelight after UV irradiation. The protective mechanism
involved in the repair of damage from apha irradiation,
epecialy theoneinvolvedin pre-irradiation exposureto laser
light, remains to be ducidated. However, at this sage there
are no such mechanismsknown in mammalian cells. Despite
large human populations with condderable combined
exposurestoionizingand UV radiation to partsof the skin, no
indications of a critical interaction are apparent.

3. Low- and high-frequency electromagnetic
radiation

18. The photon energies of all frequencies of eectro-
magnetic radiation below infrared are clearly too low to
produce direct chemical damage to DNA. However, there
isalargebody of published data suggesting the presence of
effectsat exposurelevel sbel ow those from critical thermal
effects, i.e. local heating by several degrees Celsius. (Hesat
sressisdiscussed in Section A.4.) The epigenetic influences
of heat dress could only act on later stages of cancer
development. Whether so-called athermic levds of high-
frequency non-ionizing radiation may interfere with cdl
signalling, leves of cdlular calcium, or sysemic meatonin
remains disputed on the level of the single agent.

19. Tyndall undertook an investigation [T 3] to ascertain
the combined effects of magnetic resonanceimaging fields
and x-irradiation on the developing eye in mice from the
strain C57BI/6J. Dams in groups were subjected to
absorbed doses of 50, 150, and 300 mGy. Other damswere
exposed to T2 spin-echo magnetic resonance imaging
fields under clinically redlistic conditions following
exposure to 300 mGy from x-irradiation. It wasfound that
the 300 mGy dose had significant teratogenic effectson the
eye of C57BL/6J mice. Groups exposed to both types of
radiation fields demonstrated malformation levels similar
to those in animals irradiated only with 300 mGy from
ionizing radiation. The results confirmed the teratogenic
effects of low-level x rays but gave no evidence for an
enhancement of the teratogenicity of x-irradiation on eye
malformations in the mouse system tested.

20. Somewhat unexpected results of combined effect of
microwaveexposuresof non-thermal intensity andionizing

radiation were reported in rats and chicken embryos by
Grigor'ev e al. [G13, G16]. Rats were pre-exposed to
electromagnetic radiation of power flux densty (PFD)
200 pwW cm2 30 minutes daily for 8 days, followed the next
day by single whole-body gammairradiation at 5.5 Gy. Pre-
exposureto microwave radiation reduced the mortality rate of
thetest animal s by 33% compared with the controls. Immuno-
biological examinationsrevealed asgnificant increasein the
dimulation index in mitogen (phytohemagglutinin, PHA)
induced lymphocytes. Theimprinting of chickswas disrupted
when they were irradiated in early embryogenesis for 5
minuteswith microwaves (PFD = 40 uW cm?) and then with
gammarays at a dose of 0.36 Gy.

21. The same group aso described changes in humora
immunity and in autoimmune processes under the combined
action of microwave, infrasonic, and gammairradiation [G13,
G16]. The exposure regimens for rats and rabbits were
9.3 GHz and 0.1 GHz (200 and 1,530 pW cm 2, respectively),
infrasound (8 Hz, 115 db), and gammaradiation (cumulative
dose of 55 Gy). It was shown that pre-irradiation with
microwaves increased the resistance of the animal to gamma
rediation, but microwvaves combined with infrasound
enhanced the biological effect of gamma radiation. Since no
hypotheses on possible mechanisms are suggested, no
inferences applicable to controlled human environments can
bedrawn at thisstagefrom the extremely high exposurelevels
in this study.

22. A very gtrong radioprotective effect of static magnetic
fidds of 10, 120, and 350 mT on the surviva of mice (CBA
x C57BI/6) after acute ®°Co irradiation with a dose of 9 Gy
was described by Schein [S33]. The adaptive effect of an
exposure of 6 hoursin adatic fidd increased with time and
wasgtrongest in animalsirradiated 30 dayslater. Theweakest
field, 10 mT, led to a surviva of up to 60% of the animals,
whereas controls had survival rates of only 0%-4%. The
mechanisms behind this antagonism are speculated to be
unspecific stress-induced stimulation of endocrine systems by
magnetic fields, an increase in surviving stem cdls after
ionizing radiation, or afaster proliferation and differentiation
of bone marrow stem cellsin adapted animals.

23. Growth and survival rates of cultured cdls (FM3A)
were investigated in a static gradient magnetic field with
a strength of 58 mT at the center and a mean gradient of
0.6 T m* [K16]. The magnetic field alone reduced the
growth rate by 5% and survival by 20%. The combined
effect of ®Co irradiation followed by exposure to the
magnetic field showed synergism.

24. Magnetic fields have been shown under certain
reaction conditions to perturb the rates at which radical
pairsrecombine. An exampleis catal ase-catal ysed decom-
position of H,O, which is increased by 20% in an
extremely high magnetic field of 0.8 T [M35]. In theory,
this could lead to changes in the kinetics of free-radica
production and recombination [S60]. To measure the
interaction potential of this indirect genotoxic effect of
magnetic fields with ionizing radiation, the exposures



ANNEX H: COMBINED EFFECTS OF RADIATION AND OTHER AGENTS 227

would have to be simultaneous and not sequential, as
described in the preceding paragraphs.

25. In assessing the association between exposure to
electromagneticfidds and cancer, Koifman [K17] defined
theelementsnecessary for quantitativeanalysis. Obtaining
more accurate measurements of exposure to eectro-
magnetic fields is a key to understanding any possible
association. In certain circumstances, strong electro-
magnetic fiel ds may stimulate growth and hencefulfill the
characteristics of a cancer-promoter in biomechanistic
models of carcinogenesis. Thisleadstothehypothesisthat
electromagnetic fields do not act alone to affect health, as
is assumed in many epidemiological studies, but only
where their action is combined with that of other initiator
agents.

26. In summary, no straightforward inferences from
experimental results to exposures in occupational settings
are possible at this stage for the combination of eectro-
magnetic and ionizing radiation. From the standpoint of
mechanistic considerations, there is little evidence for
potentially harmful interactions between the two radiation
modesfor controlled exposurelevelsintheworkplaceor in
theclinic.

4. Temperature

27. Heat kills mammalian cells in a predictable and
stochastic way [D3]. Hesat stress at the cell and tissuelevel
may disrupt energy metabolism (local depletion of oxygen
and ATP) as a result of the enhanced reactivity of most
enzymes, the production of heat shock proteins, and finally
denaturation and cell death. Critical changes leading to a
loss of proliferative capacity involve cel membrane
blebhing, probably owing to detachment of thecytoskel eton
from the plasma membrane [R23]. A dow mode of cell
killing by hyperthermiain CHO cellsinvolves the forma-
tion of multi-nucleated cells from damage to centrioles
[D3]. Above 42.5°C, cell-survival curves for Chinese
hamster ovary cells in culture where the abscissa is the
duration of heat treatment are similar to the curves for
X rays. At 42°C and below, the survival curves tend to
flatten out with time as tolerance to the eevated
temperature develops. The cell-cycle dependence of
sensitivity to heat contrasts with that of x rays, with late
S-phase cells being the most sensitive to hyperthermia
treatment. Cells at low pH or deficient in nutrients also
show elevated heat sensitivity. Temperature is therefore an
important modifier of radiation sengtivity in many therapies
tocontrol tumour growth. Ingeneral, hyperthermiaincreases
the relative susceptibility of tumour cells to radiation
compared with healthy tissue. Very hot or very cold
ambient temperaturesarerarely encounteredinthemodern
workplace and the temperatures that do prevail generally
do not change the body core temperature. No correlation
with elevated radiation exposure is apparent in such
workplace settings. The same is true for recreationa
settings and even for hot spas with el evated radon levels.
Therefore the combined action of high and low tempera-

tures remains in the realm of clinical research, and the
following paragraphs give only some cursory remarks on
recent in vitro work.

28. Atthemechanidticleve, it isimportant to notethat the
large effects found in hyperthermia trestments cannot be
attributed soldly to changes in blood flow and concomitant
changes in local oxygen pressure alone. The disruption of
energy metabolism due to considerably accelerated bio-
chemical reactions and a decrease in molecular stahility are
important far below the threshold of protein denaturation.
Dauncey and Buttle [D2] found a tendency towards € evated
plasma concentrations of growth hormone and prolactin in
14-week-old pigs acclimated to 35° or 10°C, respectivdy. In
mammalian cdl culture (L5178Y), proteaseinhibitorssuch as
phenylmethylsulfonyl fluoride were shown to potentiate
hyperthermic cel killing [Z13]. It is suggested that protease
inhibitors sengtize by inhibiting the proteases that are needed
to degrade denatured proteinsinduced by heat. In responseto
heat, cdls and tissue produce proteins of mainly 70 and 90
kilodaltons. These proteins are called heat-shock proteins,
although many other agents such as arsenite and ethanol also
induce them. Their appearance coincides with the develop-
ment of thermotolerance, an important effect that can in-
fluence the dope of the surviva curve by afactor of up to 10.
The development of thermotolerance and the production of
heat-shock proteins occur during hesting at temperatures up
to 42°C (CHO cells) but are delayed by several hours for hest
treatment with higher temperatures [H36].

29. skinisthe only tissue whose temperature might differ
consderably from the core temperature. Therefore, Zolzer &
al. [Z3] gudied the influence of radiation and/or hyper-
thermia on the proliferation of human meanoma cdls in
vitro. DNA synthesis and content were both determined with
two-parameter flow cytometry. In controls, most of the
S-phase cdIs showed incorporation of BrUdR. Thefraction of
quiescent S-phase cdlsincreased after irradiation (upto 8 Gy
from x rays) and/or hyperthermia(up to 6 hoursat 42°C or up
to 2 hours at 43°C). There was a clear dose dependence for
radiation and hyperthermia adone or in combination. In
general, the combined effect seemed to be additive.

30. Combination effectsof radiation and hyperthermiawere
found, however, in several other in vitro cdl systems.
Matsumoto et al. [M15] treated cultured human retina
pigment epithdid cdls by radiation, hyperthermia, or a
combination of the two. The effect on cdl proliferation was
evaluated by counting the cdl number and measuring the
uptake of bromodeoxyuridine. x-irradiation with a dose of
1 Gy or 3 Gy was not effectivein suppressing proliferation of
theretina pigment epithdia cdls. Similarly, hest treatment
at 42°C for 30 minutes did not suppress proliferation.
However, combining hyperthermia a 42°C for 30 minutes
with 3 Gy irradiation suppressed cdlular growth of theretinal
pigment epithelial cdlsto 36% of the control, as estimated by
cdl counting, and to 48% by the bromodeoxyuridine uptake
assay. The effect of radiation combined with heat on three
human progatic carcinoma cell lines was investigated by
Kaver @ d. [K6]. Cels were exposed to different radiation



228 ANNEX H: COMBINED EFFECTS OF RADIATION AND OTHER AGENTS

doses followed by heat treatment at 43°C for 1 hour. Hesat
treetment given 10 minutes after radiation significantly
reduced the survival rate of al the cdl lines studied. The
combined effect of radiation and heat produced grester
cytotoxicity than predicted from the additive effects of thetwo
individual trestment modalities alone. Impairment of DNA
repair with devated temperature is considered an important
mechanism [W36].

31. Growth, cdl praliferation, and morphologica altera-
tionsinvivo in mammary carcinomasof C57 miceexposedto
x raysand hyperthermiawere followed by George et al. [G6].
Radiation doses of 10, 20, or 30 Gy from x raysor heating to
43°C for 30 minutes preceded or not by exposure to 10 Gy
were studied. Tumour growth, cdl proliferation kinetics,
induction of micronuclei, and morphological changes in
necrosis and vascular dendty were smultaneoudy deter-
mined. These showed very complex adaptive responses.
Treatment with radiation and/or hyperthermia produced only
adday in tumour growth of between 1 and 3.8 days. How-
ever, theeffects of thetreatments became moreapparent when
the amounts of muscle and necrosis were deducted from the
originally measured tumour volume, Radiation-induced G,
block of the cdllswas observed 12 hours after radiation alone.
After combined trestment, however, the G, block was delayed
beyond 12 hours. Whereas the amount of necross was
markedly enhanced five days after treetment with 10 Gy plus
heet, aswel| asafter 30 Gy, no changesin thedensity of small
blood vessds could be observed during this period. These
results clearly demondrate that the apparent changes in
tumour volume after x rays and hyperthermia do not truly
reflect the response of the condtituent cdls and that there are
many other factors, for ingance cdl proliferation and
morphological alterations, that influencethe combined effects
of radiation and hyperthermia.

32. Heat shock before, during, or immediately after
exposure to ionizing radiation can increase cell killing in
asupra-additive manner [B70]. The heat-shock treatment
was shown to inactivate the Ku auto-antigen binding to

DNA, and thisbinding capacity of Ku was directly related
to the hyperthermic radiosensitizing effect. The Ku auto-
antigen is the regulatory subunit of the DNA-dependent
protein kinase and is directly involved in DNA double-
strand break repair and V(D)J recombination.

33. In generd, it can be said that because of the high
temperatures and exposures needed to produce enhanced cell
killing in poorly oxygenated tissue, combined effects from
hyperthermia and ionizing radiation are not relevant outsde
the redm of tumour therapy. Temperature in combination
with ionizing radiation can act synergistically on cell survival,
cdl proliferation, and cytogendtic damage. However,
temperatures higher than those found in the human body are
needed to cause these effects.

5. Ultrasound

34. Possibleeffectsfrom ultrasound exposuresaloneor in
combination with ionizing radiation are of some concern
because ultrasound is so widely used in diagnostic pro-
cedures. Above athreshold level, ultrasound by itsef may
inducecavitation, leading tomechanical damagetocellular
structures and to microlesions. Kuwabara et al. [K20]
studied the effects of ionizing radiation and ultrasound at
exposure levels typical for diagnostic purposes on the
induction of chromosomal aberrationsand sister chromatid
exchanges in peripheral lymphocytes. No datistically
significant increases in the frequencies of dicentric and
ring chromosomes or sister chromatid exchanges were
discovered after ultrasound exposure alone at the dia-
gnostic level (Table A.2). Nor could e evated frequencies
of these phenomena be found following exposure to
ultrasound before or after ionizing radiation, compared
with the frequencies found after the same dose of ionizing
radiation alone. However, simultaneous exposure to ultra-
sound and ionizing radiation seemed to induce a dight
enhancement of sister chromatid exchanges, although no
significant changes were noted in the yields of dicentric
and ring chromosomes.

Table A.2
Effects of combined exposures to ionizing radiation and ultrasound in peripheral human lymphocytes
[K20]
Exposure
Dicentrics and rings Sister chromatid exchanges
Radiation Ultrasound
None (contral) None (control) 6.64+0.40
3Gy None 0.61+0.08 7.92+0.54
40 min (immediately following) 6.31+0.53
80 min (immediately following) 7.00£0.47
30 min (smultaneous) 0.52+0.07 9.80+£0.91
4Gy None 1.12+0.11
30 min (smultaneous) 1.10+0.11 9.96+0.50

35. Continuous-wave ultrasound and neoplastic trans-
formation was assayed in vitro by Harrison and Balcer-
Kubiczek [H10] in C3H10TY% cells in suspension. An

initiation-promotion protocol for neoplastictransformation
induced by continuous-wave ultrasound was used. Cells
wereinsonated at 1.8 MHz for 40 minutes. Two ultrasonic
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intensitieswere used: 1.3 and 2.6 W cm™ spatial average.
The firgt intensity was found to be non-cytotoxic; the
second was above the threshold level for cavitation and
resulted in immediate lysis of 20% of the cells (cavitation-
induced cell killing), followed by the clonogenic survival
of 64% of the remaining cells. Ultrasound was delivered
alone or in combination with x rays (2 Gy, 240 kVp given
before ultrasound) and/or TPA (0.1 pug mi* after irradia-
tion). Under al treatment conditions, ultrasound had no
effect on transformation at the 95% confidence level. The
effects of high-energy shock waves, i.e. therapeutic levels
of ultrasound generated by a lithotripter in combination
with *¥'Cs gamma rays were shown to act additively or
dlightly supra-additively in col ony-forming assaysand cell -
cycle analysis [F29]. Both pellets of single cells and
multicellular spheroids of the bladder cancer cell lineRT4
gave similar results.

36. In concluson, it can be sad that the ultrasound
intensitiesused for diagnostic purposesandionizing radiation
did not interact to cause cytogenetic damage in treated cells.
However, sister chromatid exchanges were dightly increased
in one udy. In vitro transformation rates caused by ionizing
radiation were not changed by ultrasound.

6. Dust, asbestos, and other mineral fibres

37. Thecombination of radiation exposure and exposureto
dusts and fibres is quite common in important industrial
environments such as mining, metallurgical industries, and
power plants. Some dusts and fibres are pathogenic or
carcinogenic by themselves. Both experimenta results from
mammals and epidemiological evidence are available [B9,
B13, C22, K13, P1, P5]. In cases where the main biological
effect results from soluble toxicants that dissolve from the
surface of dugt particles to interact with biological structures,
theinteraction is basically between radiation and a chemical,
which is dedlt with in Section B of this Appendix.

38. Silicaisoften consdered to be aco-carcinogen through
theroute of dlicosis. Harlan and Costelo [H9] studied 9,912
metal miners (369 slicotics and 9,543 non-dlicotics) to
investigate the association between dlicosis and lung cancer
mortality. When lung cancer mortality in silicotics and non-
silicotics was compared, the age-adjusted rate ratio was 1.56
(95%Cl: 0.91-2.68). Further adjustment for smokingyie ded
arate ratio of 1.96 (95% Cl: 0.98-3.67), and the value for
employment in mineswith low level s of radon was 2.59 (95%
Cl: 1.44-4.68). The datitica power of the sudy was too
weak toquantify singlecontributionsand i nteractions between
metal, radon, silica, and smoking. For high dust loads and
concomitant exposures to gamma radiation and radon in
earlier times, thereisindication for an increased lung cancer
risk (sandardized mortality ratio = 2.5 with 20 years of
employment and hired before 1960) in the phosphateindustry
[B74].

39. Themolecular mode of action of mineral fibresis quite
digtinct from radiation and genotoxic chemicals interacting
directly with nuclear DNA. They arerdatively ineffective as

mutagens but quite powerful inducers of human meso-
thdiomas and bronchia cancers. Fibre dimensions, fibre
durahility, and surface characterigticsareimportant properties
affecting their carcinogenicity. In the case of asbestos, thereis
clear evidence for the induction of chromosomal aberrations
and aneuploidy [B13]. A possible mechanism of asbestos cdll
toxicity is phagocytosis and accumulation of the fibresin the
perinucear region of cdls. During mitosis, the fibres would
then interfere with chromosome segregation, and chromo-
soma abnormalities would result. In addition, mechanical
irritation and cell killing may lead to growth stimulation and
transcd lular epigenetic promoation. The production of active
oxygen species on fibre surfaces was proposed as a directly
acting genotoxic mechanism; however, the rdativdy long
diffusion length from the site of radical production outsidethe
nucleusto the target structures argues againg the importance
of this pathway.

40. Recent reviews of mortality and cancer morbidity in
asbestos worker cohorts with large cumulative exposures
showed an ERR for pleural mesothelioma of about 1 for
each fibre-year ml~* of air [A3]. For lung cancer, an ERR
from 0.0009 to 0.08 per fibre-year ml™* has been found
[N9], which, in absoluteterms, isconsiderably higher than
the mesothelioma risk. The ratio of the number of meso-
theliomas to the excess number of cases of lung cancer
ranges from 0.06 to 0.78.

41. Few epidemiological data exist describing potential
interactions between mineral fibres and radiation. In a
case-control analysis of deaths from lung cancer among
persons employed at the Portsmouth Naval Shipyard at
Kittery, Maine, in the United States, elevated odds ratios
for exposurestoionizing radiation, asbestos, and welding
by-productswerefoundin afirst crudeassessment. Further
analysis of data on radiation exposure, controlling for
exposures to asbestos and welding, found no evidence for
arisk related to radiation exposure. The low cumulative
radiation doses and the absence of data on cigarette
smoking and socioeconomic status precluded an assess-
ment of possibleinteractions among the threetoxic agents
[R1].

42. The synergigtic effects of the combined exposuresto
asbestos and smoking in the causation of human lung
cancer was one of the first examples of a supra-additive
interaction of importance for protection in the workplace
[S19]. In most studies, very high risk ratios were observed
in ashestos-exposed subjectswho were heavy smokers. The
interaction observed in most cases conforms more closely
toamultiplicativemodd than an additiveone. Brown et al.
[B7] were able to show in organ cultures derived from
Fischer F344 rats that the ability to metabolize
benzo(a)pyrene was significantly reduced after in vivo
exposure to crocidolite, thus suggesting possible
mechanismsleadingto adeparturefrom linearity. Work by
Fasske [F2] showed that after the combined instillation of
1 mg chrysotile and 0.5 mg benzo(a)pyrene, lung tumours
arose much earlier than after theinstillation of only one of
the carcinogens.
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43. Regarding animal experimentation, Bignon et al.
[B38] inoculated radon-exposed Sprague-Dawley rats
intrapleurally with asbestos fibres, glass fibres, or quartz.
In rats given mineral materials, bronchopulmonary car-
cinomas and mixed carcinomas were observed, as well as
typical mesotheliomas and combined pulmonary pleura
tumours, whereas in rats inhaling radon alone, only
bronchopulmonary carcinomas occurred. A clear co-
carcinogenic effect of the insult from the minerals was
established for malignant thoracic tumours. Significant
differences in survival time were found for exposures to
different types of dust, depending on the additional tumour
types induced. The same group also studied whether
similar co-carcinogenic effects would take place over
longer distances, i.e. from subcutaneousinjection of chry-
sotile fibres. Neither mesotheliomas nor evidence of co-
carcinogenic effectswerefound in the animal streated with
both radon and asbestos fibres [M19]. Three groups of
animalswere used: 109 rats that inhaled radon only (dose
= 1,600 working-level months [WLM]); 109 rats given a
subcutaneous injection in the sacrococcygeal region of
20 mg of chrysotile fibres after inhalation of radon
resulting in thesamedose; and 105 ratsinjected with fibres
only. Asalready stated, no mesotheliomas occurred in any
of thethree groups. Theincidence of lung cancer was55%
in the second group, 49% in the first, and 1% in the third
group. Statistical analysis using the Pike model showed
that the carcinogenic insult was dightly higher in the
second group than in the first group. Electron microscopy
analysis of fibre trandocation from the injection site
showed that lessthan 1% of injected fibres migrated to the
regional lymph nodes and only about 0.01% to the lungs.
After injection, the mean length of the fibres recovered in
lung parenchyma increased with time, suggesting that
short fibres are cleared by pulmonary macrophages,
whereas long fibres remain trapped in the alveolar walls.
Kushneva [K49] studied pathological processes in the
lungs of white rats exposed intratrachealy to 50 mg of
finely dispersed quartz dust and to 3 hoursof 310° Bqm™3
radon. Supra-additivity is clearly implied but only
described qualitatively.

44, To assess the possible co-carcinogenic effects of
mineral dust in radon-prone mines, five groups of 30
Sprague-Dawley rats received mineralstypically found in
metal mines (nemalite; bictite, present in many granites,
iron pyrite; chlorite) by intratracheal instillations one
month after the end of a 1,000 WLM radon exposure. No
or only slight co-carcinogenic effectswerefound [M62]. In
earlier work with the same experimental system to
investigate the effect of intrapleural injection of asbestos
fibres (chrysotile), glass fibres, and quartz on the yield of
radon-induced thoracic tumours, a clear promoting effect
was noted [B38].

45. Densdy ionizing alpha particles, similar to those
emitted by radon progeny, are highly effectivein inducing
transformations in cell cultures such as CH310TY% cdlls.
Theyidd of foci from combined al pha/ashestos exposure
isclearly greater than would be predicted from the sum of

the effects found with single-agent exposures. Figure A.l
shows a clearly supra-additive interaction with asbestos
fibres[H11].
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Figure A.l. In vitro transformation of C3H10T% cells

exposed to asbestos fibres and alpha particles alone
and in combination [H11].

46. In an experimental study, Donham et al. [D10]
studied possible combined effects of asbestosingestion and
localized x-irradiation of the colon in rats based on the
hypothesis that the mucous produced by goblet cells that
normally coats the normal bowel surface protects against
tissue penetration by ingested asbestos. X-ray treatment
results in localized damage to the colonic mucosa and
theoretically disruptsthenormal mucouscoating, allowing
increased tissue penetration by the fibres. To study this,
segments of the colons of laboratory rats were exposed to
x-irradiation. The animals were then divided into three
groups, which were fed a diet containing 10% chrysotile
ashestos, a diet containing 10% non-nutritive cellulose
fibre, or a standard laboratory diet. Autopsies and histo-
pathology were performed on al animals that died
spontaneously and those that were killed at 350 days.
Various types of inflammatory and degenerative lesions
were commonly seen, but there was little difference in
frequency between the diet groups. Five adenocarcinomas
and two sarcomas were seen in the fibre groups (three
tumours in the asbestos group and four tumours in the
cellulose group), but no tumours were seen in animals on
the standard diet. There was no significant difference in
tumour rates between the asbestos and cellulose groups,
nor was there a significant difference between the com-
bined fibre groups and the standard diet group. Ingested
asbestos did not increase the risk of tumour development
and does nat, therefore, seem to be co-carcinogenic or to
promote tumours by disrupting the mucous coating.

47. In summary, it can be stated that mineral dust and
fibressuch asasbestosgenerally act through non-genotoxic
mechanisms. Theseinclude mechanical irritation and cell
killing. However, chromosomal aberrations, especialy
aneuploidy, can beinduced by interfering with the spindle
apparatus of mitotic cels. At exposure levels found in
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workplacesuntil the early 1940s, therewasaclearly supra-
additive interaction between asbestos and tobacco smoke
exposurein the causation of lung cancers, with aconcomitant
shift in the cancer spectrum from mesotheliomas to broncho-
pulmonary carcinomas. A similar supra-additive interaction
and shift in the cancer spectrum was observed in animals
exposed to both asbestos and radon. The much lower occupa:
tional exposures experienced today considerably decrease the
risk for potential detrimental interactions between dust/fibres
and radiation. However, in view of the proven interaction
effects in humans, any stochagtic and/or genotoxic effects of
these agents merit further consideration.

7. Space flight

48. In space flight, which involves an extreme situation
of controlled exposures, a multitude of stressors act in
combination on astronauts, the most important being
microgravity. Its biological and medical role has been
extensively reviewed [M71]. Microgravity effects may
occur at all levels of biological organization, and in
principlecan alsolead to modifications of radiation action.
From an experimental point of view there are no clear-cut
results at the organ and tissue leve. With smple organiams,
a synergidtic action of microgravity and radiation has been
reported for teratogenic effects[B80]. Antipov et al. [A14]
analysed structural and functional changesin the central
nervous system of experimental animals exposed to the
isolated and combined effects of space flights. They
evaluated the significance of ionizing and non-ionizing
radiation, hyperoxia, hypoxia, acceleration, vibration, and
combined effects of some of these factors for anatomic and
physiological changesin the rat brain. Neuronal functions
were found to be sengitive to ionizing radiation and hypoxia,
but these synapses were shown to be highly resistant to
short-term hyperoxiaand el ectromagneticradiation [A13].
Along with radiation, the investigated stressors had
additive, synergistic, and antagonistic effectson the central
nervous system. However, as significant effects and devia-
tions from the sum of effects from exposure to isolated
stressors were always linked to high exposures and
exposure rates, they have little relevance for exposure
situations on the ground.

49. Inradiobiological experimentsin space, amore-than-
additive interaction between microgravity and radiation
was reported in several cases (reviewed in [H47]). Insect
embryosin particul ar appear to be susceptible. Conflicting
results were reported for celular systems. In human
lymphocytes that were exposed to *P-irradiation in space,
chromosomal aberrations were significantly increased
compared with ground controls [B18]. However, the
follow-up experiment by the same authors did not show
this interaction [B19]. More recently, experiments on the
interaction of space microgravity and DNA repair were
performed by Hornek et al. [H14]. Microgravity had no
measurable effect on strand rejoining of x-ray-induced
DNA strand breaks in Escherichia coli (120 Gy) and in
human fibroblasts (5 and 10 Gy) or on the induction of
SOS reponsein E. coli (300 Gy). In yeast no microgravity

related effects on the repair of DNA double-strand breaks
were found both for cellsirradiated previously on ground
[P31] or during flight usng a ®Ni beta source [P32].
Therefore, repair of radiation-induced DNA damageseems
not to bedisturbed by microgravity, and other mechanisms
must be involved in the reported interaction between
radiation and space gravity.

50. At similarly high exposures, Vasin and Semenova
[V3] showed synergistic effects for combined stress from
radiation and vibration or normobaric hyperoxia. A study
was made of the combined effect of normobaric hyperoxia
and vibration on the sensitivity of hybrid mice (CBA x
C57BI)F, and F,(CBWA) to gammaradiation. Both single
and protracted (for five days, daily) vibration before
irradiation aggravated acute radiation sickness. Hyperoxia
also enhanced the development of the intestinal form of
radiation sickness. The combined effect of the two addi-
tional factors aggravated the intestinal syndrome of acute
radiation sickness. These deterministic effects have no
direct implication for present-day controlled exposure
situations. Nevertheless, the changes of many parameters
that are normally stable in experimental work on earth
make well-designed studiesin space potentially important
in addressing the combined effects of physical agents.

