NATO Sclence for Peace and Security Serles - C:
Environmental Security

Multiple Stressors:
A Challenge for
the Future

Edited by
Carmel Mothersill
Irma Mosse
Colin Seymour

@Springer
HEE Il V' E 'INE HI" FHIE ILN

This publication The NATO Science for Peace
is supported by: | and Security Programme




Multiple Stressors: A Challenge for the Future



NATO Science for Peace and Security Series

This Series presents the results of scientific meetings supported under the NATO Programme: Science
for Peace and Security (SPS).

The NATO SPS Programme supports meetings in the following Key Priority areas: (1) Defence Against
Terrorism; (2) Countering other Threats to Security and (3) NATO, Partner and Mediterranean Dialogue
Country Priorities. The types of meeting supported are generally "Advanced Study Institutes" and
"Advanced Research Workshops". The NATO SPS Series collects together the results of these meet-
ings. The meetings are coorganized by scientists from NATO countries and scientists from NATO's
"Partner" or "Mediterranean Dialogue" countries. The observations and recommendations made at
the meetings, as well as the contents of the volumes in the Series, reflect those of participants and
contributors only; they should not necessarily be regarded as reflecting NATO views or policy.

Advanced Study Institutes (ASI) are high-level tutorial courses intended to convey the latest
developments in a subject to an advanced-level audience

Advanced Research Workshops (ARW) are expert meetings where an intense but informal exchange
of views at the frontiers of a subject aims at identifying directions for future action

Following a transformation of the programme in 2006 the Series has been re-named and re-organised.
Recent volumes on topics not related to security, which result from meetings supported under the
programme earlier, may be found in the NATO Science Series.

The Series is published by IOS Press, Amsterdam, and Springer, Dordrecht, in conjunction with the
NATO Public Diplomacy Division.

Sub-Series

A. Chemistry and Biology Springer
B. Physics and Biophysics Springer
C. Environmental Security Springer
D. Information and Communication Security IOS Press
E. Human and Societal Dynamics IOS Press

http://www.nato.int/science
http://www.springer.com
http://www.iospress.nl

!
s
N4
|

Series C: Environmental Security



Multiple Stressors:
A Challenge for the Future

Edited by

Carmel Mothersill

McMaster University,
Department Medical Physics & Applied Radiation Sciences,
Hamilton, Ontario, Canada

Irma Mosse

Institute of Genetics and Cytology of the National Academy of Sciences,
Minsk, Belarus

and

Colin Seymour

McMaster University,
Department Medical Physics & Applied Radiation Sciences,
Hamilton, Ontario, Canada

@ Springer



Proceedings of the NATO Advanced Research Workshop on
Multipollution Exposure and Risk Assessment—A Challenge for the Future
Minsk, Belarus

1-5 October 2006

A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN 978-1-4020-6334-3 (PB)
ISBN 978-1-4020-6333-6 (HB)
ISBN 978-1-4020-6335-0 (e-book)

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

www.springer. com

Printed on acid-free paper

All Rights Reserved

© 2007 Springer

No part of this work may be reproduced, stored in a retrieval system, or transmitted in any
form-or by any means, electronic, mechanical, photocopying, microfilming, recording or
otherwise, without written permission from the Publisher, with the exception of any material
supplied specifically for the purpose of being entered and executed on a computer system,
for exclusive use by the purchaser of the work.



CONTENTS

Preface ..o
List of CONITDULOTS ..eeviiiieiiiiiiiee et e e e
Section 1: Multiple Stressors: General Overviews

1. Challenges in RadioecotoxiCology.......ccovviuririiiiiiiiiiiiiiiiiiieeeeeeeeeeenn,
B. Salbu and L. Skipperud

2. The Involvement of Pollution with Fish Health .....................o.....
Brian Austin

3. Effects of Ionizing Radiation Combined with Other
Stressors, on Non-Human Biota ............ccccoeeeeeiiiiiiiiiiiiiiieeeeeee
Ronald E. J. Mitchel, Marilyne Audette-Stuart
and Tamara Yankovich

4. Ecotoxicology — How to Assess the Impact of Toxicants
in a Multi-Factorial Environment?............cccoooiiiiiiiiiiiiiieeeeiieee.
Helmut Segner

5. A Layperson’s Primer on Multiple Stressors .........ccccoovvevievnieeeennnnn.
Thomas G. Hinton and Kouichi Aizawa

Section 2: Multiple Exposure Data — What Responses are Seen?

6. Effects of Multipollutant Exposures
on Plant PopulationsS.........cccvviiiiiiiiiiiiiiiececiieeeee e

Stanislav A. Geras’kin, Alla A. Oudalova, Vladimir G. Dikareyv,
Nina S. Dikareva and Tatiana I. Evseeva

7. Methodology of Socio-Ecological Monitoring
using Cytogenetic Methods...........oooovviiiiiiiiiiiiiiiiiee e
Alla Gorova and Irina Klimkina

8. Role of Genetic Susceptibility in Environmental Exposure
Induced DiISEASES. ... ..uviieeeieiiiiiiee et
Soheir Korrea

39



vi CONTENTS

Section 3: Multiple Stressor Data: Long-Term Effects

9. Post-Radiated and Post-Stressed Volatile Secretions:
Secondary Immune and Behavioral Reactions
N Groups of ANIMAIS.........ooiiiiiiiiiiiiieeiiiiiiee e
B.P. Surinov, A.N. Sharetsky, D.V. Shpagin, V.G. Isayeva,
and N.N. Dukhova

10. Radiation-Induced Genomic Instability in the
Offspring of Irradiated Parents ............ccoccvevveiviniiiiiiniiniiiieee e,
Yuri E. Dubrova

11. Evolution Processes in Populations of Plantain, Growing
around the Radiation Sources: Changes in Plant Genotypes
Resulting from Bystander Effects and Chromosomal Instability .....
V.L. Korogodina and B.V. Florko

12. Clastogenic Factors, Bystander Effects and
Genomic Instability In VIVO ....ccvvviiiiiiiiiieceeeee e
Sergey Melnov, Pavel Marozik, and Tatiana Drozd

Section 4: Multiple Stressors: Mechanisms

13. Multidisciplinary Aspects of Regulatory Systems Relevant
to Multiple Stressors: Aging, Xenobiotics and Radiation................
C. David Rollo

14. Genetic Aspects of Pollutant Accumulation in Plants.....................
A. Kilchevsky, L. Kogotko, A. Shchur, and A. Kruk

15. Radiation Risks in the Context of Multiple Stressors
in the Environment — Issues for Consideration ...................c............
Carmel Mothersill and Colin Seymour

16. Protection by Chemicals against Radiation-Induced
Bystander Effects .......cooooiiiiiiiiiiieee s
Pavel Marozik, Irma Mosse, Carmel Mothersill,
and Colin Seymour

17. Considerations for Proteomic Biomarkers in
Rainbow Trout ECOtoXiCOIOZY .....uvviiiiiiiiiiiiiieieiiiiiiie e
Richard W. Smith, Turgi Salaberria, Phil Cash, and Peter Pirt



CONTENTS

18. Genetic Effects of Combined Action
of Some Chemicals and Ionizing
Radiation in Animals and Human Cells...........ccccoeeeeiiiiiiiiiiiiiiinnnnn.
Irma Mosse, L.N. Kostrova, and V.P. Molophei

19. Cytogenetic Biomarkers for Exposure
tO MUILIPIE SEIESSOTS ..vvvviiiiiieeeiiiiiee et e e e e
Marco Durante

20. Redox Proteomics — A Route to the
Identification of Damaged Proteins............cccccoeveevviiiiieeieciiiineeeeens
David Sheehan, Raymond Tyther, Vera Dowling,
and Brian McDonagh

21. Exposure Assessment to Radionuclides
Transfer in Food Chain ..........ccooviiiiiiiiiiiiiicccc e
Maria de Lurdes Dinis and Antonio Fitza

22. Radiation, Oxidative Stress and Senescence; The
Vascular Endothelial Cell as a Common Target ..............................
Paul N. Schofield and Jose Garcia-Bernardo

23. Sensitivity of Irradiated Animals to Infection ...........ccccecveeeviiieenns
V.S. Nesterenko, I.S. Meshcherjakova, V.A. Sokolov,
R.S. Boudagov, and A.F. Tsyb

Section 5: Multiple Stressors: Applied Aspects

24. Features of Somatic Gene Mutagenesis
in Different Age Groups of Persons
Exposed to Low Dose Radiation.............ceeeveiiiiiiiiiiiiiiiiiiiiiiiinnn,
Alexander S. Saenko and Irina A. Zamulaeva

25. State of Ecosystems at Long-term Contamination
with Transuranium Radionuclides............cccceveviiieiniiiiiniieeee,
V. Kudrjashov and E. Konoplya

26. Technologically Enhanced Naturally Occurring Radioactive
Materials (TENORM) in Non-Nuclear Industry
and their Impact into Environment
and Occupational Radiation RisK .............ccccoevviiiiiiiiiiiniiiiine e,
Boguslaw Michalik

vii



viil CONTENTS

27. Steppe Soils Buffer Capacity and the Multipollution Impact
of Industrial Enterprises in UKraine..............coovvevvvveeieeiiiiiiieeeeeeenns 373
Mykola M. Kharytonov, Ann A. Kroik,
and Larisa V. Shupranova

28. Cancer Risk Assessment in Drinking
Water of Izmir, TUIKEY ....ovveiiiiiiiiiiiie e 381
Sukru Aslan and Aysen Turkman

29. Enhanced Adsorption of Atrazine in Different Soils
in the Presence of Fungal Laccase..........cccceevieeviiiiiiiieiiniiiiiee e, 391
Natalia A. Kulikova, Valentina N. Davidchik,
Elena V. Stepanova, and Olga V. Koroleva

30. Problem of Microelementoze and Technology Allowing its
Elimination with the Help of Geothermal Mineralized Sources:
New Technology of Microelentoze Elimination ............cccceeeennee.. 405
K.T. Norkulova

31. Ecology-related Microbiological and Biochemical
Parameters in Assessing Soils Exposed to
Anthropogenic PollUtiON ...........cccvviiiiiiiiiiiiiiieeciieee e 409
Zdenek Filip and Katerina Demnerova

32. Molecular and Cellular Effects of Chronic Low
Dose-Rate Ionizing Radiation Exposure in Mice ..............cccoennnnnn. 429
Andreyan N. Osipov

Section 6: Multiple Stressors — Risk Assessment and Legal/Ethical Aspects

33. Modeling the Best Use of Investments for Minimizing
Risks of Multiple Stressors on the Environment ..................cccuuee. 441
Ganna Kharlamova

34. Learning from Chernobyl: Past and Present Responses................... 449
Oleg Udovyk

35. Uncertainties from Multiple Stressors:
Challenges in Ecological Risk Assessment ..........cccccceeevvviiviereeeennns 455
Deborah Oughton



CONTENTS ix

36. Nuclear Pollution Exposure and Risk Assessment
— The Case of Nuclear Reactors Accidents Involving
Radioactive EMiSSION .......cccciiiiiiiiiiiiiiiiiiiee e 467
Bogdan Constantinescu and Roxana Bugoi

37. Multiple Stressors and the Legal Challenge..............ccocevvvveieeennnnnnn. 477
Colin Seymour and Carmel Mothersill

Section 7: Round Table Discussion Summary

Round Table DiSCUSSION. ... ..ciiieeieeeeieeeee et 483



PREFACE

Ecotoxiclogical risk from multiple stressors covers any situation where organ-
isms are exposed to a combination of environmental stressors. These include
physical and chemical pollutants as well as other stressors such as parasites
and environmental impact (e.g., climate change or habitat loss). The combina-
tion of stressors can result in increased risk to organisms (either additive or
synergistic effects) or decreased effects (protective or antagonistic effects).

The multiple stressor challenge is an international, multi-disciplinary
problem requiring an international, multi-disciplinary approach. The cur-
rent approach to multiple stressors is to examine one stressor at a time and
assume additivity. Little work has been done on combinations of stressors
such that potential interactions can be determined.

The problem is very complex. Multiple stressors pose a whole spectrum
of challenges that range from basic science to regulation, policy and govern-
ance. The challenges raise fundamental questions about our understanding
of the basic biological response to stressors, as well as the implications of
those uncertainties in environmental risk assessment and management. In
addition to the great breadth, there is also great depth in the research chal-
lenges, largely due to the complexity of the issues. From a basic science point
of view, many of the mechanisms and processes under investigation are at the
cutting edge of science — involving new paradigms such as genomic insta-
bility and bystander effects. The application of state-of-the-art technologies
such as proteomics, transgenic organisms and biomarkers offers new oppor-
tunities for breakthroughs in scientific understanding. The problem also has
a global dimension, with impacts on boundary issues, vulnerable ecosystems,
vulnerable societies and developing countries. Regulatory challenges include
harmonisation in risk management and regulation, being relevant for new
governance mechanisms such as EU Reach and the UN/WHO Strategic
Approach to International Chemical Management (SAICM). Finally, there
are important socio-economic aspects connected to law (multi-causality) and
stakeholder interests (both public, industry).

The NATO ARW which has led to this book is one of the very first attempts to
draw relevant experts together who can address all of the above aspects. We were
fortunate to be able to attract specialists with legal, ethics and economics back-
grounds as well as a wide spectrum of basic and applied scientists and regulators.

The book is structured in 6 sections ranging for general introductory lec-
tures through basic phenomenology, mechanisms, applied aspects and finally
legal and ethical aspects.

We wish to acknowledge the NATO Science committee for supporting
this workshop. We are very grateful for their generous support.

X1
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SECTION 1
MULTIPLE STRESSORS: GENERAL OVERVIEWS



CHAPTER 1
CHALLENGES IN RADIOECOTOXICOLOGY

B. SALBU AND L. SKIPPERUD

Isotope Laboratory, Department of Plant and Environmental
Sciences, Norwegian University of Life Sciences, P.O. Box
5003, N-1432 Aas, Norway

Abstract: Radioecotoxicology refers to responses, usually negative and
detrimental responses, in living organisms exposed to radionuclides in
ecosystems contaminated with artificially produced radionuclides or
enriched with naturally occurring radionuclides. The key focus is put on
the link between radionuclide exposures and the subsequent biological
effects in flora and fauna. Radioecotoxicology is therefore an essential
ingredient in impact and risk assessments associated with radioactive con-
taminated ecosystems. The radionuclide exposure depends on the source,
release scenarios, transport, deposition and ecosystem characteristics as
well as processes influencing the radionuclide speciation over time, in
particular bioavailability, biological uptake, accumulation and internal
distributions. Radionuclides released from a source may be present in dif-
ferent physico-chemical forms (e.g. low molecular mass species, colloids,
pseudocolloids, particles) influencing biological uptake, accumulation,
doses and biological effects in flora and fauna. Following releases from
severe nuclear events, a major fraction of refractory radionuclides such
as plutonium will be present as particles, representing point sources if
inhaled or ingested. When organisms, and especially sensitive history life-
stages, are exposed to radionuclides, free radicals are induced and subse-
quently, effects in several umbrella biological endpoints (e.g. reproduction
and immune system failures, genetic instability and mutation, increased
morbidity and mortality) may occur. However, radionuclides released
into the environment rarely occur alone, but may co-occur in a mixture
of other contaminants (e.g. metals, pesticides, organics, endocrine disrup-
tors), which potentially could lead to synergisms or antagonisms. Thus,
the relationships between radionuclide exposure and especially long-term
effects are difficult to document and quantify, reflecting that the chal-
lenges within radioecotoxicology are multiple.

Keywords: ecotoxicology; multiple stressors; radiation
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4 B. SALBU AND L. SKIPPERUD

Introduction

When radionuclides are released from a source, the receiving ecosystems
might be affected by radioactive contamination. To identify the degree of
contamination, sampling and analysis are needed, and for alpha and beta
emitters radiochemistry is needed that is the separation of radionuclides of
interest from the bulk of interfering radionuclides prior to analysis. To assess
the environmental impact and risks associated with the radionuclide contami-
nation, information based on radioecology is needed; that is knowledge on
the behaviour of radionuclides, in particular radionuclide species (Salbu,
2000; Salbu et al., 2004), in affected ecosystems. As ecosystem characteristics
are essential for the behaviour of trace amounts of substances (e.g. pH in soil
water, redox conditions, interacting components such as humic substances
and clays) knowledge and principles from ecology should be implemented
in radioecology. Serious consequences from radioactive contamination refer
most often to negative or detrimental biological effects in exposed organisms
such as man or organisms living in the affected environment. Since some
organisms and some history life-stages are more susceptible to radiation
exposures than others, knowledge from radiobiologi is essential. To evaluate
biological early responses, toxicity or detrimental effects from radionuclide
exposures, knowledge from human toxicology or ecotoxicology is needed. The
radiation characteristics of radionuclides, their environmental mobility, bioac-
cumulation and doses are important determinants of the exposure and thereby
the magnitude of the consequences following radionuclide releases. Thus, the
phrase radioecotoxicology refers to the responses, usually negative or detrimental
responses, in living organisms exposed to radionuclides, that is, key focus is
put on the link between radionuclide exposures and the subsequent biological
effects in flora and fauna.

The exposure (i.e. the radionuclide composition, their amounts and the
radionuclide speciation) depends on the source, and in many cases several
sources may contribute to the contamination (Fig. 1). Furthermore, the release
scenarios (temperature, pressure, presence of air) may influence on the specia-
tion of radionuclides deposited in an ecosystem. Following a severe nuclear
accident a major fraction of refractory radionuclides such as plutonium is
present as radioactive particles (Salbu et al., 1994, 2000; Salbu 2001; Salbu
and Lind, 2005). Following an explosion under high temperature and pressure
conditions, radioactive particles can be rather inert towards weathering,
while during a fire the released oxidised particles are more readily dissolved
Salbu et al., 2004. Thus, for radionuclides mobilised from oxidised particles,
the soil to vegetation and animal transfer is rapid, while delayed for inert
particles. External exposures reflect contaminated (gamma, high energy
beta emitters) habitats, while the internal exposure depends on the presence
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Source

Source Source

L1

Transport in different ecosystem

Climate :> Processes in Viruses,
conditions soil/water/sediment parasites

Biological
membran

Bioavailability ':||:(> Uptake
Exposure ——>>  Effect

Fig. 1. Many variables influences on the exposure — biological effects relationship.

of bioavailable radionuclide species, biological uptake, accumulation and
delivered doses. The radionuclide speciation depends, however, on the source
term and interactions with other components during transport in air (e.g.
association with soot particles), during transport in the aquatic environment
(e.g. association with humic substances), and during deposition on ground
(e.g. interactions with clay). These interactions may change the speciation of
radionuclides released, and transformation processes influencing mobility,
biological uptake, accumulation and doses take place over time. If mobile
species are present, ecosystem transfer is relatively fast, whereas the ecosystem
transfer is delayed if particles are present (Salbu, 2000; Salbu et al., 2000).

Relationships between exposure and especially long-term effects (responses
in biological endpoints) are often difficult to document and quantify,
although biological responses from molecular to ecosystem level have been
identified for different organisms in contaminated arcas. When organisms
and especially sensitive history life-stages are exposed to radionuclides, free
radicals and ROS are induced and subsequently, effects in several umbrella
biological endpoints (e.g. reproduction and immune system failures, genetic
instability and mutation, increased morbidity and mortality) may occur.
However, radionuclides released into the environment rarely occur alone, but
may co-occur in a mixture of other contaminants (e.g. metals, pesticides,
organics, endocrine disruptors), which potentially could lead to effects in
the same umbrella endpoints. Thus, multiple stressor exposures may induce
synergetic or antagonistic effects in exposed organisms, and other factors
such as climatic conditions and pathogens can also add to the stress (Salbu
et al., 2005). Thus, a series of factors, including the interactions from other
stressors, represents challenges within radioecotoxicology.
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Sources and Release Scenarios

A significant number of nuclear sources has contributed, is still con-
tributing, or has the potential to contribute to radioactive contamina-
tion of different ecosystem. As the Arctic ecosystems are believed to
be most vulnerable, the present focus is put on this region (Fig. 2). The
major sources contributing to radioactive contamination of long-lived
radionuclides in Arctic ecosystems in the past are the nuclear weapon

Fig. 2. Nuclear sources, which have contributed, are contributing, or have the potential to
contribute to radioactive contamination of Arctic ecosystems.
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tests (i.e. atmospheric tests resulting in global fallout, underground and
underwater weapon tests at Novaya Zemlya resulting in local contamina-
tion), dumped liquid and solid radioactive waste in the Barents and Kara
Seas and the Chernobyl accident (AMAP, 2002). Marine transport of
artificially produced radionuclides from European reprocessing plants
(i.e. Sellafield and Dounreay, UK, and La Hague, France, since 1950ies)
and of Radium-, Lead- and Polonium-isotopes from the North Sea oil
industry is ongoing (Salbu et al., 2003) together with river transport from
ODb and Yenisey having large drainage areas affected from global fallout
and from several nuclear installations (Mayak PA, Tomsk-7, Krasnoyarsk
(Skipperud et al., 2004; Lind et al., 2006)). In addition, accidents (e.g.
the US B52 bomber accident at Thule, Greenland, the COSMOS satellite
accident in Canada, the Komsomolets submarine accident at Bear Island)
have contributed to local contamination.