B. RADIATION AND CHEMICAL
TOXICANTS

51. A multitudeof natural and man-madechemicalswith
cancer-initiating and -promoting potential are present in
the human environment and may interact with radiation.
Classification based on their mode of action is often
difficult, but at least a crude separation can be made into
substances that mainly act by damaging DNA directly
(genotoxic substances) and non-genotoxic substances
[C50]. Theformer groupincludeschemically activespecies
(activation-independent chemicals) or species dependent
on biotransformation and their active metabolites
(activation-dependent chemicals). The mode of action is
either direct, by forming covalent links with DNA, or
indirect, via radical attack of DNA. The latter group
compriseschemical sranging from nonspecificirritantsand
cytotoxins to natural hormones and growth factors and
their analoguesthat interact with the regul atory systems of
cells and organs. At this point, chemicals that protect
against i onizing radiation shoul d al so be mentioned. Many
endogenous and exogenous sul fhydryl-carrying molecules
as well as other radical-scavenging agents considerably
reduce the primary damage and hence the clinical effects
caused by radiation [M6, M7]. A wealth of experimental
data is available to describe the action of single chemical
agents, but the literature on interactions between these
substances and other agents is far more sketchy. It is
important to notethat recent effortsto quantify tissuedoses
of chemical toxicants and their metabolites showed the
decisive importance of interactions in activation and
deactivation/excretion processes. For example, an assess-
ment of the toxicity of benzene and its metabolites was
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shown to depend crucially on the presence of other
toxicants such as toluene, and this effect extended to
concentrations found in human exposures [M60].

1. Genotoxic chemicals

52. The large group of genotoxic chemicals may be
further subdivided on the basisof their need to be activated
by metabolism. Most chemicals require metabolic activa-
tion through thegeneration of highly reactiveel ectrophiles,
which form DNA adducts by binding covalently to nucleic
acids. The metabolism of any individual chemical can be
very complex, becausethe chemical can bethe substrate of
several metabolizing enzymes. Genotoxic chemicals can
also be subdivided based on whether the reactive com-
pound acts directly by covalent binding to DNA or
indirectly by the generation of free radicals. In the latter
case, effectssimilar to those of radiation can be envisaged.

(&) Activation-independent alkylating agents

53. Modern cancer therapy involves many combined
treatments using radiation and genotoxic drugs. Although
exposures are well known and strong interactions exist,
this human experience is of limited direct importance for
risk assessment at low doses, because with therapy, cell
killing is the main endpoint envisaged. Therefore this
subject is considered separately in Section D of this
Appendix. The occurrence of second primary tumoursin
healthy tissue adjacent to treated tumoursis of great direct
relevance.

54. Morishitaet a. [M32] examined the effects of x rays
on N-methyl-N-nitrosourea (MNU)-induced multi-organ
carcinogenesisin both sexes of ACI rats. Ratsweretreated
with MNU (25 or 50 mg kg'*) at 6 weeks of age and/or
with X rays (3 Gy) at 10 weeks of age. The incidence of
adenocarcinomasin the small and largeintestines of male
ratstreated with 50 mg kg™ MNU and x-irradiation (small
intestine, 48%; large intestine, 32%) was significantly
higher than the sum of the incidences resulting from
50 mg kg* MNU alone (small intestine, 17%; large
intestine, 8%) andwith radiation only (small intestine, 0%;
large intestine, 0%) and also higher than the frequency of
adenocarcinomas in the large intestine of males treated
with 25 mg kg* MNU alone (0%). Strongly synergistic
effectsin these high-exposure studieswererestricted to the
gastrointestinal system. When MNU or 1,2-dimethyl-
hydrazine (DMH) treatment was started two months after
x-irradiation, noinduction of gastric tumourswas observed
with MNU [W3], and only a low incidence was observed
with DMH [A7]. Surprisingly, an inverse reationship
between incidences of gastric tumours and intestinal
metaplasias was apparent. These findings again indicate
theimportance of the order and timing of the exposuresin
the induction of combined effects. It comes as a further
surprise that the presence of intestinal metaplasia, long
considered a basis for further malignant growth, does not
exert a positive influence on the induction of gastric
neoplasiaby MNU in therat.

55. Seidd [S22] studied the effects of radiation on
chemicallyinduced T-cell lymphomas(thymomas) in BDF,
mice. N-methyl-N-nitrosourea or butylnitrosourea (BNU)
were the main inducers, and x rays in various dose
schedules were applied. The radiation was seen to shorten
the latency period between induction and lymphoma
emergence in protocols of 12 exposures of 0.25 Gy. This
effect was most pronounced compared with chemically
induced non-irradiated controls with a prolonged median
induction time as a result of a dose reduction of the
chemical (median induction time 27-36 weeks instead of
16- 18 weeksunder optimal conditionsusing 50 mg kg of
MNU). Irradiation 2-5 weeks before administrating
40 mg kg* of MNU also enhanced |leukaemogenesis.
Again, mice with regenerating lymphohaemopoiesis after
lethal irradiation and bone marrow transplantation were
more sensitive to both chemicals than were the controls.
Combined effects from radiation and N-ethyl-N-
nitrosourea (ENU) on neural tumoursin Wistar rats were
reported by Hasgekar et al. [H6]. The animals received
2 Gy whole-body irradiation, followed immediately by
10 mg kg * of ENU on the day of birth. Of 33 rats given
ENU aone, 14 developed 22 tumours of the nervous
system, of which 15 (68%) were gliomasand 7 (32%) were
schwannomas. Of 34 rats given both irradiation and ENU,
12 were found to harbour 15 neural tumours, of which 14
(93%) weregliomasand 1 (7.1%) was aschwannoma. The
pretreatment with irradiation seems to have resulted in
selective suppression of schwannoma induction. Whether
this antagonistic relationship is a result of overkill or
whether it may be relevant for lower radiation doses
remains to be elucidated.

56. The combined effects of radiation and BNU on
murine T-cell leukaemogenesis was studied by Seidel and
Bischof [S20] in BDF, mice. The animalswere exposed to
BNU (0.02% in drinking water) for 12 weeks, and they
died of thymic lymphomas with median latency periods of
12-20 weeks. Groups of mice received weekly radiation
doses of 0.06-1.0 Gy in addition to BNU. Lower doses (12
x 0.25 Gy) enhanced leukaemogenesis, high doses (12 x
0.75 Gy) delayed it, and intermediate doses (12 x 0.50 Gy)
had no effect. Doses|ower than 12 x 0.25 Gy had marginal
enhancing effects. After a dose of 12 x 1.0 Gy, the mice
died earlier than after treatment with BNU aone, and as
with the dose of 12 x 0.75 Gy, some extrathymic lympho-
mas were observed. The numbers of CFU-S in the femur
and the spleen showed a dose-dependent depression, in
addition to the decrease from BNU alone. In lymphocyte
stimulation assays with Con A and LPS and also in the
mixed lymphocyte reaction, a reduced proliferation was
found, again dependent on the radiation dose. Thus, there
was an inverse correlation between leukaemogenesis and
the degree of stem-cell reduction or depression of these
immune parameters.

57. Stammberger et al. [S13] analysed the activity of
Of-alkylguanine-DNA alkyltransferase (AT) in the fetal
brain and liver and madelong-term observations of Wistar
rats that were treated in utero either with x-irradiation
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(1 or 2 Gy), with ENU (50 mg kg ™), or with both in com-
bination. They hoped to reveal any relationship between
the O°-alkylguaninerepair capability andtumour incidence
in the organs of the offspring. The AT activity inthebrain
was affected to the same extent in the fetuses as in the
dams. Therewas a 61% decreasein AT activity in fetuses
24 hours after ENU treatment. This correlated with a
significant increase in the incidence of brain tumours in
thetreated offspring (44%) compared with control animals.
Theinductiveeffectsof x-irradiation on AT activity (131%
for 1 Gy and 202% for 2 Gy) corresponded with a reduc-
tion in the incidence of tumours after the combined treat-
ment (27% and 8.3% tumour incidence, 103% and 158%
AT activity). Comparing biochemical and morphological
results suggests that this antagonistic effect may be the
result of the AT induction by x rays.

58. Yokoroetal.[Y®6] found that whole-body irradiation
facilitates chemically initiated T-cell lymphomagenesisin
mice. This was attributed to the amplification of the cell
population susceptible to a chemical carcinogen in the
target tissues, bone marrow, and thymus during the
recovery phase after irradiation. Split administration of
ENU showed different effects in the different phases of
carcinogenesis leading to T-cell lymphomas. Once more
the authors emphasi zed that after acell has been initiated
by agenotoxic agent, itsfateis determined by the presence
of promoters and inhibitors and that modifiers of target
cellsplay acrucial rolein the induction yield of tumours.
The possibility of synergistic effectsin carcinogenesis due
to changesin cdlular kinetics brought about by combined
treatment with radiation and ENU was studied by Seyama
et al. [S21]. Lymphomas in female C57BI/6N mice were
used asamodd sysem. A sngleintragastric administration
of 5 mg (about 200 mg kg™ body weight) of ENU was only
dightly lymphomagenic, inducing thymiclymphomasin 20%
of mice the incidence was eevated to 92% if the ENU
treatment was preceded (five days earlier) by 4 Gy from
whole-body x-irradiation, which alone is seldom lympho-
magenic. A high yield of lymphoma (84%-93%) was also
obtained when 5 mg (about 200 mg kg*) of ENU was
delivered in two split doses four days apart of 4 mg and
1 mg (160 and 40 mg kg™, indicating that celular
kinetics or clonal expansion, but not two agent-specific
different initiation eventsin the combined treatment, is at
the root of this apparent synergism. Drastic injury to both
thethymus and bone marrow caused by either 4 Gy whole-
body x-irradiation or thefirst dose of ENU (4 mg, or about
160 mg kg% was followed by a vigorous regeneration
within a few days. The maximum induction rate of
lymphomawas obtai ned when the subseguent dose of ENU
(1 mg, or 40 mg kg') was given at the peak of DNA
synthesis in the bone marrow and thymus following the
first treatment. The data indicate that the principal effect
of irradiation or the first dose of ENU was to provide a
susceptible cell population, and that a high yield of
lymphomas was brought about by the action of the
subsequent dose of ENU on alarger number of potentially
radiation-modifiedtarget cellsengagedin heightened DNA
synthesis.

59. A dear antagonigtic effect of ENU and x-irradiation was
observed by Knowles [K14, K15] for neurogenic tumoursin
neonatal rats. After neonatal injection of ratswith 10 mg kg
of ENU, whole-body x-irradiation with 1.25 Gy caused a
reduction in induced neurogenic tumours, which was grestest
when radiation was given 1 day after ENU and progressively
decreased with irradiation a 5 and 30 days. Although x-
irradiation did not affect the range of histological appear-
ances in the tumours, malignant schwannomas, particularly
those of the trigeminal nerve, were significantly reduced by
1.25 Gy given after ENU (10 mg kg %). The mean latency for
clinical sgns of tumour appearance was not affected by
radiation. Ancther important finding in this study also points
to the importance of the sze of sem cdl pools in
interactions: a significant reduction in the high spontaneous
incidence of squamous-cdll carcinomas of the mouth in the
inbred strain used after 1.25 Gy from x-irradiation. The
reduction was greater after irradiation at 5 days of agethan at
30 days. A large study on the incidence rates of neural,
pituitary, and mammary tumours in Sprague-Dawley rats
treated with x-irradiation and ENU during theearly post-natal
period was undertaken by Mandybur et d. [M2]. These late
effects of early post-natal trestment with ENU, preceded by x-
irradiation to the head, were sudied in 226 neonatal CD rats.
Theanimaswere divided into six groups, each receiving one
of the following treatments. x-irradiation with 5 Gy to the
head on thethird post-natal day; ip injection with 30 mg kg
ENU on the fourth pod-nata day; ip injection with 30
mg kg * ENU on the seventh post-natal day; acombination of
x-irradiation with 5 Gy tothehead on thethird post-natal day,
followed by ip 30 mg kg™t ENU on the fourth post-natal day;
acombination of x-irradiation of 5 Gy to the head on thethird
post-natal day, followed by ip 30 mg kg *ENU on the seventh
post-natal day; and untrested controls. The results indicated
that (a) x-irradiation to the head alone significantly extended
the lifespan of females compared with that of control femaes
and did not affect the survival of males; (b) x-irradiation did
not influencethelatency period or mortality from neurogenic
tumours when ENU was given 1 or 3 days afterwards; (C)
ENU itsdf was a factor in shortening latency periods for
mammary tumours, (d) x-irradiation alone did not increase
theincidence of mammary tumoursand reveal ed noprotective
effect on the ENU-induced mammary carcinogenes's; (€) x-
irradiation increased theprevalencedf pituitary tumoursinthe
femal es; (f) no enhancement of pituitary tumoursby ENU was
observed; and (g) there was a datigtically dgnificant
asociation of pituitary and mammary tumours in females.
Again, these widdy divergent findings speak againgt the
possibility of smple concepts for the interaction of different
genatoxic agents.

60. Post-natal development and cancer patternsin NMRI
miceafter combined treatment with ENU and x-irradiation
on different days of the fetal period were studied by Wig-
genhauser and Schmahl [W10]. When micewereirradiated
to1 Gy on day 14, 15, or 16 of gestation, thisdid not result
in an increased tumour frequency in the offspring until 12
months. Micetreated with ENU (45 mg kg %) on day 15 of
gestation developed a significantly increased tumour
frequency in the lungs and liver and in the ovaries. After
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combined treatment in the sequence x rays plus ENU with
an interval of 4 hours, a significantly increased incidence
of animals with tumours was observed in the offspring
treated on gestation day 14 or 16. Moreover, the treatment
on day 16 exhibited the highest tumour frequency per
examined animal (5.7) of all treatment groups. Although
the result was due to a relatively uniform increase of all
tumour types, the frequency of liver tumours was most
marked. In the reverse sequence (ENU plus x rays), the
total tumour outcome was not significantly altered com-
pared with the effects of ENU alone. However, detailed
analysis also showed a significant augmentation of the
liver tumour frequency with treatment on day 15.

(b) Metabolism-dependent alkylating agents

61. Maisinet al. [M8] studied the effects of x raysalone
or combined with the initiator diethylnitrosamine (DEN)
on liver cancer induction in infant C57BI/Cnb mice. The
number of induced liver foci and carcinomas was found to
depend essentially on the dose of DEN. X rays did not
produce any combined effect on the induction of foci or
carcinomas when given seven days before or after admini-
dtration of DEN [M34]. Using the same system for
exposures to DEN and neutrons (average energy =
3.1 MeV), it was shown that even high-LET irradiation
(0.125-0.5 Gy) initiated only small numbers of nodular
lesions, whereas DEN alone increased liver nodules
significantly and proportional to dose (0.3-2.5 pg). A
supra-additiveinteraction between thetwoinitiating agents
was found mainly in theincreased rate of foci appearance
after 1.25 pg of DEN and 0.125 Gy of neutrons, both given
seven days before or after DEN exposure[M33]. Peraino et
al. [P26] studied three altered hepatocyte foci (elevated
gamma-glutamyl transpeptidase [GG+] and/or iron-
exclusion [Fe-]) in Sprague-Dawley rats exposed to DEN
(0.15 umol g %) and/or gamma rays (0.75, 1.5, and 3 Gy)
shortly after birth. The exposure was followed by a pheno-
barbital (0.05%) diet to promote focus expression. Radiation
alone was a weak hepatocarcinogen. A strong synergism
was seen at the lower radiation doses for the induction of
[GG+] foci but not for other focus phenotypes. A
qualitatively different type of genetic damage for DEN
(point mutations) and for radiation (rearrangements) is
postulated from the result. Large sex differences in the
yield of DEN-induced [GG+/Fe-] foci by afactor of upto
10 are additiona indicators of the complexity of this
system.

62. The potentia for pulmonary carcinogenic interactions
between Z°Pu0, and the tobacco-specific nitrosamine 4-(N-
methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a
genotoxic lung carcinogen, was studied in 740 male rats
[L17]. Theanimalsreceived 2°PuQ, by inhalation to result in
lung burdens of 0 or 470 Bg. The NNK was administered by
multipleipinjection at dosesof 0, 0.3, 1.0, or 50mgkg . The
highest dose of NNK markedly reduced the median lifespan
of therats, whereasin the other treatment groupssurvival was
minimally reduced in comparison with the contrals. Results
on carcinogenicity are not yet available from this study.

63. An apparent synergism between low-LET ionizing
radiation and the carcinogen 1,2-dimethyl hydrazine (DMH)
in the induction of colonic tumours in rats has been
described by Sharp and Crouse [S27]. They evaluated the
interaction of radiation (9 Gy to the abdomen only) and
DMH (150 mg kg™) with respect to colon carcinogenesis
in male Fischer 344 rats. Radiation was administered 3.5
days beforethe DMH. At eight months post-treatment, the
incidence of DMH-induced colon tumourswas doubled by
prior radiation exposure. When the protocol of radiation
plus DMH was repeated three times at monthly intervals,
a 15-fald increase in tumour incidence (from 5% to 74%)
was observed at six months post-treatment. This finding
demonstrated an apparent synergy between radiation and
the chemical carcinogen. Throughout the study, the
appearance of carcinomaswasassoci ated with pre-existing
colonic lymphoid nodules. The reproducibility of tumour
induction as well as the range of tumour incidence gene-
rated by treatment variationsin this system appeared to be
sensitive enough to allow the examination of combined
effects of much lower doses of radiation and/or chemical
carcinogens. The modd could be used to evaluate the
relationship between existing lymphoid aggregates, which
alter local epithelial cell kinetics and are associated with
fenestrations in the basement membrane. The quantifi-
cation of the development of colon cancer in congruent
sites may assist in defining dose-response curves for com-
bined agents and may also provide a system for evaluating
themechanismsunderlying their interactions. When DMH
treatment was started two months after x-irradiation, only
adlight increasein gastric tumour incidence was recorded
[A7]. These tumours occurred on top of a background of
radiation-induced gastrointestinal metaplasia.

64. Ehling and Neuhduser-Klaus [E7] studied the
induction of specific-locus and dominant-lethal mutations
by combined cyclophosphamide (see al so Section D.1.afor
usesin combined modalitiesin tumour therapy) and radia-
tion treatment in male mice. Unlike radiation, thiswidely
used antineoplastic agent, used alone, induced recessive
mutations in spermatozoa and spermatids but not in
spermatocytes and spermatogonia. Pretreatment (with
60 mg kg 1) 24 hours before radiation, however, enhanced
thefregquency of specific-locusmutati onsin spermatogonia.
The mutational spectrum among seven loci remained the
same as in animals treated only with radiation. The
synergistic interaction was mechanistically explained by
theinterference of cyclophosphamide, astronginhibitor of
DNA and RNA synthesis, with repair of radiation-induced
damage.

65. The effect of radiation on chemical hepatocarcino-
genesishasal so been examinedin male ACI/N rats[M26].
The number of neoplastic nodules or hepatocel lular carci-
nomasin ratsgiven N 2-fluorenylacetamide (FAA) (0.02%
in diet for 16 weeks) followed by x-irradiation (3 Gy) was
significantly greater than in rats given FAA aone (p <
0.001). In addition, theincidenceof hepatocel |ular carcino-
mas in rats given the combined treatment was also higher
than in rats given FAA alone (p < 0.003). Noliver lesions
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were found in animals receiving only an x-ray dose of
3 Gy. The authors suggested that these highly supra-
additive results indicate that ionizing radiation acts as a
promoter in this model.

66. An inhibition of urethane(ethyl carbamate)-induced
pulmonary adenomasbyinhaled 2°Puin random-bredmale
A2G micewasreported as far back as 1973 by Brightwell
and Heppleston [B66, B67]. This early study of combined
exposure to apha radiation and a genotoxic chemical
comprised four groups, each of 32 animals, receiving
plutonium inhalation followed by urethane (PU), pluton-
ium followed by saline (PS), mock inhalation followed by
urethane (MU), and mock inhalation followed by saline
(MS). Exposures consisted of initial lung burdens of
925 Bqg Z°Pu and ip urethane injections of 1 mg g * body
weight two weeks later. Eight weeks after the injections,
PS-treated animals showed no increase in pulmonary
tumoursover control animals(MS), whereaspractically al
animalsin the PU and MU groups had multiple tumours.
The number of tumours per animal 8, 16, and 24 weeks
after urethanetreatment wasclearly lower inthe PU group,
which had 4.2, 11.4, and 13 as compared with 8, 24.4, and
38 in the MU group. An earlier hypothesis, that this
finding is the result of alpha irradiation counteracting
immuno-suppression by urethane, is rgected on the basis
of ultrastructural evidence. Severemorphological changes
in mouse type-ll cdls in the vicinity of alpha particles
indicate that functional impairment of theinitiated cellsis
the main cause of the effect. The authors said, however,
that this apparent antagonism needs to be viewed with
caution; it remains to be determined, they concluded, if
much smaller local plutonium doses would augment
urethane tumorigenesis.

67. The transgenerational combined effects of x rays
(2.2 Gy) and urethane were studied by Nomura[N23, N24]
in threedifferent micestrains(ICR, LZ, and N5). Urethane
treatment of F, offspring of either irradiated malesor females
yielded an 18% incidence of tumour nodule clusters in the
lung compared with only 2.8% in offspring of non-irradiated
controls. Tumour clugterswere defined as having 12 or more
nodules. The transgenerationa effect of radiation aone
resulted in lung tumours (at least onetumour nodul€) in 7.5%
of the animals, whereas the value in unexposad controls was
4.7%.

68. Theinteraction of ggmmarayswith urethanein lung
tumorigenesisin micein relation totheimmune status has
been studied by Kobayashi et al. [K41]. Maleathymicnude
mice (nu/nu) and their female heterozygous litter mates
(nu/+) were treated with 1- 4 Gy of *¥Cs gammarays and
0.5mg g *of urethane. Gamma-ray exposure alone caused
relatively few lung tumours (in up to 10% of animals);
urethane alone caused tumours in 70%-80%. The combined
effect was supra-additive. There was a tendency towards
higher yidds in nu/+ mice suggesting that impaired
immunaosurveillance from T-cell deficiency does not increase
lungtumorigenesisinthissystem. Sincerelatively radiation-
resistant macrophages and natural killer cells had higher

activities in nu/nu mice, the authors concluded that the
influenceof immunological status on tumorigenesisremained
unresolved.

69. A strong synergism was found by Hoshino and
Tanooka [H39] for skin tumours in beta-irradiated ICR
mice painted later with 4-nitroquinoline 1-oxide (4NQO);
27 Gy of ®Sr/®Y radiation or 20 applications of 5 mg ml~*
4ANQO in benzene to the skin aone did not produce any
skin tumoursin groups of 50 mice. Radiation followed by
4ANQO painting with an interval of 11-408 days between
the two treatments resulted in an incidence of malignant
skin tumours (squamous-cell carcinomas and papillomas)
of up to 17%. There was no significant decrease of the
synergistic effect with increasing interval, the greatest
effect being seen with an interval of 234 days.

70. A notablefinding indicating the considerabl e uncer-
tainties and misinterpreting the results of experimental
animal studies was described by Little et al. [L55], who
studied the potential synergistic interactions between °Po
(185 Bq, resulting in alifetime lung dose of about 3 Gy)
and benzo[a]pyrene (0.3 mg) in the induction of lung
cancer in Syrian golden hamsters. It was shown that simul -
taneous administration by intratracheal instillation led to
additive effects. A significant apparent synergism was
found when benzo(a)pyrene was given 4 months after the
29po, Mogt of this effect could be ascribed, however, to a
potentiating effect of the seemingly innocuous 0.9% NaCl
instillation solution alone.

71. The effects of repeated low exposures at high dose
ratessuch asused in somediagnostic radiol ogic procedures
at thetime of the study were published by Lurie and Cutler
in 1979 [L56]. The induction of lingual tumours by 7,12-
dimethylbenz[a]anthracene (DMBA) and radiation to the
head and neck was studied in Syrian golden hamsters.
Treatment schedules were topical application of 0.5%
DMBA in acetone on thelateral middlethird of thetongue
three times a week for 15 consecutive weeks, about 200
MGy radiation exposures (x rayswith 100 kV peak) of the
head and neck once a week for 15 consecutive weeks, or
concurrent radiation and DMBA treatments for 15 con-
secutive weeks. Histopathology was performed 35 weeks
after thestart of thetreatment. Animalsreceiving radiation
alone had no detectable changes. The combined treatment
led to an excess of lingual papillomas compared with
animalsreceiving only DMBA (35% versus 15%). In addi-
tion, an excess of non-lingual oral tumours (lip, gingiva,
and floor of the mouth) wasfound in theanimalsreceiving
the combined treatment compared with the DM BA -treated
animals. Whether this radiation enhancement of DMBA-
induced tumorigenesis has implications for the lower
combined exposures found for cigarette-smoke-derived
carcinogens in the bucal cavity of humans and denta
X rays, remains to be elucidated.

72. Studies on chromosome aberrations from the com-
bined effect of gamma rays and the mutagen thiotepa on
unstimulated human leukocytes showed no significant
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differencefrom the sum of their separately induced effects.
The sequence of treatment and the interval between them
(upto4 hours) did not affect the frequency of chromosome
aberrations [B21].

73. Leenhoutset a. [L13] investigated the combined effect
of 1,2-dibromoethane (DBE) and x rays on the induction of
somatic mutations in the samen hair cells of tradescantia
KU 9. At low radiation doses, a synergistic interaction was
found between thetwo agentsfor both DBE exposurefollowed
by acute x rays and chronic smultaneous exposures. The
synergism was considered to result from an interaction of
single-strand lesions in the DNA. It was concluded that this
type of interaction would not betoo important for radiological
protection. However, it could be of significancein evaluating
the effects of chemicals at low exposure rates.

(c) Free-radical-generating chemicals

74. Superoxide (O,) generating agents such as the
dipyridilium compound paraquat might also interact
directly with the fixation or repair of radiation-induced
damage. Geard et a. [G5] investigated the combined
effectsof paragquat and radiation on mouse C3H10TY2cdlls.
Effects on oncogenic transformation, chromosome altera-
tion, cytokinetics, or cdlular survival were the endpoints
measured. Paraguat alone is a cytotoxic agent and is also
a weak radiosensitizer. Treatment with 0.1 mM for 24
hours resultsin about 30% cell survival and enhances the
cell-killing effects of *'Cs gammarays by afactor of about
1.2. The drug appears to function lethally by initiating
interphase cell death and also by dowing cell cycling. In
combination with radiation (3 Gy), paraguat acted either
additively (sister chromatid exchanges) or with a greater-
than-additive effect (cell survival and oncogenic trans-
formation).

75. Delucaet al. [D6] studied the induction of reciprocal
trand ocations in mouse germ cdls (BALB/C) by bleomycin
alone or combined with radiation (see also Section D.3 for
bleomycin used in combined modalities in tumour therapy).
Thedose-responserdationshipsafter treatmentswith dosesof
20, 40, and 60 mg kg * of bleomycin aswell asthe combined
effect of bleomycin and gammarayswerestudied. A positive,
significant correation between the dose of bleomycin and the
frequency of trand ocations was found. Both potentiation and
additivity were found when the yidds of trandocations
induced after combined trestments, separated by alapse of 24
hours, were compared with the sum of trandocation
frequenciesinduced after thecorresponding singletreatments.
Potentiation occurred in the treatments with 1 Gy plus 9 Gy
and 60 mg kg* of bleomycin plus 9 Gy, while additivity
occurred in the treatmentswith 60 mg kg * of bleomycin plus
1 Gy and 1 Gy plus 60 mg kg* of bleomycin. In mice
irradiated with 1 Gy plus 9 Gy and mice treated with 60
mg kg * of bleomycin plus 9 Gy, similar trandocation yields
werefound. The potentiating effect of bleomycinwasfound to
besmilar tothat obtained with non-radiomimetic compounds
such as triethylenemdamine, cyclophosphamide, and adria-
mycin. The high dosesinvolved and the erratic changesfrom

synergidtic to additive relationships preclude extending in-
ferences from these experiments beyond cancer therapy to
occupational or non-occupational settings.

76. Insummary, there are many examples of strong devia-
tions from hetero- and isoadditivity in the interactions
between genotoxic chemicals and ionizing radiation (Table
A.1). Owingtogenerally high exposuresto both agentsunder
study, deterministic effects were shown or suspected to be the
cause of strong deviations from additivity in many studies.
Thus, the several cases of synergism found seem to be mostly
the result of modifications of the biokinetics and the meta-
bolism of the chemica rather than of agent-specific geno-
toxicity at different stages of the pathological processes.
Similar condderations hold for antagonigtic effects, where
depletion of stem cdls and inhibition of cdlular growth may
be a factor in the high dose range. Additional risks, beyond
theleve predicted fromisoaddition, from the combined effects
of ionizing radiation and genotoxic chemicals at low ex-
posures levels are, accordingly, not specifically demonstrated
by the many epidemiologicadl and experimental Sudies
reviewed in this Section.

2. Non-genotoxic chemicals

77. Many chemicalsin the human environment or their
metabolites do not specifically attack DNA but influence
cell proliferation and cell differentiation on an epigenetic
level. Specific mitogens may interfere with regulatory
mechanisms and cell-cell signaling, but many substances
with a high chemical reactivity act as unspecific irritants
or toxi cantsviamembranesor proteins. Toxin-induced cell
death will induce proliferation in neighbouring cells,
which may enhance the progression of premalignant cdlls.
Substances acting in a non-specific manner, for example
lipophilic solvents, quite often show highly non-linear
dose-response relationships with apparent thresholds.
Other agents may interfere with the critical celular
processes involved in repairing damage to celular
congtituents such as DNA. The assessment of possible
synergistic effects at the exposure levels relevant to this
Annexisvery difficult, because of the high exposures used
in experimental systemsand the apparent threshold levels.

78. Thetumour promoter 12-O-tetradecanoyl phorbol-13-
acetate (TPA) has the potential to enhance the yield of
radiation-induced tumours. Thishasbeen well documented
in vitro and in animal systems. The combined effects of
paternal x-irradiation and TPA on skin tumours in two
generations of descendants of male mice was studied by
Vorobtsovaet al. [V5]. Progeny of outbred SHR malemice
non-irradiated or exposed to asingledose of whol e-body x-
irradiation (4.2 Gy) were skin-painted twice aweek for 24
consecutive weeks from the age of four months onwards
with acetone or with TPA in acetone (6.15 pg mli™4). The
incidence and number of skin papillomas were monitored
between week 2 and week 20 after the last application of
the promoter (TPA). Exposure to acetone was never
followed by skin tumour development in the progeny of
either irradiated or non-irradiated males. Two weeks after
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TPA treatment, the incidence of skin tumours in the
progeny of non-irradiated micewas21% in malesand 37%
in females, and 20 weeks later it was 12% in males and
15% in females. The skin tumour incidencein the progeny
of the irradiated male mice 2 and 20 weeks after the last
painting was clearly elevated: 75% and 68% in males and
50% and 43% in females, respectively. Some of the F;
offspring of irradiated male mice were mated before the
start of TPA treatment, and F, progeny were exposed to
acetone or TPA as F,. The incidence of skin papilloma 2
weeks after the last TPA painting was 58% in males and
40% in females, whereas at 20 weeks after the last
exposure to the promoter it was 53% and 36%,
respectively. In the progeny of irradiated male mice there
were more animals with multiple (>4) skin papillomas
than in the progeny of non-irradiated mice. Theincidence
of other than skin tumours in offspring was also clearly
increased in TPA-treated progeny from irradiated male
mice. The authors suggested that irradiation of males
before mating increases the susceptibility of progeny in at
least two generations to promoters of carcinogenesis as a
result of persisting genomicinstability. On the other hand,
Brandner et al. [B30] found no influence of ip-admini-
stered TPA on the incidence of radiation lymphomas in
C57BI/6 mice. Femae C57BI/6 mice, given four x-
irradiationseach with 1.7 Gy, devel oped | ethal lymphomas
in more than 90% of animals 270 days after irradiation.
Intraperitoneal application of TPA, 30 ng g * twiceweekly
for 240 days, had no influence on survival of the animals
or onincidenceof themalignant lymphomas. However, the
incidencein radiation-only treated animalswas aready so
high that thistest was highly insensitive to the promoting
effects of TPA.

79. Jdffeet al. [J2] studied the effect of proliferation and
promotion time on radiation-initiated tumour incidencein
Sencar mice. In thissystem, a single subcarcinogenic dose
of ionizing radiation followed by 60 weeks of TPA
treatment led to the formation of squamous-cell carcino-
mas. Even TPA pretreatment beforeirradiation seemed to
result in an overall increase in total tumour incidence,
including both epidermal and non-epidermal tumours[J1].
Based on thesefindings, the effect of the proliferative state
of the skin before irradiation and the promotion duration
after irradiation on tumour incidence was further investi-
gated in CD-1 mice. To examine the influence of the pro-
liferative state of the skin, a 17 nmol TPA solution was
applied to one half of the mice 24 hours before irradiation.
The skin wasirradiated using 4 MeV x rays at a dose rate
of 0.31 Gy min™*. Animalsreceived asingle dose of x rays
of 0.50r 11.3 Gy, followed by twice weekly applications of
TPA (8 nmal). The animalswere then promoted for either
10 or 60 weeks. All animals promoted with TPA for the
same duration had a similar incidence of papillomas
regardlessof radiation or TPA pretreatment. Increasingthe
promotion duration did not significantly alter theincidence
of squamous-cell carcinomas at either initiation dose. At
thelower initiation dose, only animalsthat were promoted
for 60 weeks developed squamous-cell carcinomas. TPA
pretreatment at the higher doseresulted in adight decrease

in tumour incidence; however, this was not statistically
significant. The incidence of basal-cell carcinomas was
radiation-dose-dependent and appeared to be independent
of TPA promotion. Again, as in many other cases, no
common pattern emerged for the different tumour types.

80. Theinteraction betweenionizing radiationand TPA has
been studied using a three stlage modd of initiation, promo-
tion, and progression. lonizing radiation iswdl established as
an initiator, whereas its potential for promotion and pro-
gressionislesswel known. Therefore, Jaffeand Bowden [J1]
performed a three-stage experiment using ionizing radiation
in the third stage of mouse skin carcinogenesis. CD-1 mice
were initiated with N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG), followed by biweekly promotion with TPA. After
20 weeks of promoation, the animals were treated with ether
acetone, TPA (twice aweek for two weeks), or eight fractions
of 1 MeV dectrons (1 Gy per fraction over a period of 10
days). Theconvers on of papillomasto squamous-cdl | carcino-
mas was 80% for animals treated with ionizing radiation
compared with 25% for tumour-bearing animals trested with
TPA. lonizing radiation increased the number of cumulative
carcinomas per group. The absence of an increase in the
number of cumulative papillomas per group due to late
exposure to ionizing radiation suggests that the dose and
fractionation protocol used in this study enhanced the
progression of pre-existing papillomas.

81. The tumour-initiating and -promoting effects of
ionizing radiation in mouse skin was also studied with
TPA by Ootsuyama and Tanooka [O2]. Neither single
24 Gy *Sr/®Y beta irradiation followed by repetitive
treatment with TPA nor single pretreatment with 7,12-
dimethylbenz-(alpha)-anthracene (DMBA), followed by
repetitive 4.7 Gy betairradiation, produced tumours above
thelevel of significancewithin aperiod of 210 days, while
apositivecontrol, DMBA + TPA, yielded ahigh incidence
of papillomain a shorter period. In this syssem, DMBA
seemed to exert an action antagonistic to beta particlesin
the induction of malignant tumours. It was concluded that
the tumour-enhancing activity of repetitive radiation is
qualitatively different from the promoting activity of TPA.

82. Nomura & a. [N6] were able to show that in utero
irradiation at early stages of embryogenesis, which was not
visibly carcinogenic by itsdf in atester strain of mice (PT x
HT F,), followed by post-natal application of TPA, led to a
high incidence of skin tumours. Radiation doses in this
system were 0.3 and 1.0 Gy of 180 kVp X rays, respectively,
at about 10.5 days after fertilization. Two doserates, 0.54 and
0.0043 Gy min™*, were used. Theincidence of both embryonic
mutations, determined as spots of different coat color, and
tumours increesed with in utero doses. Low-doserate
irradiation led to a large (about 80%) reduction in tumour
incidence.

83. TPA aso causes enhanced transformation of
irradiated mouse 10TV cells (Figure A.11). For theloss-of-
contact inhibition, two genetic steps and modulation by
epigenetically acting substances were proposed by Little
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Figure A.ll. In vitro transformation of C3H10TYz cells
exposed to x rays (50 kV) with and without post-
irradiation incubation in TPA (0.1 ug ml™) [H3].

[L24]. TPA promotes following exposure to x rays or to
fission-spectrum neutrons without any effect on cell
survival [H3]. However, treatment of unirradiated cells
with 0.1 ug ml™* of TPA resulted in a small increase in
transformation frequency above background (i.e. from
1.110°t0 1.0 10%). Thus, besides being a promoter, TPA
seems to be also aweak initiator. The enhancement factor
of TPA for radiation-induced transformation was greater
after low doses than high doses of either radiation. In
addition, TPA caused the RBE of neutrons as compared to
X rays to increase with increasing dose. For x-ray doses
from zero to approximately 1.2 Gy, TPA raised trans-
formationsto frequenciesapproximately equal tothosedue
to neutrons alone. Analysis of TPA enhancement in the
context of the combined effect of twoinducing agents, TPA
plusradiation, indicatesthat with either x raysor neutrons,
TPA actssynergistically. Themain mechanism of action of
TPA is suggested by the finding that the dependence of
transformation frequency on the density of viable cdlsis
also altered by the tumour promoter. In contrast to the
congtant frequency of transformants per surviving (or
viable) cdl, which was observed after afixed dose of x rays
or neutrons for arange of cell inocula, theincreasein the
frequency of transformation caused by TPA and radiation
was dependent on cdll inocula. The frequency of transfor-
mation from combined treatment decreased withincreasing
size of the inoculum, from approximately 20 to 6,000
viable cells per 90-mm Petri dish, aresult that the authors
interpreted as an interference with cell-to-cell communi-
cation by TPA plus the fading of initiation events caused
by radiation.

84. DNA baseanal oguesare ancther group of substances
with the potential to modify the effects of radiation and
other genotoxic agents (seeal so Section D.2). 5-Bromo-2'-
deoxyuridine (BrUdR) is an analogue for thymidine and
widely used in tumour diagnosis, cytogenetics, and flow
cytometry. Important exampl es of epigenetic and (indirect)
genetic effects are the inhibition of differentiation in
cultured myoblasts and photosengitivity of patients,

respectively. Anisimov and Osipova [A15] investigated
carcinogenesisinduced by combined neonatal exposureto
BrUdR and subsequent whole-body x-irradiation of rats.
Outbred LIO ratsat 1, 3, 7, and 21 days of post-natal life
were exposed to subcutaneous injections of 3.2 mg of
BrUdR per animal and/or at the age of 3 monthsto single
whole-body x-irradiation at a dose of 1.5 Gy. In males,
treatment with BrUdR alone decreased the latency of all
tumoursand increased theincidence of malignant tumours
and thenumber of tumours per rat compared with controls.
Combined exposure to BrUdR and x-irradiation increased
total and malignant tumour yield and multiplicity over that
in all other groups. More testicular Leydigomas, tumours
of prostata, kidney, and adrena cortex, and leukaemia
were seen in male rats exposed to BrUdR plus x rays,
compared with male rats treated with BrUdR or x-
irradiation aone. In female rats, treatment with BrUdR
alonedecreased thelatency for thetotal number of tumours
and increased their incidence and number per rat, in
comparison with controls. Combined exposure of females
to BrUdR and x rays did not increase total tumour
incidence in comparison with females that had only been
irradiated; however, it shortened tumour latency. The
incidence and multiplicity of malignant tumours and
incidences of pituitary adenomas, mammary adenocarci-
nomas, and uterine polyps were significantly increased,
whereas the latency of kidney tumours was decreased in
females exposed to BrUdR plus x rays, compared with all
other groups. The data from this experimental model
provide, together with other studies, evidence that pertur-
bation of DNA induced by the nucleosi de anal ogue BrUdR
contributes substantially to the spontaneous devel opment
of tumours and enhances the sensitivity of target cells to
carcinogenesis induced by x-irradiation as well as by
chemicals or hormones.

85. Information on the effects of the interaction of thorium
and phenobarbital, an anticonvulsve drug inducing liver
detoxification functionsand showing promating activity, may
be availablefrom earlier epileptic patients. Thorium exposure
(thorotrast) resulting from angiographi ¢ procedurescorre ated
with the use of anticonvulsive drugs. Olsen et al. [O15, O16]
found consderably increasad risks for liver cancer, but since
thorotrast exposure was consdered a confounder in both
gudies, no definitive quantitative information on combined
effects from thorium and phenobarbital was given.

86. The potentialy important interaction of phenobarbital,
awiddy used anticonvulsant and sedative, with x-irradiation
was sudied by Kitagawa et al. [K18]. Male newborn Wigtar-
Msrats received whole-body x-irradiation of 0.5, 1, and 4 Gy
at 8 or 22 days. After weaning they werefed either abasal diet
or adiet containing 0.05% phenobarbital. Thex raysinduced
numerous adenas ne-triphosphatase-deficient id ands appear-
ing in the liver by week 22 of age. However, no hepatic
tumours were observed by 22 months after radiation, evenin
phenobarbital-trested animals.

87. Supra-additivity was also found for a combination of
fast-neutron irradiation and subcutaneoudy applied carbon
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tetrachloride in male and female C57BI6 mice. The
animalsreceived asinglewhole-body doseof 1.7 or 3.3 Gy
from fast neutrons, followed nine weeks later by a single
subcutaneous injection of carbon tetrachloride. Carbon
tetrachloride markedly increased the incidence of radia-
tion-induced liver carcinomas, whereaschloroform, which
was also tested in this system, did not influence the
incidence of radiation-induced tumours [B16].

88. The potential for carbon tetrachloride to modify the
bi okinetics of an inhaled, solubleform of plutoniumisalso
being examined in both F344 rats and Syrian hamsters
[B16]. Groups of animals were exposed to carbon tetra-
chloridein whol e-body chambersat concentrationsof 0, 5,
20, or 100 ppm for 6 hours per day, 5 days per week, for a
total of 16 weeks. After 4 weeks of exposure, approx-
imately one half of the animals were exposed by a single
pernasal inhalation exposure to Z°Pu nitrate. Serial sacri-
fices of groups of animals were conducted at 4 hours and
2,4, 6, or 13 weeksafter plutonium exposurefor the quan-
tification of 2°Pu in lung, liver, kidney, and bone (femur)
and for the evaluation of histologic changes in various
tissues. Results describing possible carbon tetrachloride
effects on plutonium disposition are not yet available from
this study. Another subgroup of rats and hamsters was
exposedtoaradioactively labelledinsolubletracer particle.
Tracer particle clearance was analysed for 13 weeks follow-
ing exposure, and no significant clearance differences were
observed between carbon-tetrachloride-treated and contral

groups.

89. Sinceionizing radiation and tumour-promoting agents
increasethelevd of ornithine decarboxylase (ODC) involved
in polyamine biosynthesis, the effect of a pha-difluoromethyl-
ornithine (DFMQ), an inhibitor of ODC, on tumour yield
from betaradiation wastested in femaleICR mice[012]. The
chronic radiation exposure conssted of three times 3 Gy
95/%Y surface dose per week to the back. DFM O was added
to the drinking water in a fina concentration of 1%. It
significantly delayed the time of tumour emergence from 245
dayswith radiation exposure only to 330 daysin animalsa o
given DFMO. The antagonistic effect of DFMO was dso
observed for bone tumours.

90. Monchaux e a. [M61] addressed the important
question of posshble synergistic contributions from diesd
fumes present in mine air to radon-induced lung tumours.
Three groups of 50 male Sprague-Dawley rats were exposed
to radon (1,000 WLM) and/or diesd exhaust (300 hours;
22-25 ppm CO and 4-5 mg m™3 diesd partides), with the
diesdl exposure succeeding the radon exposure by one month.
Contrary to the strong synergidtic effect of cigarette smoke
found in this system (discussed under tobacco), exhausts had
only a slight, non-significant effect on the risk for thoracic
tumours from radon. Diesdl exhausts alone were not carcino-
genic.

91. Since phosphorylation and dephosphorylation of
proteins play an important role in celular metabolism,
Nakamura and Antoku [N21] studied the effect of

cayculin A (CL-A), a specific inhibitor of protein
phosphatase 1 and 2A isolated from the marine sponge
Discodermia calyx, on x-ray-induced cell killing in
cultured mammalian cdls (BHK21). At concentrations
above 2.5 nM, CL-A enhanced the radiation effect
considerably. Asalso shown in another cell culture system
with the inhibition of protein kinases [H40], agents that
interferewith protein-kinase-mediated signal transduction
after radiation exposure may enhance damage and
represent a new class of radiosensitizers.

92. Many non-genotoxic agents clearly produce strong
synergistic effects with ionizing radiation. The combined
effects of this class of agent are summarizedin Table A.1.
Table A.3 lists more detailed effects of TPA, probably the
best-studied modifier of genotoxic agents, on several
endpoints. These studies are of great importance for the
elucidation of mechanisms affecting expression of risk. At
this stage, however, no functional analogues of potent
experimental enhancers of radiation risk, such as TPA or
DNA bases, areknown to exist in critical concentrationsin
the human environment.

3. Tobacco

93. The important interaction of tobacco smoke and
radiation was introduced in the main text of this Annex.
Epidemiological studies of uranium miners have allowed
the risks and interaction coefficients to be quantified, at
least for higher radiation doses. The complex composition
of tobacco smoke makestheinteraction not simply abinary
combination, however. Some 4,000 individual chemical
components of cigarette smoke have been identified, and a
number of additional unidentified componentssurely exist
(for example, extremely reactive, short-lived compoundsor
those present in very low concentrations) [G1]. Identified
compoundsin smokeinclude several known carcinogensof
the polycyclic aromatic hydrocarbon and nitrosamine
classes.

94. The studies reviewed below refer to mainstream
smoke, sidestream smoke, or environmental tobacco
smoke. Mainstream smoke is defined as the smoke
originating from the butt end of a cigarette; it isgenerated
during the active puffing process. Sidestream smokeisthe
smoke released at the burning tip of a cigarette, whether
the cigarette is being puffed or smply smoldering. Lastly,
environmental tobacco smoke is a mixture of sidestream
smoke and exhaled mainstream smoke. This term most
accurately describes the smoke that would be found within
an enclosed space with a smoker present. Tobacco smoke
contains relatively small amounts of DNA-reactive
carcinogens, such as nitrosamines, polycyclic aromatic
hydrocarbons, and pyrolysis products, such as carbolines.
Hence enhancing and prometional factors, e.g. catechols,
other phenols, and terpenes, are an important component.
Probably because it reduces pressure from the action of
promoters, discontinuation of smoking progressively
reduces the risk of cancer development with time since
withdrawal [W1].
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Table A.3
TPA as a modulator of transformation and cancer yield from ionizing radiation
Endpoint Experimental system Interaction Proposed mechanism Outcome Ref.
Transformations 10TY2 cdl culture x rays, TPA Initiation, promotion Higher linear yield [H3]
insurviving cdls Loss of threshold
(see Figure V)
Transformations 10TY2 el culture X rays/neutrons, TPA Initiation, promotion Enhancement factor [H3]
insurviving cdls greater
at lower exposures
RBE of neutrons
enhanced
at higher doses
Transformations 10TY2 cdll culture Radiation, TPA Two genetic steps, Genetic effect fading [L24]
insurviving cdls epigenetic modulation with culturetime
TPA interfereswith
cell-cell
interaction
Squamous-cell CD-1mice Betaradiation, TPA; Initiation, promotion, High papillomayield [J1]
carcinoma MNNG, TPA, beta progression with
radiation TPA only
Progression to
carcinoma
by radiation
Skin papilloma Mice Betaradiation, TPA; Initiation, promotion Promotion by repetitive [02]
DMBA, betaradiation irradiation different
from TPA
Skin papilloma SHR mice Radiation (4.2 Gy) Genetic modification, Skin tumours elevated [V5]
to father promotion in
TPA to offspring TPA-treated offspring
F,andF, Weaker effect in female
offspring

(2) Epidemiological studies

95. In the last few years, joint analyses of origina data
sets[C1, L 18] and meta-anal ysesof published results[T14]
have yielded detailed assessments of risk patterns from
combined exposure to high-LET alpha radiation from
radon and its short-lived decay products and tobacco
smoke, and have allowed investigatorsto test risk models.
The most comprehensive and compl ete analysis of radon-
induced health risks was published by Lubin et al. [L18].
Thereview contains a joint analysis of original data from
11 studies of male underground miners; 2,736 lung cancer
deaths among 67,746 miners were observed in 1,151,315
person-years. A linear relationship wasfound for the ERR
of lung cancer with the cumulative exposure to radon
progeny, estimated in working level months (WLM). This
coefficient (ERR/WLM) wasstrongly influenced by various
factors. Contrary to the low-LET experience from Hiro-
shima and Nagasaki, ERR/WLM decreased significantly
with attained age and time after cessation of exposure to
radon progeny. A stronger decline of risk with time since
exposure than in survivors of the atomic bombings was
also found. A considerably higher lung cancer risk was
initially found for exposures received at low rates as
compared with high rates. Depletion of ssem cellsat riskin
high dose rate exposures was implied. However, the
epidemiological databasewas said to betooweak to project

this indication of an inverse doserate effect to non-
occupational settings, i.e. totypical indoor radon exposures
and exposure rates [L18]. Also, a recent reassessment of
theBeaverlodge cohort, which earlier on gavethestrongest
indication of such an effect, no longer does so. Revised
exposure estimates of this study of miners with relatively
low exposures now bring the modifying effects of risk with
time since exposure and age at risk in linewith those from
other studies [H46]. The highly significant decrease in
ERR with time since exposure may be explained with
microdosimetric considerations. In the case of high-LET
alpha radiation from radon progeny, the minimal local
dose from one single alpha track averaged over a cdll
nucleus is already in the range of several hundred milli-
gray, wheress one dectron track yieds a dose to the nucleus
in the range of only 1-3 mGy. This means that even &t the
lowest possible nuclear dose from dpha exposure, stem cdlls
that are hit carry a multitude of DNA lesions, which may
considerably impair long-term cdll survival and maintenance
of proliferative capacity [B25, B27].

96. In the joint analyss by Lubin e a. [L18], data on
smoking were available for 6 of the 11 cohorts, but assess
ments were limited by incomplete data on lifetime tobacco
consumption patterns and sometimes exatic tobacco use, such
asinwater pipesin the Chinese study. Most studiesfor which
smoking data could be anaysed were generaly not informa:
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tive enough to allow deciding between an additive or amulti-
plicative joint relationship for radon progeny and smoking.
The Chinese cohort seemed to suggest an association more
cons gtent with additivity, whilethe Coorado cohort suggested
a rdaionship more consstent with a multiplicative inter-
action. For all sudies combined, the joint relationship of
smoking and radon progeny exposures with lung cancer was
stable over the different age groups and deviated quite clearly
from either a purdly additive or amultiplicative rdationship.
The most recent analyses of the BEIR VI Committee [C46],
which were based on an update of these data, suggest that the
joint effect is statistically doser to a multiplicative than an
additive interaction. To further characterize the association,
more detailed data on tobacco use would be needed. Age at
onset of smoking, amount and duration of smoking, and type
of tobacco were recognized asimportant determinants of risk.
Such arefined analysis of smoking patternsispossbleonlyin
the prospective part of ongoing studies and is subject,
furthermore, to potential biasin theaffected individuasowing
to the rapidly decreasng public acceptance of smoking. In
genera, the sngle-exposure subcohorts of lifetime non-
snokersarevery smal in all sudies. The gatistical power of
the conclusions on the interaction between radon and tobacco
smoke is correspondingly small. Applying the two-mutation
clonal expans on modd of carcinogenesisof Moolgavkar et al.
todatafrom the Col orado plateau minersshowsnointeraction
between radon and tobacco smoke in any of the three steps
[M39], but the predicted lung cancer incidence caused by
radon and smoking remains more than additive and lessthan
multiplicative, an indication of isoadditivity.

97. Microdosimetric considerationsareal soimportantin
extrapolating the inverse doserate effect found for
oncogenic endpoints caused by apha radiation in general
and for lung cancer in miners [L36]. Brenner [B40]
postulated that protraction enhancement is a mechanism
limited to cells receiving multiple hits over a human
lifespan. Since a typical domestic exposure to radon
progeny of 14 WLM vyields a very small probability of
multiple traversals in a cell nucleus (<1% for the most
highly exposed stem cdls in the tracheobronchial
epithelium), dose-rate effects are probably of no relevance,
and lung cancer risk per unit exposure will not increase
further at low radon levels.

98. Two recent andlysesby Yao et al. [Y 7] and Thomas et
al. ([T18] with erratum) on the radon-smoking interaction
showed a considerable influence of timing of exposures. The
former study found a higher lung cancer risk for exposure to
radon progeny and tobacco use occurring together as
compared to radon exposure preceding tobacco use The
second sudy on Colorado uranium miners found a
significantly more-than-multiplicative effect for smoking
followed by radon, whereas radon exposure followed by
tobacco use produced an essentially additive effect. These
findings are in conflict with earlier notions based on
experimental resultsin rats, whereby radon isan initiator and
tobacco smoke, a promoter [G20]. However the revance of
this animal system is questionable, because tobacco smoke
alone does nat produce lung tumours in this system.

99. Despitetheremaining uncertainties, it isquiteclear that
the joint effect of radon progeny exposure and smoking is
greater than the sum of each individual effect. The combined
analysis[L 18] showsthat alinear exposure-response estimate
for radon and lung cancer is compatible with the data and
gives ardative risk that is about three times higher in non-
smokers than in smokers. Assuming a 10-fold difference in
the tobacco-caused lung cancer risk between smokers and
non-smokers, thismeansthat thelung cancer risk for smokers
expressed in absolute termsiis higher by a factor of about 3.
Such a supra-additive effect, if also demonstrated to hold for
present occupational and non-occupational exposure settings,
would be of great importance for the regulation of smoking
and radon progeny in the human environment. Until now,
little quantitative evidence has come from indoor radon
gudies. The few case-control studies published are incon-
clusve [A28, P11]. Only one larger study [P11] was indica-
tive of an indoor radon risk and its modification by tobacco
that is comparableto what is predicted from miner studies. It
remains doubtful whether the results from the many case-
control studies under way will in the near future alow
narrowing of theuncertaintiesthat surround indoor radon risk
and possible interactions with smoking. Based on inconclu-
siveresultsfrom 1,000 computer-smulated large case-control
sudiesassuming an ERR of 0.015WLM™, Lubinet al. [L33]
guestioned the assumption that epidemiological sudies, even
when pooled in meta-analyses, will producereliable estimates
of risk from residentia radon exposure. Errors in exposure
assessment, migration, and confounding by smoking areat the
root of this pessmigic assessment. At least for the second
confounder, studies in Europe based on much longer mean
resdence times may offer better atistical power. Severa
large indoor case-control studies under way will narrow
uncertainties in the next few years. Firs results from the
United Kingdom [D33] and Germany [W35] areindicative of
alung cancer risk in therange of |CRP projections. However,
confidenceintervas arerdatively large and include zero risk
in most analyses.

100. Because of thelimitation of theindoor radon studies,
risk estimates based on miner data remain the main basis
for predicting lung cancer from indoor radon exposure. A
best linear estimate of the risk coefficients found in the
joint analysis of Lubin et al. [L18, L35] for the indoor
environment indicates that in the United States, some
10%-12%, or 10,000 cases, of the lung cancer deaths
among smokersand 28%- 31%, or 5,000 cases, of thelung
cancer deaths among never-smokers are caused by radon
progeny. About half of these 15,000 lung cancer deaths
traceable to radon would then be the result of overaddi-
tivity, i.e. synergitic interactions between radon and
tobacco. Based on the same risk model, Steindorf et al.
[$47] predicted that about 7% of all lung cancer deathsin
the western part of Germany are due to residential radon.
This corresponds to 2,000 deaths per year, 1,600 in males
and 400 in females. The attributable risk estimate was
4%- 7% for smokers and 14%- 22% for non-smokers. The
most recent central estimates for the proportion of radon-
attributablelung cancer deathsin the United Statesin 1995
wasrecently provided by the BEIR VI Committee[C46] in
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1998, based on an updated data set of the miners studies
reported by Lubin et al. [L18]. The Committee applied a
sub-multiplicative relation to modd the joint effect of
tobacco smoking and radon. Depending on two different
models (exposure-age-concentration model or exposure-
age-duration model) about 14% or 9% of all lung cancer
deaths among ever-smokers and 27% or 19% among
never-smokers were estimated to be attributable to radon.
Because of the many differences between minesand homes
and the additional carcinogens such as arsenic, dust and
diesel exhaust in mine air, these figures should be
interpreted with caution. A popul ation-based case-control
study of incident lung cancers among women in Missouri
who where lifetime non-smokers or long-term ex-smokers
yielded a very low and non-significant estimate of the
attributable lung cancer risk from radon in non-smokers
[A4].

101. It has been questioned whether toxicants other than
joint exposures to radon progeny and cigarette smoke
contribute considerably to the high lung cancer risk found
in miners [15]. Heavy exposures to mine dust containing
silicates, diesd exhausts, and fumes from expl osives may
add to or combine with the two main lung carcinogens,
radon and cigarette smoke. Patients who received thoro-
trast continuously exhalethevery short-lived 2°Rn derived
from #2Th deposits in the body and therefore provide a
model for lung carcinogenesis by radon without con-
comitant dust exposure. Ishikawa et a. [I5] studied the
lung cancer incidence in a Japanese thorotrast cohort and
found 11 lung cancer casesin 359 thorotrast autopsy cases.
The analysis reveal ed that while the proportion of small-
cell lung cancer considered to berelated to alpharadiation
was significantly increased, the overall lung cancer inci-
dencewasnot significantly higher thanin controls, in spite
of the high levels of Rn in the patients breath. The
authors took this as an indication that the risk for radon-
induced lung cancer is not as high as expected from risk
coefficients deduced from miner studies. To substantiate
this hypothesis, the build-up of ?°Rn decay productsin the
lung air space before exhalation and theresulting exposure
to critical stem cells would have to be quantified.