A series of sources may also potentially contribute to radionuclide
contamination of the Arctic in the future; such as nuclear weapons, old
land-based reactors such as the Kola NPP and Bilibino NPP, reactor
fuelled submarines in operations or waiting for decommissioning, as well
as spent fuel stored under non-satisfactory conditions at the Kola penin-
sula (AMAP, 2002).

The source and the release scenarios, including characteristics such as
temperature and pressure, are important determinants of the radionuclide
speciation, and thereby their mobility, biological uptake and effects, that is,
consequences for affected ecosystems. Source terms are usually estimated from
the inventory, for example the amount of radionuclides released; their isotopic
composition; physical-chemical form of release (i.e. gas, solution, aerosols);
time development of the release; release point and plume height; and the
energy content of the release. Following a serious event involving nuclear fuel,
however, a major fraction of released refractory radionuclides such as actinides
will most probably be associated with particles (Salbu and Lind, 2005). The
particle matrix, the refractory radionuclide composition and isotopic ratios
will reflect the specific source (e.g. burn-up), while the release scenarios (e.g.
temperature, pressures, redox conditions) will influence particle characteristics
of biological significance. The composition, particle size distribution and
specific activity are essential for acute respiration and skin doses, while factors
influencing weathering rates such as particle size distribution, crystallographic
structures, porosity, and oxidation states are essential for long-term ecosystem
transfer 5]. For areas affected by particle contamination, impact and risk
assessments will suffer from large uncertainties unless the impact of particles
is included. Therefore, radionuclide speciation as well as processes influencing
speciation, uptake, accumulation and biological effects are essential for estimating
exposures to living organisms.
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Ecosystem Transfer

Radionuclides released from a source may be present in different physico-
chemical forms (e.g. low molecular mass species (LMM), colloids, pseudo-
colloids, particles) influencing biological uptake, accumulation, doses and
biological effects in flora and fauna. LMM species and colloids are believed
to be mobile, while particles are easily trapped (Salbu, 2000). If mobile spe-
cies are present, ecosystem transfer is relatively fast, whereas the ecosystem
transfer is delayed if particles are present. Soil-water or sediment—water
interactions are usually described by distribution coefficients, K ;, assumed to
be constants at equilibrium. The speciation of radionuclides deposited in the
environment will, however, change with time due to interactions with com-
ponents in soils or sediments (Hinton et al., 2007; Skipperud et al., 2000a, b).
Due to interactions with humic substances, the mobility of LMM-species is
reduced. Due to weathering of particles, associated radionuclides are mobilised
and the ecosystem transfer increases with time (Salbu, 2000; Skipperud et al.,
2000a,b). Thus, the distribution of radionuclides between solid and solution is
a time depended process and the thermodynamic constant should be replaced
by a time-function.

The speciation of radionuclides is of importance for biological uptake,
accumulation and biomagnification. LMM-species can cross biological
membranes, directly or indirectly after interactions with ligands or car-
rier molecules. LMM organic ligands such as citrate may stimulate the
uptake, while high molecular mass (HMM) organics (e.g. Prussian Blue)
reduce uptake and are used as countermeasures for Cs-isotopes (Salbu,
2000; Salbu et al., 2004). Information on bioavailable forms is, however,
still scarce. For soil-to-plant transfer, transfer coefficients; TC (m%kg),
and for soil-plant-animal transfer aggregated transfer coefficients; T,
(m?*/kg), are utilised for modelling purpose, and depend on several factors
(e.g. soil types, microbial activities, plant- and animal species, dietary hab-
its, trophic levels) and in particular on radionuclide speciation. Uptake in
fish and invertebrates depends on ionic species interacting with external
organs (gills, skin) or by digestive uptake. In filtering organisms, however,
particles and colloids are retained and radionuclides may accumulate due
to changes in bioavailability in the gut (digestion) or through phagocytosis.
Bioconcentration factors (BCF) vary according to the radionuclide species
in the exposure, degree of biomagnification and can be distinguished for
different compartments within organisms. The link between Radionuclide
speciation - K, - T,‘lgg - BCF, being time functions, represents a challenge
within radioecology, with important implications for radioecotoxicology
(Hinton et al., 2007; Salbu, 2007).
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Effects from Radiation Exposure

Biological uptake, bioaccumulation and the radiation characteristics of radionu-
clides are important determinants of the magnitude of the environmental conse-
quences following release. The receiving environments themselves also influence
the scale of the consequences, since some organisms are more susceptible to
incorporating radionuclides into exposure chains than others. Relationships
between accumulation, dose and short and long-term effects (biological end-
points) are difficult to document and quantify, although biological responses
from molecular to ecosystem level have been identified for different organisms
in contaminated areas. When biological systems are exposed to radiation, free
radicals are formed due to excitation and ionisation of water molecules in
cells and Haber—Weiss and Fenton reactions (Fig. 3). Free radicals produced
(‘H, -OH) are extremely reactive, will recombine and produce various reactive
compounds in cells (e.g. HO,, H,0,, H,, O,). Free radicals and the formation
of reactive oxygen species (ROS) may affect membrane integrity and dam-
age proteins and nucleic acids (DNA, RNA). Radiation induced free radicals
can be identified as ROS and as enzymatic activity of antioxidant repair
enzymes for example, superoxide dismutase (SOD), catalase or glutathione
cycle enzymes (glutathione reductase and peroxidase). To identify early effects,
expressions of metal-responsive genes, for example, cellular antioxidants,
antioxidant enzymes, heme oxygenase, metallothionein, and information of
cellular integrity and protein kinetics are equally important.

Heavy metals Radiation Organics

Free radicals,
‘< recombination \A .
Bonding breaks, DNA,
Bonding é H,0,, 05,
oxidising cell membranes

*cells die
*cells are repaired
*cells are wrongly repaired

Fig 3. Radiation induces free radicals in organisms, affecting sensitive biological endpoints:
reproduction and immune system failures, genetic instability and mutation, increased morbidity
and mortality. Other stressors such as metals and organics can also induce free radicals in
organisms.
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Dose-effect-risk relationships are based on a variety of biological endpoints
ranging from molecular to ecosystem level. However, the evaluation of
internal and external doses to biota using dosimetry models (e.g. equilibrium
absorbed dose constant models, point source distribution models such as
Loevinger’s expression and Monte Carlo simulations) represents a challenge
(Ulsh et al., 2003; Broion et al., 2006), in particular for uneven internal dis-
tribution of radionuclides. Recent data on Relative Biological Effectiveness
(RBE) indicates that radiation with high linear energy transfers (LET) causes
a greater degree of biological damage than low LET radiation for a given
absorbed dose. Recent data implies also that RBEs for flora and fauna
probably are different to those of humans, and calls for more research. Also
at the mechanistic level there are gaps in knowledge with respect to low dose
non-targeted effects of radiation such as genomic instability and bystander
effects (Mothersill et al., 2006, 2007). These have been shown to occur in fish
and mammals, but their impact on risk is uncertain, that is whether they are
adaptive responses or they can magnify the damage.

The role of radionuclide speciation and internal distributions, exposure
time associated with episodic accumulation and uneven distribution of doses
(micro-dosimetry) inducing effects in sensitive biological endpoints for sensitive
history life-stages for organisms is, however, still not understood, and improve-
ment of speciation - low dose - early effect models is needed (Hinton et al.,
2004). Problems also arise when benchmark concentrations are used to regulate
doses and effects in the environment. The benchmark concentrations
represent upper limits which, if exceeded, may result in harm to the environment.
However, most benchmark values are derived from extrapolating toxicity data;
from acute to chronic effects, from laboratory to field conditions, from effect
concentration to no-effect concentration and from isolated test-species to com-
plex systems. Thus, proper uncertainty estimates are essential.

However, radionuclides released into the environment rarely occur alone,
but may co-occur in mixtures with other contaminants (e.g. metals, pesticides,
organics, endocrine disruptors), which potentially could lead to effects in
biological endpoints sensitive to radiation (Mothersill et al., 2006). One single
stressor may induce multiple biological effects, if multiple interactions occur or
if interactions with different biological targets take place. In mixtures with sev-
eral different stressors, multiple types of interactions and interactions with
multiple target sites may occur. Thus, the interactions may be concentration
additive (1+1=2), synergetic (1+1=3 or 4) or antagonistic (1+1=0).

It is internationally recognised that there are severe gaps in basic knowl-
edge with respect to biological responses from multiple stressor exposures.
Identification of biological responses from low dose chronic exposure calls
for early warning biomarkers, utilising modern molecular and genetic tools.
Furthermore, information on dose-response relationships (on/off mechanisms),



CHALLENGES IN RADIOECOTOXICOLOGY 11

sensitivity (detection limits, thresholds), and synergetic and antagonistic
effects, as well as the role of protecting agents such as antioxidants is highly
needed. Development of analytical strategies, methods and biomarkers that
can be utilised to increase the knowledge on biological impact from multiple
stressors represents also a challenge for the future.

Conclusions

Radioecotoxicology is an essential discipline in environmental impact and risk
assessments associated with radioactive contaminated ecosystems, linking
radionuclide exposures to the subsequent biological effects in flora and fauna.
However, a series of factors influencing the exposure must be taken into
account, when doses are assessed or predicted. Similarly, a series of factors
influencing the biological responses must be considered, contributing significant
to the overall uncertainties in assessments. Adding the multiple stressor expo-
sure and multiple response concept, the uncertainties increase with order of
magnitude. Thus, meeting the challenges within Radioecotoxicology is essential
to reduce the overall uncertainties in environmental impact and risk assessments
for contaminated areas.
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Abstract: It is generally accepted that pollutants, such as hydrocarbons,
enter the aquatic environment by accident or deliberately, and may lead to
large-scale and sudden kills of animal life, especially when the compounds
are in high quantities. However, more subtle changes to the host may ensue
when lesser quantities of pollutants are involved. Here, the resulting damage
may include immunosuppression, physical damage to gills and epithelia,
and adverse affects on metabolism. Also, there may well be increased
susceptibility to various infectious diseases, including lymphocystis and
ulceration. Much of the work to date has centered on laboratory studies and
also surveys of polluted and clean marine sites, but it is not always possible
to make firm conclusions from the data.

Keywords: fish disease; ulceration; fin rot; tail rot; pollutants; pesticides; hydrocar-
bons; heavy metals

Introduction

It is well established that pollutants of various kinds reach the aquatic environ-
ment either accidentally or deliberately. Large-scale releases of hydrocarbons,
such as from ocean going tankers e.g. the Exxon Valdez in Alaska and the
Braer in the Shetland Islands, have featured prominently on news programmes
in many countries when photographs of dead sea birds amid oily beaches greet
the viewer. With such examples, it is easy to associate cause, i.e. the pollution
event, with effect, namely death of the animal. In addition, there are natural
events when, for example, the collapse of algal blooms lead to adverse water
quality and large-scale fish kills. Moreover, evidence has been obtained — and
will be discussed later — for the presence of specific pollutants within the tis-
sues of aquatic animals. However, there is a dilemma proving a relationship
associating the presence of pollutants in tissues with those in the aquatic

environment and the concomitant adverse effect on health. A complication is
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that the presence of pollutants, e.g. copper, in tissues is not always correlated
to the presence of the compounds in the environment. For example, the accu-
mulation of copper to 1,936 ug/g wet weight was detected in the non-cytosolic
fraction of the liver of mullet (Mugil cephalus) but without any evidence of
environmental contamination insofar as the fish were collected from separate
areas with low copper concentrations (Linde et al., 2005). Yet other fish species
caught in those same areas did not reveal the presence of high copper concen-
trations (Linde et al., 2005). This suggests that some species have the innate
ability to accumulate heavy metals regardless of whether or not the habitat is
contaminated. A previous health scare concerning the presence of mercury in
the liver of tuna may also be explained by the inherent ability of the species to
accumulate the metal.

Pollutants in the Aquatic Environment

There is a large body of evidence demonstrating the presence of certain
specified pollutants in aquatic habitats, and include:

® Heavy metals; these include arsenic, copper, zinc (Gassman et al., 1994;
Han et al., 1997), cadmium, lead and mercury which occur in industrial
effluents (Gassman et al., 1994; Bernier et al., 1995) and tin, tributyltin and
triphenyltin that occur in anti-fouling paints used on the undersurfaces of
ships to prevent bioattachment and biofouling (Horiguchi et al., 1995).

® Hydrocarbons; these may result from deliberate spillage during wartime
(Evans et al., 1993; Turrell, 1994; Newton and McKenzie, 1995) or acci-
dental discharge from tankers.

® Inorganic nitrogen as ammonia, nitrites and nitrates, which may be derived
from agricultural run-off and aquaculture (Ziemann et al., 1992).

® Organic material (Grawinski and Antychowicz, 2001), including faecal
debris, from drainage systems. Large numbers of bacteria may be associated
with this material (Dudley et al., 1980).

® Pesticides, including dioxin (Guiney et al., 1996), 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD; Grinwis et al., 2000), 1, 1, 1-trichloro-2,2-bisi (p-chlorophenyl)
ethane (DDT) (Fitzsimons, 1995) and organochlorines (Dethlefsen et al.,
1996).

® Plastics (Goldberg, 1995)

® Pulp mill effluents (Lehtinen et al., 1984; Sandstrom, 1994; Couillard and
Hodson, 1996; Jeney et al., 2002)

® Toxins, such as from the collapse of dinoflagellate blooms (Noga et al.,
1996).
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The discharge of these pollutants may be gradual, intermittent pulses or
irregular, and may be authorised or unauthorised by national or local
authorities. Pollutants may be released in specified areas or dumped in an
ad hoc manner. Local or more widespread adverse water quality issues may
develop. It is argued that the extent and longevity of pollutants in the aquatic
environment is generally unclear, and needs to be firmly clarified through
effective monitoring programmes (e.g. Ibe and Kullenberg, 1995).

Evidence for the Presence of Pollutants in the Tissues of Aquatic Animals

The available data have centered largely on laboratory-based in vitro studies
and investigations using animals collected from the aquatic environment.
Although in vitro studies may produce interesting data, the relevance to
explaining the likely outcome of pollution events to biological systems in
the aquatic environment is questionable. Nevertheless, there is evidence that
a wide range of pollutants, including DDT (Fitzsimons, 1995), thiocyanate
(Lanno and Dixon, 1996), didecyldimethylammonium chloride (Wood et al.,
1996), polychlorinated-biphenyls (PCBs; Barron et al., 2000) and creosote
fractions (Sved et al., 1997) have been researched, and determined to be
taken up by aquatic animals from water.

By using animals collected directly from aquatic habitats, there is
good agreement between the presence of some pollutants in tissues and
the levels in the environment. For example, copper and zinc have been
detected in cod (Gadus morhua) from coastal waters of Newfoundland,
Canada, in invertebrates and vertebrates from Taiwan (Han et al., 1997),
and in rabbitfish (Siganus oramin) from the polluted waters around Hong
Kong (Chan, 1995). Cadmium, lead and mercury were detected albeit in
small quantities in fish from the Great Lakes (Bernier et al., 1995). It is
interesting to note that the amounts of these metals in cod were below
the maximum permitted levels for food (Hellou et al., 1992). Furthermore
mercury, in concentrations regarded to be insufficient to cause human
health problems, has been found in healthy fish and shellfish collected
from the vicinity of discharges from a chlor-alkali plant in India (Joseph
and Srivastava, 1993). Crustaceans, molluscs and fish from around a sew-
age outfall contained pesticides, i.e. chlordane, dieldrin, hexachloroben-
zene and DDT (Miskiewicz and Gibbs, 1994). DDT, PCB, organochlorine
and 2,3,7,8-tetrachlorobenzo-p-dioxin were recorded in fish from Vaike
Vain Strait in Estonia (Voigt, 1994), from the North Sea (Dethlefsen et
al., 1996) and the Great Lakes (Guiney et al., 1996). However, these pub-
lications did not mention any evidence that the compounds had actually
harmed the aquatic animals.
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Using adult walleye (Stizostedium vitreum) caught in polluted and
relatively unpolluted sites in Wisconsin, USA during 1996 and 1997, sig-
nificantly higher PCB concentrations together with more evidence of hepatic
neoplasms and tumours (adenomas and carcinomas) were found in fish from
the polluted areas (Barron et al., 2000). The authors considered that these
deleterious effects were consistent with long-term exposure to tumour pro-
moters, e.g. PCBs, in the environment.

Effect of Pollutants on the Health of Aquatic Animals

This is the crux of the issue — what is the effect of the pollutant on the health
of the aquatic animal? It is clear that large quantities of pollutants entering
the aquatic environment, such as oil from damaged tankers, over a compara-
tively short period of time may lead to sudden and often extensive kills. With
this scenario, there is a clear link between the pollution event and mortalities
among aquatic species. It is the low-level exposure to pollutants that causes
the greatest discussion regarding the possible effect on the health of aquatic
species. Low-level exposure may well lead to chronic damage, which may not
develop for a long time (see Mayer et al., 1993) possibly long after the pollu-
tion event has ended. This complicates epidemiological investigation insofar as
it is difficult to conclusively associate the pollution with ill health.

The long-term exposure to low-level pollution may lead to the accumu-
lation of the pollutant in animals, which in turn could become weakened/
immunocompromised (Vos et al., 1989; Sovenyi and Szakolczai, 1993; Sahoo
et al., 2005;) and subsequently colonised by opportunist pathogens leading
to clinical disease, for example, gill disease of fish (Austin and Austin, 1999).
Anthropogenic factors pose recurring problems, and include:

® Chronic exposure of rainbow trout (Oncorhynchus mykiss) to didecyld-
imethylammonium chloride led to an elevation of stress factors, namely
plasma cortisol, glucose and lactate, and a decrease in swimming per-
formance (Wood et al., 1996).

® Chlorinated and aromatic hydrocarbons which accumulate in sediments,
and may well lead to a decline in wild fish populations (Arkoosh et al.,
1998). Such factors have been considered to be responsible in part for the
decline of wild Pacific salmon populations with experimental evidence
pointing to the bioaccumulation of these classes of hydrocarbons by
juveniles leading to immunosuppression and increased susceptibility to
disease (Arkoosh et al., 1998). Also hydrocarbons have been implicated
with breakages in the double-stranded DNA, and enzyme induction in
common dab (Everaarts et al., 1994).
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® Damage to fins, gills, opercula and skin has followed exposure to ammonia,
copper and phenol (Kirk and Lewis, 1993), cadmium (Sovenyi and Szakolczai,
1993), creosote (Sved et al., 1997), and chlorine-containing pulp mill effluents
(Lindesjoo and Thulin, 1994; Lindesjoo et al., 1994; Sandstrom, 1994).
Moreover, ammonia has been reported to cause the development of circular
depressions and pitting in the gill epithelium of rainbow trout. Exposure
to copper led to fusion of the gill lamellac and swelling of the tips of the
filaments and epithelium. In comparison, phenol was observed by electron
microscopy to destroy the epithelial layers as far as the cartilage (Kirk and
Lewis, 1993).

® Exposure to sewage sludge has affected the growth and protein synthesis
in common dab (Limanda limanda) (Houlihan et al., 1994) and caused
liver damage in fish (Moore et al., 1996).

® Kidney damage has resulted from exposure to cadmium (Sovenyi and
Szakolczai, 1993).

® Liver damage may result from contamination with cadmium (Sovenyi
and Szakolczai, 1993) and thiocyanate (Lanno and Dixon, 1996).

® Sub-lethal concentrations of the pesticides atrazine and lindane (Cossarini-
Dunier, 1987), heavy metals (O’Neill, 1981) including cadmium (Sovenyi
and Szakolczai, 1993), sewage components (Secombes et al., 1991; 1992)
and aquatic micro-organisms (Robohm et al., 1979; Evans et al., 1997)
affect the immune system of fish by either stimulating or retarding anti-
body production.

® Thiocyanate has been blamed as causing anaemia and interfering with
thyroid function (Lanno and Dixon, 1996).

® Winter Stress Syndrome, which is characterised by reduced levels of
lipids, may well result from stressors including the presence of various
pollutants (Lemly, 1997).

Mill effluents have been the focus of many studies into their association with
abnormalities/disease of fish (Lindesjoo and Thulin, 1994; Lindesjoo et al.,
1994; Sandstrom, 1994; Jeney et al., 2002). During 1982-1987 in the Baltic
Sea, the presence of abnormalities was reported, including gonad malfunc-
tion, poor embryo quality and mortalities among coastal fish species, which
were considered to have been exposed to mill effluent (Sandstrom, 1994).
Of relevance after 1984, the toxicity of effluent was reduced by the substitu-
tion of chlorine dioxide for chlorine. Then in 1992, the use of chlorine was
eliminated altogether, which reduced the amount of organochlorines in the
effluent, and led to a reduction in the level of mortalities in the fish popula-
tions (Sandstrom, 1994).
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Using roach (Rutilus rutilus) caught from two lakes, one of which received
bleached kraft mill effluent and the second of which was unpolluted, experi-
mental infection with the digenean parasite Rhipidocotyle fennica led to the
observation that fish from the polluted site possessed a significantly higher
number of parasites after the first 2 days of infection. The explanation was
that these fish from the polluted site had decreased resistance to infection.
In particular, these roach had a lower leucocrit, and higher alkaline phos-
phatase and plasma chloride levels compared to those fish from the clean
site (Jeney et al., 2002).