102. Owing to the generally good linear correlation
between radon progeny exposure and lung cancer in the
major miner studies, few additional carcinogens in mine
dust were considered in depth. Toxic metalsare, however,
of special concern. Results from the Chinese [X1],
Canadian (Ontario), [K21] and Czech [T41] cohorts
showed arsenictobean important additional risk factor for
lung cancer. Adjustment for arsenic exposure reduced the
radon risk estimatein these cohorts considerably. Evenin
the most recent joint analysis by Lubin et al. [L18], other
mine exposures were difficult to interpret, since the
information was quite limited and of poor quality. In most
cases these concomitant exposures to suspected
carcinogens or promoters are typically highly correlated
with radon progeny exposures in a given study and
therefore difficult to assess independently (see aso
following Section B.4).

103. The mechanism of interaction between DNA lesions
caused by radon progeny and those caused by chemical
toxicants contained in tobacco smokeis not known. There
isclear evidencethat the prevalence of mutationsin critical
genesisdependent on thetype of insult. Themost common
known gene mutationsin lung cancer cellsarefoundin the
tumour-suppressor genep53, which isthought to becrucial
in the initiation of this and many other types of cancer.
Several groups analysed the molecular changes in the
conserved regionsof thep53 genein lung cancer tissueand
reported differencesbetween non-smokers(survivorsof the
atomic bombings and unirradiated controls), Japanese
smokers, and uranium miners with high radon exposures
[T12, T13] (see also Annex F, “DNA repair and muta-
genesis’). The non-smokers from Hiroshima showed
mainly transition mutations (all G:Cto A:T) but no G:Cto
T:A transversions. By contrast, thechangesin 77 Japanese
smokers showed a predominance of G:C to T:A
transversions in which the guanine residues occur in the
non-transcribed DNA [T12]. In 16 of 52 lung cancers of
miners, aspecific transversion AGG to ATG at codon 249
was reported [T13]. The prevalence of 31% for this
mutation in miners was compared with only 1 reported
casein 241 published p53 mutations from lung cancersin
the general population (mainly smokers). Such a marker
might help to define a causal relationship, but even in the
first study, only a minor fraction of the p53 genes from
lung cancer tissue of miners, all of whom had a unique
genotoxic exposure, showed the specific change. However,
later studies were not able to confirm the initial finding
[B73, L53]. As was pointed out, a multitude of different
primary lesions can lead to the same cellular and clinical
endpoints, in this case a non-functional repressor protein
and lung cancer, respectively, and highly specific mole-
cular markers of single agentsin all affected individuas
are not to be expected.

104. A difficult matter of some concern for the protection
of the public is the combined exposure to indoor radon
progeny and environmental tobacco smoke. The presence
of environmental tobacco smoke in homes has been
implicated in the causation of lung cancer. In the absence
of direct epidemiological information, the clearly higher-
than-additive combined effects of smoking and radon
progeny in mine air may lead to the application of a
multiplicative model for risk assessment. While of interest
in its own right, environmental tobacco smoke also
influencestherisk imposed by radon and itsdecay products
through itsstronginfluenceon aerosol characteristics. The
interaction between radon progeny and environmental
tobacco smoke alters the exposure, intake, uptake,
bi okinetics, dosimetry, and radiobiol ogy of those progeny.
Crawford-Brown [C10] devel oped modd predictionsof the
various influences of environmental tobacco smoke on
these factors in the population of the United States and
provided estimates of the resulting changein thedosefrom
average levels of radon progeny. It was predicted that
environmental tobacco smoke produces avery small, non-
measurable increase in the risk of radiation-induced
tracheobronchial cancer in homes with initially very high
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particle concentrations for both active and never-smokers
but that it significantly lowers the dose in homes with
initiallylower particleconcentrationsfor both groupswhen
generation 4 of the tracheobronchial treeisconsidered the
target Ste. For generation 16, the presence of
environmental tobacco smokegenerally increasesthelung
dose from radon progeny, although the increase should be
unmeasurable at high initial particle concentrations.
Although the author showsthat the dose-modifying effects
of environmental tobacco smoke are negligible, the main
problem, a potential synergism between environmental
tobacco smoke and radon progeny, was hot assessed.

105. A smaller but ill considerable cohort may be at risk
from the combined effects of low-LET radiation and tobacco
smoke, namdy cigaretteesmoking women who underwent
breast cancer radiation therapy. |onizing radiation hasal ready
been shown to be a lung carcinogen after breast cancer
radiation therapy. Neugut et al. [N4] used a case-control sudy
to explore whether cigarette smoking and breast cancer
radiation therapy have a multiplicative effect on the risk of
subsequent lung cancer. Case and control women were
persons registered with primary breast cancer in the
Connecticut Tumour Registry who developed a second
malignancy between 1986 and 1989. Cases, i.e those
diagnosed with a subsequent primary lung cancer, were
compared with controls diagnosed with a subsequent non-
smoking, non-radiation-related second malignancy, and age-
adjusted odds ratios were calculated with logistic regression.
No effects from radiation therapy were observed within 10
years of initial primary breast cancer. Among both smokers
and non-smokers diagnosed with second primary cancers
more than 10 years after an initial primary breast cancer,
radiation therapy was associated with a threefold increased
risk of lung cancer. A multiplicative effect was observed, with
women exposed to both cigarette smoking and breast cancer
radiation therapy having a reative risk of 32.7 (95% CI:
6.9-154) (Figure A.l11). Further evidence for adirect causd
relationship was the observation that the carcinogenic effect
of radiation was seen only for theipsilatera lung and not for
the contralateral lung in both smokers and non-amokers. The
authors concluded that breast cancer radiation therapy, as
ddivered before 1980, increased the risk of lung cancer after
10 years in non-smokers, and a multiplicative effect was
observed in amokers. The significance of the findings is,
however, strongly reduced by the fact that the study also
indicates alarge difference in theincidence of ipsilateral and
contralateral lung tumours for smokerswho had no radiation
therapy (FigureA.I11), resultingin concernsabout unidentified
bias[110]. A smilar case-control investigation was based on
61 lung cancer cases from the Connecticut Tumour Registry
who had received radiation therapy for thetreatment of breast
cancer [19]. The authors of this sudy found no indication of
a strong positive asociation between smoking and radio-
therapy in the 27 cases where information on cigarette use
was available. Therefore, it is not possible at this stage to
decide whether current treatment practices involving much
lower radiation dosestothelung may need to bereassessed in
view of the detriment (late stochagtic effects) for young breast
cancer patients who smoke.
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Figure A.lll. Age-adjusted relative risk of lung cancer
for separate or combined exposures to radiation and
cigarette smoke [N4].

106. Long-term survivors of Hodgkin's disease display an
increased lung cancer risk. Van Leeuwen ¢ al. [V7] con-
ducted a case-contral study with 30 lung cancer casesfrom a
cohort of 1,939 patients treated for Hodgkin's disease from
1966 through 1986 in the Netherlands to investigate the
effects of radiation, chemotherapy, and smoking. Comparing
patients who had a radiation dose of more than 9 Gy to the
areawhere malignant growth devel oped with those who had
lessthan 1 Gy, the rative risk was 9.6 (95% Cl: 0.98-98, p
for trend = 0.01). Patients smoking more than 10 pack-years
(number of years with more than 1 pack per day) after
diagnosishad asxfold higher risk than patientswith lessthan
1 pack-year. A multiplicative interaction was observed
between the lung cancer risk from smoking and from
increasing levels of radiation. On the other hand, no such
trend was found with the drugs mechlorethamine or pro-
carbazine, ether in rdation to the number of cycles of
chemotherapy or to cumulative dose. It was suggested that
Hodgkin's di sease patients should be dissuaded from smoking
after radiotherapy [V7].

(b) Animal studies

107. Although there are no well-suited animal model
systems in which to examine potential carcinogenic inter-
actions between environmental tobacco smoke and
radiation, the issue of interactions between exposure to
mainstream cigarette smoke and either radon or **PuO,
has been examined. Relationships between increased risk
for lung cancer in animals and exposure to radon and/or
radon progeny [G11] or to #°*Pu0O, [C2] have recently been
reviewed.

108. Studiesconductedin Franceinvolved thewhol e-body
exposure of rats to diluted mainstream cigarette smoke
administered either before or after exposureto radon [C9].
Rats recelved high-level exposures to smoke for ten 15-
minute periods four times weekly for one year. Smoke
exposures given before the exposures to radon did not
influence radon-induced tumour incidence, but smoke
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exposuresgiven after radon exposureincreased the tumour
incidence by a factor of 2-3 over rats recelving radon
alone. Thesedataindicated that cigarette smoke may have
acted to promote radon-induced carcinogenesis, as
reviewed in the UNSCEAR 1982 Report [U6].

109. In contrast, studies conducted on dogs exposed tothe
smoke from 10 cigarettes per day for 4-5 years combined
with radon suggested that the incidence of lung tumours
was less than that in dogs receiving radon alone [C21].
Lung tumours were produced in 8 of 20 dogs receiving
radon alone, whereas tumours developed in only 2 of 20
dogs receiving both agents. The investigators speculated
that increased mucus flow may have led to a reduced
radiation dose to target cellsin the smoke-exposed dogs;
however, the small number of animals madeinterpretation
of these results difficult.

110. Thus, despite the directly relevant epidemiological
data on smoking and albeit high exposure to radon
progeny, a significant problem remains, for example, for
extrapol ationstolow exposures, inthat theepi demiol ogical
and animal datarelated tolung cancer arein agreement for
rats[C9] butin disagreement for dogs[C21]. Archer [A21]
tried to explain this disagreement by advancing a
hypothesis based on an additive interaction of the two
agentsat thelevel of initiation and ontemporal differences
of cancer expresson. The hypothesisis that among cigarette
smokersagiven radiation exposureinducesafinite number of
lung cancers that have shorter latency periods as a result of
the cancer-promoting activity of smoke.

111. In a study with hamsters exposed to #°Po,
benzo(a)pyrene was used as a substitute for tobacco smoke
[L24]. Ascompared with animal sexposed only toionizing
radiation (lung cancers incident in about 3% of the
animals) or only to benzo(a)pyrene (no incident cases in
over 280 treated animals), animals receiving benzo(a)-
pyrene ingtillations after exposure to ionizing radiation
were at a much higher risk (about 50%) of developing a
lung tumour. It is noteworthy that theinstillation of saline
after radiation exposure also induced lung tumours in
about 30% of the animals.

112. Douriez et a. [D30] investigated the role of
cytochrome P-450 1A1 (CYP1A1l) inducers on radon-
induced lung cancersin rats. CYP1AL is the member of
the cytochrome P-450 gene family producing the most
mutagenic activation products from polycyclic hydro-
carbons. All three inducers tested (methylcholanthrene,
5,6-benzoflavone,  2,3,7,8-tetrachl orodibenzo-p-dioxin)
increased theincidence of epidermoid carcinomato 100%,
independent of whether the inducer itself was converted to
apowerful carcinogen or not. Depletion of retinoid acid in
CYPlAl-gimulated rats is implicated as a further step
leading to increased susceptibility to lung cancer. Since
tobacco smoke is a powerful inducer of CYP1A1, this
mechanism could account for the supra-additive effectsin
radiation-exposed smokers.

113. Preliminary studieson aninteraction between Z°PuO,
and cigarette smoke were reported by Talbot et al. [T2].
The experiments were designed to show whether exposure
tocigarette smokefor 12 months enhancestheincidence of
lung tumoursin micethat had previously inhaled Z°PuO,.
The main difference found was a reduced growth rate in
both smoke- and sham-exposed mice relative to that of
cage controls. After 3 monthsof treatment, histopathol ogy
and morphometry of lung sections found only dight
smoke-induced changes. On a per-unit-area basis, these
changes included a reduced proportion of alveolar space
and an increased number of pulmonary alveolar
macrophages that were larger than those from sham-
exposed or control mice and had an increased proportion
of binucleated cells. All mice in a second study were
initially exposed to Z°PuQ,, then subsequently divided into
threetreatment groups asabove. Cigarette smoke exposure
was shown to increase lung weight and inhibit clearance of
2Py from the lung. The authors pointed out a dosimetric
problem: the group receiving **PuQ, and subsequently
tobacco smokewould receive ahigher radiation dosetothe
lung than those receiving *PuQ, alone. Although this
aspect is important for elucidating the mechanisms by
which synergism or antagonism occur, for radiation
protection, an apparent combined effect traced to a
modification of exposure/dose conversion factors by one
agent would till be considered synergism or antagonism.

114. A cigarette-smoke-induced reduction in the lung
clearance of inhaled #°PuQ, was also observed in a study
inrats[F15, F28]. Animalswere first exposed by awhole-
body inhalation mode to diluted mainstream cigarette
smoke at a concentration of 100 or 250 mg m™3 of total
particulate matter for six hours per day, fivedays per week.
Control ratsreceivedfiltered air alone. After three months,
all groups of rats received a single pernasal exposure to
radioactively labelled insoluble tracer particles; then the
rats were returned to their respective cigarette smoke or
filtered air exposure. External whole-body counting of the
tracer was continued for six months, and substantia
smoke-induced clearance inhibition was found. Lifetime
radiation doses were 3.8 Gy, 4.4 Gy, or 6.7 Gy for the
control, 100 and 250 mg m™ total particulate matter
groups, respectively [F28]. Theresultsfor the highest level
of cigarette smoke exposure suggested that the radiation
dose increased by a factor between 1.6 and 1.7 by this
effect, compared with the group of rats receiving filtered
air alone. It should be noted that cigarette smoking has
been shown to reduce the lung clearance of reatively
insoluble particlesin humans aswell asin animals[C5].

115. Thestudy described aboveispart of acarcinogenicity
experiment in which 2,170 male and female F344 rats
recei ved exposuresto cigarettesmokeand/or Z°PuO, [F17].
Groups of animals were exposed for up to 30 months to
filtered air or to low or high concentrations of cigarette
smoke. For each of these groups, approximately one half of
theratsalsoreceived asinglepernasal inhalation exposure
to ®PuO, that resulted in an initial lung burden of
approximately 400 Bg. Cigarette smoke exposure did not
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markedly influence survival, but it did result in decreased
weight gain and a variety of lung lesions such as alveolar
macrophagehyperplasia, interstitial fibrosis, chronic-active
inflammation, hyperplasia of the alveolar epithelium, and
bronchial mucous-cell hyperplasia. A preliminary evalua-
tion of lung cancer in females indicated that crude lung
tumour incidenceswere approximately 7% in rats exposed
to high concentrations of smoke, 20% in rats exposed to
ZPy0,, and 74% in groups receiving both agents (Figure
A.l1V). Thus, the interaction was dearly synergidic. This
study illustrates the manner in which a dose from one agent
can be markedly affected by exposure to a second agent,
leading to a clear synergism in carcinogenic response. Less
certain, however, is the extent to which the interaction
resulted gtrictly from the impaired clearance (and associated
increased radiation dose) in the combined exposure groups
rather than a more fundamentd interaction between the
radiation and cigarette smoke congtituents at the molecular or
cdlular leve. Another mechanism by which synergism could
occur might relate to the localized radiation dose rather than
the dose to the whole organ. For example, the synergigtic
interaction between smoking and radiation in this example
could result from the a pharadiation dose delivered at theste
of smoke-induced lung lesions, where the processes of cell
hyperplasia, fibros's, and activated phagocytes were already
occurring.
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exposed to plutonium dioxide in combination with
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116. Inan early study by Cowdry et al. [C49], the carcino-
genicity of *¥Sr betairradiation to the skin of Swiss mice
applied twice weekly and 3 tar paintings per week to
distributed skin areas was studied. Surface doses were
about 2 Gy per fraction and 200 Gy totally. Skin tumour
incidencesafter 30 monthswere 12.3% for radiation alone,
42.9% for tar paint alone, and 61.3% for the combined
treatment. It was concluded that there is no synergism
between the two carcinogens in the study system. It is
noteworthy that a monthly skin irradiation of several Gy
surface dose did not produce any skin tumours, whereasin
the control group only painted with acetone (the sol vent for
cigarette tar) an incidence of 6.8% was seen after
30 months.

117. In view of the many active substances contained in
cigarette smoke, possible interactions are very numerous.
It is outside the scope of this Annex to cover thisfully, but
the many reported interactions of caffeine with cigarette
smoke components may merit mention, especially because
caffeine at higher concentrations also modifies the effects
of ionizing radiation. Rothwell [R13] found an inhibition
of cigarette-smoke-induced carcinogenesis in mouse skin
by caffeine. Other recent reports showed an inhibition of
tobacco-specific nitrosamine-induced lung tumorigenesis
in A/J mice by polyphenols extracted from green tea and
cruciferous vegetables [C24, X2]. It is believed that these
dietary compounds act as antioxidants (see a so Section B.6).

(c) Cellular studies

118. Toexaminetheinteraction between radiation exposure
and smoking, Piao and Hei [P8] studied the toxicity and
oncogeni ctransformingincidenceof alpha-particleirradiation
with and without concurrent exposure to cigareite smoke
condensate on C3H10TY%2 cdls in vitro. In this system,
additive modes of interaction between cigarette smoke
condensate and ionizing radiation were observed for the
oncogenic transforming potential of both gamma rays and
alpha particles. In a recent sudy made possble by the
development of charged-particle microbeams, it was shown
that even for radon alone, induction of transformation in
C3H10TY% cdls in vitro from exactly one alpha particle was
sgnificantly lower than for a Poi sson-distributed mean of one
aphaparticlethrough acdl nudeus[M66]. Thisimpliesthat
cdlstraversed by multiple alpha particles contribute most of
therisk, and that a linear extrapolation from high exposures
may overestimate the transforming potential of high-LET
radiation in low-leve exposures. If generally applicable, such
results would spesk againg the potential of combined effects
at low exposures to surpass val ues expected from linear dose-
effect relationships and additivity.

119. The combined genotoxic effect of cigarette smoke
condensate and gammaradiation wasaso sudiedinasmple
eukaryotic organism [S8]. The induction of gene converson
in diploid yeast (Saccharomyces cerevisae) drains was
investigated following exposureto cigarettesmokecondensate
and gamma radiation. Cdls exposed to a combination of
cigarettesmoke condensateand low-LET radiation showed an
additive response irrespective of the order of trestments. The
system also showed large differencesin senstivity depending
on growth gtatus, with log-phase cdlls being 2-3 times more
sengtivethan stationary cells. The rdevance of thesefindings
islimited by the fact that critical toxicants in tobacco smoke
require activation by biotransformation, a mechaniam that is
highly species- and tissue-specific.

(d) Summary

120. In summing up the many results from the well-
studied interaction between tobacco smoking and high
levels of radon exposure, it can be stated that this
important combined exposureleadsto clearly overadditive
effects for lung cancer in humans. Some of the more
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important findingsaresummarizedin Table A.1. Thequite
different dose-effect relationships for the two agents,
apparently linear for radon and clearly non-linear for
tobacco smoke, speaks against iso-addition and for atrue
synergism. However, large uncertainties remain with
regard to quantifying the health effects of these important
agents at prevailing levels of combined exposures in the
present-day workplaceand in non-occupational settings. In
view of the complexities involved in the toxicological
assessment of tobacco smoke, which isitself acombination
of genotoxic and non-genotoxic agents, it isnot possible at
thistimeto extend inferences from mechanistic considera-
tions to low combined exposures. Several large case-
control studies under way involving non-occupational
exposures may help to solvethis enigmaby creating better
estimates and reducing the uncertainties surrounding
synergistic effects from smoking and radon.

4. Metals

121. Toxic metas are important trace pollutants in the
human environment. They interact in many ways with cell
congtituents and may produce oxidative gene damage or
influence enzyme activity a low concentrations, eg. by
competing with essential metal ions [H38]. Carcinogenic
trangtion metal sare capabl e of causing promutagenicdamage
such as DNA base modifications, DNA-protein cross-links,
and gtrand bresks[K7]. The underlying mechanism seemsto
involve active oxygen and other radicals arising from metal-
catalysed redox reactions. Cadmium, nicke, cobalt, lead, and
arsenic may also disturb DNA repair processes [H48]. Lead
neurotoxicity, an example of an important non-genotoxic
metal effect, isaresult of intracdlular regulatory dysfunction
caused by this heavy metal. Lead activates calmodulin-
dependent phosphodiesterase, calmodulin-sengitive potassium
channds, and calmodulin-independent protein kinase C(PK C)
[G31]. Thelatter effect a ready occursat picomolar concentra-
tions and indicates second messenger metabolism as a
potential sendtive dSte for the disruptive action of lead.
Epidemiol ogically proven metal lung carcinogensarearsenic,
cadmium, chromium, nickd, and antimony [M65]. In the
critical field of underground mining, possible meta effects
have to be assessad together with high-LET radiation from
radon. Arsenicin particular hasbeen shownto beamajor risk
factor in combined exposures to mineral dugt, radon, metals,
and diesdl fumes[K48, T5]. Therisk-enhancing effectsof iron
dust seems to be limited to very high dust concentrations,
leading to changes in lung function [B74]. An devated
stomach cancer risk in Ontario gold miners was dtatistically
associated with chronium exposures but not with arsenic,
mineral fibres, or diesd emissons[K50].

122. Multiple exposures to radon, arsenic, and tobacco
smoke were common in several uranium mines (see also
Section B.3). An assessment of 107 living tin minerswho
had lung cancer and an equal number of age-matched
controls from tin miners without lung cancer provided no
evidence for synergism between radon and arsenic or
between arsenic and smoking [T5]. That there is no
obvious synergism between this heavy metal and radon

progeny exposure is implied by the fact that the risk of
lung cancer among workersexposed to arsenic (and radon)
in mining only isdightly lessthan for minerswhose exposure
came from smdting operations. In a study on gold miners
with quite low radon exposures, linear regressions indicated
that exposureto 1 WLM of radon decay products increases
lung cancer mortality rates by 1.2%, afinding comparableto
other studies, and that each year of employment in a poorly
ventilated mine (before 1946) with an arsenic content of the
host rock of 1% is associated with a 31% increase in lung
cancer mortality rates[K21, K51]. Adding aninteractionterm
toallow for adeviation from additivity for the combined effect
of arsenic and radon decay products did not improve the fit.
Noteworthy is the fact that the duration of the arsenic
exposure seems to be more important than itsintensity [T5].

123. Theinduction of radical-scavenging metal lothionein by
higher concentrations of heavy metals may confer protection
againg ionizing radiation. Single ip injection of cadmium
(1 mg kg ™) two hours before radiation exposure increased
theyield of DNA lesionsin peripheral blood lymphocytes
of mice, but cadmium injection 24-48 hoursin advance of
ionizing radiation reduced DNA damagein lymphocytesin
comparison with untreated animals[P27]. In thisstudy the
protective effect was due to reduced levels of initial DNA
damage per unit dose of radiation as well as accelerated
DNA repair measured in asingle-cell gdl assay.

124. Beryllium is another metal that has been examined
for potentia interactions with radiation. Although not
considered to be a genotoxic metal [A10], berylliumisa
known animal carcinogen and has recently been classified
as ademonstrated human carcinogen [W9]. The potential
for carcinogenic interactions between inhaled beryllium
oxide and Z°PuO, was examined in rats[$42]. The agents
were administered alone or in combination at initial lung
burdens of 1-91 ug beryllium and 0.15-6.7 kBq *°Pu.
Beryllium oxideexposureinduced few tumoursand did not
markedly influence Pu-induced lung tumorigenicity,
despitethefact that beryllium oxideexposuredecreased the
clearance of 2°Pu from the lung and thus served toincrease
the total radiation doseto the lung.

125. Another ongoing study investigates the potential
carcinogeni ¢ interactions between inhaled beryllium metal
and °Pu0, in some 5,456 male and female F344 rats[F1].
Preliminary resultsfromthestudy demonstratethat inhaled
beryllium metal isa potent rat lung carcinogen; over 90%
of rats that survived at least 12 months after inhaling an
initial lung burden of 450 pg beryllium devel oped benign
and/or malignant lung tumours [F12]. At lower lung
burdens of approximately 50 pg beryllium, some 65% of
exposed rats (39 of 60 rats) developed at least one
malignant lung tumour. When thislevd of beryllium was
combined with a lung burden of 60 and 170 Bq Z°Pu0,,
which aone caused crude malignant lung tumour
incidences of 8% (6 of 60 rats) and 7% (2 of 27 rats),
respectively, crude tumour incidences ranged from 57%
(16 of 28 rats) to 90% (54 of 60 rats) [F16, F28]. Thus,
indications of a more-than-additive response were observed.
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Aswasthe casefor the cigarette smoke or beryllium oxide
exposures described above, inhalation of beryllium metal
was found to markedly decrease the clearance of Z°PuO,
from the lung [F1], serving to increase the radiation dose
in groups receiving combined exposures and to leave in
question therole of beryllium-induced increased radiation
dose vs. a more fundamental interaction between the two
agents at the molecular or cdlular level. In addition, the
investigatorsreported that exposureto beryllium markedly
reduced the median lifespan of exposed animals, and they
noted that a complete analysis of the combined carcino-
genic effects of the two agents would require an analysis
more sophisticated than an examination of crude tumour
incidence [F15]. Specifically, the authors noted that the
age-specific tumour incidencefor thetwo agentsaloneand
in combination should be analysed, and it was noted that
thisanalysisis under way.

126. The potentid for beryllium and x radiation
adminigered done and in combination to affect cdl-cycle
kinetics, cell killing, and induction of chromosomal
aberrations was examined in mammaian cdl culture
(Chinese hamgter ovary cdls, Figure A.V) [B37]. Beryllium
was adminigered in a soluble form (BeSO,) at 0.2 or 1 mM
concentrations, and x raysat levelsof 1 or 2 Gy. It wasfound
that exposureto beryllium significantly inhibited the capacity
of the cdls to repair DNA damage induced by x rays. The
combined exposures were characterized by a multiplicative
modd when total chromaosomal aberrations were examined
hours after exposure. Both agents caused an accumulation of
cdlsin the G,/M stage of the cdl cyde and an anadlyssusing
varying times between exposures suggested that the
multiplicative interaction observed may have been limited to
cdlsin the Sand G, stages of the cdll cyde.
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Figure A.V. Induction of chromosome aberrations in
Chinese hamster ovary cells from exposures to x rays
and beryllium [B37].

127. Micronucleus formation in mouse bone marrow
polychromatocytes as a measure of the modulation of the
mutagenic action of gamma rays by chromium and lead
salts was used by Vitvitskii et al. [V12]. Chromium (V1)

ions enhanced radiation effects in acute and chronic experi-
ments. Acute exposures of lead (I1) ions below 15 mg kg™
body weight had an antagonidtic effect, i.e. they decreased the
number of gamma-ray-induced micronuclel, whereas higher
dosesincreasad it. Chronic combined action of lead (111) ions
and gammaraysresulted in alower yield of micronudei. For
an extrapolation to environmental exposuresand humans, an
ducidation of the underlying mechanisms, i.e. heavy metal
influence on cdl kinetics and/or on DNA damage and repair,
will be necessary.

128. The combined effect of ****Csand lead (Pb*) at the
soil concentrations found in highly contaminated habitats
in the Russian Federation on the mutation ratein the plant
Arabidopsis thaliana (L:) Heynh has been investigated
[K42]. At concentrations of 220-2,500 Bq kg * and 16-320
mgkg *, respectively, both antagonistic and synergistic effects
were seen. The radiation-induced mutation rate was
significantly reduced in the presence of 16 mg kg Po*,
wheress higher lead concentrations increased the rate in
plants grown in soil with up to 1,000 Bq kg * radiocaesium.
At thehighest radiation level and 32-320 mg kg™ Pb*, an
apparent decrease in the mutation rate was linked to a
large number of sterile seeds. In an ecological study, the
combined effect of zinc or cadmium and external radiation
on microbial activity in soil was determined by measuring
nitrogen fixation, dentrification, and CO, flux [E20]. At
metal concentrations in soil of 10- 100 mg kg™ for Zn?*
and 0.5- 16 mg kg for Cd®*, small radiation dosesranging
from 3.6 to 12 mGy led to a supra-additive effect in the
inhibition of microbial activity in soddy-podzolic soil. It
was further shown that the enzyme level of invertase
increased in combined exposures, whereas catalase and
dehydrogenase activities were lower [E19].

129. A senditive assay in spring barley (Hordeum
vulgare L.) leaf meristem to record effects from ionizing
radiation and/or heavy metals was developed by Gerask’in
et al. [G34]. Theradiation-induced frequency of cdlswith
aberrant chromosomes in the intercalary meristem allows
doses to be registered in the range of a few tens of
milligray [G35]. Irradiations were performed at the shoot
stage and involved doses of 40, 80, and 200 mGy at adose
rate of 2 Gy h™*. Lead (I1) and cadmium (1) were applied
as nitratesin two concentrations of 40 and 200, and 3 and
20 mg kg of soil, respectively. The authors claimed that
in this system, radiation and heavy metals alone exhibit
clearly non-linear relationships, i.e. supralinearity, with a
higher slope for aberrations at lower doses than at higher
doses. Combined exposures show an antagonism for low
doses of ionizing radiation (40 mGy) and for all lead
concentrations. At doses of 80 and 200 mGy, a dightly
supra-additive effect is reported. For cadmium, supra-
additivity isfound at low metal concentrationsof 4mgkg*
for 80 and 200 mGy but not for 40 mGy. At high metal
concentration, less-than-additive effects were found. Al-
though these findings may beimportant for environmental
assessments and potentially extendable to mechanistic
studies, no direct inferences to humans are warranted at
this stage.
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130. Metas and ionizing radiation have been shown to
produce combined effects in many biologica sysems
(Table A.1). Because metals cause many hiological effects
with no or very low thresholds, possible interactions would
potentially extend to very low exposures. In the case of
rdatively unspecific damage to DNA, such as oxidative
attack, iso-addition would be predicted. As an example of a
synergigic effect at high exposure leves, a threshold
phenomenon, decreased lung dearance of interna
radionudlide content by high metal concentrations, wasfound
to be the cause of the combined effect. No supra-additive
effects are seen in the abeit wesk database on combined
occupational exposure to radon and arsenic. The rdative
importance of different damage-inducing mechanisms of
metals for combined exposures in human remains to be
eucidated.

5. Mitogens and cytotoxicants

131. Although mitogenic and cytotoxic compounds are
generally non-genotoxic agents and could have been included
in Section B.2, they areconsidered hereseparately, principaly
because of their ability to simulate cdl proliferation. The
combination of mitogens or differentiation-inducing agents
with radiation has some potential as a cancer therapeutic
drategy. Experiments in this area employ high doses, but
sudies intended to ducidate the mechanisms of interaction
may gtill berdevant outsdethedlinic. Leith and Bliven [L15]
investigated thex-ray responses of ahuman colon tumour cell
line after exposure to the differentiation-inducing agent
N-methylformamide (NMF). A human colon tumour linewas
exposed for three passages to varying concentrations
(0-170mM) of NMF and the changein sensitivity toionizing
radiation was examined in vitro. The linear-quadratic
formalism of survival with two congtants(al phaand beta) was
used tocharacterizethesinglegraded dose-surviva curves. As
the NMF concentration increased, the apha parameter
increesed and the beta parameter decreased, yielding a
concentration-dependent radiosenditization that was most
marked in the low-dose region of the survival curve. Upon
removal of NMF, the origina radioresistance was regained
within two or three cdl culture doubling times.

132. Miller et a. [M11] studied the formation of
micronuclei in preimplantation mouse embryos in vitro
after combined treatment with x rays and caffeine. The
exposures to caffeine were 0.1 or 2 mM and to X rays, 0.2
or 0.9 Gy. X raysaswell as caffeineinduced micronucle.
The dose-effect curve after irradiation was linear for the
dose range measured (0-3.8 Gy). Caffeine only induced
micronuclel at concentrations higher than 1 mM; between
1 mM and 7 mM, however, there was a linear increase in
thenumber of micronuclei. A considerableenhancement of
thenumber of radiati on-induced micronuclei was observed
when irradiation of the embryoswasfollowed by treatment
with caffeine. The sum of the single effects was clearly
exceeded by the combination effects. An earlier study in
thesamelaboratory [M 12] was on the effects of acombina-
tion of x rays (0.2, 0.9, or 1.9 Gy) and caffeine (0.1, 1, or
2 mM) on the formation of blastocysts (96 hours post-

conception), hatching of blastocysts (144 hours post-
conception), and on the cel numbers of embryos at
different times(48, 56, 96, and 144 hours post-conception).
Theembryoswereirradiated in the G, phase of thetwo-cell
stage (28 or 32 hours post-conception), either 1 hour after
or immediately beforeapplication of caffeine. Caffeinewas
present during the whole incubation period (until 144
hours post-conception). Specific conditions under which
caffeine markedly enhanced the radiation risk, i.e. under
which the combination effect exceeded the sum of the
single effects, were described. This was the case, in
particular, for embryonal development, for which the risk
was amost doubled, whereas the enhancement of risk was
smaller for the proliferation of cells. The amount of
caffeine necessary for supra-additivity, however, issohigh
(at least 1 mM caffeine for rather long times) that it is
clearly above the range achievable in vivo by consumption
of caffeine-containing beverages. At physiological levels,
caffeine also displays antioxidant properties and inhibits
carcinogenesisinduced in rats and mice by various known
carcinogens. Examples are the inhibition of smoke-
condensate-induced carcinogenesis in mouse skin [R13]
and gastric tumour promotion by NaCl in rats [N10].
Based on these and other findings, Devasagayam et al.
[D1] suggest that at lower concentrations, the potency of
the antioxidant action of caffeine far outweighs the
deleterious effects, if any, from its inhibition of DNA

repair.

133. Besidestheinterferenceof caffeinewith repair processes
as a consequence of its effect on cdl-cycle blocks a high
concentrations, this ubiquitous substance also scavenges
oxygen speciesinduced by radiation and genatoxic chemicas
[K27, K28]. The chemical basis of thiseffect wasshown tobe
the removal of free eectrons and hydroxyl radicals by
caffeine. The reaction rate congtants for these two reactions
were shown to beabout 1.5 10° Mt stand 6.9 10° Mt s'?,
respectively [K27]. The former value is high enough to
compete with oxygen for the scavenging of free dectrons and
therefore may reduce oxidative damageinvolving superoxide
anion (O,"), hydroperoxyl radica (HO,), and hydrogen
peroxide (H,0,). This mode of action is backed by recent
findingsin barley seedsthat caffeineaffords protection only at
high oxygen concentrations but potentiates radiation damage
(albelt less damage) at low oxygen pressures [K29].

134. Bothareduction of theradiation-induced G,/M phase
arrest and the antioxidant effect of caffeine may indirectly
influence apoptosis and modulate survival and expansion
of cells with a modified genome. In different systems, an
enhancement of the degree of DNA fragmentation by
caffeine, theobromine, theophylline, and 2-aminopurine
was found in murine T-lymphoma cells[P10], whereasin
TKG cdls, 2 mM caffeine diminated the degradation of
DNA entirely [Z4]. At this stage, it is doubtful whether
these findings have any meaning for risk assessments at
controlled exposure levels.

135. Caffeine, which may potentiate radiation damage at
higher concentrations owing to its release of protective cdl-
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cycleblocks, ssemsalso to influence the clastogenic effects of
radiation and other genotoxic agents (see also Section B.5).
Severa studies found an inhibition of oxic radiation damage
[K25, K26]. Stoilov et d. [$43] found both potentiation and
protection againg radiation-induced chromosomal damagein
human lymphocytes. Temperature and concentration were
shown to be decisive for the direction of the effect.

136. Kalmykova et al. [K3] evaluated the effectiveness of
joint exposure to Z°Pu and tributyl phosphate on the
induction of leukopeniain Wistar rats. It wasshowninthis
system that the additive effect of the two agents delivered
simultaneoudly was exceeded only at high doses, i.e. acute
levels. With levels ranging from subacute effective to
minimum effective, the effect of the combined treatment
was less than projected from additivity.

137. Cattanach and Rasberry [C27] reviewedtheliteratureon
the gendtic effects of combined treatments with cytotoxic
chemicals and x rays. Some pretreatments clearly enhanced
the yidd of genetic damage. With spermatogonia cdls,
chemicals that kill cdls can substantially modify the genetic
responseto subsequent radiation exposureover several daysor
weeks. Both enhancement and reduction in the genetic yied
were found, and the modifications also depended on the type
of genetic damage scored, with specific-locusmutation
response differing from that for trandocations. Sdlective
killing of rapidly dividing cdls in the areas most heavily
damaged by radiation was a suggested explanation [C28]. In
general, such interactions based on perturbations of cell
kinetics should be of littlerelevancefor lower exposureleves.

138. Cyanate (KOCN)-induced modification of the effect of
gamma radiation and benzo(@)pyrene was udied by
Serebryanyi et d. [S80] in cultured CHO-AT3-2 cdls.
Sengtizing effect wasfound for radiation and benzo(a)pyrene
effects such as cdl viability, micronuclei induction, and
mutations in the thymidinekinase and Na'/K*-ATPase lodi.
Theauthors suggested that repair inhibition and/or changesin
thecd| chromatin structure produced by KOCN isresponsible
for these sengitizing effects. The proposed mechanismsaswell
as the concentration and dose ranges used in the experiment
preclude direct transfer to occupational or environmental
leves.

139. In summary, many studies assessing deviations from
additivity in combined exposures between mitogens/cyto-
toxicants and ionizing radiation are found in the literature
(Table A.1). In most cases, the high exposure levels applied
and the biological endpoints studied do not alow thetransfer
of results to humans. However, any endogenous or dietary
levels of agents influencing stem-cdll population size or
kinetics will have the potential to modulate response to
radiation.

6. Antioxidants, vitamins, and other
dietary factors

140. The genetic effects of combined treatments of radio-
protecting agents and X rayswere reviewed by Cattanach and

Rasberry [C27]. Chemicals such as cysteamine, mexamine,
and glutathione given in advance of radiation werenot always
protective but gave contradictory results, with significant
protection of specific germ-cdl stages being redtricted to
different dose ranges. This might be attributable to the
different radiation sengtivities and cell-cycle kinetics of the
germ-cd| stagestested. Some pretreatments clearly enhanced
theyield of genetic damage.

141. Dietary caloricintake and type of food areimportant
variables affecting the rate of spontaneous DNA damage,
as was discovered recently in humans [D11, S37, S38].
Thesefindingsaresupported by similar findingsof reduced
oxidative damage to mitochondrial and nuclear DNA in
food-restricted rats and mice [C12]. It is known from
experiments with rats that caloric restriction of food is
correlated with alower incidence of cancer, an increased
lifespan, and less free-radical damage to lipids, proteins,
and DNA [W4, Y3, Y5, Y14]. Dietary fat is associated
with increased breast cancer risk. In a study involving 21
women at high risk, the level of the oxidized thymine
(5-hydroxymethyluracil) per 10* thymine was 9.3+1.9 in
the nucleated peripheral blood cells of women consuming
57 g of dietary fat per day compared with 3+0.6 for women
consuming 32 g per day [D11, F3].

142. Dig can aso modify the effectiveness of chemica
carcinogens, sometimes by a large factor. Some of the
underlying mechanisms have been identified. Rats with a
deficiency of riboflavin in their diet become highly sensitive
to liver tumour formation when treated with 4-dimethyl-
aminoazobenzene, because reduced levels of aflavin adenine
dinuclectide-dependent azo dye reductase incresse the
effective dosage of the carcinogen [C25]. On the other hand,
a protein-free diet prevents liver toxicity of dimethyinitro-
samine in rats, and a fat-restricted diet decreases tumour
induction in mammary glands of rats. Silverman et al. [S32]
studied the effect of dietary fat on mammary cancer induction
in Sprague-Dawl ey ratsgiven 3.5 Gy whol e-body x-irradiation
at 50 days of age. Rats on a high-fat diet (20% lard) from 30
days of age had more tumoursthan ratson alow-fat diet (5%
lard) and a higher multiplicity of carcinomas per rat. Ratson
the low-fat diet exhibited longer median tumour latency
periodsthan did those on the high-fat diet. Spontaneousbreast
cancer incidencein humansisal soinfluenced by thelevel and
type of fat intake Potentid mechanisms in dietary-fat-
dependent mammary tumorigenesiswerereviewed by Welsch
[W5]. Yoshida et a. [Y14] reported that caloric redtriction
significantly reduced the incidence of x-ray-induced myeloid
leukemia in C3H mice. Again, in this system, caloric
restriction either before or after irradiation also significantly
prolonged the lifespan of the animals.

143. In some instances, the degree of tumour formation
depends on the amount of food provided during the pro-
moting phase and not on the nutritional status at time of
exposure. Polyunsaturated oils are potent promoters,
probably also for humans [W14]. It is now generally
accepted that restricted food intake, particularly during
development phases, reduces the incidence of neoplasms
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and increases longevity. An epigenetic effect, namely a
general decrease in cell duplication rates, especialy in
endocrine-sensitive organs, is at the root of this finding
[C28].

144. Severa vitamins and many food condituents display
radical scavenging activitiesand antioxidant properties. There
is condderable scientific and economic interest in the ill
unresolved question whether diets enriched in vitamins,
antioxidants, carotinoids, and sdenium reduce the risk of
cancer [W13]. Vitamin A and retinoic acid derivatives are
considered important micronutrients involved in the
modulation of cancer risk in humans. Vitamin A seems to
affect the incidence of lung cancer in smokers and tobacco
chewers positively. Hence, clinical trials in Finland and the
United States randomized the useamong smokersof artificial
beta-carotene (precursor of vitamin A) and, in the Finnish
study, the use of artificial aphatocophera (vitamin E) [H7,
014]. Surprisingly, these two sudies found significant
increases in lung cancer risk related to beta-carotene use.
Whether this finding is due to the dietary form of the
provitamin remains to be ducidated. Human cervix and
bladder cancer are somewhat more frequent in individuals
with low vitamin intake [$45]. These beneficid effects are
thought to arise from differentiation of epithdial tissues and
from improved cdl-cdl communication. Vitamins E and K
are benzo- and naphthoquinones and therefore potentia
antioxidants. Reduction of tumour induction by theformer in
animal systems was shown only at levels much higher than
arefound in the human organism.

145. Selenium alsoreducestumour risk inanimal systems.
Its salts are indicated as a co-factor for glutathione
peroxidase. Vitamins C, E, and K, the latter two in the
lipid phase and its boundary, prevent the formation of
nitrosaminesand nitrosamidesand seemto beimportantin
the protection of thegastro-intestinal linings, theliver, and
the respiratory tract [M31]. Although any molecule with
antioxidant and radical scavenger activity is aso a potentia
radioprotector, the extreme speed of theinteraction of reactive
species formed by radiation with DNA would require high
concentrationsto makeadifference. For combined effects, the
available information indicates that micronutrients are
important. The sizeable influence of vitamin A, vitamin E,
sdenium, and 3-aminobenzamide as radioprotectors in the
C3H10TY> transformation assay is shown in Figure A.VI
[H11].

146. Borek et a. [B24] studied theanti carcinogenic action of
selenium and vitamin E. The single and combined effects of
these chemicals were examined on cdl transformations
induced in C3H10TY2 cellsby x rays and benzo(a)pyreneand
on thelevels of cdlular scavenging and peroxide destruction.
Incubation of C3H10TY: cdls with 25 pM NaSeO,
(sdenium) or with 7 pM aphatocophera  succinate
(vitamin E) 24 hours prior to exposure to x rays or the
chemica carcinogens resulted in an inhibition of
transformation by each of the antioxidants with an additive-
inhibitory action when the two nutrients were combined.
Cdlular pretrestment with sdenium resulted in increased

leves of cdlular glutathione peroxidase, catalase, and non-
protein thiols (glutathione) and in an enhanced destruction of
peroxide. Cdls pretreated with vitamin E did not show these
biochemical effects, and the combined pretreatment with
vitamin E and sdenium did not augment the effect of
sdenium on thee parameters. These results support the
notion that freeradica-mediated events play a rde in
radiation and chemically induced transformation. They
indicatethat sdenium and vitamin E act aloneand in additive
fashion as radi oprotecting and chemopreventing agents. The
resultsfurther suggest that selenium confers protection in part
by inducing or activating cdlular free-radical scavenging
sysems and by enhancing peroxide breskdown, while
vitamin E appears to confer its protection through ancther,
complementary mechanism.
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Figure A.VI. Effect of chemical and dietary factors on
response of C3H10TY2 cells in combined exposures
with gamma rays giving a dose of 4 Gy [H11].

147. Theimportanceof sulfhydryl groupsasan antagonist
of or protector against radiation-induced radical attack on
DNA is well known from molecular and in vivo studies
[M4, M6, M7, V4]. Inview of thefast and localized action
of ionizing radiation, these substances have to be small
enough to reach the target to be protective and to be
present therein considerable concentrationsfor noticeable
effects. Even for small water-sol uble substances displaying
sulfhydryl groups, such as cysteamines, thisis difficult to
achieve in humans. Therefore the use of sulfhydryl
radioprotectors is limited by their toxicity and the short
period during which they are active [M4]. At
environmental levels, no protective effect is to be
envisaged. However, for lipophilic substances such as
vitamins A, E, and K or for coenzymes with high-affinity
binding to active centres, local concentrations in specific
compartments might become high enough for a protective
effect, even with low dietary intakes. In addition to these
directly acting protectors, immunomodulators such as
endotoxins and bacterial or yeast polysaccharides are
known to protect against the del eterious effects of radiation
[M4]. Their mode of action, stimulation of the reticulo-
endothelial system, is probably irrelevant for stochastic
effects.
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148. Ethanol consumedinal cohalicbeveragesisknownto
increase theincidence of several cancers of the oral cavity
and the oesophagus, especially in combination with active
cigarette smoking [I18]. No data from human studies on
ethanol and ionizing radiation are available, but the
irritating effect of higher concentrations of ethanol makes
thisform apotential tumour promoter. Mechanistic studies
also suggest that ethanol modifiesthe biochemical activa-
tionintheoral cavity and the oesophagus of sometobacco-
specific carcinogens [S44], amechanism of no direct rele-
vance to radiation. Acetaldehyde is a toxic reactive meta-
bolite of ethanal in tissue where biotransformation occurs.
Very important in view of population hedth are behavioural
changes and a tendency to malnutrition in alcohol addicts,
which may increase their susceptibility to toxicants in the
environment or at the workplace. The many direct and
indirect effects of alcohol consumption on radiation-induced
changes at the cdlular, organ, and behaviora levds were
discussed in depth in a review by Ushakov et al. [U18]
assessi ng experiencesin human popul ations affected by the
Chernobyl accident.

149. lodine as a constituent of thyroxine, the hormone of
the thyroid gland, is often deficient in inland areas, where
geol ogical factorsand the absence of seafood produce adiet
lowiniodine. Sinceitsfissionyield, rdativevolatility, and
half-life make 3| one of the critical fission products that
may be present in environmental exposures, the potential
increase of thyroid dose per unit uptake in humans with
iodine-deficient diets is a major concern in radiation
protection. It is dill not known whether the higher
gimulation of the gland in iodine deficiency by endogenous
hormones will also alter the radiosensitivity of the stem
cells and the risk coefficient for thyroid carcinoma. The
wealth of data, mainly from therapeutic procedures in
nuclear medicine, showing little to no carcinogenic
potential for ¥4, even at high exposures[U2], is somehow
contradicted by recent results showing large increases in
thyroid carcinoma in children affected by the Chernobyl
accident. Initial measurements of iodine in urine from
Belarusindicated that areasmost heavily affected by iodine
deposition are also deficient in a dietary supply of iodine
and are endemic goitre areas.

150. Themaodifying influence of sodium chloride (NaCl),
miso (Japanese soybean paste), and ethanol on the
development of intestinal metaplasia after x-ray exposure
was examined by Watanabe et al. [W29] in CD(SD):Crj
rats. Intestina metaplasia in the glandular stomach is
considered a precursor lesion for differentiated gastric
adenocarcinoma. Five-week-old ratsweretreated with two
doses of 10 Gy from x raysto the gastric region at athree-
day interval. After exposure, theratsweregiven NaCl (1%
or 10% in diet), miso (10% in diet), or ethanol (10% in
drinking water) for 12 months. The number of alkaline
phosphatase-positive foci of intestinal metaplasia in rats
given a 1% NaCl diet after x rays was significantly
elevated compared with that in rats given x rays alone or
x rayswith a10% NaCl diet. In the pyloric gland mucosae,
total numbers of metaplastic foci in rats given x rays and

1% NaCl diet were much higher than other combined-
treatment groups. The incidence of atypical hyperplasia
was less than 6% in all treatment groups, and no pro-
moting effect on gastrictumorigenesiswasobserved. These
resultsdemonstrated that the occurrenceof intestinal meta-
plasiainduced by x rays can be significantly modified by
basic and common food congtituents, but this is not
associated with any influence on gastric neoplasia.

151. A potentially important interaction wasinvestigated
by Montour et al. [M24], who studied the modification of
radiation carcinogenesis by marihuana (tetrahydro-
cannabinol, delta(9)-tetrahydro-cannabinalic acid). Male,
female, and ovariectomized female Sprague-Dawley rats
wereirradiated with doses of 1.5, 3, or 4 Gy, respectively,
from ®Co gamma rays at between 40 and 50 days of age.
The animals were injected three times weekly with either
marihuanaextract or with al cohol-emul phor carrier. Mean
survival timein maleswas significantly shorter inthe4 Gy
plus marihuana group compared with the three other
groups, whose mean survival times did not differ.
Throughout the 546-day period in which the male rats
were observed, the total number of tumours other than
fibrosarcomaswassignificantly greater following radiation
and marihuana administration (22) than following
irradiation alone (6). Fifteen of the tumours originated in
breast or endocrinetissues. No differenceswereseeninthe
unirradiated groups. In the females, which were observed
for 635 days, the total number of breast tumours was
significantly higher in the combined treatment group (38)
compared with the group treated with radiation alone (22).
Thiswasentirely dueto amarked differencein the adeno-
carcinoma incidence, which was 21 (radiation plus mari-
huana) compared with 4 (radiation alone). The number of
adenofibromas was similar in the two groups. In the
unirradiated female groups, the breast adenocarcinoma
incidence was 8 in the marihuana group and 2 in the
control group. Ovariectomy resulted in a lower breast
tumour incidence in all groups. Non-breast tumours were
more frequent in the ovariectomized-irradiated groups.
Radiation plus marihuana produced more non-breast
tumours (25) than radiation alone (17) in the ovari-
ectomized females.

152. Dietary factors are proven modifiers of risk from
diverse agents at levels found in human populations and
probably also influence the production and repair of
endogenoudy arising lesions. Absence or deficiency of
important coenzymes and nutrients on one side and high
levelsof directly or indirectly acting mitogens on the other
interfere with molecular, cellular, and tissue responses to
ionizing radiation. In view of the many mechanisms
involved, the full spectrum of interactions from anta-
gonisms to synergisms must be expected (see also
Table A.1). A reduction in theradiation risk may occur in
situations where growth stimuli are reduced owing to
nutritional deficiency or wherethe number of stem cellsat
risk are reduced. Synergisms are to be expected where
reduced levels of radical scavengers or coenzymes needed
for repair increase the yield of primary damage from
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ionizing radiation or impair the speed and accuracy of
cellular responses to damage. In general, the health risks
not only from ionizing radiation but also those from most
other deleterious agentsin the human environment will be
affected by deviations from an optimum diet.

C. RADIATION AND BIOLOGICAL AGENTS,
MISCELLANEOUS

1. Hormones

153. Many hormones are potent growth stimulators.
Considerable evidence is available for the modulation of
cancer risk by hormones. Animal experiments have shown
that increased | evel sof thyroi d-stimul ating hormone (TSH)
can enhance tumour growth and increasetherisk of cancer
[D31]. Thyroid stimulating hormone is increased during
puberty and pregnancy as a result of increased levels of
female sex hormones[H37, P25]. Thereisepidemiological
evidence suggesting that thedevel opment of thyroid cancer
after high-dose radiation exposure in females can be
potentiated by subsequent child bearing. Marshall Idanders
who were exposed to radioactive fallout from a nuclear
weapons test in 1954 received high thyroid doses from
radioiodines. Women who later became pregnant were at
higher risk of thyroid cancer than exposed women who
remained nulliparous[C43]. The numbers, however, were
small.

154. The same effect was found in a population-based
case-control study in Connecticut in the United States
involving 159 subjects with thyroid cancer and 285
controls [R11]; 12% of the cases but only 4% of the
controls reported prior radiotherapy to the head and neck.
Among women, this risk appeared to be potentiated by
subsequent live births (RR = 2.7). Therisk for ever parous
aone was, however, higher (1.6) than for prior
radiotherapy (1.1). Another case-control study, carried out
in Washington in the United States, linked a 16.5-fold
increased risk of thyroid cancer to prior radiotherapy of the
head and neck among 282 femalesand 394 controls[M17].
Overall, 20.2% of the cases but only 1.5% of the controls
reported earlier radiotherapy (RR = 16.5; 95% ClI:
8.1-33.5). Inthisstudy, pregnancy following radiotherapy
was associated with only a small additional risk (RR =
1.3), which was far from statistically significant (95% Cl:
0.1-15.7) [M9]. Combined with similar findings from
Sweden [W30], these studies suggest that TSH-mediated
tissue proliferation in adolescence and pregnancy may be
arisk factor in radiation-induced thyroid cancer.

155. The long-term use of tamoxifen, a synthetic anti-
oestrogen that has been shown to reduce mortality from
breast cancer and the occurrence of contralateral breast
cancer, increasestherisk for endometrial cancer. In acase-
control study of woman treated for breast cancer, Sasco et
al. [S26] showed that tamoxifen or radiation castration
(which included high doses to the uterus as wdll as the
ovaries) considerably increased the risk for subsequent

endometrial cancer. The odds ratios for tamoxifen use for
more than five years and radiotherapeutic castration were
3.5 and 7.7, respectively. Women who had undergone
combined treatment had an odds ratio of only 7.1. Since
the study was based on small numbers (43 cases and 177
contrals), the power is not sufficient to postulate an
antagonism, but there is enough evidence to reect an
enhancement of risk between thetwo carcinogenic factors.

156. Onewell-gudiedinteractionisthat between radiation
and the natural hormone oestradiol-17 beta (E;) in mam-
mary carcinogenesis. In a publication by Broerse et al.
[B32], the combined effects of irradiation and E, admini-
stration on themammary glandin different rat strainswere
investigated. Three rat strains, Sprague-Dawley, Wistar
WAG/RIij, and Brown Norway, with different suscepti-
bilities to the induction of mammary cancer, were irra
diated with x rays and mono-energetic neutrons; increased
hormone levels were obtained by subcutaneous implan-
tation of pelletswith E,. Mean plasmalevel swere 100- 300
pg ml* plasma, while normal levels in these rat strains
wereabout 50 pg ml . Thelatency period for thehormone-
treated animals was shown to be considerably shorter than
for animalswith normal endocrinological levels. Admini-
stration of the hormone alone also appreciably increased
the proportion of ratswith malignant tumours. At thehigh
levels of hormones applied in the study, there was little
indication that radiation and hormones produced any
supra-additive effect, but the single-agent effect levelsin
this study might have been too high to properly assessthis
other effect. The effect of hormone administration and
irradiation on mammary tumorigenesis was the same for
hormone administration one week prior to or 12 weeks
after irradiation. The RBE values for induction of mammary
carcinomas after irradiation with 0.5 MeV neutrons have a
maximum value of 20 and are not strongly dependent on
hormone levels.

157. The carcinogenic and co-carcinogenic effects of
radiation on rat mammary carcinogenesisand mouse T-cell
lymphomagenesiswere studied by Yokoro et al. [Y6]. For
both experimental models, the study clearly showed the
importance of the promotion stage and of the physiol ogical
condition of target cells at the time of initiation. In rat
mammary carcinogenesis, prolactin was shown to be a
powerful promoter regardless of the initiating agent. The
authors also suggested that an enhancer like prolactin
might be useful in detecting the carcinogenicity of small
doses of carcinogens; for example, ahigh RBE of 2.0 MeV
fisson spectrum neutrons was demonstrated by the
application of prolactin to radiation-initiated mammary
carcinogenesis in rats. Because cdlular reactions are
somewhat different for different LET values, it remainsto
be proven that the sensitizing effect of a hormone is
independent of radiation quality.

158. Shellabarger et al. [S24] investigated theinfluence of
the interval between neutron irradiation and diethylstil-
bestrol (DES) on mammary carcinogenesisin female ACI
rats. Both radiation and DES are carcinogens for the
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mammary gland of ACI femaleratsand act in asynergistic
fashion, particularly with regard to the number of
mammary adenocarcinomas per rat when DESisgiven at
about the same time as radiation. DES, in the form of a
compressed pellet containing a mixture of cholesterol and
DES, formulated to average 1.25 mg of DES per 100 g
body weight, was given to groups of approximately 28 rats
at 2 days before or 50, 100, or 200 days after 0.064 Gy
from 0.43 MeV neutron irradiation. Every time DES was
giventoirradiated rats, it was also given to non-irradiated
rats. When thetotal number of mammary adenocarcinomas
375 days after administration of DES was analysed as a
percentage of 24 sites per rat at risk, DES and radiation
always produced a response that was larger than the sum
of the responses of DES alone and radiation alone. The
supra-additive interaction between radiation and DES did
not decline as the time interval between irradiation and
DESwaslengthened, which suggeststhat neutron-initiated
mammary carcinogenesis is not subject to repair, since
DES promotion continues to be effective for long times.

159. Irradiation of pregnant Wistar ratsat days 7, 14, and
20 of pregnancy, followed by DES treatment after nursing
for one year, showed a strong corrdation of mammary
gland tumours with the hormonal status of the gland
during radiation exposure[111]. Irradiation a one (2.6 Gy)
resulted in a 23% incidence of mammary gland tumours.
The additional implantation of a DES pellet (releasing
about 1 mg d™!) increased this value to 35% and 93% for
radiation exposure at days 14 and 20, respectively. The
data suggest that theinitiation of tumorigenesisby gamma
raysiscritically dependent on the devel opmental status of
the gland at exposure. Since no group with DES exposure
only was included, no direct assessment of the combined
effects is possible from this study. When the radiation
exposure was delayed to day 21 of lactation or day 5 post-
weaning, combined treatment with gamma rays and DES
resulted in an incidence of mammary gland tumours of
94% and 73%, respectively. Sincethevaluefrom combined
treatment in virgin animals was only 24%, it is suggested
that thedifferentiation state of theradiation-exposed tissue
ismore relevant than the hormonal and proliferative state
of the cell populations at risk [$40]. Rats with weaning
experience receiving only a gamma dose at day 21 of
lactation or DES had tumour incidences of 35% and 27%.
When compared with the combined effect of 94%, a
synergistic effect has to be postulated.