Dinoflagellate toxins have been blamed for major fish kills, with evidence
describing erosion to the epithelium leading to ulceration (Noga et al., 1996).
This observation is especially relevant insofar as ulceration is one of the most
common diseases associated with pollution in the marine environment.

Pesticides, namely DDT, have been considered to be responsible for
reduced hatching, blue sac disease and swim up syndrome mortalities in lake
trout (Salvelinus namaycush) (Fitzsimons, 1995) eggs. Yet, these laboratory
studies indicated that concentrations of pesticides necessary to affect the
eggs were much higher than the levels found in feral fish eggs.

In Dutch coastal and estuarine habitats, flounder (Platichthys flesus) have
a high prevalence of liver disease (pre-neoplastic) and lymphocystis, and
because of this laboratory studies were conducted to determine the effect
of xenobiotics, namely TCDD, oral exposure to which led to significantly
enhanced immunoreactivity in the hepatocytes and endothelium of various
organs and the epithelia of the digestive tract, liver and mesonephros to
cytochrome P4501A but without any profound pathology (Grimwis et al.,
2000). The conclusion was that flounder was relatively insensitive to the toxic
effects of TCDD, but an assumption was made that exposure (to TCDD)
could influence the development of tumours (Grimwis et al., 2000).

A polluted environment will inevitably contain a variety of contaminants,
and it is difficult to determine which may be the trigger for a disease event.
A topical example concerns pigmented salmon syndrome, which is a non-
infectious haemolytic anaemia with jaundice, and occurred as an epidemic
during the early 1980s in migrating Atlantic salmon (Salmo salar) in the
River Don, Scotland. The river system received effluent from paper mills, the
oil servicing industry and an airport. Ensuing experimentation reproduced
the disease signs following exposure of Atlantic salmon to hydrocarbons,
namely diesel and resin acids. Interestingly, the syndrome was not detected
in the River Don after 1989, and most likely reflected general improvements
of water quality therein (Croce et al., 1997).

Of course there is an additional problem where pollution is thought to
influence the occurrence of disease but where a firm association between
specific pollutants and the incidence if ill health cannot be proven. For



THE INVOLVEMENT OF POLLUTION WITH FISH HEALTH 19

example, there was a strong indication that the presence of proliferative kid-
ney disease in wild brown trout and rainbow trout in southern Germany was
correlated with organic pollution. However, this association was not proven
(El-Matbouli and Hoffmann, 2002).

Pollution-Related Diseases

The development of measurable disease processes involves an interaction
between a host, disease-causing situation, e.g. a pathogen, and inevitably a stres-
sor (Austin and Austin, 1999). Without a stressor, the host will often not develop
clinical disease (Austin and Austin, 1999). Here, the argument is that pollutants
constitute the stressor. A sizeable proportion of the work correlating fish disease
with pollution in the aquatic environment has involved surveys, many of which
have been carried out in the North Sea (e.g. Dethlefsen and Watermann, 1980;
Dethlefsen et al., 1987; 2000; McVicar et al., 1988; Vethaak and ap Rheinallt,
1992). The basic premise is that fish from polluted sites have a greater incidence
of disease than specimens obtained from unpolluted areas (e.g. Dethlefsen et
al., 2000). Generally, the evidence supports this premise. For example, a study
of epidermal hyperplasia/papilloma, lymphocystis and skin ulcers on female
dabs (Limanda limanda) of >3 years old from sites in and around the North Sea
was carried out between 1992 and 1997. The outcome was evidence for a higher
incidence of some diseases in the different sampling sites, and a suggestion by the
researchers that further investigation was needed to determine the reasons for
the observations and a possible link to anthropogenic factors (Dethlefsen et al.,
2000). There is an obvious question concerning water flow and fish migration,
1.e. currents will carry water to and from polluted and clean sites. Also, the effects
of fish migration need to be considered insofar as specimens caught in polluted
areas could have recently arrived from clean sites, and vice versa (Bucke et al.,
1992; Vethaak et al., 1992; Jacquez et al., 1994). Notwithstanding these concerns
and on the basis of probability, it is generally accepted that disease may be medi-
ated in some way by pollution events (Vethaak and Jol, 1996).
Fish diseases, often linked to pollution, include:

® Carcinomas (Koehler et al., 2004)

® Epidermal papilloma (Dethlefsen and Waterrmann, 1980; Premdas and
Metcalfe, 1994)

® Fin/tail erosion (Vethaak, 1992; Vethaak et al., 1996; Bodammer, 2000)
® Gill disease/hyperplasia (Kirk and Lewis, 1993)
® Liver discase (Malins et al., 1980; 1987; Peters et al., 1987; Vethaak et al., 1996)

® Neoplasia (Malins et al., 1980; Bucke and Feist, 1993; Depledge, 1996;
Vethaak and Jol, 1996)
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® Parasitic diseases (Overstreet and Howse, 1977; Pascoe and Cram, 1977; Das
and Shrivastava, 1984; Khan, 1987; Moller, 1987; Khan and Thulin, 1991)

® Skin disease/ulceration (Vethaak, 1992; Vethaak and Jol, 1996) which
is often associated with infection by atypical Aeromonas salmonicida
(Austin and Austin, 1999)

® Viral diseases, principally lymphocystis (Vethaak and Jol, 1996; Vethaak
et al., 1996).

The reasons for the occurrence of these conditions have been thought to
include contaminated diets (Landsberg, 1995), heavy metals (Redsaether
et al., 1977), nitrogenous compounds such as ammonia (Kirk and Lewis,
1993) and nitrites (Hanson and Grizzle, 1985), pesticides (Voigt, 1994),
organic material (Grawinski and Antychowicz, 2001) including sewage
(Austin and Stobie, 1992) and/or unspecified pollutants (Vethaak and Jol,
1996; Bodammer, 2000). Of these, fin/tail erosion, gill disease, gill hyperplasia,
and ulceration are often linked to bacterial involvement. A possible scenario
is that the pollutant stresses or weakens the host allowing colonisation by
micro-organisms and thus the development of clinical disease.

Viruses and carcinogens may lead to neoplasias/tumours. In this connec-
tion, certain geographical areas have been identified where the occurrence of
tumours on fish and shellfish has been correlated with higher concentrations
of anthropogenic compounds (Depledge, 1996). Of relevance, Koehler et al.
(2004) caught juvenile and adult female flounder (Platichthys flesus) from a
polluted river, i.e. the River Elbe, and a control site with the data revealing
that the young fish had liver damage. The adult females displayed adenomas
and carcinomas with a frequency of 70% in the polluted river. Exposure
to carcinogens in the river was blamed on the incidence of the tumours
(Koehler et al., 2004). Yet, the proof of any correlation between pollution
and disease is not always documented. Surveys, such as occur with regularity
in the North Sea, point to an association between pollution and disease but
do not generally consider the nature or concentration of the pollutant(s). For
future studies, it would be relevant to consider

® The possibility of synergism between combinations of pollutants

® The minimum exposure time to a pollutant necessary to initiate deleteri-
ous changes to the host.

CONTAMINATED FISH FOOD

Landsberg (1995) considered that toxins, i.e. from macroalgae, e.g. Caulerpa
spp., and benthic dinoflagellates, e.g. Gambierdiscus toxicus, may have been
responsible for large-scale mortalities in tropical reef fish in Florida, USA
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during 1993-1994. Examination of the fish revealed head lesions, ulcerations,
fin and tail rot, and the presence of mucus on the body surface (Note: this
may suggest exposure to an irritant; Austin and Austin, 1999). Amoebae,
bacteria and turbellarians were found in diseased fish, although it was con-
sidered that these organisms were opportunists/secondary invaders rather
than the primary cause of illness (Landsberg, 1995). In this connection, it
is recognised that many diseases may develop in an already weakened host
(Austin and Austin, 1999). Yet, whether or not such weakening results from
pollutants is rarely if ever considered.

There is evidence that some serious pathogens may be spread through
contaminated fish feed used in aquaculture. Incidences of botulism (Huss
et al., 1974), mycobacteriosis (Dulin, 1979), streptococcosis (Minami, 1979)
and eye disease caused by Rhodococcus (Claveau, 1991) have been linked to
feeds containing contaminated fish products.

HEAVY METALS

There is increasing evidence that the presence of heavy metals is linked to
the exacerbation of some microbial fish diseases. Copper has been singled
out for attention insofar as there is evidence for its role in increasing suscep-
tibility to Edwardsiella tarda (Mushiake et al., 1984) and Vibrio anguillarum
(Redsaether et al., 1977) infections. It has long been established that expo-
sure to copper resulted in coagulation of the mucus layer of gills, leading to
inhibition of oxygen transport and respiratory distress (Westfall, 1945) and
to a reduction in the populations of lymphocytes and granulocytes in the
blood leading to a reduction in phagocytosis (Mushiake et al., 1985).
Titanium dioxide has been implicated with harm to aquatic animals
(Dethlefsen and Watermann, 1980; Lehtinen, 1980; Dethlefsen et al., 1987).
Thus, as a result of a survey of 5,942 fish caught in Dutch coastal waters
in 1986-1988, a higher incidence of epidermal hyperplasia/papillomas,
lymphocystis, liver nodules and infections with Glugea was documented in
the common dab collected from dump sites receiving titanium dioxide acids
in comparison to control sites (Vethaak and van der Meer, 1991). This sup-
ported the outcome of an earlier investigation which recorded a link between
the incidence of epidermal papillomas in common dabs in relation to the
dumping of titanium dioxides wastes (Dethlefsen and Watermann, 1980).

HYDROCARBONS

The presence of hydrocarbons leads to impairment of mucus, defective
immune systems, increased incidences of parasitism, the induction of hyper-
plasia and liver hypertrophy, and mortalities (Fletcher et al., 1982; Haensly
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et al., 1982; Khan, 1987; 1991; Lehtinen, 1980). Experimental evidence has
shown that fish may develop epidermal lesions and fin erosion, or die fol-
lowing exposure to suspended sediments containing high molecular weight
creosote fractions (Sved et al., 1997). On the contrary, low molecular weight
creosote fractions led to the appearance of head lesions, specifically around
the mouth, nares and opercula (Sved et al., 1997).

NITROGENOUS COMPOUNDS

Data revealed that the presence of nitrites at 6 mg/L of water increased
the susceptibility of channel catfish (Ictalurus punctatus) to Aeromonas
hydrophila infection (Hanson and Grizzle, 1985).

PESTICIDES

Pesticides, such as DDT and PCBs, in the aquatic environment have been
linked with diseases such as “cauliflower disease”, lymphocystis and ulcera-
tion (Voigt, 1994) and liver neoplasia (Moore et al., 1996). Malformations
in common dab, flounder (Platichthys flesus), plaice (Pleuronectes platessa)
and whiting (Merlangus sp.) embryos from the southern North Sea during
1984-1995 were linked to pollution with organochlorines (Dethlefsen et al.,
1996). Thus as a direct result of long-term surveys, these workers considered
that the malformations resulted from low water temperatures that predis-
posed the embryos to the effects of organochlorines.

Liver disease, including neoplasia, has been described in winter flounder
(Pleuronectes americanus) from Boston, USA, particularly in the region
of a sewage outfall (Moore et al., 1996). These workers noted that during
1987-1993, there was a reduction in the incidence of neoplasia concomitant
with a decline in output of chemicals, particularly DDT and other chlorin-
ated hydrocarbons, into the receiving waters.

ORGANIC MATERIALS/SEWAGE

The presence of some fish diseases has been linked to the presence of unknown
components of sewage dumping (Siddall et al., 1994). For example as a result
of a survey of 16 sites in the Dutch Wadden Sea, a higher incidence of skin
ulcers and fin rot was recorded in fish caught near fresh water drainage sluices
than elsewhere (Vethaak, 1992). Pollution by domestic sewage, i.c. leakage
from a septic tank, was attributed to a new skin disease, which was character-
ised by extensive skin lesions and muscle necrosis in rainbow trout (otherwise
infected with Yersinia ruckeri as enteric redmouth disease for which there may
well have been a link with sewage sludge; Dudley et al., 1980) in Scotland
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during 1992 (Austin and Stobie, 1992). From diseased fish, Serratia plymuthica
and Pseudomonas pseudoalcaligenes were recovered for the first time as fish
pathogens. The skin lesions declined substantially after the leaking septic tank
was repaired. Also, organic pollution has been blamed for a high occurrence
of S. plymuthica infections in salmonid farms in Poland since 1996 (Grawinski
and Antychowicz, 2001).

Eutrophic waters associated with faecal pollution and high levels of
organic material have been attributed to the cause of disease by enteric bac-
teria, including Citrobacter freundii (Austin and Austin, 1999), Edwardsiella
tarda (Meyer and Bullock, 1973), Providencia rettgeri (Bejerano et al., 1979)
and Serratia marcescens (Baya et al., 1992). In addition, poultry faeces,
which was used to fertilise fish ponds, was blamed for mass mortality in silver
carp (Hypophthalmichthys molitrix) in Israel (Bejerano et al., 1979).

RADIATION

Despite considerable hype particularly in communities around nuclear power
stations and the erratic attention of the press, there is not any hard evidence
linking radiation pollution in the aquatic environment with health problems
among aquatic organisms.

STRESS

Unspecified stressors have been attributed to oxygen deficiency and a
statistically significant increase in the incidence of epidermal papillomas,
lymphocystis and skin ulcers especially in female common dab from
waters around Denmark during the summers of 1988-1993 (Mellergaard
and Nielsen, 1995). Also, stress attributed to unnamed environmental fac-
tors has been associated with septicaemia in fish from Nigeria (Oladosu
et al., 1994).

UNSPECIFIED CAUSES

Many articles have considered the effect of non-specific pollution on the
incidence of disease. For example, Vethaak et al. (1996) discussed disease
development in flounder contained in mesocosms with contaminated
dredged spoil. Compared to clean systems, fish in the polluted environment
displayed a higher incidence of lymphocystis and liver damage leading to
neoplasia. Yet, there was no appreciable difference in the development of
epidermal disease. These results indicated the health problems associated
with long-term exposure to pollutants at levels comparable to those in the
aquatic environment. In a parallel study, the polluted waters of the Lower
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Lake of Bhopal were blamed on the incidence of tumours, i.e. fibromas, in
catfish (Heteropneustes fossilis) (Qureshi and Prasad, 1995). Dorsal fin tis-
sues obtained from winter flounder (Pseudopleuronectes americanus), which
were caught from two polluted sites on the eastern seaboard of the USA,
were studied by microscopy. The various pathologies observed included epi-
thelial and mucus cell hyperplasia/hypertrophy, spongiosis and focal necrosis.
A view was expressed that hypoxia could be involved in the disease process
(Bodammer, 2000).

Conclusions

It is well established that pollutants enter the aquatic environment (e.g. Sved
et al., 1997), and may be found in the tissues of aquatic vertebrates and inver-
tebrates (e.g. Han et al., 1997). Moreover, some pollutants are instrumental in
damaging aquatic organisms (e.g. Lanno and Dixon, 1996). However, there
is only limited evidence that pollutants are actually responsible for the devel-
opment of disease. Indeed, there is negative evidence that has demonstrated
that the incidence of disease diminishes when pollution ceases (Sandstrom,
1994). Certainly, many surveys have reported a higher incidence of diseased
animals from polluted rather than clean (=control) sites (Vethaak and ap
Rheinallt, 1992). Yet, the weakness in most surveys concerns the absence
of good quantitative and qualitative data about the actual pollutants. There
remains serious doubt of the accuracy of information concerning the relative
level of pollutants in polluted and clean sites. Moreover, it is speculative what
influence water movement and fish migration patterns have on the results of
the surveys. Notwithstanding, there is accumulating evidence that some pol-
lutants immunosuppress or otherwise weaken fish (Sovenyi and Szakolczai,
1993). These weakened animals are more likely to succumb to disease. Some
forms of damage, e.g. to gills and skin (Sved et al., 1997), attributable to pol-
lutants are reminiscent of the signs associated with some infectious diseases,
1.e. gill disease and ulceration (Austin and Austin, 1999), respectively. In this
connection, it is relevant to mention the increasing recognition of atypical
isolates of Aeromonas salmonicida as a cause of skin lesions/ulceration in
native marine fish (e.g. Wiklund and Bylund, 1993; Nakatsugawa, 1994;
Pedersen et al., 1994; Wiklund et al., 1994; Wiklund, 1995; Wiklund and
Dalsgaard, 1995; Larsen and Pedersen, 1996; Austin et al., 1998). It remains
to be proven whether or not this pathogen, which hitherto has been mostly
associated with the disease furunculosis in salmonids (Austin and Austin,
1999), interacts mostly with marine fish that may have been already weak-
ened by pollution.
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CHAPTER 3

EFFECTS OF IONIZING RADIATION COMBINED
WITH OTHER STRESSORS, ON NON-HUMAN BIOTA
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Canada

Abstract: Exposure of organisms in the environment to ionizing radiation
is generally considered to be harmful, regardless of the dose. This assump-
tion derives directly from the basic assumption used for human radiation
protection, that harm is directly proportional to dose, without a threshold.
The consequence of combined exposures is generally unknown, but is
assumed to be either additive or multiplicative. We have examined the in
vivo and in vitro responses of a variety of cells and organisms. We show
that exposure to one stressor can influence the outcome of a subsequent
exposure to the same or another stressor. In many cases, pre-exposure
to one stressor appeared to induce an adaptive response that mitigated
the harm from a second stressor. These observations challenge the basic
assumptions used in environmental protection strategies, suggesting that
new approaches are needed.

Keywords: combined stressors; radiation; heat; chlorine; non-human biota

Introduction

In environmental toxicology, the general regulatory approach toward setting
exposure limits for chemicals or ionizing radiation has been based on the
approach used for human exposure, the assumption of a linear increase in
risk with increasing levels of exposure, with a threshold for non-carcino-
gens or without a threshold for carcinogens. For example, ionizing radiation
exposure limits are based on a linear-non-threshold model. At low doses,
however, correlations between doses and effects are difficult to establish, and
the effects of low doses are usually based on extrapolations from high doses.
Recently, the general assumption of linearity, with or without a threshold, for
most toxic agents has been challenged (Calabrese and Baldwin, 2000, 2003a,
2003b; Parsons, 2000, 2002, 2003; Calabrese, 2004) and it has been argued
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that beneficial effects arise from exposure to low levels of a wide variety of
agents, including ionizing radiation, that are generally considered to be det-
rimental at high levels. These beneficial effects arise from adaptive responses
and other protective responses induced by the exposure. A recent review of
the radiation-induced adaptive response documented research reports, using
cells from bacteria, yeast, alga, nematodes, fish, plants, insects, amphibians,
birds and mammals, including wild deer, rodents or humans, that showed non-
linear radio-adaptive processes in response to low doses of low LET radia-
tion (Mitchel, 2006). Low doses increased cellular DNA double-strand break
repair capacity, reduced the risk of cell death, reduced radiation or chemically
induced chromosomal aberrations and mutations, and reduced spontaneous
or radiation-induced malignant transformation in vitro.

However, predicting the actual effects of environmental radiation or other
exposure to stress is complicated by the fact that organisms are often exposed
to combinations of stressors. The consequence of such combined exposures is
generally unknown, but conservative assumptions are usually made whereby
the effects are assumed to be detrimental to the organisms. In addition, the
potential negative effects are often assumed to be either additive or multipli-
cative. We have examined the in vivo and in vitro responses of a variety of
organisms, including fungi, fish cells, amphibians and mammals, to physical
(radiation, heat) or chemical (chlorine) stressors, in combination with radiation,
to test the assumption of detrimental additive or multiplicative effects.

Experimental Observations and Discussion

Early evidence (Mitchel and Morrison, 1982) in a single-cell lower eukaryote
indicated that exposure to one stressor (heat) could induce resistance to
a subsequent exposure to both heat and ionizing radiation (Fig. 1). The
authors also reported that exposure to a dose of ionizing radiation likewise
induced resistance to both heat and radiation. This demonstrated that
the adaptive response induced by stressors as diverse as heat and ionizing
radiation was a basic protective response induced by exposure to a general
stress, and was not unique to the stressor. A test (Mitchel et al., 1999) of this
principle in mammals (Fig. 2) showed that, likewise, both heat and radiation
could induce a protective response that protected the animals by delaying
the onset of myeloid leukemia that resulted from a subsequent exposure to a
high dose of ionizing radiation.

Recent experimental work conducted by Stuart and Yankovich at AECL
provided other tests of this response to combined stressors. The results
presented in Figs. 3-6 are yet unpublished. In Fig. 3, the data show the
change in micronucleus frequency (MN, a measure of unrepaired DNA
double-strand breaks) in catfish cells exposed to either heat stress alone, or
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Fig 1. Heat shock induction of resistance to the lethal effects of heat and ionizing radiation in
the yeast Saccharomyces cerevisiae. Heat shock at 38°C. Survival after heating at 52°C for
6min, (A). Survival after exposure to 3kGy, (H). (From Mitchel and Morrison, 1982).

heat stress followed by exposure to a large dose (4 Gy) of ionizing radiation.
Heat alone resulted in an increase in the MN frequency that was proportional
to the temperature. Subsequent exposure to a high dose of radiation resulted
in an approximately additive increase in MN frequency, but only in cells
exposed to temperatures up to 27°C. When the cells were exposed to 35°C
and then subsequently to a high dose of radiation, there was no significant
additive effect, indicating that at 35°C the cells had initiated an adaptive
response that protected against the DNA damaging effects of a subsequent
radiation exposure. However, it also shows that, while at lower temperatures,



34 R.E.J. MITCHEL ET AL.

1.0

0.6

04 r

SURVIVAL PROBABILITY

0.2 r

O-O 1 1 1 1
0 200 400 600 800 1000

TIME (days)

1.0l

0.8

0.6

SURVIVAL PROBABILITY

O-O 1 1 1 1
0 200 400 600 800 1000

TIME (days)

Fig. 2. Influence of adapting treatments on leukemia latency. Panel A: Survival of mice that
developed myeloid leukemia after a chronic irradiation (1.0 Gy, 0.5 Gy/h) with (H) or without
(*) a prior chronic 0.1 Gy (0.5 Gy/h) exposure, compared to survival of unirradiated control
animals that did not develop AML (+). Panel B: Survival of mice that developed myeloid
leukemia after a chronic 1.0 Gy irradiation (0.5 Gy/h) with (H) or without (*) prior whole
body hyperthermia (40.5°C, 60 min) compared to unirradiated control animals that did not
develop AML (+) (From Mitchel et al., 1999).
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*Fig. 4. Micronucleus (MN) frequencies (micronuclei/100 binucleate cells) in catfish B
lymphoblasts incubated with different chlorine concentrations for 24 h prior to being exposed
to a 4 Gy dose of ®Co gamma radiation.

* Unpublished data obtained by M. Audette-Stuart (AECL) and T.L. Yankovich (AECL)

the effects of heat can be additive to the effects of a high radiation dose, the
effects can become less than additive at higher temperatures.

This response of cells to a first stress, which protects against damage from
exposure to a second radiation stress, is not restricted to heat. Figure 4 again
shows MN formation in catfish cells, but in this case the cells were exposed
to various concentrations of chlorine before exposure to a large dose of
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radiation. Exposure to chlorine concentrations up to 15 mg/L and subsequent
exposure to 4 Gy of radiation produced approximately additive increases in
MN. This suggests that chlorine concentrations up to 15 mg/L were not
perceived as a stress by the cells, and an adaptive response was not initiated.
However, when the chlorine concentration was increased to 25 mg/L, which
in itself increased the MN frequency, there was no further significant increase
in MN frequency when the cells were subsequently exposed to radiation. As
was the case with heat, when the initial level of the first stressor exceeded
a certain point an adaptive response was initiated which protected the cells
from subsequent exposure to another stressor, radiation.

Figure 5 shows the effect on catfish cells when radiation was both the first
and second stressor. A high dose alone (4 Gy) significantly increased MN
frequency, while a low dose exposure produced no significant increase above
control frequency. However, the data show that any low dose up to 250 mGy
induced an adaptive response that protected the cells from a subsequent high
dose (4 Gy), and the MN frequencies obtained for the combined (sequential)
exposure were not different from the MN frequencies seen in control cells not
exposed to radiation.

While the above experiments were conducted on laboratory animals
and cells, it is important to test whether such protective adaptive responses
can be detected in wild populations living in areas where they are exposed
to stressors. Wild frogs were collected from three aquatic areas (Fig. 6).
Two of the areas contained no significantly elevated levels of radionuclides
(non-contaminated areas) and the frogs received only background radiation
doses. The third area was contaminated with tritium such that the additional
annual dose to the frogs was estimated at 1 mGy/year; above that received
from natural background (The low LET contribution to background is also
estimated at 1 mGyl/year.). All frogs were large adults, indicating they had
resided in the ponds for over a year. The high 4 Gy dose of radiation greatly
increased MN frequency in cells from frogs taken from uncontaminated
ponds. A prior low dose induced a protective response in those cells and
protected them from the effects of the subsequent high dose, in a manner
consistent with the other stressor data shown in Figs. 1-4. However, the
cells taken from the frogs living in the radioactively contaminated pond
did not respond in the same way. The large dose of radiation alone did not
significantly increase MN frequency. In fact, the frequency was not different
from the level in unexposed cells. A low dose prior to the high dose in these
cells had no further influence. It appears that living in the pond containing
the radioactivity constituted an in vivo stress to the frogs, resulting in the
induction of a protective adaptive response that protected their cells from
the consequences of further radiation exposure.
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*Fig. 5. Micronucleus (MN) frequencies (micronuclei/100 binucleate cells) in catfish B lym-
phoblasts exposed to various doses of ®Co gamma radiation delivered at a dose rate of
5mGy/min 24 h prior to exposure to a 4Gy dose of ®Co gamma radiation.

* Unpublished data obtained by M. Audette-Stuart (AECL) and T.L. Yankovich (AECL)
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*Fig. 6. Micronucleus (MN) frequencies (micronuclei/100 binucleate cells) in Leopard frog
hepatocyte cultures. NC indicates cells from frogs living in a non-contaminated pond and C
indicates cells from frogs living in a contaminated pond. Livers were removed from the animals
and primary cell cultures were established. A fraction of each cell culture was used as con-
trols (white bars), another was exposed to an adaptive dose only (grey bars), a third one was
exposed to a high dose (doted bars) and a forth fraction was exposed to an adaptive dose
followed, 3 h later, by a high dose (black bars).

* Unpublished data obtained by M. Audette-Stuart (AECL) and T.L. Yankovich (AECL)
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The evidence presented suggests that the protective effects induced by
exposure to a stressor are evolutionarily conserved, from lower eukaryotes
up to mammals, and are therefore likely an important response necessary
for life. The induced protective effects are non-specific to the stressor and
exposure to one stressor will induce resistance to another stressor. These
induced responses occur in cells and in whole animals, and can be detected
in wild animals after a low environmental radiation exposure.

Conclusions

The data show examples of the effects of combined stressors in a variety
of organisms. The data suggest that the general outcome of combined
exposures to different stressors is often neither synergistic nor even additive,
and that adaptive responses should be considered in assessing the risk of
such exposures. It should be noted that these data are not compatible with
either linear or linear non-threshold assumptions of effect versus dose.
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Abstract: Ecotoxicology assesses the fate of contaminants in the environment
and contaminant effects on constituents of the biosphere. With respect
to effects assessment, current ecotoxicology uses mainly reductionistic
approaches. For concluding from the reductionistic approach to the effects
of toxicant exposure in a multifactorial world, ecotoxicology relies on
extrapolations: (i) from suborganism and organism effect levels, as determined
in laboratory tests, to ecological levels, (ii) from few laboratory test species
to the broad range of species and their interactions in the ecosystem and
(ii1) from the analysis of the effects of single toxicants under standardized
laboratory settings to the toxicant response under real world conditions,
where biota are exposed to combinations of chemical, biological and
physical stressors. The challenge to ecotoxicology is to identify strategies
and approaches for reducing uncertainty and ignorance being inherent to
such extrapolations. This chapter discusses possibilities to improve ecotoxi-
cological risk assessment by integrating mechanistic and ecological informa-
tion, and it highlights the urgent need to develop concepts and models for
predicting interactions between multiple stressors.

Keywords: ecotoxicology; risk assessment; effect propagation; interspecies extrapolation;
multiple stressors

Introduction

Ecotoxicology is the science of contaminants in the biosphere and their

effects on constituents of the biosphere (Newman, 1998). This scientific field

draws from many disciplines, for instance, from chemistry for analysing and

predicting fate and transport of chemicals in the environment, from toxicology

for studying mechanisms of adverse effects of chemicals in organisms, or

from ecology for assessing ecological consequences of chemical pollution.
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Whereas the scope of ecotoxicology is well defined on the side of environmental
chemistry, some inconsistency exists on the toxicological side. Contrary to
toxicology which is concerned with effects of chemicals at the level of the
individual organism and its constituent parts, ecotoxicology in principal
aims to assess toxic impact at the ecological rather than the individual level.
In practice, however, ecological assessment is often lacking (Forbes and
Forbes, 1994), instead classical toxicological studies predominate so that eco-
toxicology seems to differ from human toxicology mainly by using a broader
array of target species. The bias of ecotoxicology towards toxicological
rather than ecological studies is not an intended one, but reflects practical,
methodological as well as conceptual limitations.

Ecotoxicology is a relatively new scientific discipline (Jorgensen, 1998).
During the 1950s and 1960s, public awareness was increasing that anthro-
pogenic substances released into the environment may not just dilute and
virtually disappear, but that they could accumulate in biota and man, and
may lead to adverse effects. Epidemics such as, e.g. the Minamata disease in
Japan — caused by food web-enrichment of organic mercury — pinpointed
to the possible problems arising from environmental pollution. In 1962,
Rachel Carson published the book “Silent Spring” drawing attention to the
consequences of pesticide accumulation in wildlife. Ecotoxicology as a term
was coined, according to Truhaut (1977), in June 1969 during a meeting of
a committee of the International Council of Scientific Unions. The first
textbook on ecotoxicology was then published in 1977 (Ramade, 1977), still
paying much attention to human health, but subsequent textbooks increas-
ingly focused on genuine ecotoxicological issues such as, e.g. species differ-
ences in sensitivity, ecological determinants of residues, community toxicity,
or ecotoxicology as a “hierarchical science” (e.g. Moriarty, 1983; Forbes
and Forbes, 1994; Walker et al., 1996; Newman, 1998). From the beginning,
ecotoxicology was strongly driven by managerial and legislative needs. Thus,
much emphasis was given to technological goals such as the development of
standardized toxicity tests. How well regulatory testing programmes fulfilling
the legislative needs do protect ecosystems from long-term, insidious decline
has always been debated. It is difficult to judge upon how many pollutant-
related environmental problems have been avoided due to the application of
regulatory testing programmes; however, there exist a number of examples
where conventional ecotoxicological approaches failed to prevent or predict
the environmental problems. One such example is endocrine disruption
(Sumpter and Johnson, 2006). To improve the ability of retrospective as well
as predictive assessment of pollutant impact on the biosphere, ecotoxicology
is confronted with a number of challenges, some of which will be addressed
shortly in the present communication.
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Current Approaches in Ecotoxicological Risk Assessment

A comprehensive review of ecotoxicological risk assessment is beyond the
scope of this chapter, instead only a short introduction into certain principles
and technologies as they are currently used will be given. Ecotoxicological
risk assessment aims to estimate levels of contaminants in environmental
compartments, to evaluate effects of pollutants at various levels of bio-
logical complexity, and to relate environmental exposure to environmental
effects (Newman, 1998; Ahlers and Diderich, 1998; Calow and Forbes, 2003;
Bradbury et al., 2004). It can be either retrospective (“from effect to pollutant™)
or prospective (“from pollutant to effect”; Eggen and Suter, 2007).

The retrospective approach builds on monitoring of existing chemical
exposure, bioaccumulation and adverse effects in wildlife. Monitoring can
start with observing exposure or bioaccumulation, and then trying to relate
this to biological or ecological change, or it can start from the observation
of adverse changes in wildlife, and then trying to trace this back to chemicals
as cause. A number of factors obscure exposure effect-relationships in field
studies, for instance, bioavailability on the exposure side, or the impact
of multiple stressors on the effect side. Thus, unequivocal demonstration of
cause effect-relations is difficult in field studies. Instead, usually a weight-of-
evidence approach has to be taken (Rolland, 2000; Burkhardt-Holm and
Scheurer, 2007). The demonstration of causative relationships is supported by
the existence of temporal or spatial parallelism between exposure and effects
(Downes et al., 2002) as well as by a sound epidemiological design of moni-
toring studies, although the latter aspect is often neglected in ecotoxicology.
A number of technologies help to reveal exposure effect-relationships in
retrospective studies, such as bioassay-directed fractionation and biomarkers
(Brack, 2003; Segner, 2003). Bioassay-directed fractionation is a procedure
combining chemical fractionation and analysis with bioassays in order to
identify those chemicals within a complex environmental sample which are
responsible for a measured biological activity of the sample (Brack, 2003). An
example of this methodology is provided by study of Desbrow et al. (1998)
on identification of the chemical nature of the estrogen-active substances in
effluents of wastewater treatment plants in UK. Biomarkers are sub-organismic
parameters being responsive to chemicals and thus can be used either as
indicators of exposure to or effects of chemical substances (Peakall, 1994;
Van der Ost, 2003). Well-known examples of biomarkers include cytochrome
P4501A, which is induced by chemicals activating the arylhydrocarbon
receptor, for instance dioxins, or vitellogenin, which responds to chemicals
activating estrogen receptors. The concept of biomarkers has attracted much
attention in ecotoxicology, and indeed biomarkers are valuable as indicators
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of exposure, as early warning signals of long-term or delayed toxicity, or as
“signposts” for toxic modes of action, however, they are usually not predictive of
adverse effects at higher levels of biological organization (Forbes et al., 2006;
Hutchinson et al., 2006).

Predictive ecotoxicological risk assessment aims to estimate environmental
concentrations of chemicals, to evaluate the toxic hazard and ecological
effects arising from these substances, and the likelihood of adverse effects to
occur in exposed biota (Newman, 1998; Calow and Forbes, 2003; Bradbury
et al., 2004). Key elements in the predictive approach are the “predicted envi-
ronmental concentration” (PEC) and the “predicted no effect concentration”
(PNEC). A PEC can be estimated from actually measured concentrations in the
environment or from mathematical modelling; a PNEC can be derived, for
instance, from concentration-response determinations in single species toxicity
tests in the laboratory (Ahlers and Diderich, 1998). For risk characterization,
the PEC is compared to the PNEC in order to estimate the probability of
adverse effects to occur. Relevant effects may range from the suborganism
level over population and communities to the landscape scale, and they
may vary with the broad range of potential target species in an ecosystem.
The advantage of the described approach is that it is straightforward and
manageable; its disadvantage is that it appears to be at least sometimes too
simplistic thereby missing environmentally relevant aspects of exposure and
effect, which arise from the complexity of biological and ecological systems.
Shortcomings exist particularly on the effects side. PNEC values are largely
based on testing of single substances in acute or (sub)chronic laboratory tests,
using a few selected “model” species, and using either suborganism or organ-
ism-level endpoints. It is easy to demonstrate toxic effects on suborganism
and organism-level endpoints of individuals of single species in the labora-
tory, but we have insufficient understanding of how to extrapolate from the
analysed effect level in the laboratory test to ecological levels (effect propaga-
tion), how to extrapolate from few laboratory test species to the broad range
of other species being present in the ecosystem (interspecies effect extrapola-
tion), and how to estimate from the analysis of the effects of single toxicants
under standardized laboratory settings to the toxicant response of organ-
isms under multifactorial real world conditions, where biota are exposed to
combinations of chemicals and non-chemical stressors (multiple stressor
extrapolation). It is evident that such extrapolations in ecotoxicological risk
assessment bear important uncertainties; however, an additional problem
arises from ignorance, i.e. our inability to take unknown processes and vari-
ables into account (Hoffman-Riem and Wynne, 2002). For instance, egg shell
thinning as a consequence of DDT accumulation was overlooked as long as
it was unknown that this is a target of DDT action. For practical as well as for
principal reasons, ecotoxicological testing will never be able and does not aim
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for fully reflecting environmental complexity but will always have to rely on
reductionistic approaches. The problem is not the reductionism but that we
need to learn more on how stressors and effects are interrelated — across and
between species, across levels of biological organization, across time scales
— and which processes and parameters are of key importance in determining
the effects of toxicant exposure in a multifactorial environment.

Challenges in Ecotoxicological Effects Assessment

Given the limitations as discussed earlier, ecotoxicological effects assessment
is confronted with a number of challenges:

* While during the early days of ecotoxicology, environmental pollution
was often characterized by high levels of contaminants, acute spills, or
dominance of high volume industrial chemicals, the situation has changed
nowadays (Eggen et al., 2004). Enhanced regulatory practices and techni-
cal measures such as improved water treatment technologies or replacing
persistent by more degradable substances successfully reduced overall
environmental contamination in industrialized countries. In this situation,
risks arising from low dose, chronic exposures are coming into focus. This
includes questions on the importance of combined effects of chemicals at
low concentrations or on combined effects of chemicals and other stressors
such as altered habitat morphology or climate change. Further, although
concentrations of “classical” toxicants are decreasing, at the same time,
new contaminants are emerging such as pharmaceuticals and personal
care products, which often show specific modes of toxic action not reliably
detectable by the existing testing concepts and methodologies. The chal-
lenge is to clarify whether existing ecotoxicological concepts and tools are
sufficient or how they have to be enhanced to be able to assess hazard and
risks arising from the actual situation of environmental contamination.

» For many, if not the majority of existing chemicals, the available ecotoxi-
cological information is rather limited. Even for high production volume
chemicals, often not more than acute lethality data are available. At the
same time, new regulations such as REACH in Europe are demanding
more information on ecotoxicological properties of existing substances.
It is a challenge to ecotoxicology to generate the required data but not
by simply increasing the number of tests as this is confronted with many
technical, economical and ethical problems, but by developing integrated
testing strategies (Bradbury et al., 2004), which are taking advantage of
mechanistic and ecological knowledge. Such a knowledge-based testing
scheme would enable targeted testing for better chemical prioritization
and hazard identification.
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* Existing methodologies and concepts of ecotoxicology, despite the prefix
“eco-", still reflect more toxicology than ecology. Although the emphasis
on toxicology may be understandable from the historical development
and pressing regulatory needs (see earlier), doubt remains that this
approach might be too simplistic to inform ecological risk assessment
(Calow and Forbes, 2003). The challenge is to improve this situation and
to find concepts and tools that on the one hand are manageable and prac-
tical but on the other hand move ecotoxicological risk assessment closer
to ecology.

The following discussion cannot provide the solution to the open questions
and problems, rather it tries to point out directions to be taken in the development
of new concepts and tools for ecotoxicology.

GOING MECHANISTIC

To date, ecotoxicological testing has been rather phenomenological.
However, ecotoxicology has to be more than describing that effects occur,
but it needs explanatory principles (Newman, 1998). Understanding of
how toxic effects occur is important in extrapolation, classification, and
diagnosis of effects (Eggen et al., 2004; Miracle and Ankley, 2005; Segner,
2006) and it will reduce the risk to overlook or ignore possible adverse
outcome of chemical exposure (Hoffmann-Riem and Wynne, 2002), as it
has been the case, for instance, with endocrine disruption (Segner, 2006;
Sumpter and Johnson, 2006). Standard ecotoxicological testing relies on
apical endpoints which, due to their integrative nature, lend limited insight
into causative processes. Thus, to achieve more knowledge on modes of
toxic action or toxic mechanisms, additional endpoints have to be consid-
ered. Often, molecular and cellular parameters are used for this purpose.
However, changing the level of biological analysis does not necessarily
mean to move from the description of the effect to the understanding of
the underlying mechanism. Actually, the so-called mechanistic research in
ecotoxicology often has been descriptive again (Moore, 2002). The same
comment applies for the use of specific technologies: it is not the use of
a particular technique but it is the study design and interpretation what
makes the difference. For instance, during recent years much emphasis has
been given to the promises of genomic methodologies in predictive, mecha-
nism-based ecotoxicology, but as put by Miracle et al. (2003) with respect
to the use of these techniques: “If a well thought-out approach is neglected
during experimental design and data interpretation, then we are simply left
with standard toxicology in Technicolor”.



ECOTOXICOLOGY — HOW TO ASSESS THE IMPACT OF TOXICANTS 45

There are a number of areas of ecotoxicological effects assessment where
knowledge on modes of toxic action is helpful:

» Knowledge on modes of action helps in understanding time and concentra-
tion response-relationships (questions of thresholds, hormesis, U-shaped
curves of endocrine disrupting compounds, relation between acute and
chronic toxicity, concentration-dependent transitions in mode of action,
etc.). For instance, the information that a chemical acts through the estrogen
receptor pathway explains why this substance induces irreversible (organi-
zational) effects in developing organisms while it induces transient
(activational) effects in adults (Segner et al., 2006). Mechanistic knowledge
identifies the processes being affected by the chemical and from this knowl-
edge the risk for chronic effects may be inferred, e.g. the development of cancer
as a consequence of mutagenic activity of a compound (Eggen et al., 2004).

* Knowing the mode of action by which a chemical substance induces
adverse effects helps in extrapolation, both across species and across bio-
logical levels. Molecular or cellular processes are often more conserved
than processes at higher levels of biological organisation, what facilitates
interspecies extrapolation (Segner and Braunbeck, 1998; Miracle and
Ankley, 2005; Hutchinson et al., 2006). For instance, an estrogen receptor
ligand in man will be also an estrogen receptor ligand in a fish, however,
the physiological consequences of the receptor activation differs between
man and fish. Further, if we know that a toxicant impacts a specific bio-
logical process, we may understand why certain species are more sensitive
than others, and which species are at particular risk.