160. The effect of age and oestrogen treatment on radia-
tion-induced mammary tumours in rats was analysed by
Bartstra et al. [B71, B72]. The excess normalized risk of
mammary carcinomawas 0.9 for 1 Gy and 2.2for 2 Gy in
the age groups 8, 12, 16, 22, and 36 weeks, with no
significant differences between the age groups. However,
irradiation at 64 weeks yielded fewer carcinomas than in
thecontrols, theexcessnormalized risk being 0.7 and - 0.3
for 1 and 2 Gy, respectively. After oestradiol-17 beta2
treatment, the excess normalized risk for carcinomas was
7.7 for both 1 and 2 Gy in the age groups 8, 10, 12, and 15
weeks, with no significant differences between the age

groups. However, in the age groups 22, 36, and 64 weeks,
the excess normalized risk decreased with increasing age
at exposure. Irradiation at 64 weeksyid ded fewer carcinomas
than in contrals, with an excess normalized risk of -0.6 for
both 1 and 2 Gy. The excess normalized risk was 10-80 in
oestrogen-treated controls compared with untrested animals.
The findings indicated that adminigtration of oestrogen
increased the radiation sengtivity of the mammary gland in
young animals considerably. Administration of oestrogen
influenced the shape of the dose-response curve for radiation-
induced mammary cancer in young rats. In untreated animals
there was a linear dose-effect reationship, whereas in
oestrogen-treated onestherd ationship could only bedescribed
by a quadratic function. In older rats, radiation dose-effect
relationships in oestrogen-treated and non-trested animals
were best fitted by linear rdationships. The reduced risk of
radiation exposure at mid-life was observed in oestrogen-
treated and contral rats.

161. The influence of androgens in the development of
radiation-induced thyroid tumours in male Long-Evans
rats was investigated by Hofmann et al. [H12]. When
eight-week-old male rats were treated with radiation
(L5 MBg Na®4), thyroid follicular adenomas and
carcinomas were observed at 24 months of agewith ahigh
incidence, 94%. Castration of males prior to irradiation
significantly reduced thistumour incidenceto 60%. When
testosteronewasreplaced in castrated, irradiated malerats,
differentially increased incidences of thyroid tumours
occurred, depending on the time interval for hormone
replacement. Immediate (age 2- 6 months) or early (age
6-12 months) testosterone replacement at approximate
physiological levels led to thyroid follicular tumour
incidences of 100% and 82%, respectively, whereas
intermediate (12-18 months) or late (18-24 months)
testosterone trestment led to only 70% and 73% incidences,
respectively. Continuous testosterone replacement (2-24
months) in castrated, irradiated maleratsrai sed thethyroid
tumour incidence to 100%. Only the two 100% values are
significantly different from the value of 60% in castrated
irradiated animals not receiving testosterone replacement.
Since devated TSH is a reported requisite for the
development of radiation-associated thyroid tumours, the
effects of testosterone on serum thyroid-stimulating
hormone levels were examined. Mean serum thyroid-
stimulating hormonevaluesin al irradiated animal groups
were significantly elevated and well above those in age-
matched, non-irradiated animals at 6, 12, 18, and 24
months. Serum thyroid-stimulating hormone levels were
higher in continuous testosterone-replaced irradiated
castrates than in intact, irradiated males but lower in
irradiated castrateswithout testosteronetreatment. I nterval
testosterone replacement in castrated maleratswas generally
asociated with increased serum  thyroid-stimulating
hormone levels during the treatment interval and with
lowered thyroid-stimulating hormone levels after
discontinuation of testosterone treatment, particularly in
irradiated rats. However, when irradiated, castrated males
received late (age 18- 24 months) testosteronereplacement,
there was no eevation of thyroid-stimulating hormone at
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theend of thetreatment interval. Thusan indirect effect of
testosterone via early stimulation of thyroid-stimulating
hormone may be at least partly responsible for the high
incidence of radiation-induced thyroid tumours in male
rats.

162. Watanabe & a. [W28] examined the influence of sex
hormones on the induction of intestind metaplasia by x rays
in five-wesk-old Crj:CD(SD) rats of both sexes. At the age of
four weeks, the animals were gonadectomized and given
testosterone or DES in the form of subcutaneous implants
containing 0.25- 2.5 mg hormone. Onewesk |ater, they were
irradiated with x raysto give two doses of 10 Gy tothe gastric
region at athree-day interval, for atotal of 20 Gy. Six months
after radiation exposure, theincidenceof intestinal metaplasia
with akaline phosphatase (ALP) postive foci in males was
significantly higher than in females, in orchidectomized
males, or orchidectomized plus DEStreated rats. The
incidence of intestind metaplasa with ALP-positive fod in
norma females appeared lower than in ovariectomized
females and was increased by treatment with testosterone or
decreased by DES. Numbers of fodi of intestina metaplasia
with Paneth cdlls and total numbers appeared to increase in
males treated with DES. These results suggest a promoting
rolefor testosterone in the development of radiation-induced
ALPpositivelesionsand al soindicate considerabledifferences
among intestinal metaplasia subtypes in their response to
hormone stimulation.

163. Rat prostate tumours after androgen ablation by
castration showed an increase, from 0.4% to 1.0%, of the
apoptotic index as determined by the TUNEL assay. The
apoptatic index did not vary significantly over time after
castration. Irradiation of intact ratsto 7 Gy resulted in an
apoptotic response of 2.3%. When castration wasinitiated
threedaysprior toirradiation, peak levels of 10.1% for the
apoptatic response were recorded. Androgen restoration
with testosterone implants restored the intact animal
response [J10].

164. In conclusion, it can be said that many hormonesare
powerful regulators of cell proliferation and programmed
cell death in specific tissues and organs. The resulting
influenceon radiation risk per unit doseiswell proven (see
also Table A.1). An important part of differencesin risks
linked to gender or age may be traced to hormones acting
as endogenous growth factors.

2. Viruses, bacteria, and genetic sequences

165. Viruses, bacteria, and microbial genetic sequences
have been shown to play an important role in the
pathogenesis of animal tumours. Human malignancies
such asBurkitt lymphomaand T-cell leukaemiaare caused
by the Epstein-Barr virus[L12] and theretrovirusHTLV-1
[D4], respectively, and a variety of carcinomas, including
cervical, skin, anal, and others, by papilloma viruses
[H13]. Hepatitis type B and C virus, the bacterium
Heliobacter pylori, some parasites such as Opistorchis
viverrini and Schistosoma haematobium are proven or

putative causes of hepatoma, gastric cancer, cholangio-
carcinomaand urinary bladder cancer, respectively [M64].
One mechanism of interaction might be the inhibition of
DNA repair by viral proteins. The HBV protein HBx was
shown to interact with cellular DNA repair capacity in a
p53-independent manner after ultraviolet C irradiation
[G37]. Interaction of cancer viruses with radiation may
also occur by mutation or trandocation of dormant viral
sequences. In a multi-stage process, virally infected
organismsmay al so bemuch more susceptibleto radiation-
induced cancer if avirusis causing or facilitating one of
the genetic transformations leading to the outbreak of
malignancy. Agtier-Gin et al. [A25] investigated the role
of retroviruses in murine radioleukaemogenesisin C57B1
mice. Theprotocol associated theinjection of anon-patho-
genic retrovirus (T1223/B virus) and adose from x rays (2
x 1.75 Gy), which alone was non-leukaemogenic in this
system. Thymic lymphomas induced by the combined
effect of virus and irradiation or irradiation aone were
analysed for MuLV proviral organization and RNA
expresson with the Southern or Northern blotting
techniques, respectively. The active involvement of the
retrovirus was shown by the detection of a recombinant
provirus in the chromosomal DNA of every tumour
induced by the combined treatment with virus and
radiation. No specific site in the genome was found for
provirus integration and no relationship was observed
between viralk RNA expression and tumour induction.
Trisomy 15 was observed in all metaphasesirrespective of
theprotocol of tumour induction. The G-banding technique
revealed an extra band in severa thymic lymphomas
induced by irradiation and T1223/B virusinjection. This
complex pattern of viral behaviour may pose great
obstacles for diagnosis and for the elucidation of risk from
combined exposures.

3. Miscellaneous factors

166. Many other sometimes poorly defined biological
materials have also been shown to influence the response
of organisms to ionizing radiation. For example, the
modulating effect of microbial substanceson survival after
acute radiation dosesin mammals (mice, rats, dogs, sheep,
and monkeys) was studied by Andrushenko et al. [A12].
The highest protection was found for some vaccines con-
taining inactivated bacteria and given before theradiation
exposure. Polysaccharides, lipopolysaccharides, and protein-
lipopolysaccharide complexes were also able to increase
the radioresistance. The mechanisms involved in the
modulation of the status and the number of stem cells of
the immune system remains to be elucidated. Such effects
might also be of importance at low exposurelevels, e.g. for
malignancies of the haematopoietic system.

167. To test the hypothesis that low-dose radiation, such
as is used for diagnosis, may act as a co-carcinogen in
inflammatory bowel disease, Weinerman et al. [W2]
induced inflammation with DMH in a mouse system to
study potential sensitization towardstheradiation exposure
(see Section B.1 for genotoxic action of DMH). Four
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groups of BALB/c mice (a control, DMH, DMH pluslow-
dose radiation, and low-dose radiation) were studied. No
protective or carcinogenic effects of the radiation in com-
bination with DMH were found compared with DMH
alone. This type of negative experimental finding is
directlyimportant for radiation protection of thepatient, in
that individualswith inflammatory bowel disease undergo
many diagnostic x-ray examinations throughout life.

168. A strong effect was, however, found from the
interaction of ionizing radiation with surgical procedures
on the stomach. Griem et al. [G15] followed patients with
peptic ulcer who had received radiotherapy to control
excessive gadtric acid secretions, a method used between
1937 and 1965 (mean dose to the stomach = 14.8 Gy). The
mortality study involved 3,609 patients; 1,831 weretreated
with radiation and 1,778 were treated by other means.
Compared with the general population, patients treated
with or without radiation were at significantly increased
risk of dying of cancer and non-malignant diseases of the
digestive system. Radiotherapy was linked to significantly
elevated relativerisk for all cancerscombined (RR=1.53;
95% CI: 1.3-1.8). Radiotherapy and surgery together
increased the rate of stomach cancer (RR = 10) above the
sum of individual effects. Thereisno specificinformation
on co-carcinogenic mechanisms in the post-surgical
reaction of stomach tissue or on tumour location.

169. The influence of pre-immunization with a rectal
extract on radiation-induced carcinoma of the rectum was
studied by Terada et al. [T37] in 4-7-week-old A/Hel
mice. The animals received 40 Gy (20 Gy per week from
X rays) in the pelvic region with or without two prior
injections of rectal extract from adult animals of the same
strain emulsified with complete Freud's adjuvant. After
eight months, rectal adenocarcinomas were observed in
significantly higher numbers in pre-immunized mice
compared with non-immunized animals (62% vs. 18%).
The results indicate that local immunological reactions
sensitize to the carcinogenic action of ionizing radiation.

170. Finally, theeffect of psychosocial factorssuch asfear,
anguish, and chronic stress on the health status of
individuals and populations, both in psychosomatic
expressions and in the subjective perception of radiation-
exposed persons, is clearly an important problem during
and after accidents and cases of environmental
contamination, such as seen in areas affected by the
Chernobyl accident [113]. However, a review of these
aspects is beyond the scope of this Annex and involves
professional disciplines outside the realm of UNSCEAR.
Despite the attention given by the media to the potential
deleterious effects of ionizing radiation in combination
with conventional industrial pollutants in such instances,
little scientific information is available on specific
exposuresituations. Some potentiallyimportant modifying
factors are discussed in connection with dietary factorsin
Section B.6.

D. COMBINED MODALITIES IN
RADIATION THERAPY

171. A large number of chemotherapeutic drugsareused in
clinical cancer therapy in combination with radiation. The
main ones in use or about to be used are described in this
Section, with emphass on the mechanisms of interaction
between the drugs and radiation to reveal posshble
mechanisms of interaction between chemica agents and
radiation under environmental and norma occupational
sdttings. The main findings relating to modes of action and
combined effects are summarized in Table 6. However, it
should be dearly noted here that the final goa of tumour-
therapy-related studies is tumour control and therefore cdl
death (apopotosis, necross) or cdl inactivation (loss of
proliferative capacity, differentiation, senescence). These
effects are mostly deterministic and often mechanigtically
different from the gochadtic radiation effects that are of
concern in radiation protection. Therefore, highly sigmoidal
dose-effect relationships and considerable threshold doses are
found for the contribution of many of these agents to the
interaction with radiation. Several groups of agents are also
covered in the preceding sections, e.g. alkylating agentsunder
the heading “genotoxic chemicals’.

1. Alkylating agents, nitrosoureas, and
platinum coordination complexes

172. Alkylating agents were among the first compounds
found to be useful in cancer chemotherapy, and because of
their variety and relative tumouricidal selectivity, they
remain important components of many modern
chemotherapeutic regimens. Although the alkylating
agentsareadiverse series of chemical compounds, they al
have the common property of displaying a positively
charged, electrophilic alkyl group capable of attacking
negatively charged, el ectron-rich nucleophilic siteson most
bi ol ogic molecul es, thereby adding alkyl groupsto oxygen,
nitrogen, phosphorus, or sulphur atoms. Their
chemotherapeutic usefulness derives from their ability to
form avariety of DNA adductsthat sufficiently alter DNA
structure or function, or both, so as to have a cytotoxic
effect [L37]. Many of the pharmacol ogically useful agents
undergo a complex activation process.

173. The most common site of DNA alkylation is the N-7
position of guanine. Alterations at this position are reativdy
slent in ther effect on DNA function, because these adducts
do not interfere with the base-pairing scheme. In contrast,
adducts at the N-3 podtion of cytosine, the O-6 position of
guanine, and the O-4 position of thymidineinterfere with the
Watson-Crick base-pairing scheme and arethereforelikely to
interferewith fidelity of replication and transcription, leading
to mutagenicity and cytotoxicity. In addition to direct
interference with replication and transcription, the formation
of DNA adducts leads to a variety of structura lesions,
including ring openings, base deletions, and strand scissons
[B41, F20, H20]. Many of the DNA adducts and lesons are
further acted on by repair enzymes that can restore the
integrity of the DNA, or if the repair processis only partialy
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completed, they can cause additional DNA damage, such as
the creation of apurinic or apyrimidinic sites or DNA srand
bresks. Bifunctiona akylating agents with the capacity to
generate two e ectrophilic groupsand toform two adducts are
capable of forming DNA-interstrand and DNA-protein cross-
linksthat interfere directly with DNA replication, repair, and
transcription [L38].

174. Alkylating agents are cell-cycle-dependent but not
cell-cycle-specific. They exert their cytotoxic effects on
cells throughout the cdl cycle but have quantitatively
greater activity against rapidly proliferating cells, possibly
because these cells have lesstime to repair damage before
entering the vulnerable S phase of the cell cycle [T19].
Cdlsin which cross-links occur accumulate and diein the
G, phase of the cdll cycle. Persistent DNA strand breaks
may result in lethal chromosomal damage in the mitotic
phase of the cell cycle.

(@ Nitrogen mustards (mechlorethamine,
melphalan, chlorambucil, cyclophosphamide)

175. Nitrogen mustard, originally studied for its potential
as a vesicant in chemical warfare, is a highly reactive
analogue of sulphur mustard and was the first alkylating
agent introduced into clinical therapy [G22]. Exposure to
these alkylating agents results in the formation of simple
DNA adducts, DNA-interstrand cross-links, and DNA-
protein cross-links [E12].

176. Experimental investigations of interactions between
derivatives of nitrogen mustard and radiation in vitro showed
that these interactions are additive, independent of sequence
of treatment with thetwo agents, and not markedly influenced
by the interval between treatments [D14, H21]. An isobalic
analysis confirms the additivity, athough when radiation
precedesthemustard by 4 hours, the effect ison theborderline
of supra-additivity, indicating that the two agents may share
acommon mechanism of cdl killing [D14]. Nether radiosen-
stization nor interference with sublethal damage repair has
been implicated in these interactions. Hetzd & a. [H21],
examining the effects of combined trestment on V79 cdl
spheroids, put forth the interesting proposal that the
enhancement seen with the nitrogen mustard derivative
chlorambucil in combination with irradiation may be related
to its ahility to dter theinterna oxygen prdfile in spheroids,
resulting in partial reoxygenation.

177. The main use of nitrogen mustards was in the
treatment of lymphomas, breast and ovarian cancer, and
cancers of the central nervous system. A prospective
randomized study examined whether MOPP (nitrogen
mustard, vincristine, procarbacine prednisone) therapy
alone is superior to combined modality treatment of
extended field radiation and MOPP in patients with
Hodgkin’s disease [O13]. No significant differences were
noted between the combined modality therapy and therapy
with MOPP alone. However, overall toxicity wasdifferent.
Viral andfungal infectionsoccurred morefrequently in the
combined modality. In an overview by Cuzick et al. [C44]

of post-operative radiation therapy of breast cancer, no
difference was seen in mortality over the first 10 years
between patients treated with radiation therapy. After 10
years, however, there was alower survival associated with
radiation therapy. In recent years, chemotherapy has been
favoured for breast cancer treatment. However, the use of
post-operative radiation therapy needs to be reconsidered
in patients who receive adjuvant chemotherapy and in
whom drug resistance develops, leading to failure of
chemotherapy. By decreasing the local tumour burden,
adjuvant radiation therapy may decrease the probability of
drug resistanceand increasethe probability of curein those
patients [H42].

(b) Nitrosoureas

178. The chloroethylnitrosoureas, including 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU), 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea(CCNU), and methyl-CCNU (Me-
CCNU), are highly lipophilic and chemically reactive
compounds that are clinically active against a variety of
tumours (reviewed in [L39]). Chemical decomposition of
these agentsin aqueous solution yields two reactive inter-
mediates, a chloroethyldiazohydroxide and an isocyanate
group [C30, M40]. The latter react with amine groupsin
acarbamoylation reaction. Theisocyanates are believed to
deplete glutathione, inhibit DNA repair, and alter
maturation of RNA. Thechloroethyl diazohydroxideunder-
goes further decomposition to yield reactive chloroethyl
carbonium ionsthat form avariety of adductswith all four
DNA bases and the phosphate groups of DNA. Of major
importance in the antitumour effects of nitrosoureasisthe
formation of DNA interstrand cross-links, asdemonstrated
by the close correlation between cross-link formation and
cytotoxicity [E13, K30, L40Q]. Alkylation seems to be the
more important feature of direct nitrosourea action.

179. Additiveor greater-than-additiveresponseshavebeen
recorded in in vitro and animal studies, with the greatest
enhancement associated with the presence of the drug in
some experiments before irradiation and in others after
irradiation. Deen and Williams[D15] provided an isobolic
analysis of the effects of combined BCNU-radiation treat-
ment of 9L rat brain tumour that suggested some concen-
tration dependence of these interactions. At two levels of
BCNU (1 and 7.5 mg ml™%) all data points fell within the
additivity envelope, indicating similar mechanisms of
action for the drug and radiation, but at other levels (3 and
5 mg ml™Y) supra-additivity was noted, suggesting that
aternative mechanisms might be operating. CCNU
resultedin lessinteraction than did BCNU [D16], afinding
confirmed by the study of Kann et a. [K31] on L1210
cells. Inexperimentscomparing theradi osensiti zing effects
of four nitrosoureas, the compound without alkylating
activity, 1,3-bicyclohexyl-1-nitrosourea (BCyNU), wasthe
most effective sensitizer [K31]. BCyNU was reported to
selectively inhibit glutathione reductase activity [M41].
Kann et al. [K31] concluded that becausethe agent without
alkylating activity wasthe most potent radiation synergist,
alkylation was not involved in the enhancing effect, which
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may relateinstead to differential repair-inhibiting activity.
However, even if the enhancement of the cytotoxic effects
of ionizing radiation could be ascribed to repair inhibition,
details of the mechanisms of cell killing are still not clear,
because inhibition of DNA repair by the nitrosoureas was
not completeand permanent [K32]. Rather, their effect was
to slow the rate of strand rejoining, prolonging the period
when numerous unjoined breaks are present, and lethality
was considered a consequence of this prolongation.

180. Contralled dlinical trialshave demongtrated the efficacy
of nitrosoureas combined with irradiation asadjuvant therapy
for glioblastoma and anaplagtic astrocytoma (reviewed in
[L39)]).

(c) Platinum coordination complexes

181. Cisplatin anditsanaloguesarean important group of
agentsnow in use for cancer therapy [R15]. Cisplatin (cis-
diaminodichloroplatinum (11)) can bind to all DNA bases,
but inintact DNA, there appearsto bepreferential binding
to the N7 positions of guanine and adenine [B42, M42,
P12]. Cisplatin binds to RNA more extensively than to
DNA, and to DNA more than to protein [P13]. In the
reaction of cisplatin with DNA or other macromolecul es,
the two chloride ligands can react with two different sites
toproducecross-links[E14, E15, F21, F22]. Studies of the
effectsof platinum DNA binding on thethree-dimensional
structure of the DNA double helix revealed that the
platinum lesions cause bending of the DNA double helix,
suggesting that the stereochemistry of the platinum
molecule is maintained and that DNA is modified in its
three-dimensional conformation [R14]. Thecytotoxicity of
cisplatin against cells in culture has been found to be
related directly to total platinum binding to DNA and to
interstrand and intrastrand cross-links. Intrastrand
guanine-guanine cross-linkage inhibits DNA replication
[G23, P14]. Diaminocyclobutane-dicarboxylatoplatinum
(1), carboplatin, and other cisplatin anal ogues appear to
have subcellular mechanisms of action similar to cisplatin.
They form lesions with DNA that are recognized by
antibodies reacting with cisplatin-DNA lesions [P15].

182. More than two decades ago, Zak and Drobnik [Z6]
reported an apparent interaction between cisplatin and
ionizing radiation after whole-body irradiation of mice.
Since then, cisplatin has been reported to enhance the
cytotoxicity of radiation in anumber of studiesin both cell
culture and tumour-bearing animals (reviewed in [B26,
B43, C31, D17, D18, D19, H22, H23]). Isobalic analysis
provides some evidencethat this interaction can be supra-
additive [D20]. A pronounced inhibition of repair of both
radiation-induced potentially lethal damage and sublethal
damage by platinum drugs has been demonstrated in
several cell lines [B44, C32, D18, D21, O3, Y8]. The
survival curves of cells exposed to platinum compounds
have either a reduction or no shoulder, and this effect is
interpreted as evidence for the inhibition of sublethal
damage repair by platinum because of the role of sublethal
repair in the formation of the shoulder of the radiation

survival curve. The enhanced killing of irradiated cells by
platinum compounds may be due to an enhanced
production of DNA double-strand breaks. Repair of DNA-
platinum adducts results in a gap that, in association with
radiation-induced DNA single-strand breaks (regjoining of
which isretarded by platinum compounds), produces new
DNA double-strand breaks [Y 9, Y 10].

183. DNA-protein cross-links and the binding of high-
mobility-group proteins to DNA-platinum lesions seem to
play arole in the radiosensitizing mechanism of cisplatin
at moderate dosesin hypoxic cells[K33, S50, Sb1, W16].
However, comparable in vivo experiments with RIF-1
tumours in mice failed to show the preferential radio-
sensitization of hypoxic cells at low radiation doses by
cisplatin [S52]. Herman et al . [H24] provided evidencethat
intracellular pH is an important variable in the action of
cisplatin asaradiosensitizer of hypoxic cellsusing murine
fibrosarcoma cells in vitro. Radiosensitization of cancer
cellsin vitro and as spheroidswas observed when platinum
drugs were delivered before and during irradiation. In
addition, enhanced cdl killing was demonstrated when
these drugs were added immediately after irradiation
(reviewed in [B26, H22, H23, S53]).

184. A number of animal in vivo studies have reported
sequence-dependent positive interactions between the two
modalities. Increased lifespan wasreported when cisplatin
was administered before whole abdominal irradiation of
Krebs |1 ascitic carcinoma-bearing mice compared with
cisplatin after irradiation [J8]. Supra-additivity was
reported when cisplatin was given beforex raysin SCCVII
[T20, Y11] and RIF-1[L41] or simultaneously in SCCV1I
and RIF-1 carcinoma-bearing mice [K34].

185. The platinum coordination complexes are the most
important group of agentsnow in usefor cancer treatment.
They are curative in combination therapy for testicular
cancer and ovarian cancer and play a central role in the
treatment of lung [A29, K52, S54, S84, T21], head and
neck [A27, B45, C33, C34, H25, 04, S55], brain [S56,
S57], and bladder cancers[C35].

2. Antimetabolites
(&) Antifolates

186. Despite the clinical importance of antifolates in
cancer therapy, there are only a limited number of reports
of experimental data relating to interactions of
methotrexate and radiation in vitro. Early studies of Berry
[B47, B48] suggested that methotrexate might be useful as
aradiosensitizer, with the greatest enhancement occurring
with a cytotoxic drug concentration or in hypoxic cells.
Enhancement wasinfluenced by the proliferation status of
the cdlls, and although stationary-phase cells showed an
enhanced response to radiation, this was accompanied by
adecreased response to methotrexate, which cancelled any
gain [B49]. The synergistic effects between methotrexate
and radiation can be explained by impaired DNA repair
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owingtodepletedintracellular pyrimidineand purinepools
[A19]. Methotrexate cytotoxicity may also result from
drug-induced single- and double-strand breakage of DNA
[B46]. These breaks appear come from the methotrexate-
induced depletion of intracellular nucleotide pools, with
impairment of the ability to repair DNA damage. Synergistic
effects were observed only when drug and radiation were
given a the same time. Radioprotective effects of metho-
trexate were observed when it was administered hours before
radiation treatment (see paragraph 119).

187. Effects of intracerebral injections of methotrexate,
whole-brain radiation, or acombination of both wereanalysed
on intracerebrally implanted RT-9 gliosarcomain male CD-
Fisher rats. Methotrexate aone and radiation alone each
prolonged survival moderately. Combined methotrexate and
radiation caused a significant prolongation of survival in al
animals [W17].

188. In acute lymphoblastic leukaemia, current treatment
is divided into four phases. remission induction by
chemotherapy; central nervous system preventive therapy
by radiation or combined modality treatment (radiation
plus methotrexate); consolidation; and maintenance with
chemotherapy. However major adverse effects of central
nervous system preventivetherapy have been documented,
including CT-detected brain abnormalities, impaired
intellectual and psychomotor function, and neuroendocrine
dysfunction. These adverse effects have been attributed
mainly toradiation therapy [R16, S58]. Several approaches
have been tested to decrease adverse effects, including
reduction of cranial irradiation from 24 to 18 Gy in regimens
using crania radiation plus intrathecal chemotherapy with
methotrexate or the use of triple intrathecal chemaotherapy
with methotrexatea oneor with methotrexate, cytarabine, and
hydrocortisone (reviewed in [P28]).

(b) Pyrimidine analogues and precursors

189. Deoxyuridineanal oguesthat increaseradiosensitivity
include 5-bromodeoxyuridine (BrUdR), 5-fluoro-2'-
deoxyuridine (FUdR), and 5-iododeoxyuridine (IUdR). In
these compounds, a hal ogen atom replacesthe hydrogen at
the 5 position on the pyrimidine ring of deoxyuridine.
Because the van der Waals radii of bromine (1.95 A) and
iodine (2.15 A) resemble closdy the methyl group of
deoxythymidine (2.00 A), BrUdR and IUdR are more
accurately referred to as thymidine analogues. FUdR is
considered a uridine anal ogue because the van der Waals
radiusof thefluorineatom (1.35 A) most closely resembles
hydrogen (1.20 A) [S59]. The biological effects of FUdR
are significantly different from those of BrUdR/IUdR and
will be discussed separately.

190. 5-FHuorouracil (5-FU) and FUdR are the
fluoropyrimidines of greatest clinical interest. The fluoro-
pyrimidines require intracellular activation to exert their
cytotoxic effects. They are converted by multiple
alternative biochemical pathways to one of several active
cytotoxic forms. Incorporation of 5-FU into DNA inhibits

DNA replication and alters DNA stahility by producing
DNA single-strand breaks and DNA fragmentation [C36].
Fluoropyrimidines may also induce DNA strand breaks
without being directly incorporated into DNA, possibly
through the inhibition of DNA repair asaresult of dTTP
(deoxy-thymidine-triphosphate) depletion [Y12].

191. The synthesis and antitumour activity of 5-FU was
initially described by Heidelberger et al. in 1957 [H26].
Compl ete tumour regression was observed in micebearing
sarcoma tumours after 5-FU and radiation, not observed
after each treatment alone [H27]. In mice with a trans-
planted leukaemic cdll line, 5-FU and radiation interacted
synergistically when the drug was given before and after
radiation, with the effects being most noticeable in the
latter situation [V 8]. Squamous-cell carcinoma responses
in mice from combined exposures were dependent on total
drug doses; however, the response was independent of the
schedule of drug administration and consistent only with
an additive effect [W18].

192. Invitro studies of Nakgjimaet al. [N15] with mouse
L cells showed an enhanced effect of combined treatment
of 5-FU and radiation on cell survival. Theresults suggest
that maximum enhancement occurred when drug-treated
cellswereirradiated in the S phase and a so confirmed the
importance of post-irradiation drug treatment. Enhance-
ment was dependent on drug concentration, increasing
with increased dosage, and on treatment duration. The
prolonged temporal requirement and the cytotoxic dose of
5-FU for the induction of sensitization following x-ray
exposureimplicatesincorporation of 5-FU into RNA asan
important mechanism involved in the combined effect.