* Knowing modes of action assists in the assessment and prediction of
mixture effects (Escher and Hermens, 2002; Eggen et al., 2004). For instance,
knowing that a set of chemicals act through the same receptor pathway is
important to predict that a mixture of these compounds will behave in an
additive way (Silva et al., 2002). This knowledge forms also the basis of
the concept of toxic equivalency factors (Safe, 1990). Vice versa, knowing
molecular targets of a toxicant helps to identify biological functions at risk
and helps to understand why one and the same substance may lead to
multiple effects. For instance, estrogen receptors do not only function in
reproductive processes, but are involved in a variety of functions (see later).

* Information on modes of action assists in prioritizing, classification
and testing of chemicals. Such knowledge provides input for computa-
tional methods and structure activity relationships (Schiilirmann, 1998).
Knowing which processes in the organisms are affected by a substance
helps in designing targeted, knowledge-based testing strategies for the
substance of concern (Eggen et al., 2004; Hutchinson et al., 2006; Segner,



46 H. SEGNER

2006), and this would reduce uncertainty in risk assessment and guard
against surprises, as they happened, for instance, in the case of endocrine
disruptors (Calow and Forbes, 2003; Segner, 2006).

* Finally, an important spin-off from mechanism-oriented work is the
development of diagnostic tools (Eggen and Segner, 2003). Bioassays
and biomarkers have been found to be most valuable in assessing envi-
ronmental contamination. Currently, only a limited set of tools is availa-
ble, being indicative for rather few stressors or modes of action, but novel
technologies such as genomics and proteomics may generate a broader
suite of diagnostic tools.

GOING ECOLOGICAL

Ecotoxicologists succeeded in demonstrating pollutant effects at all levels
of biological organisation, from molecules to ecosystems; however, they are
uncertain how effects at the different levels relate to each other (Newman,
1998). A similar problem is the question of interspecies extrapolation of
toxicity data. The principal dilemma of ecotoxicological effects assessment is
that we have to make simplifying assumptions and we have to use reduction-
istic approaches but we do not know if we use the right simplifications and
we do not know the rules and conditions for translating the outcome of the
simplified approaches to the systems to be protected. To say it with the words
of Barnthouse et al. (1987): “There is an enormous disparity between the
types of data available for assessment and the type of responses of ultimate
interest. The toxicological data usually have been obtained from short-term
toxicity tests performed using standard protocols and test species. In contrast,
the effects of concern to ecologists performing assessments are those of
long-term exposures on the persistence, abundance and/or production of
populations”. Although this statement has been formulated almost 20 years
ago, substantial progress has not been achieved since then. Since for practical
reasons, it will be not possible to abandon reductionistic approaches, the
question is if these concepts and methods are indeed too simplistic to inform
ecological risk assessment or how we could improve them to be more effective
(Calow and Forbes, 2003).

Usually ecotoxicologists follow a bottom-up approach, i.e. investigating
toxic effects at the suborganism and/or organism-level and then extrapolating to
the levels of populations and communities. The reason behind this approach
is that, although the changes at the population/community/ecosystem levels
of biological organization are the ultimate concern, they are considered to
be too complex and too far removed from the causative events to be useful in
diagnosis and prediction of toxic effects of chemicals. Instead, the idea is that



ECOTOXICOLOGY — HOW TO ASSESS THE IMPACT OF TOXICANTS 47

toxic effects can be measured at the lower levels of biological organization and
that these effects are prognostic for higher level consequences. In almost each
review and textbook of ecotoxicology, a figure of the biological hierarchy is
shown, with toxic effects propagating from the molecular through cellular
and organism levels to populations or communities. What is neglected in
this thinking is that there exists no linear effect propagation but at each level
of the biological hierarchy, new properties emerge which are not predictable
from the properties of the level below but which influence the outcome of
the toxic impact (Fig. 1). For instance, a toxic cellular effect is not necessarily
leading to a toxic response of the organism due to the existence of compen-
satory mechanisms at the supracellular level (Segner and Braunbeck, 1998).
Exactly for this reason, the use of biomarkers to predict ecological effects is
questionable (see earlier). Similarly, ecotoxicological test methodology puts
emphasis on metrics such as survival, growth and reproduction since these
changes in individual fitness are considered to be “ecologically relevant” and
to influence directly the status of the population. However, translation of
phenotypic variations in life history traits of individuals into demographic
changes of the population depends much on the life history strategy of a
particular species (Winemiller et al., 1992; Kooijman, 1998). A 50% loss of
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Fig 1. The propagation of toxic effects along the levels of the biological hierarchy does not
follow a linear, deterministic fashion, but the outcome of toxic exposure at a particular level
of the hierarchy results on the one hand of integrating toxic and compensatory/protective
mechanisms at the lower hierarchical levels and on the other hand it results on properties and
processes newly emerging at the hierarchical level of concern.
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fertility may have completely different demographic consequences for two
species with contrasting life histories, e.g. an opportunistic and a periodic species
(Gleason and Nacci, 2001). Laboratory tests often determine toxic effects for
the most sensitive life stage, assuming that an adverse effect on this stage will
be critical for population status. However, the most sensitive life stage might be
not the most crucial factor for maintaining a viable population, since in many
species, there is an overproduction of individuals at this stage what easily could
compensate for the toxicant-induced losses (Newman, 2001).

This short discussion may already illustrate that inferring higher level
effects from qualities of lower levels is problematic (Underwood and
Peterson, 1988; Newman, 1998). What is needed to improve predictions
across biological levels is to go beyond a linear thinking and to develop a
better understanding of the processes and mechanisms how the different
levels relate to each other. One possibility to overcome the limitations of
current approaches is the use of appropriate modelling (Hutchinson et al.,
2006). Models have been suggested for deriving adverse organism responses
from cellular responses (Moore, 2002), but particularly also for predicting
population responses from responses of individuals. For this it is important
not to rely on “black box” modelling but to use physiological and ecological
information. One possibility would be to combine toxicity data from labo-
ratory tests with life history from natural populations to model population
responses of the species of concern (Boxall et al., 2002). Kooijman (1998) pointed
to the value of structured population modelling, in which individuals are not
treated as identical copies, but accounts for the fact that individuals dif-
fer in many aspects from each other (age, size, sex, energy reserves, genetics,
etc.). Modelling can be also valuable to identify which individual changes
take a decisive influence on population viability (Grist et al., 2003; Gurney,
2006). Such knowledge could target toxicological testing towards the critical
life history traits in order to quantify the sensitivity of population dynamics
to changes in these vital traits (Calow and Forbes, 2003). While current test-
ing in ecotoxicology relies on a fixed, pre-selected set of endpoints, a more
ecological-oriented approach would select test endpoints on the basis of the
analysis of the life history strategy of the species of concern. In this way,
ecological knowledge could inform toxicological testing — an approach that
to date has been surprisingly rarely used in ecotoxicology. Knowledge-based
testing utilizing ecological information might be mutually complementary
with knowledge-based testing utilizing mechanistic information (see earlier).

While the previous discussion addressed the problem of extrapolation
across biological levels, another problem in informing on ecological risk
from conventional single species laboratory tests is the extrapolation of
toxic effects across species. When environmental contamination takes
place, usually communities are exposed which comprise a large number
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of species differing in physiology, ecology and toxicant sensitivity. In
principal, to protect an ecosystem against adverse effects of toxic sub-
stances, it would be necessary to test all the different species occurring
in the ecosystem for their sensitivity towards the substance of concern.
For practical reasons, however, toxicity testing is usually done only with
a limited number of species, and the results from these species are then
extrapolated to predict the response of other species and of the whole
community. The limitations in this approach are evident. Regulatory
risk assessment tries to overcome this limitations by the use of numeri-
cal “safety factors”, i.e. data from standard toxicity tests are divided
by fixed extrapolation factors in order to account for the uncertainties
in the extrapolation from simplified laboratory tests to environmental
reality and to derive a threshold value (PNEC) below which adverse
ecological effects are defined to be unlikely (Ahlers and Diderich, 1998;
Calow and Forbes, 2003). However, it is clear that safety factors suffer
from serious limitations and represent rather a formal than a scientifi-
cally based approach. An alternative approach to extrapolate from single
species toxicity tests to communities is the concept of species sensitivity
distribution (SSD) (Posthuma et al., 2002). The basic assumption in the
SSD concept is that the sensitivities of a set of species can be described
by some kind of statistical distribution. The available ecotoxicological
data on different species are seen as a subsample from this distribution
and are used to calculate a concentration which is considered to be safe
for most species. Thus, this concept supports prediction of toxic effects
for multiple species assemblages, and it has the potential to incorporate
spatial information as well as information on mixture effects (Posthuma
and de Zwart, 2005).

Finally, methodologies have been developed to directly test species inter-
actions instead of extrapolating from single species data. One such method
attempting to assess ecological complexity is toxicity testing in laboratory
microcosms or outdoor mesocosms (Cairns and Cherry, 1993; Newman,
1998). These systems which harbour multiple species assemblage have more
ecological realism than do single species laboratory tests and still possess more
tractability than do field studies. Micro- and mesocosms harbour multiple spe-
cies assemblages and therefore are able to perform community impact assess-
ments in relation to toxic exposure. The extent to which such systems represent
natural systems remains a subject of debate, however (Williams et al., 2002).
Another methodology for using communities in toxicity assessment is pollu-
tion-induced community tolerance (PICT) which was introduced by Blanck
et al. (1988) as a tool in predictive and retrospective risk assessment. It is based
on the assumption that sensitive species within a community will be replaced
by more tolerant species after exposure to a toxicant, increasing the tolerance
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of the whole community. Experimentally, PICT can be measured by structural
and functional parameters such as species number or photosynthetic activity
(Schmitt-Janssen and Altenburger, 2005).

GOING MULTIPLE

In their environment, organisms are exposed to multiple chemicals and mul-
tiple stressors (a stressor is defined here as any factor that extends homeo-
static or protective processes beyond the limits of the normal physiological
or ecological range leading to reduced fitness: Sibly and Calow, 1989; Moore,
2002). The questions to ecotoxicologists are how toxic impact is modulated
in the presence of mixtures or in combination with other stressors, and
how the risk resulting from the interaction between chemical, physical and
biological stressors can be assessed and predicted. Exposure to one stressor
may change the response and sensitivity of the biological system to a second
stressor. Such modulations could be of particular relevance under conditions
of chronic, low-dose exposure, when chemical impact alone may provoke
only subtle changes but it may be enhanced by interaction with other stres-
sors. However, it has to be kept in mind that biological systems have evolved
under conditions of fluctuating environments and multiple impacts. Thus,
species have developed adaptive systems which enable ecological success
in the presence of stressors, but these adaptive systems may differ in their
capacities towards specific stressors, what further complicates assessment of
combined effects. Overall, to better account for the multifactorial scenario
to which organisms, populations and communities are exposed to in their
environment, it is necessary to consider the various stressors in an inte-
grated way instead of considering each stressor in isolation. Consequently,
van Straalen (2003) suggested that ecotoxicology should become part of a
broader scaled stress ecology.

Empirically, stressor interactions have been shown in many studies. For
instance, season and temperature can overlay chemical induction of exposure
biomarkers (Mackay and Lazier, 1993; Behrens and Segner, 2005), the
nutritional status of exposed organisms can modify their sensitivity towards
toxicants (Lanno et al., 1989; Braunbeck and Segner, 1992), or toxicant
exposure can increase the susceptibility to degenerative and/or infectious
diseases (Bayne et al., 1985; Odum, 1985; Heugens et al., 2001; Newman, 2001;
Kiesecker, 2002). The infectious disease triad (Odum, 1985; Newman, 2001)
summarizes such interactions in that it presents the likelihood of disease
as a function of the balance between host, disease agent, and environmen-
tal factors. Pollutants, as part of the environmental milieu in which the
host and the pathogen interact, can change the balance between host and
pathogen, for instance, by altering the immunological competence of the
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host and thereby rendering the host more susceptible to the pathogen, or,
alternatively, by reducing survival of the infective stage of the pathogen
in the environment. Vice versa, pathogens can alter response of the host
to toxicants in that the diseased organism may be more sensitive to toxic
impact than the healthy organism (Carlson et al., 2002; Kollner et al., 2002).
Again, however, one must not neglect the capability of the host for adaptive
strategies. For instance, Burki et al. (2007) showed that when rainbow trout
was exposed simultaneously to a parasite and an environmental estrogen,
the response of the fish was dominated by the parasite, while the estrogenic
response was largely suppressed.

The multiple stressor issue has different facets in retrospective and in
predictive risk assessment. In retrospective studies, a major problem is to
disentangle the impact of toxicants from the influence of other factors
including natural environmental change. If an adverse change is observed,
this may directly result from toxicant action, it may result from factors other
than toxic chemicals, or it may result from the combined action of several
factors. Epidemiological and weight-of-evidence methodologies are essential
to sort out the role of toxicants in complex exposure scenarios (Rolland, 2000;
Burkhardt-Holm et al., 2005; Burkhardt-Holm and Scheurer, 2007). For
predictive studies, principal concepts or models are needed as it is not realistic
to use empirical testing for the infinite number of possible combinations. In
mixtures of chemicals, the interactions may lead to amplification (synergism),
reduction (antagonism) or additivity of the stand-alone effects of the individual
compounds. Several models have been found useful under laboratory settings
to predict the combined effects of chemicals in a mixture (e.g. Kénnemann,
1981; Hermens et al., 1984; McCarthy et al., 1992; Silva et al., 2002;
Altenburger et al., 2003; Monosson, 2005). How complex the assessment of
the combined effect of a chemical mixture containing substances with different
modes of action can be has been illustrated by Altenburger et al. (2004). The
extrapolation from single species laboratory tests on mixture toxicity to the
in situ risk of chemical mixtures for an assemblage of species adds further
complexity, and requires development of new methodologies (De Zwart and
Posthuma, 2005). An additional challenge is to develop concepts and models
for predicting interactions between chemical and physical or biological stressors.
As indicated above, it is known empirically that physical and biological entities
can modulate chemical toxicity and vice versa, however, few attempts have
been made to date to quantitatively analyse and to predict such interactions
(Folt et al., 1999; Koppe et al., 2006).

Finally, when talking on “going multiple”, we should not only focus on
exposure of organisms to multiple stressors, but we need also to consider that
one and the same toxicant may induce multiple biological responses. This
includes not only the fact that toxicants show a transition in mode of action
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with exposure duration and concentration (Slikker et al., 2004; Schifers
et al., 2007), but it points also to the fact that a chemical can interact with
multiple targets in a biological system, what may result in unexpected toxic
effects. For instance, studies on estrogen-active substances focused primarily
on their effect on sexual and reproductive parameters; however, estrogens
have a series of functions beyond the reproductive system. Studies during
recent years have revealed that, for instance, estrogen-active environmental
substances can interfere with the arylhydrocarbon receptor pathway (Navas
and Segner, 2001; Cheshenko et al., 2007), the growth hormone/insulin-
like growth factor system (Berishvili et al., 2006; Filby et al., 2006), with
the immune system (Segner et al., 2006) or with the neurosensory system
(Kallivretaki et al., 2007) and thereby are able to disrupt a broad array of
target systems.
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CHAPTER 5
A LAYPERSON’S PRIMER ON MULTIPLE STRESSORS

THOMAS G. HINTON® AND KOUICHI AIZAWA

University of Georgia, Savannah River Ecology Laboratory,
Aiken, South Carolina, USA

Abstract: This article introduces the concept of multiple stressors. It has
been written for the layperson, in terms that do not require a strong scientific
background. It has been written to facilitate scientists’ communication with
the public and funding agencies about multiple stressors. This article briefly
explains several major classes of contaminants whose global dispersal and
long-term persistence in the environment might cause them to contribute to
multiple stressors. Highlighted is our lack of understanding about the poten-
tial interactions among multiple stressors and the need for much additional
research. Interactions are explained through a simple example of various plausible
responses that an organism might exhibit when exposed to both cadmium and
radiation. Our current approach for determining human and ecological risks
from contaminants is explained such that the reader is aware of why multiple
stressor research is needed. This article stresses the need for a coordinated,
multinational, multidisciplinary research plan for multiple stressors.

Keywords: interactions; mixed stressors; multiple contaminants; effects

Introduction

Late in 1997, Dr Larry Zobel, the medical director for the 3M Corporation,
was puzzled by some laboratory analyses he had requested (Fisher, 2005).
The analyses were on workers that produced a 3M chemical, perfluorooctane
sulfonate (PFOS). PFOS is a chemical used to make SCOTCHGUARD,
and is also found in products as dissimilar as GORETEX, TEFLON, power
plant pipe linings and jet engine gaskets. PFOS allows two other disparate
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chemicals to bond together; a property that gives it wide commercial appeal.
What was puzzling Dr Zobel was not that tiny amounts were showing up
in the workers’ blood samples, which was to be expected, but that the chemical
was showing up in the clean blood samples from control individuals. To
try to resolve the issue, 3M contacted biological supply companies and
purchased pooled samples from blood donors that represented some 760
random locations within the USA. PFOS was in every sample. This was
perplexing. Dr Zobel then went to the Red Cross and asked for samples
from 600 more blood donors throughout the United States. Same result,
PFOS was in every sample. He then turned to Europe, where the chemical
had never been manufactured, and obtained samples from Belgium, the
Netherlands and Germany. Same result, PFOS was in every sample. Dr Zobel’s
lab went on to test over 1,500 more samples, including some 600 children.
They found PFOS in every sample but two, with levels in some children
scoring above those found in the 3M workers. Alarmed, 3 M notified the
US Environmental Protection Agency of its findings, and 2 years later, 3M
announced it would cease production of PFOS. University researchers,
alerted to the problem, began to look for the chemical in non-human samples.
They found it everywhere they looked. PFOS was in polar bears of the
Canadian Arctic, the blood of Inuit’s in Alaska, cormorants in the Sea of
Japan. It seems that everything contained trace quantities of PFOS. In the
course of a single human generation, we contaminated virtually all of earth’s
biological systems with PFOS.

Dr Zobel’s story illustrates how small and interconnected our world truly
is. It is astonishing to imagine all of the biological mechanisms, the physical
routes of transport, and the chemical’s environmental resilience required to
disperse so thoroughly in such a relatively short amount of time. And yet,
PFOS is not unique. Mixtures of chemicals are ubiquitous in the air we
breathe, the food we eat and the water we drink. Polychlorinated biphenyls
(PCBs), pesticides, endocrine disruptors, heavy metals, radiation....the list
goes on and on (Muir et al., 2005). Surprisingly, our methods of determining
acceptable levels of contaminants and of calculating a pollutant’s risk to
humans and the environment do a very poor job of considering contaminant
mixtures; instead, we largely study contaminants as if they occurred in
isolation (Cory-Slechta, 2005). The long-term human and ecological risks
from chronic exposures to contaminant mixtures are not known. A lack of
knowledge about complex mixtures of pollutants is among the major
challenges facing the environmental sciences (Eggen et al., 2004).

This primer (i) introduces the concept of multiple stressors and briefly
explores some major classes of pollutants that have the potential to be within
complex mixtures; (ii) provides an overview of how human and ecological
risk analyses evaluate pollutants and highlights the difficulties of studying
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multiple stressors; (iii) explains the concept of interactions among multiple
stressors and the need for a multinational, consolidated research effort to
understand them.

Some Major Players

We live in a chemically sophisticated world. Better living through chemistry is the
reality. Humans are masters at combining chemicals in magical ways to produce
goods that truly enrich our lives. The price we pay, however, is that complex
mixtures of metals, nicotine, and benzene are found in our blood; PCBs, PAHs
and POPs settle in our fat; we inhale pesticides that cling to our house dust; fire
retardants are found in breast milk; endocrine disruptors are excreted in our
urine (Duncan, 2006). All of this occurs while the ice melts in the arctic from
global warming. Exposure to multiple stressors is the rule, not the exception.

The global dispersal of PFOS is not unique; as is evident by the occurrence of
several contaminants in what was previously thought to be pristine habitats. The
arctic environment is a good example (Bard, 1999; AMAP, 2002; Macdonald
et al., 2005; Muir et al., 2005). Although thought to be isolated from industrial
processes known to cause pollution, mixtures of contaminants are showing
up and impacting arctic wildlife. Eagles, sea otters and Steller sea lions in the
Aleutian Islands have elevated levels of the pesticide DDT; sea ducks, walrus
and caribou have high levels of cadmium; killer whales in the North Pacific are
now considered to be the most contaminated mammals on earth (Ayotte et al.,
1995). Polar bears with higher concentrations of PCBs have altered immune
responses that are likely to increase the animals’ susceptibility to infections
(Muir et al., 2005). Research on Greenland bears reveal increasing concentra-
tions of DDT, polybrominated diphenyl ethers (PBDE flame retardants), and a
banned insecticide called chlordane. The contaminants appear to be influencing
reproductive organs. Testis and ovary length, and length of the baculum, a bone
that supports a bear’s penis, decreased significantly with increasing concentrations
of the contaminants (Sonne et al., 2006).

Some of the major classes of contaminants that persist in the environment,
readily disperse, and have been shown to be components of mixed contaminants
include:

e Persistent organic pollutants (POPs); including industrial chemicals (e.g.,
PCBs, brominated flame retardants), byproducts of industrial processes
(e.g., dioxins and furans, hexachlorobenzene), and pesticides (e.g., DDT,
chlordane, atrazine)

e Metals; especially cadmium and mercury, both of which are released by
fossil fuel combustion, waste incineration, and in various mining and
metallurgical processes
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e Radionuclides (e.g., cesium-137, strontium-90, plutonium); primarily
from past atmospheric testing of nuclear weapons, accidents such as
Chernobyl, releases from nuclear fuel reprocessing plants in Europe, and
the dumping and storage of nuclear waste

e Petroleum hydrocarbons; either originating locally as a result of spills
and discharges from shipping, pipelines, oil and gas drilling, or trans-
ported long distances via the atmosphere

These pollutants tend to have strong geological stability, accumulate in fatty
tissues, have relatively long biological half-times within organisms, and increase
in concentration at higher levels of the food chains (Wormley et al., 2004).
Generally, they have been shown to produce:

e Reproductive effects; reduced ability to conceive and carry offspring,
reduce sperm count, and/or feminization of males.

e Immunological effects; decreased ability to fight off disease

e Neurological and developmental effects; reduced growth and permanent
impairment of brain function

e Mutations; that lead to cancer or genomic instability

A World of Contaminants

It appears that in mastering the use of chemicals to improve our lives, we
have also mastered the fouling of our own nest; indeed, the nests of all
living organisms are impacted by our better living through chemistry. And
there are a lot of chemicals. As of August 2005, over 26 million substances
had been indexed by the American Chemical Society’s Abstracts Service
(CAS, 2005). One-third of these (nearly 9 million) were commercially avail-
able; however, only 240,000 are regulated by government bodies worldwide
(Daughton, 2005). Some 82,000 chemicals are registered for commercial use
in the USA alone, and an estimated 2,000 new ones are introduced annually
for use in everyday items such as foods, personal care products, prescription
drugs, household cleaners, and lawn care products (Duncan, 2006). About
10% of these chemicals are recognized as carcinogens, but only a quarter of
the 82,000 chemicals in use in the U.S. have ever been tested for toxicity (Suk
and Olden, 2005; Duncan, 2006).

The EPA receives approximately 100 applications per month from companies
seeking to introduce new chemicals on the market. With each application,
the manufacturer supplies information on production volume, use and environ-
mental release rates; but not a word on toxicity, unless the manufacturer
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happens to have such data. Critical information such as the chemical’s effects,
physical properties, and health impacts must come from EPA files or public
databases. The burden rests with the EPA to prove a problematic chemical
should be restricted. Perhaps it comes as no surprise that since 1979, the EPA
has forced restrictions on just nine applications. 82,000 chemicals results in a
daunting research task when trying to determine potential effects from their
innumerable possible combinations. In vivo testing of all the various combinations
of mixtures, at all the conceivable dose levels is impossible from an ethical,
economical or pragmatic perspective (Cassee et al., 1998).

Rather than requiring a government agency to test for toxicity, the European
Union is taking a different approach (Duncan, 2006). Last year they gave
initial approval to a measure called REACH—Registration, Evaluation, and
Authorization of Chemicals—which would require companies to prove the
substances they market or use are safe, or that the benefits outweigh any risks.
The chemical industry and the US government oppose the REACH concept.

Interactions

All organisms are exposed to a diverse mix of chemicals, pollutants, and
stressors. However, our regulations for deeming when risks are acceptable
come largely from assessment protocols based on the unrealistic assumption
that pollutants occur in isolation from each other. This approach prevents
us from properly evaluating mixtures of stressors; particularly, it prevents a
determination of the potential interactions among pollutants or stressors.
It is with these interactions that 1+1 can indeed = 3.

Interactions, in this context, can be explained by a brief discussion of the
plausible outcomes that an organism might experience when exposed to both
radiation and the metal contaminant, cadmium. Radiation is a well-known
mutagenic that damages DNA. lonizing radiation induces DNA strand
breaks. The most potent type of radiation-induced DNA Iesion is double-
strand breaks (DSBs; reviewed in Ward, 1995). When cells detect DSBs they
arrest their cell cycle and attempt to reestablish chromosome integrity. If
the cell damage is extensive, a cell may program itself to die via apoptosis,
perhaps because the cost of repair is too great or to avoid the risk of mis-repair
and propagation of damage to subsequent cell generations (reviewed in
Zhivotovsky and Kroemer, 2004). Some of the damage caused by radiation
is due to the ionization of water within the body and the formation of free
radicals. Free radicals are molecular species with unpaired electrons. Free
radicals are very reactive and can damage DNA by oxidative reactions.
Mammals have evolved very effective methods of repairing DNA damage;
and humans often assist the repair process by consuming antioxidants
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(e.g. vitamins C and E, green tea, red wine) that provide additional defense
against free radicals.

Cadmium (Cd) is a metal. When animals are exposed to metals they
increase the production of a protein called metallothionein (MT), which
attaches to the metal, making it less toxic. MT also has antioxidant charac-
teristics that reduce the impact of free radicals. Additionally, Cd is known to
inhibit DNA repair.

What might the organism’s response be, then, if these two pollutants act
together? Responses could simply be additive, no interaction. Radiation causes
damage, Cd causes damage, the damages are additive (1+1 = 2). If, however, Cd
induces the upregulation of MT, and if the MT acts as an antioxidant, then it
is plausible that the antioxidants produced from Cd exposure also scavenge the
free radicals produced by the radiation. In this scenario, the Cd would provide a
protective effect, with the interaction being antagonistic (1 + 1 = 1, or perhaps 0).
Alternatively, if Cd inhibits DNA repair, it is plausible that Cd would augment
the radiation damage by reducing the efficiency of DNA repair mechanisms. In
this case a synergistic effect could occur (1 + 1 =3, or 5, or 35).

Thus several mechanistic reasons exist for interesting interactions to
occur when radiation and metals co-occur, and yet, only by researching these
contaminants together would you ever be able to discern if any interaction,
good or bad, occurs. The two contaminants seldom exist in isolation. Indeed,
metals co-occur with radioactive contaminants 99% of the time at the
contaminated sites managed by the US EPA’s Superfund program (Table 1).
This example illustrates the relevance and importance of studying chemicals
as they occur in nature — as mixtures.

Sometimes interactions among pollutants can cause effects to significantly
magnify. Yang (2004) examined the effects of Kepone, a fire ant pesticide, and
carbon tetrachloride in rats. Carbon tetrachloride is used in the production of

TABLE 1. Percent occurrence of the top five contaminant groups occurring on sites in asso-
ciation with radioactive contamination, averaged across all EPA regions. This analysis was
done using a database of sites listed as “currently on the final National Priority List” from the
Agency for Toxic Substances and Disease Registry (ATSDR). Thus, of all the sites containing
radionuclide contamination, 99% also contained metals and 77% also contained VOC

Contaminant Metals' voC? Inorganic? PAH* Pesticides®

% occurrence with 99% 77% 73% 67% 54%
rad contamination

'Lead, Arsenic, Cadmium and Zinc; *Volatile Organic Compounds (e.g., Acetone, Benzene, Toluene);
3Inorganic compounds (e.g., Asbestos, Cyanide, Sulfuric acid, Sulfate); “Polyaromatic Hydrocarbons
(e.g., Fluorine, Anthracene, Diethyl phthalate); SHeptachlor, DDT, and Dieldrin.
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refrigeration fluid, propellants for aerosol cans, as a pesticide, as a cleaning
fluid, in fire extinguishers, and in spot removers. When both chemicals were
administered at low, environmentally relevant doses the two synergistically
interacted such that effects were magnified 67-fold.

Interactive effects are not only caused from exposure to multiple con-
taminants, the phenomenon occurs due to exposure to multiple stressors,
and stress can come from a myriad of sources. Stress is an unavoidable
aspect of life for all populations in differing degrees and manifestations,
and thus an inevitable contributor to risk (Cory-Slechta, 2005). Two recent
examples concern amphibians, which have been undergoing worldwide
population declines. Relyea (2003) examined interactions when amphib-
ians were exposed to carbaryl, a pesticide, in the presence of predators.
Pesticide concentrations from short-term acute exposures that would
normally not adversely affect growth or survival proved lethal when the
exposure occurred in the presence of predatory stress. The chemical stressor
was magnified many fold by the non-chemical stressor of the predator cue.
Likewise, Teplitsky et al. (2005) reported a greatly enhanced stressor action
of the fungicide fenpropimorph to tadpoles when they were developing in
the presence of a predator. The combined action of the predatory stress
cue and the low-level fungicide resulted in delayed and smaller maturation
beyond exposure to either stressor alone.

With 82,000 chemicals in the environment, it becomes quite plausible
that they might not all act independently, but instead impacts to organisms
could be influenced by exposure to multiple stressors. The interaction of
two or more chemicals is determined in part by which mode/mechanism of
toxic action is operative, and points to the necessity of doing research at
environmentally relevant dose levels (McCarty and Borgert, 2006). The order
of exposure also complicates analyses. The response produced by an expo-
sure to chemical A then B may be different from B then A. Additionally, all
environmental contaminants are changed to metabolites or conjugates in the
body, and these new products may also have biological activity that may or
may not be similar to the parent compound. Thus even a single compound
may become a functional mixture (McCarty and Borgert, 2006).

Determining Risks and Acceptable Concentrations

How are risks actually determined? Generally, one pollutant at a time! We
study mercury, in isolation. We study cadmium, in isolation; we study yet
another four-letter-coded, organic contaminant, in isolation. For each, we
develop a dose-response curve, from which we determine a no-observable
effect level (NOEL); apply safety factors that account for uncertainty, and
then derive exposure limits and permissible levels (Dourson and Patterson,
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2003; Cormier et al., 2003; Suter et al., 2004). [For a synopsis on the evolution of
the ecological risk assessment framework in the USA see Suter et al. (2003)
and Suter (2006)]. We then repeat the process for the next contaminant. Each
contaminant studied in isolation, and thus with no possibility of detecting
interactive effects.

The focus on individual chemical agents has been a significant first step in
toxicological/environmental studies. Studying chemicals in isolation provides
necessary information on the pollutants mode of action, or the mechanism
whereby it causes an effect. However, it means that we lack adequate data,
methods and models to assess risks realistically for most mixtures to which
people and the environment are routinely exposed (Suk and Olden, 2005).

In 1996, the US EPA was directed to include chemical mixtures in its
assessment of risk for pesticides that have a common mode of action. Because
the mixtures are limited to those that have the same mode of action, the
consequent effect is often one of additivity for mixtures. Thus to date, mixtures
of chemicals have been dealt with legislatively by largely restricting them to
classes that are chemically related and using an additive approach to risks
(Cory-Slechta, 2005). Under these conditions additivity should not be surprising,
given that the approach may be little different from simply increasing the dose
of a representative agent acting under the same mode of action. Merely to use an
effect summation approach, however, has proven to often underestimate risks.
For example, Silva et al. (2002) found that simple summation of the individual
effects of eight weak estrogenic chemicals, each administered below the No
Observable Effect Concentration (NOEC), underestimated observed effects
by a factor of 20.

EPA’s most recent guidance for mixtures (US EPA, 2000) is for human
health risk characterization. It does not recommend any single approach
for mixtures, but provides a number of options for the practitioner to consider.
Two other US agencies stressing mixture research are the National Institutes
of Environmental Health Sciences (NIEHS) and the Agency for Toxic
Substances and Disease Registry (ATSDR). Two guidance documents on
the assessment of chemical mixtures have been produced by the ATSDR
(US DHHS, 2004a, 2004b), and NIEHS is supporting mixture research (Suk
and Olden, 2005). The ATSDR has recently undertaken the development of
a series of “Interaction Profiles” for substances most commonly found at
EPA Superfund Sites. To compensate for current lack of knowledge, ATSDR
applies an additional safety factor of 10 for mixtures of non-cancerous
chemicals and 100 for cancerous chemicals.

These significant knowledge gaps represent major complications thwarting
both academic investigations of and regulatory approaches to the toxicity
of chemical mixtures. For example, ATSDR and EPA recommend using
data from similar mixtures as surrogates for the mixture of concern if data
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are lacking. However, despite the promulgation of guidance for assessing
mixtures, clear criteria have yet to be developed for determining when two
mixtures are sufficiently similar to use one as a toxicological surrogate for the
other. Indeed, there is no generally accepted classification scheme for catego-
rizing toxicological effects or modes/mechanisms of toxic action (McCarty
and Borgert, 2000).

All agencies involved recognize that substantial enhancements to experi-
mental and risk assessment methods are needed. It is generally believed that
improvements can be achieved by using organism-based uptake, distribution,
and elimination modeling, coupled with data from well-defined, model-based
in vivo and in vitro experiments analyzed with improved statistical and
mathematical protocols. Good examples of modeling approaches to assess
the ecological effects from multiple stressors while considering spatial and
temporal parameters are provided by Hope (2005) and Nacci et al. (2005),
while McCarty and Borger (2006) provide an excellent review of chemical
mixtures. Mixed-exposure research will require the development and refine-
ment of mathematical and physiological models that can be used to estimate
the effects of stressors on whole body systems. In addition to a historical
perspective of assessing the effects of chemical mixtures, Yang et al. (2004)
highlight the need for physiologically based pharmacokinetic and pharma-
codynamic (PBPK/PD) modeling approaches.

To be successful, substantial improvements are needed in our knowledge
of biological mechanisms of toxicity, chemical structure function relationships,
and dose-response relationships. Such knowledge may in turn lead to the
development of biological screening tools and improve our ability to model
exposure-effect relationships. Anderson et al. (2006) provide an example
of integrating several approaches to contaminant responses. Their method
involves quantifying molecular, biochemical, and cellular responses in individual
organisms collected from stressed and less-stressed sites, and along gradients
within the sites, in conjunction with chemical, organism, and population
measures. Ultimately, they use a dynamic-energy-budget model to analyze
growth of individuals and potential impacts to the population. However, in
the short term the traditional approach of calculating hazard indices and
summing cancer risk estimates is likely to remain the predominant from of
mixture risk assessment.

Path Forward

Understanding the interactions among chemical mixtures and multiple
stressors is one of the most perplexing and difficult areas of science within
toxicology and risk assessment (Suk and Olden, 2005). A multinational,
multidisciplinary strategic research plan is needed for chemical mixtures that
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is coordinated, comprehensive and cogent (Suk and Olden, 2005). There has
been a lack of federal leadership related to research on chemical mixtures,
a situation that has caused chronic funding problems and hindered the devel-
opment of a broad-based mutually agreed-on and clearly articulated strategic
research plan (Sexton et al., 1995). Consequently, despite significant scientific
advances, the field of chemical mixture research can generally be characterized
as uncoordinated, unsystematic and under funded; problems that are exacerbated
by the complexity of mixture-related exposures (Sexton et al., 1995).

The recommendations of Sexton et al. in 1995 are still appropriate.
Toxicologic research should proceed along three parallel and complementary
tracks: (i) studies of basic interaction mechanism using simple combinations
of important chemicals, with the express objective of developing and refining
mechanistically based mathematical models; (ii) studies of the toxicity of
high-priority, environmentally relevant mixtures with the express objective
of reducing critical scientific uncertainty in health risk assessment; and
(ii1) studies that examine both constituent interactions and whole-mixture
toxicity in simplified artificial mixtures (e.g., the 10 most important chemicals
impacting the Arctic or Superfund sites).

Any comprehensive framework that seeks to predict and explain the
effects of chemical mixtures must take into account the following (McCarty
and Borgert, 2006): the mechanisms of toxicity of the component chemicals,
the potential points at which these mechanisms interact, the dose-dependence
of both the mechanisms of toxicity and the mechanism of interaction, be
designed to be used at various levels of biological organization, and account
for species-specific difference in both toxicity and interaction.

Intact animals are probably the only model adequate for evaluating mixed
stressors (other than chemicals), such as physical stressors (e.g., extreme cold or
heat, exercise), personal factors (e.g., nutritional deficiencies, aging, etc.), hor-
monal changes (e.g., co-exposure to endocrine disruptors, pregnancy), biological
stressors (e.g., infectious agents), and psychological stressors. Intact animals
are also required to study reproductive (e.g., fertility, teratological), postnatal
development and growth phenomena.

Fish, especially zebrafish (Danio rerio) and medaka (Oryzias latipes),
have several features that make them useful models for evaluating mixed
stressors. Fish are accepted model vertebrates for studying genetics, develop-
mental biology, toxicology and human disease (reviews: Shima and Mitani,
2004; Hill et al., 2005). The main advantages of using zebrafish and medaka
as models over other fish are their small size, ease of husbandry, and prolific
breeding capacity. Unlike other fish, such as salmon and trout, the small
size of zebrafish and medaka (approximately 2.5-3 cm long) permits reduced
breeding space and reduced husbandry cost. These characteristics are important
for the large-scale experiments needed to evaluate the effects of contaminants
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when exposures are at low, environmentally relevant concentrations. In
addition, zebrafish and medaka development have been well characterized
(Kimmel et al., 1995; Iwamatsu, 2004). Equally important, their eggs have
a transparent membrane which allows aberrations to be easily observed, even
during early development prior to hatch (Teuschler et al., 2005). A “see-through”
strain of medaka has a transparent body in the adult stage as well, such that
organ abnormalities can be observed in living adults (Wakamatsu et al.,
2001). This mutant, and transgenic mutants that express green fluorescent
proteins (GFP), have been used for several toxicity studies (e.g. Hano et al.,
2005; Kashiwada, 2006). Such advantages, in addition to the availability of
genome information, make these fish models ideal candidates for addressing
the difficult questions surrounding multistressors.

The dispersal of so many pollutants beyond national boundaries suggests
that solutions will require a long-term development plan of global perspective
(McCarty and Borgert, 2006). Research on chemical mixtures should be
a broad, multidisciplinary approach that goes beyond the traditional boundaries
between academic disciplines, and beyond the traditional boundaries of
independent nations. Collaborative funding and calls for joint proposals
among several nations will result in the most rapid and efficient research
on this most difficult of problems. Until we better understand the potential
interactions from chronic exposure to multiple stressors, Suk and Olden
(2005) recommend invoking the Precautionary Principle and erring on the
side of caution.
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Introduction to Bioindication Approach

Contamination of the environment has become a worldwide problem. Therefore,
a clear understanding of all the dangers posed by environmental pollutants to
both human health and ecologic systems is needed. Knowledge of the existence
of an environmental stress situation is the prerequisite for its solution or
amelioration. With this in mind, considerable efforts have been undertaken
to develop effective methods for assessing the quality of the environment.

Generally, two approaches are used. The first is based on chemical-physical
techniques for laboratory analysis of air, water and soil samples. At this, an
evaluation of true exposure characteristics is complicated; however, since
most quantification techniques are capable of recognizing just a specific
compound or its metabolites. So, this approach gives only a part of the
knowledge necessary to evaluate the harmful potential of pollutants.

The other approach is to score biological effects in animals or plants that
could be exposed at contaminated sites. An obvious advantage of this method is
a demonstration of the direct results from the pollutants’ action on living nature.
This limits the usefulness of this approach as an analytical method to investigate
the total pollutants’ burden, but enhances it ability to measure environmental
quality. The use of biomarkers could remove much of the uncertainty
associated with current ecological risk assessments and provide meaningful
indicators of biological damage. In contrast to the specific nature of assessments
on exposure, studies of biological effects integrate the impacts of all the harmful
agents, including synergistic and antagonistic effects. The biomarkers may also
illuminate previously unsuspected chemical or natural stressors in the study area
or reveal damage caused by a pollutant that has since degraded and is no longer
detectable by residue analysis. Therefore, this approach is particularly useful for
assessing unknown contaminants, complex mixtures, or hazardous wastes.

Certainly, it will never be possible to replace direct physical-chemical
measurements of pollutant concentrations entirely by a detection of effects
in bioindicators. An increased understanding of fate and exposure pathways
of harmful substances in various test-systems is also needed for a better
prediction of what has happened in the field. It is obvious that a correct
estimation of the environment pollution risk needs to be derived from biological
tests and pollutant chemical control in ecosystem compartments. Chemical
and biological control methods need to be used simultaneously, which allows
an identification of the relationships between the pollutant concentrations
and the biological effects that they cause. In turn, such relationships may
help in an identification of the contribution from specific pollutants to the
overall biological effect observed. The knowledge generated makes it possible
to limit an effect of unfavorable factors on biota and predict the further ecological
alterations in regions submitted to intensive industrial impact.
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To assess the quality of the environment, we mostly used plants as test-objects,
for several reasons. Plants are higher eukaryotes and essential components of
any ecosystem. Plant species are the most important primary producers and
most relevant in the food web of the ecosystem. Plants seem to be especially
well suited for an environmental assessment since they have fast growth rates
and provide a large number of offspring. Owing to their settled nature, plants
are constantly exposed to pollution and, therefore, can characterize the local
environment in the best way. Plants do not have a predetermined germline
(Walbot, 1985); the germ cells are produced during plant development from
somatic cells, and, consequently, mutations occurring during somatic devel-
opment can be inherited. Furthermore, in many cases, plant bioassays are
the simplest and most cost effective among test-systems for an environmental
assessment.