193. A szries of in vitro combined treatments using
ionizing radiation and 5-FU on thehuman adenocarcinoma
cell linesHeLaand HT-29 were performed by Byfield et al.
[B50]. Based on these experiments they concluded that (a)
sensitization occurred only with post-irradiation drug
treatment, with prior exposure to 5-FU being strictly
additive; (b) enhanced cell killing could not be explained
by drug-induced additional acute damage or inhibition of
sublethal damagerepair; (c) theeffectismaximizedif cells
are exposed to 5-FU for prolonged periods following
irradiation; and (d) the concentration of 5-FU required for
these effects is associated with dose-limiting toxicity in
clinical studies.

194. Attempts to define more clearly the mechanism of
interaction of 5-FU have used the derivative FUdR, which
may limit the complex effects of 5-FU. Radiosensitization
by FUdR in human colon cancer cels (HT-29) was
critically dependent on thetiming of exposure, being most
marked when irradiation occurred 8-12 hours after
exposuretoaclinically achievabledrug concentration, with
no effect resulting when the cells were irradiated first
[B51]. FUdR impaired sublethal damage repair in a dose-
dependent manner but had no effect on the induction of
double-strand breaks [H28]. Sensitization correlated with
thymidylate synthase inhibition [B51] and depletion of
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dTTP pools[H28] and was blocked by co-incubation with
thymidine [B51]. These findings strongly suggest that
FUdR acts by inhibiting thymidylate synthase.

195. In morerecent studiesby Miller and Kinsella[M43],
a 2-hour exposure to low doses of FUdR resulted in
extended thymidylate synthase inhibition after the drug
was removed (up to 30 hours after treatment). Although
the enzyme was nearly completely inhibited (>90%), an
increasein radiosensitivity of cellswasnot evident until 16
hours after removal of the drug. Therefore, no direct
correlation between thymidylate synthase inhibition and
radiosensitization was observed. Parallel analysis of cdll-
cycle kinetics showed that cells accumulated during the
early S phase after drug exposure and the rise and fall of
radiosensitivity of the entire cel population over time
followed the change of proportion of cellsin early S phase
[M44], arelatively radiosensitive phase of the cell cycle
[T22]. These data suggest that radiosensitization by FUdR
is in part caused by alterations in cell kinetics and a
redistribution of cells through the cell cycle.

196. Concomitant radiotherapy with 5-FU has been
evaluated in patients with cancers of the oesophagus,
rectum, anus, bladder, and advanced laryngeal tumours
(reviewed in [K35, M45, O5]). A recent consensus
conference at the National Institute of Health reviewed the
data from clinical trials and has recommended combined
post-operative 5-FU and radiotherapy asthe most effective
management of patients with stage Il or 11l surgically
resected rectal cancer [N16]. In general, 5-FU and
radiation in combined modality treatment is superior to
radiation alonein the treatment of intestinal tumours.

197. Differential sendtization of tumours with bromated or
iodinated pyrimidines, including BrUdR and IUdR, has been
observed. These analogues influence only praliferating cdls
and may therefore preferentially sendtize rapidly growing
tumours surrounded by more dowly praliferating normal
tissue. BrUdR and IUdR are readily incorporated into the
DNA of mammalian cdls. The incorporation follows the
thymidine salvage pathway. The extent of thymidine
replacement in DNA, however, is not Smply a function of
competition within the sal vage pathway, becausethepreferred
pathway for thymidine incorporation is through the de novo
synthesis of pyrimidine nudeotides.

198. Seric hindranceresulting from anal ogueincorporation
into DNA appears minimal. In contrag, the phys cochemical
properties of atered DNA are influenced by thymidine
replacement. Incorporation of BrUdR increasestheforcesthat
bind the strands of DNA together [P16]. Thismay alter DNA
transcription and replication. The affinity of chromosomal
proteinsfor BrUdR- and |UdR-substituted DNA isincreased.
This increased affinity has been associated with the
repression or induction of cellular proteins, receptors, and
growth factors (reviewed in [M45]). BrUdR and IUdR
cause a dose-dependent delay of cells in the S and G,
phases of the cell cycle, as demonstrated in human ileal
and spleen cdlsin vitro [P17].

199. The physicochemical properties of IUdR- and
BrUdR-containing DNA have been implicated in its
increased sensitivity toradiation. Thelarge, highly electro-
negative hal ogen atomsgreatly increasethecross-sectional
areaavailablefor trapping radiation-produced e ectrons. In
addition, migration of absorbed energy to a halogenated
base has been demonstrated [F23, L43]. Highly reactive
uracilyl radicals may result from these reactions.

200. Erikson and Szybalski [E16, E17] reported radiosen-
sitization of human cells exposed to BrUdR and IUdR.
These studies revealed that the incorporation of halo-
genated pyrimidineradiosensitizesthecell through adirect
effect on DNA [S59]. It was demonstrated that BrUdR
resulted in greater thymidine replacement than did IUdR.
However, IUdR was a more effective sensitizer to x rays,
even at lower leves of incorporation [E18, M46, M47].
The distribution between the two DNA strands was not a
critical factor in radiosensitization. Sensitization was also
shown to be independent of the presence of oxygen [H29].

201. Recent analysis of radiosensitization by IUdR and
BrUdR in two exponentially growing human colon cancer
cell lines (HCT116 and HT29) using the linear-quadratic
model revealed that an increase in the initial sope of the
cell survival curveisthe predominant mode of radiosensi-
tization [M46, M47]. This suggests that the radio-
sensitizing effect may be the result of an increase in the
amount of initial DNA damage. However, other recent in
vitro studies with plateau-phase cells (CHO cdlls) suggest
that IUdR and BrUdR are, in fact, potentially letha
damage repair inhibitors [F27, W19]. These different
proposed mechanisms of radiosensitization of BrUdR and
IUdR in exponentially growing and plateau-phasecdlsare
not inconsistent and may reflect a bimodal mechanism.

202. Significant systemic toxicity was noted in animals
[B52, G24] and humans, suggesting minimal tumour
selectivity for these analogues. For clinical investigations
in humans, therefore, tumours were selected that were
surrounded by practically non-proliferating normal tissue
(brain, bone, and muscle), thereby limiting the incorpora-
tion of BrUdR and IUdR into normal cells within the
irradiated volume (reviewed in [M44]).

203. Gemcitabine (2',2'-difluorodeoxycytidine) is a new
antimetabolite. It is a pyrimidine anal ogue and appears to
prevent the addition of other nucleotides by DNA
polymerase (masked chain termination) and to impair
DNA repair. Gemcitabine has been shown to be a potent
radiosensitizer in avariety of tumour céll lines, including
HT-29 colorectal carcinoma, pancreatic cancer, breast,
non-small-cell lung and head and neck cancer cell lines. It
was most effective when administered prior to radiation.
For most cdl lines, sensitization was evident at non-
cytotoxic concentrations of gemcitabine. For most cell
lines, the primary radiosensitizing effect seems to be
associ ated with depletion of endogeneous nucl ectide pools
[L54, S83, S85]. Radiosensitization by gemcitabine was
observed in mice bearing tumours in vivo [M70]. In
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clinical trialsgemcitabine seemsto be apowerful radiation
enhancer in the treatment of non-small-cell lung cancer
[H51, V13].

(c) Hydroxyurea

204. Hydroxyurea, a relatively ssmple compound, is a
representative of a group of compounds that have as their
primary site of action the enzyme ribonucleoside
diphosphate reductase. This enzyme, which catalyses the
reactive conversion of ribonucleotides to deoxyribo-
nucleotides, is a crucia and rate-limiting step in the
biosynthesis of DNA. The mechanism of cytotoxicity from
hydroxyurea is related to direct inhibition of DNA
synthesis and repair. Hydroxyurea causes cellsto arrest at
the G,/S phase transition [S61]. It selectively kills cells
synthesizing DNA at concentrationsthat have no effect on
cellsin other stages of the cell cycle[S62].

205. Additive or greater-than-additive responses have
generally been reported for combined treatment with
hydroxyurea and ionizing radiation in vitro. Phillips and
Tolmach [P7], using synchronized Hela cells, reported
that enhancement occurred only when thedrug was present
post-irradiation. They demonstrated that hydroxyurea
inhibits potentially lethal damage repair. In synchronized
V79 cells, hydroxyureatreatment was necessary beforeand
after irradiation to be effective as a radiosensitizer [S61].
Sensitizing by hydroxyurea resulted from its inhibitory
action at the G,/S-phase transition or its lethal action
during the S phase. Kimler and Leeper [K36] showed that
the enhancement of radiation-induced lethality observed
when hydroxyurea was present after irradiation was
specific for G, and S phase cells, but that the drug did not
interfere with recovery from radiation-induced division
delay in the G, phase. Non-cytotoxic doses of hydroxyurea
significantly increased the early S-phase population in a
human bladder cancer cell line (647V) [K37]. Exposureto
these non-toxic concentrations of hydroxyurea before
irradiation resulted in radiosensitization. In the human
cervix carcinomacdl line Caski, theradi osensitizing effect
of hydroxyureawas mainly dueto asignificantly longer G,
block, indicating effects on DNA repair [K2].

206. Hydroxyurea has been shown to inhibit the repair of
radiation-induced single-strand breaksin HeLacells. The
time course for repair of radiation-induced, single-strand
DNA breaks is partidly inhibited by exposure to
hydroxyurea before and after irradiation [F24]. Theeffects
of hydroxyurea on DNA repair after UV irradiation have
also been studied, and depl etion of the triphosphate pools
(except dTTP) appears to be responsible for the observed
alterationsin DNA repair and enhanced cytotoxicity [C38].

207. Piver et al. [P18] showed a significant reduction in
the radiation dose needed to control mammary tumoursin
mice when hydroxyurea was given with fractionated
radiation exposure. However, asimilar study on implanted
squamous cells of cervix carcinoma in nude mice showed
no radiosensitizing effect [X3].

208. Clinical trialsof hydroxyurearadiosensitization have
involved patients with head and neck malignancies[R17,
S63] and primary brain tumours [L27]. The most convinc-
ingtrials, suggesting radi osensitization andimproved|ocal
control with hydroxyurea, involved patients with uterine
cervical carcinoma[P19, P20, S64]. Although thesestudies
suggested improved results, none of the trials considered
cell cycle times of the tumour and normal tissue or
hydroxyurea concentrations in the relevant tissues [S65].

(d) Other antimetabolites

209. Other antimetabolitesof dinical rdevancearearabinose
nucleosdes, incduding cytarabine (cytosine arabinoside,
araC); araC, a cytidine analogue, has important clinical
activity againgt acute myelocytic leukaemia. It isan inhibitor
of DNA synthesisand killscells sdectively during the Sphase
of the cdl cycde Synergism between cytarabine and a
number of antitumour agents, including alkylating agents,
platinum coordination complexes, and topoisomerase 1l
inhibitors, has been observed in vitro and in animal
models. ara-C enhancesthe activity of these compoundshby
inhibiting therepair of strand breaks associated with these
agents.

210. Another dass of antimetabolites is the purine
analogues, including 6-mercaptopurine and 6-thioguanine,
which act as guanine analogues, and adenosine analogues,
including arabinofuranosyladenine  (9-3-arabinofurano-
syladening, ara-A). All these compounds have antileukaemic
activity and are used in combination chemotherapy. Their
adtivity isdirected against DNA replication and repair.

211. The potential of the thymidylate synthase inhibitor
tomudex tointeract withionizing radiation was assessed by
Teicher et al. [T38]. Tomudex (1 uM) decreased the
shoulder of theradiation survival curvein both oxygenated
and hypoxic HT-29 cells (human colon carcinoma) and
SCC-25 cells (squamous-cell carcinoma of the head and
neck), respectively. The effect was more significant in
oxygenated cells. In tumour-bearing animals, tomudex in
combination with radiation showed an additive to supra-
additive effect on tumour control. The interaction effect
was dependent on the fractionation schedule of drug and
radiation. In each assay, the results obtai ned with tomudex
were equal to or exceeded the results of comparable
experiments with 5-fluorouracil.

3. Antitumour antibiotics

212. Anthracyclines such as doxorubicin, daunomycin,
epirubicin, and idarubicin cause a range of biochemical
effectsintumour cells. Theantitumour activity andtoxicity
aretheresult of free-radical formation and/or triggering of
topoisomerase-11-dependent DNA fragmentation. The
enzymeis prevented from finishing its cycle with the reli-
gation of the broken strands. In addition, the alteration of
the DNA helical structure that occurs on DNA inter-
calation by anthracyclines may trigger enhanced topoiso-
merase |l activity. The net result is that addition of
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anthracyclines to tumour cells dramatically increases
protein-associated breaks. Thereisstrong evidencethat the
topoisomerase Il mechanism is the means by which
doxorubicin and other anthracyclines kill leukaemia and
lymphoma cells.

213. As a second mechanism, anthracyclines are able to
form oxygen radicals. Evidence suggestsarolefor anthra-
cycline-induced radical formation by virtue of itskilling of
ovary, breast, and colon tumour cells. Much of this
evidence depends on the key roles that gluthathione and
gluthathione peroxidaseplayin detoxifying hydrogen pero-
xide and organic peroxides. Doxorubicin isan inhibitor of
mitochondrial and cdll respiration and reduces oxygen
consumption by cells in the outer layers of the tumour.
This may lead to improved oxygenation and radiosensi-
tivity of hypoxic areas of the tumour [D23]. On the other
hand, aclarubicin, an anthracycline differing in its sugar
moi ety from doxorubicin, was shown to exert its enhance-
ment effect on x-ray-induced cell killingin HeLacellsonly
when given after radiation exposure (5 pg ml-* for one
hour) [M63]. The authors hypothesized that this potentia-
tion, which is visible through 10 cell divisions, is due to
the interaction between radiation and drug damage, a
mechanism probably relevant only for very high acute
EXPOSUres.

214. Bleomycin is another important antitumour anti-
biotic. Its action has been associated primarily with its
ability to produce single- and double-strand breaks in
DNA. The sequence of events leading to DNA breakage
begins with the metabolic activation of bleomycin. The
activated agent bindsto DNA astheresult of intercalation.
Highly toxic oxygen intermediates, such asthe superoxide
or hydroxyl radicals, are then formed that attack DNA.
Thereisindirect evidencethat the same processesrequired
to repair ionizing radiation damage also are used in
bleomycin repair [C39]. The lesions caused by bleomycin
include chromosome breaks and deletions, very similar to
the action of ionizing radiation. Bleomycin is therefore
called aradiomimetic drug. Thereis, however, some base
sequence specificity for the site of DNA cleavage. Bleo-
mycin binds preferentially tothe DNA strand opposing the
sequences GpT and GpC to attack and cleave the strand at
the 3' side of G [P21, S66]. A primary point of attack in
non-mitotic cells is considered to be the link regions of
DNA between nucleosomes [K38].

215. Theeffectsof theinteraction between bleomycin and
ionizing radiation on cell survival have been reported to
range from additive to greater than additive [B26, H30,
T28, T29]. These effects are schedule-dependent, with
maximum interaction occurring when thereisonly a short
time interval between administration of the two agents or
when they are administered simultaneously, possibly
reducing the extent of repair of any induced damage or
similar lesionsby thesetwo agents. Although bothionizing
radiation and bleomycin induce G, arrest, their damageis
independent and purely additive [K39]. Thus, in contrast
tothe sometimes greater-than-additive effects observed for

cell lethality, bleomycin and radiation donotinteract inthe
induction of cell-cycle blocks.

216. Bleomycin and radiation have been combined
frequently in thetreatment of head and neck cancer. There
are several randomized clinical trials (reviewed in [S67]),
some of which showed a benefit in response rate and/or
survival; others, however, including the largest trials, did
not reveal any benefit from the use of bleomycin and
radiotherapy.

217. Mitomycin C is a bioreductive akylating agent that
is inactive in its origina form but is activated to an
alkylating species by reduction of the quinone and sub-
sequent loss of the methoxy group. Recent studiesindicate
that bifunctional akylation by mitomycin C occurs
preferentially in a reducing environment [T23]. In an
aerobic environment, the reduction of mitomycin C
initiates a chain of dectron transfers that leads ultimately
to the formation of toxic hydroxyl and superoxide radicals
[B54].

218. Mitomycin C significantly reduced the radiation-
resistant subpopul ation of KHT carcinomasgrowing intra-
muscularly in C3H/HeJ mice when administered 24 hours
before radiation. I sobolic analysisindicated that thistreat-
ment combination led to supra-additive cell killing in the
tumour [S68]. Combined treatment with mitomycin C and
radiation of C3H mouse mammary carcinoma in vivo
showed that the drug significantly enhanced the radiation-
induced growth delay when administered before radiation
[G25]. Isobolic analysis revealed that pre-irradiation
treatment with mitomycin C resulted in a supra-additive
response, whereas post-irradiation treatment resulted in
only an additiveresponse. Theenhancement appeared to be
related to both adirect radiosensitization and apronounced
cytotoxic effect of the drug against radioresistant hypoxic
cels.

219. A randomized trial using mitomycin C with radio-
therapy for head and neck cancer showed a disease-free
survival benefit [W21]. However, a high incidence of
pulmonary complications was reported. Mitomycin C is
included in many multimodality therapy regimens for
gastrointestinal tumours in combination with 5-FU and
radiation. For cancers of the anal region, chemotherapy
with 5-FU and mitomycin C plus irradiation have been
widely accepted as the conventional treatment for most
patients, and surgery may not be required in many cases
(reviewed by [S14]).

220. Actinomycin D (dactinomycin) binds to DNA by
intercalation. The intercalation depends on a specific
i nteraction between the pol ypeptide chains of theantibiotic
and deoxyguanosine and blocks the ability of DNA to act
as a template for RNA and DNA synthesis [R17]. The
predominant effect is sdective inhibition of DNA-
dependent RNA synthesis. In addition to these effects,
actinomycin D causes single-strand breaks in a manner
similar to doxorubicin.
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221. Experimental investigations of interactions between
actinomycin D and radiation were reviewed by Hill and
Bellamy [B26, H30]. Theoverall conclusion of thisreview
was that irrespective of the sequence employed, the two
agents are at least additive and that a shorter rather than a
longer interval between the two agents is the most bene-
ficial. Because actinomycin D generally leads to a
decreased D, and a decrease in split-dose recovery, it
inhibits sublethal damage repair but does not effect
potentially lethal damage repair in exponentially growing
cells. Thisincreased radiation damage expression, result-
ing from residual non-repaired single- and double-strand
breaks in DNA, has been proposed as a possible
mechanism for interaction between actinomycin D and
ionizing radiation.

222. Actinomycin D is effective in the treatment of Wilms
tumour, Ewing's sarcoma, embryona rhabdomyosarcoma,
and gestational choriocarcinoma. It enhances radiation
effects in clinical therapy when both are given ssimul-
taneoudly. When given after radiation therapy, actinomycin
D, like doxorubicin, can recall the irradiation volumes by
erythema of the skin or by producing pulmonary reactions
[D32]. It is not known whether this is due to interaction
between the damage done by radiation and that by thedrug
or whether it represents only additivity of the effects. The
recall effect can be observed even after a period of several
months between radiation and drug treatments.

4. Microtubule poisons

223. Many antineoplastic agents currently in use are
biosynthetic products and were initially isolated from
plants[D24]. In this Section, the mode of action aloneand
in combination with radiation of the vinca alkaloids,
epipodophyllotoxins, and taxanes is reviewed.

224, Vinca akaloids are present naturaly in minute
guantitiesin the common periwinkle plant, Catharanthus
roseus. Vincristine (VCR), vinblastine (VBL), desacetyl
vinblastine (vindesine), and vinorelbinearein clinical use.
Vinca akaloids exert their cytotoxic effects by binding to
aspecific siteon tubulin and preventing polymerization of
tubulin dimers, disrupting the formation of microtubules
[M55]. The binding occurs at sites that are distinct from
binding sites of other antimicrotubule agents, such as
colchicine, podophyllotoxin, and paclitaxel [B55].

225. Theeffect of single doses of VCR on mice spermato-
goniawasinvestigated by Hansen and Sorensen [H31], and
the influence of these drugs on the radiation response of
murine spermatogonial stem cells was examined. VCR
significantly reduced the survival in the differentiated
spermatogoniaand toalesser extentin thestemcells. VCR
radiosensitized spermatogonial stem cells, with the effect
being most prominent when it was administered after
irradiation. Grau et al. [G26] evaluated the interaction
between VCR and x rays in a murine C3H mammary
carcinoma and its surrounding skin. VCR caused a
temporary blockage of cells in the mitotic phase. The

tumour control studies, however, showed a lack of
correlation betweentheV CR-induced accumul ation of cells
in the G,/M cdll-cycle phase and enhancement of tumour
radiation response. Nevertheless, pre-irradiation VCR
caused radiosensitization in both tumours and skin,
whereas post-irradiation VCR mostly resulted in responses
equal to radiation only.

226. Theeffect of combining VBL andionizing radiation on
tumour response was investigated in CDF1 mice bearing the
MO4 mousefibrosarcoma[V9]. Different treatment schedules
for the combination of VBL and radiation al resulted in
additive tumour responses. The maximum percentage of
tumour cdlsthat could be accumulated in mitosisby asingle
intravenous bolus of VBL was around 13%. The results show
that thiswill probably beinsufficient for significant radiation
enhancement.

227. Paditaxd (commercid name Taxal), another micro-
tubule poison, was firgt isolated from the Pacific yew, Taxus
brevifolia. Paclitaxd promotes microtubule assembly in vitro
and gtabilizes microtubulesin mousefibroblast cdlls exposed
tothe drug [S69, S7Q]. It binds preferentially to microtubules
rather than to tubulin dimers[P22]. Although thebinding site
for paclitaxel on microtubulesisdigtinct from the binding site
for exchangeable guanosine triphosphate (GTP) and for
colchicine, podophyllatoxin, and VBL, the specific binding
ste for padlitaxel on microtubules has not been identified.
Unlike other antimicrotubule agents such as colchicine and
the vinca alkaloids, which induce microtubule disassembly,
padlitaxel shiftstheequilibriumtowardsmicrotubul eassembly
and gabilizes microtubules. Digtinct morphological effects
suggest that paclitaxd adversdy affects critical microtubule
functions during interphaseand mitosis. Paclitaxd bdongsto
thegroup of taxanes, microtubuli stabilizing agentscontaining
ataxane ring. Microtubuli stahilizing agents without taxane
ring are called taxoids.

228. Choy et al. [C40] evaluated the possible radiosensi-
tizing effects of paclitaxel on the human leukaemic cedll
line (HL-60). When HL-60 cdIsweretreated with paclitaxd,
up to 70% of them were blocked in the G,/M phase. |sobalic
anaysis of the data revedled that the combined effects of
ionizing radiation and paclitaxd fell within therange between
additivity and synergism. Reasoning that paclitaxel could
function asacdl-cycle-sdective radiosendtizer, Tishler et al.
[T24, T25] examined the consequences of combined
drug/radiation exposures on theradioresistant human grade 3
agtrocytoma cdl line, G18, under oxic conditions. Survival
curve analyss showed a dramatic interaction between
paclitaxel andionizing radiation, with the degree of enhanced
cdl killing dependent on paclitaxd concentration and on the
fraction of cdlsin the G, or M phases of the cdll cyde.

229. Three human ovarian cancer cell lines were used to
examine the radiosensitizing effects of paclitaxel: BG-1,
SKOV-3, and OVCAR-3 [S71]. Paclitaxd was found to
have a significant radiosensitizing effect on al cell lines.
Proliferating cells were more sensitive to paclitaxe,
radiation, and the combination than confluent cells.
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Treatment of proliferating cells with paclitaxel 48 hours
prior to irradiation had a greater radiosensitizing effect
than treatment 24 hours prior to irradiation.

230. Liebmann et a. [L44] examined theradiosensitizing
effects of paclitaxel in four cel lines. MCF-7, A549,
OVG-1, and V79. All cdl lines developed a G,/M block
after paclitaxel exposure. Paclitaxel acted as a radio-
sensitizer in human breast cancer cells(MCF-7), in human
ovary adenocarcinoma cells (OVG-1), and in Chinese
hamster lung fibroblast cells (V79). However, paclitaxel
was unable to enhance the radiation sensitivity of human
lung adenocarcinomacd |s(A549). Paclitaxel increased the
linear component of theradiation survival curvesinall cell
lines. The quadratic component was unaffected by paclitaxel
in the rodent cdl line The cdls that were sendtized to
radiation by paclitaxel had a rdativdy small basdine linear
component, while A549 cdls had a large linear component.
Asynchronous and synchronous cdls from carcinomas of the
human uterine cervix were irradiated alone and after
paclitaxel treatment [G27, T39]. Irradiating paclitaxe -treated
cdlsresulted in agrictly additive response, like the response
in lung adenocarcinoma cells and in contragt to the earlier
supra-additive results with astrocytoma cdls, breast cancer
cdls, and ovarian cancer cdls. Padlitaxd affected thecervica
carcinoma cdls at stages of the cell cycle other than G,/M.
This may explain the failure to observe paditaxd radio-
sengtization with these cels and it may indicate that
paclitaxd has a multiplicity of actions, with differences in
effectiveness likdy between cdls of different origins. Similar
cdl-line-specific results on the cdl-cyce specificity of the
combined paclitaxd radiation effects were reported for other
tumour cdl lines. In non-synchronized and synchronized
human fibrobl agts, however, the combined effect was additive
to even subadditive [ G36]. Subadditive effectson cdl survival
between radiation and paclitaxel werereported for the human
laryngeal squamous-cdll carcinoma cel line SCC-20 [115].

231. Besides having cdl-cyde effects, paclitaxd is able to
induce apoptosis by a p53-independent mechanism. On a
molecular leve, paditaxd effects primarily involve phos-
phorylation of the product of the bd-2 gene downstream of
p53 [M6g].

232. He & d. [H32, H33] assessed the potentia oncogenic
effects of padlitaxe dther adone or in combination with
gammairradiation in C3H10T% cdls. In contrast to human
cdlsin vitro, the mitotic block induced by padlitaxel in 10T
cdls was only partial. While paclitaxd was ineffective in
transformant induction, it enhanced the oncogenic trans
forming potential of gammaraysin a supra-additive manner.

233. In vivo experiments with animal tumours showed that
enhanced tumour radiosengtivity after paclitaxd trestment
was attributable to two distinct mechanisms. Paclitaxd was
able to enhance the radioresponse of apoptosis-sensitive and
-resigant tumours but not the normal tissue radioresponse,
thus providing true therapeutic gain. Tumour reoxygenation
and antiangiogenic properties occurring as a result of
padlitaxel-induced apoptosis in apoptoss-sendtive tumours

and mitotic arrest after paclitaxe trestment in apoptoss
red stant tumoursaretwodistinct radi osensiti zing mechaniams
of paclitaxel [M67]. In mice bearing spontaneous mammary
carcinoma, paclitaxe and radiation interacted in a supra-
additive manner in controlling tumour growth. However, no
supra-additive response has been observed in normal tissue,
indicating a favourable therapeutic gain [CA48].

234. Antitumour activity of paclitaxd has been observed in
advanced ovarian cancer and metastatic breast cancer. The
initial activity reported in refractory ovarian cancer has now
been confirmedin threesubsegquent studieswith responserates
ranging from 21% to 40% (reviewed in [Y13]). Significant
adtivity (56%-62%) has aso been observed in metagtetic
breast cancer [H34]. Docetaxd, a paclitaxel derivative, has
been shown to be 100-fold more potent than paclitaxd in
bcl-2 phosphorylation and apoptatic cel deeth [H50]. The
radiosensitizing activity of docetaxel has been reported in
clinical trials with head and neck cancer [S79] and non-
small-cell lung cancer [G38, O20].

5. Topoisomerase poisons

235. Epipodophyllotoxins from extracts of the mandrake
plant (Podophyllum pelatum) have been used for medical
purposes for centuries as cathartics or as treatment for
parasitesor venereal warts. Podophyllotoxin, an antimitotic
agent that binds to a site on tubulin distinct from that
occupied by thevincaalkal oidsor paclitaxel, wasidentified
asthemain constituent possessing cytostatic activity. These
early tubulin-binding podophyllotoxins possessed a pro-
hibitively high degree of clinical toxicity. For example, a
considerable risk of pneumonitis was observed following
irinotecan and radiotherapy for lung cancer [Y 15]. How-
ever, two glycosidic derivatives of podophyllotoxin,
etoposide (VP-16) and teniposide (VM-26), have very
significant clinical activity against a wide variety of
neoplasms. Their main target is DNA topoisomerase 1.