Effects of contaminants on biota first appear in the cellular level making
cellular responses not only the first manifestation of harmful impact, but also
suitable tools for an early and reliable detection of exposure. Cellular changes
would initially be less obvious than the direct visible effects of pollutants, but
in the long run they could be more significant. At ecological risk assessment,
basic subjects for protection are populations, communities, and ecosystems,
and thus, the biomarker response should be tightly linked to effects in these
biological systems. It is becoming increasingly clear (Theodorakis et al.,
1997) that cellular alterations may afterwards influence biological parameters
important for populations such as health and reproduction. These types of
effects are of special concern because they can manifest themselves long
after the source of contamination has been eliminated. Therefore, it is genetic
test-systems that should be used for an early and reliable demonstration of
the alterations resulting from human industrial activity.

Nonlinearity of Dose-Response Relationship

Effects detected in field observations are usually difficult or impossible to
relate to specific contaminants or their sources in the environment because
of the influence of noncontaminant-mediated factors. In such cases, labora-
tory studies may sometimes be important stage for establishing a chain of
causality. An exposure to low doses and dose-rates of ionizing radiation is
one of the inevitable factors in the current environment, and biota, includ-
ing man, is chronically subjected to low-level radiation. Understanding the
risks of low doses of radiation is also important with regard to various issues
such as cancer screening, occupational exposure, frequent-flyer risks, and
the future of nuclear power. For example, most radiological examinations
produce doses in the range from 3 to 30 mSv (Brenner et al., 2003). Since the
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concept of radiation protection for humans and biota should be based on
a clear comprehension of the consequences of low-level exposure, a correct
estimation of the effects of low doses is an important topic.

A review of published and own data showed (Geras’kin, 1995) that the regu-
larities of cytogenetic disturbances at low-level radiation are often characterized
by a sound nonlinearity and have universal character. To verify this conclusion,
a study was undertaken on cytogenetical damage occurrence in meristem cells
of irradiated barley seedlings (Geras’kin et al., 2007). Aberrant cells frequency
obtained is presented in Fig. 1 in dependence on dose and shows a deviation of
linearity. Cytogenetic damage increases the control level at a dose of S0mGy and
above, but stays at the same level in the dose range of 50-500mGy.

How important is the deviation of linearity observed in this study?
It could be answered from a comparison of linear and non-linear models
on their potential to fit the data obtained. At looking for the best model for
data approximation, it is important, however, to get an improvement in
the goodness-of-fit not merely by means of a model complicating through
additional terms, but achieving a mutual conformity between a biological
phenomenon and its mathematical model. Figure 1 illustrates results of
the data approximation with three of six examined mathematical models
(Geras’kin et al., 2007). The piecewise linear (PL) model (2 in Fig. 1) supposes
a non-linearity of a dose dependency through including a dose-independent
plateau. For the given data set, the plateau limits are calculated as 83.4 and

Aberrant cells,%

I I I I I
0 200 400 600 800 1000

Dose, mGy

Fig 1. Frequency of aberrant cells in barley seedlings (mean * se) exposed to low-radiation
doses and approximation of the data with linear (1), piecewise linear (2) and 4th degree
polynomial (3) models.
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513.7mGy. The comparison of approximation quality by the most common
quantitative criteria (Geras’kin et al., 2007) shows that the PL model statistically
surpasses all the other tested variants. In particular, it fits the data significantly
better than the linear model, according to the Hayek criteria (p<5%). And
this improvement is reached not through model complicating. Indeed, the
criterion of structural minimization penalizing a model for any additional
free parameter (Geras’kin and Sarapul’tzev, 1993) shows that, despite of five
free parameters, the PL model is more advantageous than the linear model
with only two parameters.

The current radiological protection practice is based on the linear non-
threshold extrapolation of effects into the range of low-level exposures,
which has been justified by a lack of reliable data on the effects of low
doses. This approach, however, has been widely questioned recently because
of many doubts in its consistency with knowledge and last data available.
The findings presented here give further evidence that biological response
to low dose exposures could essentially deviate of the linear non-threshold
dependency. Consequently, it is necessary either scientifically justify the use
of the LNT, or, having proved it is not scientifically robust, to develop a new
approach that would be fair at different levels of radiation exposure.

Deviations of Additivity at Multipollutant Exposures

Ecosystems will often be polluted with a mixture of pollutants rather than a
single pollution. Despite this, and as a result of time and financial constraints,
toxicity testing has generally been restricted to studying the effects of single pol-
lutants on a target organism under controlled conditions. Recent research has
shown (Howard, 1997) that the synergistic effects among pollutants are much
more dramatic than was previously thought. In most environmental situations,
potentially harmful substances present at low doses and concentrations; never-
theless, a risk of such impact should not be underestimated as synergetic effects
are most often registered at a combination of pollutants at low levels. This was,
in particular, demonstrated in our combined-effect studies with a number of
common stressors like acute and chronic y-radiation, heavy metals, pesticides,
artificial and heavy natural radionuclides; there were used different plant species
such as spring barley, bulb onion, spiderwort and others. Moreover, at certain
conditions, nonlinear effects were found to contribute significantly to a plant
response (Evseeva et al., 2003a; Geras’kin et al., 2005a).

A study of cytogenetic disturbances induction in intercalary meristem
cells of spring barley grown on soil contaminated with radioactive caesium
(1¥7Cs) and one of heavy metals, Cd or Pb, can be an example illustrating an
importance of non-linear interaction of damage caused by different factors
(Geras’kin et al., 2005a). Table 1 presents interaction coefficients calculated
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TABLE 1. Interaction coefficient for an endpoint of aberrant cell frequency in
root meristem of barley at combined '7’Cs + Cd and '*’Cs + Pb soil pollution

Cd, mg/kg Pb, mg/kg
137Cs, kBq/kg 2 10 50 30 150 300
4.92 1.84%* 1.74%* 1.46%* 0.82 0.74 0.75
24.6 0.76* 0.63**  0.65 0.61 0.54%  0.53*
49.2 0.36%*  0.32%¥*  0.50* 0.52" 0.54**  0.61%*
Note: Interaction coefficient differs from 1.
*p < 5%;
**p < 1%.

as a ratio of increments in cytogenetic effect observed at combined pollution,
and expected from an additive hypothesis. In a case of ¥’Cs + Cd soil
contamination, the interaction coefficient differs of 1 for eight of nine tested
mixtures, so, there are significant deviations of additivity (Table 1). When
the lowest *’Cs specific activity of 4.92kBq/kg was combined with any of
the cadmium concentrations, significant synergistic effect was observed. It is
of special importance as such *’Cs specific activity occurs in the territories
contaminated by the Chernobyl accident. At the '¥7Cs-Pb combined exposure,
the interaction effects are also essential; when these contaminants are applied
at high concentrations, the confident antagonisms are registered. These
findings show that a forecast of cytogenetic consequences for combined
exposures based on an additive model would be incorrect and cause essential
deviations from experimentally observed data.

Short-Term Laboratory Studies

The earlier presented examples emphasize that assessments of environmental
risks based solely on physical-chemical control methods are often inadequate
to an actual situation, and an integrating of bioindication assays could
improve the system of ecological monitoring. In most bioindication studies,
standard indicator plant species such as Tradescantia, Allium cepa or Vicia
faba were used. Among the test-systems suitable for toxicity monitoring,
the Allium-test is well known and commonly used in many laboratories.
Results from the Allium-test have shown a good agreement (Fiskesjo, 1985)
with results from other test-systems, eukaryotic as well as prokaryotic.
As a genotoxicity test, the A/lium-based assay of chromosome aberration
in anaphase-telophase is for many reasons especially useful for the rapid screen-
ing of pollutants posing environmental hazards. In addition, a good toxicity
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TABLE 2. Allium-test application for the environment quality assessment

Site

Contamination

Results

Radium production
industry storage
cell territory,
Komi Republic,
Russia

Underground
nuclear explosion
site, Perm region,
Russia

Radioactive waste
storage facility,
Obninsk, Russia

Upper Silesian

Coal Basin,
Poland

Semipalatinsk Test

Heavy natural
radionuclides
& chemical
pollution

Radionuclides

Radionuclides
& chemicals

Heavy natural
radionuclides
& chemical
pollution

Radionuclides

All water samples caused a significant increase
in the chromosome aberration frequency.
Genotoxic effect was a result of chemical
toxicity mainly (Evseeva et al., 2003b)

%08r significantly contributes to the induction
of cytogenetic disturbances (Evseeva et al.,
2005)

All water samples caused a significant increase
in the chromosome aberration frequency.
Genotoxic effect was a result of chemical
toxicity mainly (Oudalova et al., 2006)

All water and sediment samples caused a
significant increase in the chromosome
aberration frequency. Ra, Ba, Sr, and Cu
contribute significantly to the induction
of cytogenetic disturbances

Data analysis in progress

Site, Kazakhstan

indicator is given by the mitotic index. In our laboratories, several studies
on the environment quality assessment have involved the Allium-test, and
some results are briefly summarized in Table 2. In all these studies, chemical
and biological control methods were applied simultaneously. This helps in
identifying relationships between the pollutant concentrations and biological
effects they cause.

As an illustration of the A/lium-test application, the frequency of aberrant
cells in root meristem of sprouted bulbs, grown on sediment sampled from
the post-mining areas of the Upper Silesia, is presented in Fig. 2. Cytogenetic
damage to meristem cells of Allium cepa is evident in all non-control variants
(1-4) which are significantly higher than the control value of variant 5. So,
the clear genotoxic effect of sampled sediment is shown. Also, an important
contribution of such severe types of cell damage as chromosome bridges and
laggings is demonstrated.

Concentrations of 12 heavy metals and 4 radionuclides are measured
in the sediments. All samples contain extremely high concentrations of Ba,
from 5 to 50.5 times over the maximum permissible level. In variants
3 and 4, concentrations of Ba, Cu, Mn, and Zn are above the permissible
limits. Specific activities of radium nuclides in the samples from the under-
ground gallery (variant 1) and the bank of the Rontok pond (variant 2) are



80 S.A. GERAS’KIN ET AL.
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Fig 2. Aberrant cells frequency in root meristem cells of Allium cepa, grown in sediment
sampled from the post-mining areas in the Upper Silesia, Poland. Sampling variants:
(1) underground galleries, (2-4) settling ponds, (5) control.

over the corresponding values of the minimum significant specific activity.
Key pollutants governing biological effect observed are revealed, through
an adaptation of mathematical and statistical techniques of multivariate
analysis, including correlation analysis, step-by-step inclusion/exclusion of
essential predictors, and multivariable linear regression. From preliminary
assessments, the best model to describe an aberrant cell’s occurrence in root
meristem cells of Allium cepa germinated on the sediment sampled is

Y (%) = (3.32 £ 0.28) — (0.104 *+ 0.009)[Cu] + (2.10 * 0.18)102 [Ba]
+ (4.94 £ 0.46)10* [Ra,],

where [Cu] and [Ba] are concentrations of chemical elements in soil, in mg/
kg; [Ray] is total specific activity of Ra isotopes analysed in soil, in Bg/kg;
the determination coefficient R*> = 60.2%; Fisher statistics F = 49.5.

Field Studies on Wild Plant Populations and Crops

The other possible way to assess the quality of the environment is the use
of plants directly growing in contaminated sites. This approach is particularly
useful for assessing long-term ecotoxical effects induced by chronic low
dose-rate and multi-pollutant exposure at contaminated sites. Up to now
we have known little about responses of plant and animal populations to
environmental pollutants in their natural environments. Although radionu-
clides and heavy metals cause primary damage at the molecular level, there
are emergent effects at the level of populations, non-predictable solely from
the knowledge of elementary mechanisms of the pollutants’ influence. The
usefulness of data gathered both in laboratory-based studies and field-based
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monitoring observations may, therefore, be significantly affected by our
present lack of knowledge in this area of environmental research. Previously
completed and ongoing field studies on biological effects in different species
of wild and agricultural plants are briefly summarized in Table 3.

With each passing year since the Chernobyl accident of 1986, more
questions arise about the potential for organisms to adapt to radiation
exposure. It is often thought to be attributed to somatic and germline
mutation rates in various organisms. Studies into the mechanisms of plant

TABLE 3. Field studies on wild and agricultural plants

Species Site & Time Contamination Assay and/or Endpoints
Winter rye and 10km ChNPP zone Radionuclides Morphological indices of seeds
wheat, spring (11.7-454 MBq/ viability, cytogenetic
barley and m?),1986-1989 disturbances in intercalar
oats and seedling root meristems
(Geras’kin et al., 2003a)
Scots pine, 30km ChNPP zone, Radionuclides Cytogenetic disturbances
couch-grass (250-2690 uR/h), in seedling root meristem
1995 (Geras’kin et al., 2003b)
Scots pine Radioactive waste ~ Mixture Cytogenetic disturbances in
storage facility, needles intercalar and
Leningrad seedling root meristems
Region, Russia, (Geras’kin et al., 2005b)
1997-2002
Wild vetch Radium production Heavy natural Embryonic lethals, cytogenetic
industry storage radionuclides disturbances in seedling root
cell, Komi & chemical meristem (Evseeva et al.,
Republic, Russia, pollution 2007)
(73-3300 uR/h),
2003-2006
Scots pine Sites in the Radionuclides  Cytogenetic disturbances in
Bryansk Region seedling root meristem,
radioactively enzymatic loci polymorphism
contaminated in analyses
the Chernobyl
accident (451-
2344kBg/m?),
2003-2006
Scots pine 10km ChNPP Radionuclides Morphological modifications in
zone (1100 uR/h), pine needles, cytogenetic
2004 disturbances in seedling root
meristem
Koeleria gracilis ~ Semipalatinsk Test ~ Radionuclides =~ Cytogenetic disturbances in

Pers., Agro-
pyron pectini
forme Roem.
et Schult.

Site, Kazakhstan,
(74-3160 uR/h),
2005-2006

seedling root meristem
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adaptation to environmental stresses and increased radiation levels still
lag far behind many other areas of plant molecular biology. Adaptation
is a complex process (Kovalchuk et al., 2004) by which populations of
organisms respond to long-term environmental stresses by permanent
genetic change. Studies of multiple generations exposed to radiation
have rarely been undertaken due to the difficulties of creating a suitable
model to study the effects of chronic exposure. While limited in number,
these radioecological studies have attracted a great deal of interest in the
question of how organisms adapt to ionizing radiation. In 1987-1989, an
experimental study on the cytogenetic variability in three successive genera-
tions of winter rye and wheat, grown at four plots with different levels of
radioactive contamination, was carried out within the 10km ChNPP zone
(Geras’kin et al., 2003a). In the autumn of 1989, aberrant cell frequencies
in intercalary meristem of winter rye and wheat of the second and third
generations significantly exceeded these parameters for the first genera-
tions (Table 4). In 1989, plants of all three generations were maintained
in the identical conditions and accumulated the same doses, which is why
the most probable explanation of the registered phenomenon relates to
a genome destabilization in plants grown from radiation-affected seeds.
Such detailed analysis of several generations of plants exposed to radiation
provides some insight into possible mechanisms of plant adaptation to
chronic radiation exposure. It relates to higher-order ecologic effects, as well
as to contaminant-induced selection of resistant phenotypes. From these
viewpoints, the results observed in (Geras’kin et al., 2003a) and indicating
a threshold character of the genetic instability induction may be a sign of
an adaptation processes beginning. That is, the chronic low dose irradia-
tion appears to be an ecological factor creating preconditions for possible
changes in the genetic structure of a population.

The adaptation processes in impacted wild plant populations were also
investigated within the framework of other studies. The results of these
experiments indicate (as an example, see Table 5) that an increased level of
cytogenetic disturbance is a typical phenomenon for plant populations growing
in areas with relatively low levels of pollution.

In 1949-1963, 116 air and ground-surface explosions for nuclear and
hydrogen bomb testing was carried out in the Semipalatinsk Test Site. An
ongoing study of Koeleria gracilis Pers populations, a typical wild crop for
Kazakhstan, has shown that not only did the total frequency of cytogenetic
disturbances increase significantly with the dose-rate measured in sampling
points (Fig. 3A), but the relative contributions of such severe disturbances as
double (chromosome) bridges and tripolar mitoses increased as well (Fig. 3B).

Forest trees have gained much attention in recent years as nonclassi-
cal model eukaryotes for population, evolutionary and ecological studies
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TABLE 5. Aberrant cell frequency in seedling root meristem of Scots pine growing in the
Bryansk Region of Russia, radioactively contaminated as a result of the Chernobyl accident

137Cs contamination Dose-rate, Aberrant cells (mean * se), %
Test site density, kBq/m? mGy/year® 2003 2004
Reference - 0.14 0.90 = 0.09 0.88 = 0.09
VIUA 451 7.40 1.47 £ 0.15% 1.59 £ 0.14*
Starye Bobovichy 946 15.3 1.32 £0.12* 1.37 £ 0.14*
Zaborie 1 1730 28.3 1.69 £ 0.17* 1.67 £ 0.17*
Zaborie 2 2340 37.8 1.63 £ 0.15% 1.68 £ 0.17*

Note: Seeds were collected in 2003 and 2004;
* Difference from the reference population is significant, p < 5%
3Absorbed doses are estimated for y- and B-radiation
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Fig 3. Frequency of aberrant cells (A) and relative spectrum of aberrations (B) in coleoptiles of
Koeleria seedlings collected in the Semipalatinsk Test Site, Kazakhstan.

(Gonzalez-Martinez et al., 2006). Because of low domestication, large
open-pollinated native populations, and high levels of both genetic and
phenotypic variation, they are ideal organisms to unveil the genetic basis
of population adaptive divergence in nature. In the field study (Geras’kin
et al., 2005b), Scots pine populations were used for an assessment of the
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genotoxicity originating from an operation of a radioactive waste storage
facility. Specifically, frequency and spectrum of cytogenetic disturbances in
reproductive (seeds) and vegetative (needles) tissues were studied to examine
whether Scots pine trees experienced environmental stress in areas with
relatively low levels of pollution. The temporal changes of the cytogenetic
disturbances in seedling root meristem from 1997 to 2002 are shown in Fig. 4.
There are essential differences between these relationships for the reference
and impacted Scots pine populations. Statistical analysis revealed (Geras’kin
et al., 2005b) that cytogenetic parameters at the reference site (Bolshaya
Izhora) tend to follow cyclic fluctuations in time, whereas in technogenically
affected populations (‘Radon’” LWPE and Sosnovy Bor) this relationship
could not be revealed with confidence. Thus, man-made impact in this region
is strong enough to destroy natural regularities.

Pollution is a well-documented selective force (Breitholtz et al., 2006), which
has been found to induce metal tolerance in plants, pesticide resistance in insects,
and pollution tolerance in a variety of aquatic organisms. To study possible
adaptation processes in the impacted pine tree populations, a portion of the seeds
collected were subjected to an acute y-ray exposure (Geras’kin et al., 2005b). The
seeds from the Scots pine populations experiencing man-made impacts showed
(Table 6) a higher resistance than the reference ones. Although the picture of
adaptation is far from complete, there is convincing proof (Shevchenko et al.,
1992) that the divergence of populations in terms of radioresistance is connected
with a selection for changes in the effectiveness of the repair systems.

It is well known (Macnair, 1993; Rajakaruna, 2004) that genetic adaptation
in plant populations to extreme environmental conditions can take place
quite rapidly, even within a few generations. But this rule does not apply to
all the cases. A study of the wild vetch (Vicia cracca L.) population for more
than 40 years inhabiting a site with an enhanced level of natural radioactivity

08 r
1 25 1
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P} 3 Py
© © L
3 8 20 4
"g 0.6 4 g 3
3 g 45|
g 05 | g 15
Bolshaya Izhora ‘Radon' LWPE
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1997 1998 1999 2000 2001 2002 1997 1998 1999 2000 2001 2002

Fig 4. Aberrant cells percentages in seedling root meristem of Scots pine trees in dependence
on year and their approximation by the best models. (1) linear model, (3) and (4) polynomial
models of the 3rd and 4th degrees, correspondingly.
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TABLE 6. Aberrant ana-telophases frequency in root meristem of seedlings grown from
seeds sampled from the reference and impacted Scotch pine populations in the Leningrad
Region of Russia and exposed to acute y-ray dose of 15Gy

1999 2000 2001
Cells Aberrant Cells Aberrant Cells Aberrant
Site total cells, % total cells, % total cells, %
1 3536 7.01 +£0.43 2350 6.94 £ 0.52 1372 7.07 £ 0.69
2 4913 3.44 £ 0.26* 3383 3.55+0.32* 2661 3.53 £ 0.36*
3 4688 3.56 £ 0.27* 2541 3.74 £ 0.38* 3009 3.69 £ 0.34*

Note: 1 is the reference site (Bolshaya Izhora); 2 is the urban area (Sosnovy Bor settlement); 3 is the territory
of a radioactive waste storage facility (‘Radon’ LWPE).
* Difference from the reference site of Bolshaya Izhora is significant; p < 5%

TABLE 7. Embryonic lethal and chromosome aberration frequency in
seedling root meristem of wild vetch inhabiting the site with enhanced
level of natural radioactivity (the Komi Republic) (Evseeva et al., 2007)

Chromosome

Dose-rate, aberrations Embryonic

puR/h frequency, % lethals, %
Reference 9 0.80 = 0.07 24.62 +2.12
Plot 1 3300 1.33 £0.12* 33.63 £23.32*
Plot 2 2400 1.00 £ 0.09 35.38 £ 2.06*
Plot 3 758 0.87 £0.10 25.17+224
Plot 4 73 0.98 £0.10 24.60 = 2.08

Note: Seeds were collected in 2003;
*difference from the reference population is significant, p < 5%

showed that transformations of genetic structure in the populations are still
ongoing (Evseeva et al., 2007). In this site, both low doses of external
exposure and incorporated heavy natural radionuclides have significant
effects on the variability in plant populations and their potential for an
adaptation. As a selection factor, external exposure results in an increasing
of the frequency of embryonic lethal mutations (Table 7). In addition, in
contrast with data from the pine populations study (Geras’kin et al., 2005b),
the acute y-irradiation demonstrated rather high radiosensitivity of seeds
from the impacted populations of wild vetch. The inherited character of
the enhanced radiosensitivity was shown in (Alexakhin et al., 1990). At this
point, it is possible to suppose that a probable cause of special features found
in this site in the Komi Republic relates to a specific radioecological situation
within the uranium-radium anomaly, where a decisive role is played by
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o-emitters. However, the mechanisms involved in this plant response remain
to be studied in more detail.