236. Epipodophyllotoxinswerefoundto arrest cellsin the
late S or early G, phase of the cdl cycle rather than the
G,/M border that would have been expected of an
antimicrotubul e agent [K40]. It wasnoted that these agents
had no effect on microtubule assembly at concentrations
that werehighly cytotoxic[L45]. It was subsequently found
that these drugs produced DNA strand breaks in intact
cells but that these effects were not seen when the
epi podophyllotoxins were incubated in vitro with purified
DNA, suggesting that direct chemical cleavage in DNA
was not occurring [W20]. The epipodophyllotoxins exert
their cytotoxic effects by interfering with the scission-
reunion reaction of the enzyme DNA topoisomerase 1l
[Y10]. The enzyme binds to DNA covaently and forms
single-strand, protein-associated breaks. On amolar basis,
teniposide is approximately 10 times more effective than
etoposide at inducing DNA strand breaks [L46]. In
addition, the epipodophyllctoxins inhibit the catalytic or
“grand-passing” activity of topoisomerase |1 that permits
the enzyme to catenate DNA circles and disentangle
topologically constrained DNA.
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237. Isobolicanalysis of the combined modality treatment
of etoposide and radiation on asynchronous growing V79
fibroblasts showed that considerable potentiation occurs
upon concomitant radiation/drug exposure [G28]. Syner-
gistic cell killing was observed as radiation was applied
beforeor concomitantly with etoposide. Rapidly repairable
radiation-induced DNA damage was fixed into lethal
lesions by etoposide, giving rise to supra-additive inter-
action under concomitant radiation/drug exposure. The
shoulder of theradiation survival curve was eliminated. A
second interaction mechanismwasthat cellsarrestedinthe
G, phaseof thecdll cycleby irradiation werehypersensitive
to the cytotoxic effects of the drug. Recently, Goswami et
al. [G29] reported that the synthesis of topoisomerasell is
suppressed as cellsaccumulatein G, following irradiation.
Ng et a. [N17] investigated the ahility of etoposide to
potentiate the x-irradiation response and to inhibit the
repair of potentially lethal damage and sublethal damage
in confluent cultures of a radioresistant (Sk-Mel-3) and a
radiosensitive (HT-144) human meanoma cel line. In
both cell lines, etoposi deinhibited sublethal damagerepair;
however, in contrast to camptothecin, a topoisomerase |
inhibitor, it alsoinhibited potentially lethal damagerepair
in HT-144 cells but not in the radioresistant cell line
Sk-Mél-3.

238. Non-cytotoxic concentrations of etoposide (1.7 mM)
caused little or no effect in V79 cells when combined with
radiation [S72]. Even at highly toxic doses of etoposide,
human bladder carcinomacelswerenot radiosensitized by
the drug [M48]. Etoposide and teniposide have demon-
strated highly significant clinical activity against a wide
variety of neoplasms, including non-Hodgkin'slymphomas,
germ-cell malignancies, leukaemias, and small-cell lung
carcinoma [B56, 06, W22].

239. Camptothecin, a heterocyclic akaloid, and its
analogues are inhibitors of topoisomerase | and possess
antitumour activity. Camptothecin wasfirst isolated from
the stem wood of Camptotheca acuminata, atree nativeto
northern China. Characterization of themolecular structureof
camptothecin critical for antitumour activity has led to the
deveopment of the camptothecin analogue topotecan and
otherswith greater solubility andimproved therapeuticindices
in preclinical modds.

240. DNA topoisomerase | is the unique target for
camptothecin [S73]. Topoisomerase | transiently breaks a
singlestrand of DNA, thereby reducing torsional strainand
unwinding DNA ahead of the replication fork. Human
DNA topoisomerase | binds to its nucleic acid substrate
non-covalently. The bound enzymethen createsatransient
break in one strand and concomitantly binds covalently to
the 3'-phosphoryl end of the broken DNA strand. Topo-
isomerase | then allows passage of the unbroken DNA
strand through the break site and religates the cleaved
DNA. Camptothecin blocksthetopoisomerasel intheform
that is covalently bound to DNA [C41]. Camptothecin-
induced DNA strand breaks have been detected frequently
at replication forks closeto growth points. The cytotoxicity

of camptothecin, a highly S-phase-specific agent, may be
explained by the collision of drug-stabilized topoi somerase
[-DNA complexes with moving replication forks, leading
to replication arrest and conversion of topoisomerase-I-
bound transient DNA strand breaks into persistent breaks
[H35]. A direct stereospecific interaction between campto-
thecin and DNA topoisomerase is essentia for the radio-
sensitizing effect of the inhibitor [C47].

241. Exposure to camptothecin under conditions of low-
dose-rateirradiation (1 Gy h™*) induced the accumulation
of cellsin the S phase in V79 and Hela cells. Isobolic
analysis of survival data consistently showed supra-
additivity of cdll killingin both cell linesupon concomitant
exposure to camptothecin and low-dose-rate irradiation.
Cytokinetic cooperation appears to be the main deter-
minant of cell survival in treatments associating campto-
thecin and radiation in growing cells. Non-cytotoxic
concentrations of camptothecin produced a reproducible
effect at x-ray doses of up to 2 Gy; however, like cdls
treated with etoposide at non-toxic concentrations, the
radiation survival curves for drug-treated and untreated
V79 cellswere comparableat higher radiation doses[S72].
X-irradiation of camptothecin-treated SV40 transformed
normal (MRC5CVI) and ataxia-telangiectasia(AT5BIVA)
fibroblast cellsresulted in additive prolongation of S-phase
delay in MRC5CVI cultures and additive effects for cell
killing in both cdl lines [F11]. Hypersensitivity of
AT5BIVA to camptothecin was not attributableto el evated
levels of complex trapping.

242. HT-29 human colon adenocarcinoma cells growing
in spheroids were more resistant to both SN-38, a meta-
boliteof aderivativeof camptothecin (irinotecan: CPT-11),
and radiation than HT-29 monolayers. SN-38 at asubtoxic
concentration (2.5 pg ml™?) increased the lethal effects of
radiation on spheroidsin asupra-additive manner but only
acted additively on monolayers. The mechanism of radio-
sensitization of SN-38isduetotheinhibition of potentially
lethal damagerepair in spheroids[O18]. In both small-cell
lung cancer and small-cell/large-cell lung carcinomaxeno-
grafts, combination treatment with SN-38 and radiation
resulted in asignificant tumour regression compared with
the use of SN-38 or radiation alone [T40].

243. Gamma-rayirradiation of AS-30D rat hepatomacells
followed by a2-hour exposureto camptothecin in vitro was
found to act additively at low radiation doses and syner-
gigtically at higher radiation doses, as shown by isobolic
analysis[R18]. Treatment of established ascitestumoursin
rats with either camptothecin or **!|-labelled monoclonal
antibody RH1, which specifically localizes in hepatoma
ascites, prolonged rat survival but wasineffectiveat curing
animals of tumours. In contrast, combined therapy con-
sisting of camptothecin followed by the injection of -
labelled monoclonal antibody RH1 cured 86% of animals.
These results suggest that topoisomerase | inhibitors may
be useful for increasing the efficacy of radioimmuno-
conjugates for the treatment of cancer.
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244, Subtoxic concentrations of topotecan potentiated
radiation-induced killing of exponential ly growing Chinese
hamster ovary or P388 murine leukaemia cultured cells
[M49]. Survival curve shoulders were reduced; the slopes
of the exponential portions of the curves were dightly
decreased. Potentiation of radiation-induced cell killing by
topotecan was absol utely dependent on the presence of the
topoisomerase| inhibitor during thefirst few minutes after
irradiation. A dose-dependent reduction in cell survival
was obtained with a 4-hour exposure of topotecan
following irradiation of human carcinomacellsin culture
and murinefibrosarcomain mice[K22]. No enhancement
of cell killing was seen when cells were treated with the
drug before irradiation. In vivo tumour studies showed a
significant radiosensitizing effect of topotecan that was
dependent on both drug dose and time sequence (before
irradiation). There was no enhanced skin reaction
following the combined treatments [K22].

6. Bioreductive drugs

245. The oxygenation status of clonogenic cells in solid
tumoursis believed to be one of the main factors adversely
affecting tumour response in radiotherapy. In totaly
hypoxic cells, the radiation dose must be raised by afactor
as great as 3 to achieve the effects obtained in fully oxic
cells. The presence of 2%-3% of such resistant cells may
double the total radiation dose required for eradication of
all tumour cells[G30, T26]. It appears that solid tumours
can contain two distinct classes of hypoxic cells: chroni-
cally andtransiently hypoxiccells[C42, T26]. However, in
clinical radiotherapy, treatment is usually sufficiently
protracted to allow a significant re-oxygenation.

246. Results of clinical studies on the use of hyperbaric
oxygen in combination with radiotherapy to increase
oxygenation of hypoxictumour cellshave been conflicting.
Nine randomized trials have been reported, of which only
three gave statistically significant positive results for the
use of hyperbaric oxygen, particularly in tumours of the
head and neck region and advanced carcinoma of the
cervix [D25, D26, F13, W23]. A second approach towards
increased delivery of oxygen to tumours involved the use
of erythrocytetransfusions. Retrospective studiesof cancer
patients with anaemia showed some indications for a
negative correlation between anaemia and the outcome of
radiotherapy [B57, D27, D28]. Use of the perfluoro-
chemical oxygen-carrying emulsion Fluosol-DA and 100%
oxygen asan adjunct to radiotherapy isathird approach to
increased oxygen delivery. Clinical trialsin the treatment
of head and neck cancer showed a benefit of this combined
modality treatment [L42, R19].

247. Clinical trialswith hypoxic cell radiosensitizersrely
on adifferent approach [R2]. Drugsthat replace oxygenin
chemical reactions that lead to radiation-induced DNA
damage are used as adjuncts to radiotherapy. These drugs
sensitize hypoxic tumour cells to radiation but do not
sensitize normal tissue, which is already maximally
sensitized by oxygen. Hypoxia-directed drugs would have

limited use as single agents, because they would not
destroy the normally oxygenated tumour cells, however,
they could be extremely valuable in combination with
radiotherapy or drugs that sdlectively kill aerobic cells.
Optimal use of hypoxia-directed drugs would therefore
requirethe devel opment of regimensin which concomitant
therapies with agents attacking each cell population were
combined effectively to eradicate all the different cell
populations within the tumour. Drugs that are selectively
toxic to hypoxic cells should be relatively non-toxic to
healthy normal tissue, whichisgenerally well perfused and
well oxygenated.

248. Bioreductive drugs are activated by metabolic
reduction in tumour cells to form highly effective cyto-
toxins. Tumour selectivity exploitsthe presenceof hypoxia
in tumours, since oxygen can reverse the activating step,
thereby greatly reducing drug activity in most normal
tissues. Sedlectivity can also depend on the level of
expression in tumour cells of the particular reductase for
which the drug can act as a substrate. These include DT-
diaphorase, various P450 isozymes, cytochrome P450
reductase, xanthine oxidase, and doubtless other enzymes
aswell.

(&) Quinone alkylating agents

249. Quinone akylating agents, as well as various nitro
compounds and the benzotriazine di-N-oxides, have the
ability to undergo metabolic reduction in such away asto
selectively kill hypoxic cells. When quinones are reduced
under normal aerobic conditions, the cell is placed in
oxidative stress due to a process known as redox cycling
[P23, T27]. Although oxidative stress due to cycling is
considered important in thetoxicity of quinones and other
redox |abile agentsto normal oxic cells, thispathway isin
fact less damaging than the highly toxic metabolites that
predominate in hypoxic cells. Thisis partly because of the
protective enzymes that detoxify superoxide, that is,
superoxide dismutase and catalase. Another pathway that
protects oxic cells from the toxic action of quinones is
direct reduction by DT-diaphorase. Unlike other reduct-
ases, DT-diaphorase catalyses a concerted two-electron
reduction step, which istherefore not reversible by oxygen.
Radiosensitizing effects of EO9, an analogue of mito-
mycin C, and porfiromycin, ancther quinone alkylating
agent, were reported in experimental animal tumour
models [A26, R20].

(b) Nitroimidazoles

250. Nitroimidazolesarereducedintracdlularly, butinthe
absence of adequate supplies of oxygen they undergo
further reduction to more reactive products [E9]. The
formation of these products is initiated by an enzyme-
mediated single-electron reduction of the nitro group to a
freeradical that is an anion at neutral pH. The reduction
pathway can proceed in successive steps past the nitro-
radical anion (one eectron addition), the nitroso (two
electrons), and the hydroxylamine (four electrons) to
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terminate at the relatively inactive amine derivative (six
electrons). In aerobic conditions the predominant reaction
is redox cycling through radical anion analogous to
quinone bioreduction, and oxidativestressmay result from
thispathway. The precise molecular nature of the covalent
reaction productsthat predominateunder hypoxiahavenot
been identified, but these products almost certainly derive
from thenitroso- or hydroxylaminereduction level or their
ring cleavage products such as glyoxal [W24].

251. The first compound tested in clinical trials was the
5-nitroimidazole, metronidazole [D29, U16, U17]. It was
selected because of its known activity both in vitro [C37,
F25] and in experimental murine tumours [B58, R21,
S74]. Misonidazole was the first in a series of 2-nitro-
imidazole compoundsto be used in the clinic. Becausethe
2-nitroimidazole compounds are more € ectron-affinitive
than metronidazol e, they are more efficient as hypoxic cell
sensitizers. Misonidazole was shown to be more efficient
as a radiosensitizer in experimental tumour systems than
metronidazole [F26]. Clinical experience with misoni-
dazole asaradiosensitizer showed somebenefit of thedrug
in some head and neck cancer and pharyngeal cancer
studies [D12, D22, F14, O7]. However, clinical use is
limited because it induces cumulative peripheral neuro-
pathy.

252. Neurotoxicity islinked to thelipophilic properties of
the compound [B59, B60, B61]. The less lipophilic
misonidazole analogue SR 2508 (etanidazole), with
radiosensitizing activity comparable to that of misoni-
dazole, was subsequently used. Adding etanidazole to
conventional radiotherapy was beneficial for patients who
had squamous-cell carcinomaof thehead and neck without
regional lymph node metastasis [L34]. Nimorazole, a
weakly basic 5-nitroimidazole with an eectron affinity
lower than that of the 2-nitroimidazoles, was evaluated in
a randomized trial in patients with squamous-cell
carcinoma of the larynx and pharynx [O8]. Results
demonstrated a statistically significant improvement in
locoregional control. Nimorazol e was much lesstoxicthan
etanidazole, and the toxicity was reversible.

253. RSU 1069 isthe leading compound of dual-function
hypoxic cell radiosensitizers. It is a 2-nitroimidazole
containing a monofunctional, alkylating aziridine ring.
RSU 1069 hasradiosensitizing propertiesand can beup to
100 times more toxic to hypoxic cellsthan to aerobic cells
[S75]. The increased differential toxicity compared with
that of other smplenitroimidazolesisduetothealkylating
function in the molecule [W25]. Following bioreduction,
therefore, the drug is converted into a bifunctional agent
that can cause both DNA strand breaksand cross-links[J5,
09, S76, W26]. In mice injected with RSU 1069, aerobic
cellsexhibitedlargenumbersof DNA single-strand breaks,
while toxic DNA interstrand cross-links were produced
only in hypoxic cels. Céls from bone marrow and spleen
showed extensive numbers of DNA single-strand breaks
but minimal cross-linking compared with tumours[O10].
However, clinical testing revealed severe gastrointestinal

toxicity at doses bel ow those needed for therapeutic benefit
[H17].

254, A series of pro-drugs (e.g. RB 6145) have been
developed that release RSU 1069 spontaneously under
physiological conditions [J6]. In vitro and in vivo animal
data showed that the hypoxic cell specificity and cytotoxic
activity are retained but that at the same time the acute
toxicity is reduced in animal models[A23, C4, C11, C44,
S77, S78]. The efficacy of the combined treatment of
SCCVI|I transplantabl etumoursissignificantly higher than
that of treatment with radiation alone.

(c) Benzotriazine di-N-oxides

255. Brown and collaborators [M50, Z7, Z8] introduced
the benzotriazine di-N-oxide tirapazamine (SR 4233) and
analogues into the field of bioreductive drugs. Like the
nitro compounds and quinones, the benzotriazine di-N-
oxides are reduced to one-electron reduced free radicals
[B62, K10, L30, Z9]. Tirapazamine is highly efficient in
killing hypoxic celsinvitroandinvivo[B53,K9, Z7, Z8].
Unlikethetoxicity of other bioreductive drugs studied, the
toxicity of SR 4233 does not level off at normal oxygen
concentrations but continues to decrease as the oxygen
concentration increases.

256. The drug appears to induce DNA strand breaks by
means of an oxidative damage to pyrimidines [ES].
Analysis of DNA and chromosomal breaks after hypoxic
exposure to SR 4233 suggests that DNA double-strand
breaks are the primary lesion causing cell death [B28].
More DNA singlestrand breaks and a greater
heterogeneity in DNA damage were observed in tumour
cells than in spleen and marrow cells of mice exposed to
tirapazamine, consistent with the presence of hypoxic cells
and the greater bioreductive capacity of tumours [O10].

257. SR 4233 is also extremely active when used in
combination with fractionated radiation schedules [B62,
E8, Z9]. Thisenhancement is seen when SR 4233 isgiven
before and after irradiation [Z10]. In two animal tumour
models (KHT and SCCVII), SR 4233 with radiation
produced a significantly greater enhancement than did
nicotinamide with carbogen, a combination that has been
shown to improve tumour oxygenation. In RIF-1 tumour,
which has the lowest hypoxic fraction of the three, the
response was comparabl e for the two modalities [D8]. SR
4233 was able to enhance the tumour growth delay
produced by radioimmunctherapy in severe combined
immunodeficient phenotype mice with human cutaneous
T-cell lymphomaxenografts[W27]. In astudy by Lartigau
and Guichard [L29], the pO, dependence of the survival of
three human cdl lines (HRT 18, Nall+, and MEWO)
exposed totirapazamine (SR 4233) aloneor combined with
ionizing radiation, was studied in vitro. There was a
marked increase in cell killing when tirapazamine was
combined with radiation, compared with either
tirapazamine or radiation given alone.
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Absolute risk

Additivity

Absorbed dose

Alkylating agents

Antagonism

Antioxidants

Biochemical effect monitoring

Biological indicator

Biological effective dose

Biological monitoring

Biomonitoring

Carcinogen

Glossary

Excessrisk attributed to an agent and usually expressed asthe numeric difference
between exposed and unexposed popul ations(e.g. five cancer deathsover alifetime
per 100 people, each irradiated with 1 Sv).

Effect of a combined exposure equaling the sum of the effects from single-agent
exposures.

Chemicals The amount of an applied dose of chemical absorbed into the body or
into organs and tissues of interest.

Radiation The average energy imparted to matter in an element of volume by
ionizing radiation divided by the mass of that element of volume. The Sl unit for
absorbed dose is joule per kilogramme (Jkg™) and its special nameis gray (Gy).

compounds that transfer an alkyl group to DNA.

General A combined effect of two or moreinteracting agentsthat is smaller than
the addition of the single-agent effects with known dose-effect relationships.

Chemical antagonismor inactivation Chemical reaction between two compounds
to produce a less toxic product. Example: toxic metal and chelator.

Dispositional antagonism Alteration of absorption, biotransformation, distribution, or
excretion of one agent in such away that the time-concentration product in the target
organ is diminished. Example: prevention of absorption with charcoal.

Functional antagonism Two agents balance each other by producing opposite effects
on the same function. Example: drug with vasodepressing side effect and vasopressor.

Receptor antagonism Competitive binding to the same receptor producing a smaller
effect. Examples oxygen in carbon monoxide poisoning, ethanol in methanol
poisoning.

substances preventing oxidation.

Monitoring of biochemical and molecular effects, i.e. changesin sequence, structure,
and/or function of biologically relevant molecules caused by an exposure to an agent
or a mixture of agents. Biochemica effect monitoring determines tissue dose or
biologicaly effective dose. Examples are direct measurement of DNA adducts and
strand breaks. Biochemical effect monitoring takesinto account individual differences
such as genetic background and deficiencies in DNA repair. A disadvantage is the
difficulty of directly monitoring changesin target cell populations. Most analyses are
therefore done on surrogate tissue such as blood cdls.

Measurable biological effect that is clearly, specifically, and quantifiably related
to an exposure.

Biological effect in cellsor tissues at risk with direct relevanceto the initiation or
progression of a disease; see also Biochemical effect monitoring.

Continuous or repeated monitoring of potentially toxic agents or their metabolites
in cels, tissues, body fluids, or excretions (internal dose). Biological monitoring
takes into account individual differences in absorption or bioaccumulation of
agentsin question. It has the advantage of being comparatively easy to monitor.

monitoring the environment or a population with biological markers.

An agent, chemical, physical, or biological, that can act on living tissuein such a
waly as to cause a malignant neoplasm.

Solitary or complete The agent does not need additional action of further
exogenous cancer risk factorsto cause a neoplasm.

Indirect or precarcinogen The agent hasto betransformed toitsactive molecular
form (ultimate carcinogen) in the metabolism.
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Co-factor

Combined effect

Concentration additivity

Confounder

Confounding

Dependent action

Deterministic effect

Dose

Dose-response relationship

Effect additivity

Environmental monitoring

Epigen, epigenetic

Exposure

External dose

Genotoxicity

A substanceor agent that actswith another substanceto bring about certain effects; e.g.
coenzyme, alow-molecular entity needed for enzymatic activity of the apoenzyme.

Thejoint effects of two or moreagentson thelevel of molecules, cells, organs, and
organismsin the production of abiological effect.

Combined effect is predicted by addition of concentrations of different agents on
anormalized concentration-effect graph; valid in the case of isoaddition. In this
case, a combined effect can arise even when all single-agent concentrations are
below their threshold for the endpoint under study (see also effect additivity).

A variablethat can cause or prevent the outcome of interest, isnot an intermediate
variable, and isnot associated with the factor under investigation. Such avariable
must be controlled in order to obtain an undistorted estimate of the effect of the
study factor(s) on risk.

A situation in which the effects of two processes are not separated. The distortion
of the apparent effect of an exposure on risk brought about by the association with
other factors that can influence the outcome. Distortion of a measure of the effect
because of the association of exposure with other factor(s) that influence the
outcome under study (WHO).

Action of two and more agents, in which the effect of a second agent depends on
theeffect of afirst agent. Dependent action |eadsto combined effectsdifferent from
heteroadditivity.

Effect on sufficient proportion of cells to disrupt tissue or organ function. The
probability of causing observable damage will be zero at small doses but will
increase steeply to unity above a threshold. Above the threshold, the severity of
damage will also increase with dose. Examples include cataracts, skin erythema,
and stem-cell depression in bone marrow or the small intestine.

Radiation See Absorbed dose radiation.
Chemicals The amount of a chemical administered to an organism. See also
Absorbed dose chemicals.

The relationship between the magnitude of exposureto a chemical, biological, or
physical agent (dose) and the magnitude or frequency and/or severity of associated
adverse effects (response).

Combined effect is predicted by adding the effects of different agents; validin the
case of heteroaddition. In this case, the combined effect is zero as long as all
single-agent concentrations are bel ow their threshold.

Quantitative determination of a potentially detrimental agent in the environment
(external dose).

Changes in an organism brought about by alterationsin the expression of genetic
information without any change in the genome itself; the genotype is unaffected
by such a change but the phenotypeis altered.

Concentration, amount, or intendty of a particular physica or chemical or
environmental agent that reachesthetarget population, organism, organ, tissue, or cdl,
usualy expressed in numerical terms of substance concentration, duration, and
frequency (for chemical agents or microorganisms) or intengity (for physical agents
such asradiation). Intheradiation field, exposure may aso denotethedectrical charge
of ions caused by x or gammarays per unit mass of air; however theterm isused in its
more general sense as described here,

Radiation Dose from an external radiation source; obtained from being within a
radiation field.

Chemicals Concentration of an agent in an exposuremedium, i.e. air or water; see
also Environmental monitoring.

Ability to cause damage to genetic material. Such damage may be mutagenic
and/or carcinogenic.
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Hazard

Heteroadditivity

Initiator

Independent action

Interaction

Internal dose

| soadditivity

Mitogens

Multiplicative response

Mutagen

Mutation

Non-genotoxic effect

Non-stochastic effect

No Observed Adverse Effect Level
(NOAEL)

No Observed Effect Level
(NOEL)

Potentiation

Precursor

Set of inherent properties of a substance, mixture of substances, or a process
involving substances that, under production, usage, or disposal conditions, make
it capable of having adverse effects on organisms or the environment, depending
on the degree of exposure; in other words, a source of danger.

Additive effect from two independently acting agents with different modes of
action and therefore different dose-effect rel ationships. See also Effect additivity.

In the multi-stage model of carcinogenesis, initiatorsare defined by their ability to
induce persi stent changes (probably dueto genotoxic effects) inthecell (initiation).
If there is subsequent promotion, these changes may result in tumour formation.

Action of two and more agents in which the effect of one agent is independent of
the effect of the other agent. |ndependent action |eadsto combined effects defined
as heteroadditive.

Combined, mutual effects between agents on a molecular and/or cellular level
within a short time.

Radiation Dose from radioactive material deposited in the body.

Chemicals (a) Amount of a chemical recently absorbed; measured, e.g. as metal
concentration in blood; (b) amount of chemical stored in one or several body
compartments or in the whole body (body burden); used mainly for cumulative
toxicants; (c) in the case of ideal biological monitoring, amount of active chemical
species bound to the critical sites of action (target dose; e.g. carbon monoxide
binding to haemoglobin).

Additive effect from two similarly acting agents or from two increments of the
same agent on an upward bent dose-effect relationship. See also Concentration
additivity. On a descriptive level without detailed information about dose-effect
relationships, i soadditivity issometimesindi stinguishabl efrom supra-additivity or
synergism.

substances with a mitogenic effect on cells.

Effect of two agents for which the single-agent response coefficients or relative
risks have to be multiplied to describe the combined response.

A substancethat can induce heritabl e changes (mutations) of the genotypein acell
as a consequence of alteration or 1oss of genes or chromaosomes (or parts thereof).

A hereditary change in genetic material. A mutation can be a changein asingle
base (point mutation) or a single gene or it can involve larger chromosomal
rearrangements such as deletions and transl ocations.

Effect of an agent at the cellular, organ, or organism level without direct effects on
the genome such as DNA damage.

see Deterministic effect.

The greatest concentration or amount of a substance, found by experiment or
observation, that causes no detectabl e adversealteration of morphol ogy, functional
capacity, growth, development, or lifespan of the target organism under defined
conditions of exposure. Alterations of morphology, functional capacity, growth,
development, or lifespan of the target can be detected at this level but may be
judged not to be adverse.

The greatest concentration or amount of a substance, found by experiment or
observation, that causes no detectabl e adverse aterati on of morphol ogy, functional
capacity, growth, development, or lifespan of thetarget organismsdistinguishable
from those observed in normal (control) organisms of the same species and strain
under the same defined conditions of exposure.

Synergism.

Substance from which another, usually more biologically active, substance is
formed.
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Progression

Promoter

Relative risk (RR)

Sensitizer

Sochastic effect

Subadditivity

Supra-additivity

Synergism

Target (biological)

Threshold dose

Tissue dose

Topoisomerase

Toxicity

Increase in autonomous growth and malignancy; used in particular to describethe
transition from benign to malignant tumours and the progression of malignancy.
Thereareprobably numerousstages of progression during neoplastic devel opment.
The process of progression featuresin the general mode of carcinogenesisaswell
asin the multi-stage modd.

Risk factors of cancer that are capable of triggering preferential multiplication of
acell changed by initiation. Often, following initiation, along-term action on the
target tissue is necessary. Promoters often cause enzyme induction, hyperplasia,
and/or tissuedamage. Theessential primary effectsareconsideredtobereversible.
Asarule, promoters do not bind covalently to cell componentsand do not exert an
immediate genotoxic action.

Ratio between the cancer cases in the exposed popul ation to the number of cases
in the unexposed population. A relative risk of 1.5 indicates a 50% increase in
cancer dueto the agent under consideration. Excessrelativerisk (ERR) isRR - 1.

An agent or substancethat is capabl eof causing astate of abnormal responsiveness
in an individual. In most cases, initial exposure resultsin anormal response, but
repeated exposures lead to progressively strong and abnormal responses.

Effect of an agent on a cell of arandom or statistical nature in which the cel is
modified rather than killed. If this cell is ableto transmit the modification to later
cell generations, any resulting effect, of which there may be many different kinds
and severity, are expressed in the progeny of the exposed cell. The probability of
such a transmittable effect resulting from an exposure to a genotoxic agent
increases with increments of dose, at least for doses well bel ow the threshold for
deterministic effects. The severity of the damageis not affected by the dose. When
the modified cell isagerm cdl, the stochastic effect is called a hereditary effect.

Lessthan additive; effect of acombined exposure being lessthan the sum of effects
from single-agent exposures.

Morethan additive; effect of acombined exposure exceeding the sum of the effects
from single-agent exposures.

A combined effect of two or more interacting agents that is greater than the
addition of the single-agent effects with known dose-effect relationships.

Any organism, organ, tissue, or cell that is subject to the action of a pollutant or
other chemical, physical, or biological agent.

The minimum dose that will produce a biological effect. Dose below which no
effects occur (“trug’, mechanistically derived threshold) or are measurable
(apparent threshold). For a given agent there can be multiple threshold doses, in
essence one for each definabl e effect.

Local dosein an organ or a functional or structural entity of an organ. Seealso
Absorbed dose and Internal dose-chemicals.

ubiquitous enzymes that alter DNA configuration or topology.

Capacity of an agent to cause injury to a living organism. Toxicity can only be
defined in quantitative terms with reference to the quantity of substance
administered or absorbed, the way in which this quantity is administered (e.g.
inhalation, ingestion, or injection) and distributed in time (e.g. single or repeated
doses), the type and severity of injury, and the time needed to produce the injury.
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