Conclusions

The increasing degradation and pollution of the environment requires the
establishment of biological sentinel systems that provide information on
adverse effects on ecosystems and on human health. Findings presented here
clearly indicate that an adequate environment quality assessment cannot
rely only on information about pollutant concentrations. This conclusion
emphasizes the need to update some current principles of ecological standard-
ization, which are still in use today. When assessing potential hazards from
radionuclide and chemical pollution for ecosystems, a harmonized approach
based on ecotoxicology principles should be applied. At the first stage, it is
advisable to use biological testing that result in an integral assessment of
effects from all substances presented in the environment. If bioassays give
positive responses, a more detailed survey should be undertaken including
physical-chemical analysis, geochemical barriers, and study of migration
parameters of the contaminants for a certain landscape. An effective linking
of bioindication screening assays to well-established environmental pollution
monitoring is a way of improving and upgrading an existing system of public
and environment protection in order to meet requirements of consistency
between current scientific knowledge and decision-making processes.

A better understanding of the genetic aspects of population, community
and the whole ecosystem responses to toxic agent’s exposure is vital to future
environmental management programs. The results described here provide
evidence that plant populations growing in areas with relatively low levels of
pollution are characterized by the increased level of both cytogenetic distur-
bances and genetic diversity. Man-made pollution may influence an evolution
of exposed populations through a contaminant-induced selection process. The
long-term existence of some factors (either of natural origin or man-made)
in the plants’ environment activates genetic mechanisms, changing a popula-
tion’s resistance to exposure. However, in different radioecological situations,
genetic adaptation to extreme edaphic conditions in plant populations could
be achieved at different rates. Such evolutionary effects are of special con-
cern because they are able to negatively affect population dynamics and local
extinction rates. These processes have a genetic basis; therefore, understanding
changes at the genetic level should help in identifying more complex changes at
higher levels. Recent studies have shown (Whitham et al., 2006) that heritable
traits in a single species have predictable effects on community structure and
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ecosystem processes. Therefore, we can begin to apply the principles of popu-
lation and quantitative genetics to place the study of complex communities
and ecosystems. Finally, in spite of the wealth of information collected so far,
much more still remains to be explained in order to fully understand the basis
of plant populations’ adaptation to a harmful environment.
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Abstract: Anthropogenic violation of the principles of rational environmental
management has resulted in degradation changes in social life and environ-
ment. It has caused emergence of abnormal ecosystems and changes in gene
pool. For enhancement of socio-ecosystems and improvement of the national
gene pool, it is necessary to implement complex systems of socio-ecological
monitoring. A methodology of socio-ecological monitoring has been devel-
oped. It is based on high-sensitivity indication systems of various levels of
organization, and standardized procedures of integral estimation of the state
of environmental objects according to toxic and mutagenic background, and
level of health of different age groups. All this made it possible to define
integral tests, which allow assessing ecological and genetic danger (risks)
imposed on biota and human by mutagenic and ecological factors.

Keywords: population health state; environmental state; social-ecological moni-
toring; ecological risk assessment; damageability index; biological indicators;
Dnipropetrovsk region

Introduction

It is known that anthropogenic pressure on the environment in many regions
of our planet has come up to the level which threatens the ecosystems state
and population health. Therefore, efforts of many countries are directed to
the development of the policy, which would provide sustainable ecological,
economic and social development of society. The ecological priorities of
sustainable development of society were reflected in the following documents
singed by the leaders of countries: program document of The International
Conference of UN in the Rio-de-Janeiro “The Action Program. Agenda for
the XXI century” (1992), Kyoto Protocol to the United Nations Framework
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Convention on Climate Change (1997), decisions of The 5th European conference
of Environmental Ministers “Environment for Europe” (Kiev, 2003).

The potent base of mineral resources is the feature of Ukraine. There are
more than 20,000 deposits of minerals in its bowels; its iron and manganese
ore reserves compose 14% and 43% of the world reserves respectively. Ukraine is
one of the leading countries in coal, manganese, iron, titan, graphite and kaolin
extraction. Development of the coal-mining branch has vital importance for
Ukraine because of the priority of coal as the main fuel resource in the twenty-
first century. Development of the fuel and energetic complex will allow the
level of country energy provision to rise (Pivniak et al., 2003).

However, the long-term development of different branches of industry,
agriculture, urbanization etc. in the country has resulted in the high level of
technogenic pressure on the environment, accumulation of big amount of
waste (including radioactive waste), activation and evolution of dangerous
exogenous geological processes, transgressions of hydrogeological conditions
etc. Besides, degradation changes in the environment are enforced by the high
level of radioactive contamination arising from the Chernobyl accident.

As the result of technogenic pressure on the environment, negative
changes in ecosystems and society accrue. Namely biodiversity degrades,
natural stability of ecosystems to the action of inimical factors abates, the
physical state of human and the state of the gene pool deteriorates (Pivnyak
et al., 2002; Gorova et al., 2003).

The high level of air, water, soil and foodstuff pollution with toxic and muta-
genic agents has contributed to the rise of population morbidity and deterioration
of demographic indices. Diseases of endocrine system, blood and blood-making
organs, allergic diseases, neoplasms, chronic diseases of respiratory organs
constantly increase their occurrence in Ukraine. The decline in birth-rate and
increasing of mortality were observed during last years, and are the main
causes for the negative tendencies of changes in the indices of fatality and
population reproduction in Ukraine (Serdiuk, 1998; Gorova et al., 2003).

Health of the nation and the environmental state are the important integral
parameters of the society civilization level and its social and economic
development. It is not by chance that the state of ecosystems and population
health are the criteria for life quality and the major priorities of governmental
actions in the developed countries (Serdiuk, 1998). Exactly because of this,
questions of environmental state and health of nation assessment and
management acquire more and more importance in Ukraine.

The absence of systematic approach and methodology of integral assessment
of environmental and social changes impedes an adequate complex evaluation
of a concrete ecological and social situation at a specific territory. But it can
be done on the basis of the implementation of the standardized methodology
of social and ecological monitoring. Its main goals are
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— Environmental assessment by toxic and mutagenic background on the
basis of methods of cytogenetic bioindication;

— Determination of unified assessment criteria for the influence of harmful
factors (natural and anthropogenic) upon the population health state;

— Definition of the ecological and genetic danger level for human and biota
from the influence of eco-toxicants and mutagens of environment.

Main Methodological Aspects Concerning Assessment
of the Population Health

The term “Health” is defined as a state of full social, mental and physical
well-being of a human. Health of a population reflects the influence of a
complex phenomenon in the environment and depends on the biological,
socio-economic, natural and climatic factors.

Figure 1 presents a simplified scheme of the impact of different factors
on the human health. As it can be seen from the scheme, the human health
is determined by both internal (hereditary) and external (environmental
conditions) factors. Health depends on the state of human genome and
hereditary constitution of an organism.

Environment

f

Natural factors TOX'%::S rrztt:c?emc Moral and
(geographical 9 psychological
location, climate) i Sltuat!on in
society

Physical well-being

HUMAN
HEALTH
Social well-being | | Mental well-being |
. Genome \ Emotional and
Inheritance mental structure
(i-e. Legitime) of an organism

Fig 1.

]

Hereditary factor

|

Structural scheme of the factors influencing human health.
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At the same time, environmental pollutants presented in the air, water,
food products and other objects also impact on the health condition as well
as emotional and mental structure of an organism, and social conditions.
Social status and human well-being depend on the material inheritance,
which is the result of human’s previous work or may be inherited by right of
succession from the preceding generation; they also depend on natural and
geographical conditions in the place of dwelling that enable to obtain vitally
important products with economic effectiveness and ecological expediency.

Not only does the environmental state characterize the ingredient content
of pollutants but also toxic and mutagenic background they produce. This
background can be determined through methods of bio-indication, among
which cytogenetic methods are the most sensitive. They make it possible to
evaluate the complex influence of unfavorable factors, allowing for doses and
duration of their influence, on living organisms.

Structural Scheme of Complex Social-Ecological Monitoring

Starting from the integral understanding of the term “Health” and influence
of environmental factors the structural scheme of social and environmental
monitoring has been elaborated (Fig. 2).

As can be seen from the scheme, the top (zero) level characterizes ecological
and social state of the integral system of the territory development on the
local, regional and national levels. It includes two parameters of lower (first)
level: the state of population health (population block) and the state of the
environment on toxic and mutagenic background (bio-indication block).

The further detailed elaboration (second structural level) is presented
by indices that in the population block “population health” characterize
the main demographic processes (natural variation of population), physical
health of children and adults, and genetic health. Bio-indication block is
characterized by parameters that reflect environmental condition of the
territory on toxic and mutagenic background including the state of atmosphere,
hydrosphere and pedosphere.

The third structural level presents indices that fill the blocks of the second
structural level. In particular natural variation of population is evaluated
through the parameters of death-rate, birth-rate and infant mortality rate
(up to l-year old). Physical health of children and adult population is char-
acterized by frequency of the following disease occurrence: infectious and
parasitic, endocrine system diseases, blood and hematopoietic organs, mental
disorders, nervous system and organs of sense, blood circulation and lung
diseases, gastrointestinal diseases, urino-genital diseases, skin diseases,
osseous and muscular system diseases, congenital malformations and neoplasm
diseases. Genetic health of the population is characterized by such indices
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like congenital malformations and neoplasm for children and adults and
mortality rate of infants (up to 1-year old). Ecological state of environmental
objects on toxic and mutagenic background is recommended to evaluate
through cytogenetic methods of bio-indication which are the most sensitive,
informative and sufficient for appropriate evaluation of associated impact of
environmental factors on various biosystems.

The state of the territory as a whole is determined on the frequency of
occurrence of microkernel fragments (genetic imbalances) in somatic cells of
children of preschool age which live on the investigated territory.

The state of the atmosphere is determined on the level of pollen sterility
for indicator plants that grow on the investigated territory.

The state of the hydrosphere is evaluated on the frequency of occurrence
of meristem cells with chromosome aberrations and the level of cell mitotic
activity of both exogenous and endogenous bio-indicators as well as micro-
kernel test in the cells of hydrocoles. The state of the pedosphere (soil) is
evaluated on their mutagenicity according to the level of genic and chromosomal
mutations in the cells of bio-indicators. Toxic effect is a value of mitotic
index in meristematic tissues.

As the indices of the bio-indication and population blocks do have their
own units, for the purposes of integral evaluations, it is necessary to reduce
them to common non-dimensional form of conditional indices for ecosystems
damageability and protectability (Gorova et al., 1996).

Determination of Integral Indices for Bio-systems
of Different Damageability

Conditional indices of individual bio-systems damageability are calculated
in accordance with formula (1):

Cl, = ! Peomi _Pact/’ (1)
/Pcomf - Pcrit
CL is a conditional index of bio-parameter damageability that is caused by
the action of negative environmental factors; P, . and P_. are bio-parameter
values that are experimentally (or expertly) estimated for comfortable and for
critical conditions; P,_ is the real value of bio-parameter.

Integral conditional indices of damageability (ICI) are determined using

formula (2):

1 . /Pcomf Pact/

i=1 crit
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where ICI. is one of the integral conditional indices of human heath or
environmental state; P ., P ., P, are comfortable, critical and actual
value of any n-indices respectively.

Integral index, which characterizes the environmental state by toxic and
mutagenic background (ICI, . .), implies the parity of components and is

determined using formula (3):

ICL, g = i (ICI, +ICIL, +ICL, +IC1Y), (3)

where ICI,, ICL,, ICI,, and ICI, are integral indices of biological indication of

territory as a whole, atmosphere, hydrosphere and lithosphere state respectively.

An integral index, which characterizes total human health (ICIpopul),

is determined by formula (4) with consideration of expertly weight ratio

parameters setting for individual parameter. The larger coefficient values are
taken for the most sensitive parameters:

ICT  ,=0.30*ICI, +0.30*ICI, + 0.22*ICI, +0.18 *ICI,, “4)

popul

where ICI, — demographic events; ICI, — physical health of children;
ICI, — physical health of adults; ICI, — genetic heath.

Integral index that characterizes the total ecological danger (ED) for
human and biota from environmental pollutant action is calculated using
formula (5):

ED=0.60“ICI... .+ 040*ICI (%)

bioind popul *

At the same time, the priority of bio-indication block, which parameters are
expertly estimated, should be noted.

Integral index that characterizes the genetic danger (GD) for human and
biota from environmental mutagen action is calculated using formula (6):

GD 0.60*ICI 0.40* ICI (6)

bioind gen.health ?
where ICI gen health is the integral index of population genetic health. In this
case, like in previous formula, the priority is given to the data which were
experimentally received.

Conditional indices allow comparison and ranking of city, regional and
country areas to be made, based on the environmental state and human
heath, which is impossible while data are in their natural units. Moreover,
using conditional indices is it possible to make ranking of territories by toxical
and mutagen background of various environmental objects, and determine
the priority classes of population diseases in different regions.

Values of conditional indices of damageability (CI and ICI) change in
range from 0 (comfortable conditions for vital functions) to 1 (critical conditions).
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As a normative value of damageability, which complies with conditions of
sustainable development of territories, a 30% damageability level was taken
for all analyzed bio-parameters (i.e. CI_ = 0.300 c.u.). Under these
conditions bio-system self-regeneration is possible after negative factor
action is stopped. Formulas (7) and (8) are deduced from formula (1). They
are used to determine normative values for every actual value.

CInorm = 0'3(Pcrit - Pcomf ) + Pcomf (7)
CInorm = Pcomf - 0'3(Pcomf - Pcrit ) (8)
Formula (7) is used for values P, > P_ ., formula (8) —for values P _.> P _..

We recommend using the uniform scale (Table 1) for the human health
and environmental state damageability assessment.

Ecological risks (ER) are based on index that characterizes ecological danger
(ED) and are calculated using formula (9). Genetic risks (GR) are based on the
index of genetic danger (GD) and are calculated using formula (10):

g
_ _GD
GR =S (10)

norm

The rating scale of the territory state assessment by ecological and genetic
risks is presented in Table 2.

TABLE 1. The rating scale of human health and environmental state assessment

Protection
Damageability  Level of index,
index, human and numerical Eco-system Assessment
numerical bio-system values Level of  and human  of ecological
values range damageability range protection health state  situation
0.000-0.150 Low 1.000-0.850 Maximum Favorable Comfortable
0.151-0.300 Below average 0.849-0.700 High To be Satisfactory
watched
0.301-0.450 Average 0.699-0.550 Above Conflicted Unsatisfactory
average
0.451-0.600 Above average 0.549-0.400 Average Menacing Unsatisfactory
0.601-0.750 High 0.399-0.250 Below Critical Catastrophic
average
0.751 and Maximum 0.249-0.000 Low Hazardous Catastrophic

higher
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TABLE 2. The rating scale of the area state assessment by
ecological and genetic risks

Risk, numerical values range Risk assessment
0.0-1.0 Risk is absent
1.01-1.5 Low

1.51-2.0 Average
2.01-2.5 High

2.51-3.3 Maximal

Results of the Methodology Approbation

The Socio-ecological monitoring methodology was approbated on those
Ukrainian territories which were heavily damaged by industrial activity; among
them are Dnipropetrovsk, Donetsk and Lviv regions. The Autonomous
Republic of Crimea and Zakarpattia region were chosen to serve as reference
territories due to a good environmental state.

Results of the complex social-ecological monitoring of the territories of
industrial cites in Dnipropetrovsk region are given on Fig. 2.

According to Table 3, the index of integral ecological danger in
Dnipropetrovsk is 0.429, in Zhovti Vody it is 0.591 and on the reference
territory of the Autonomous Republic of Crimea (Nikita settlement) its
value is 0.036. It means that the level of damageability of bio-indicators and the
population heath in Dnipropetrovsk are “average,” the state of living organisms
is “conflict” and the ecological situation is “unsatisfactory.” In Zhovti Vody,
which is well-known for its uranium industry, the level of damageability of
bio-indication systems is “above average,” ecosystems state is “menacing,”
and the ecological situation is close to “catastrophic.” On the contrary, the
ecological situation in Nikita settlement is considered to be “comfortable,”
with “low” levels of damageability of ecosystems and population health, and
therefore their “favorable” state.

TABLE 3. Results of the socio-ecological monitoring, ICI (2001-2005)

Nikita settlement, crimea
Dnipropetrovsk Zhovti vody (reference)

1.1-0.414 1.2-0.434 1.1-0.732 1.2-0.483 1.1-0.161 1.2-0.099
2.1-0.510 2.5-0.500 2.1-0.674 2.5-0.578 2.1-0.313 2.5-0.072
2.2-0.330 2.6-0.421 2.2-0.790 2.6-0.409 2.2-0.060 2.6-0.097
2.3-0.470 2.7-0.400 2.3-0.787 2.7-0.470 2.3-0.078 2.7-0.110
2.4-0.330 2.8-0.413 2.4-0.701 2.8-0.497 2.4-0.180 2.8-0.117
ED - 0.429 ED - 0.591 ED - 0.036

GD -0.390 GD -0.579 GD -0.039

Notation corresponds to the one used in Fig. 2.
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A similar tendency is observed with respect to the variation of the genetic
danger index, general and genetic heath damageability, as well as of toxic
and mutagenic activity of environmental objects. All these are the highest in
Zhovti Vody, and are lower in Dnipropetrovsk. Concerning Nikita settlement,
it is natural that genetic danger is absent there; toxic and mutagenic activity of
environmental objects is the lowest; and population health is the best.

The obtained data made it possible to determine the ecological and
genetics risks levels, that are imposed on biota and human (Table 4).

On the territories with highly developed uranium and iron ore industries
(Zhovti Vody and Kryvy Rig) the highest values of genetic and ecological
dangers can be observed (Table 4). They correspond to “average” and are
approaching “high” levels of ecological and genetic risks.

Coal deposits in Donetsk region (Selidovo) have “average” levels
of ecological and genetic risks.

TABLE 4. Assessment of eco-genetic danger and risks imposed on biota and humans in mining
regions of Ukraine

Genetic risks Ecological
Deposits GD GR  assessment ED ER risk assessment
Coal deposits
Pavilograd, 0.399 1.33 Low 0.411 1.37 Low
Dnipropetrovsk Region
Selidovo, 0.480 1.6  Average 0.471  1.57  Average
Donetsk Region
Chervonograd, 0.420 1.4 Low 0.429 1.43 Low

Lviv Region

Iron-ore deposits of Dnipropetrovsk Region

Kryvy Rig 0.540 1.8 Average 0.561 1.87  Average
Uranium deposits of Dnipropetrovsk Region

Zhovti Vody 0.579 1.93  Average 0.591 197  Average
Manganese deposits of Dnipropetrovsk Region

Marganets 0.429 143 Low 0.480 1.6 Average

Ordjonikidze 0390 1.3 Low 0459 1.53  Average

Nikopol 0.443  1.47 Low 0481 1.60  Average
Granite deposits of Dnipropetrovsk Region

Dnipropetrovsk 0.390 1.3 Low 0429 143 Low
Monitoring areas

Nikita, 0.039  0.13 Risk 0.036 0.12  Risk

AR Crimea is absent is absent

Polana, 0.039  0.13 Risk 0.036  0.12  Risk

Zakarpatian Region is absent is absent
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On other coal deposits in Dnipropetrovsk and Lviv regions (Pavlograd and
Chervonograd respectively) levels of genetic and ecological risks are “low.”

Regions where manganese ore is extracted (Nikopol, Marganets,
Ordzhonikidze) show an “average” level of ecological risks, and a “low”
level of genetic risks.

“Low” levels of both types of risks groups are observed on granite deposits
in Dnipropetrovsk.

Reference territories of Zakarpattia region and the Autonomous Republic
of Crimea possess the lowest values of ecological and genetic danger. This is
the reason for the absence of both risks groups on these territories.

Conclusion

The analysis has revealed that most centres of mining industry in Ukraine
show “average” levels of ecological and genetic risks. This is a source of
danger for all living organisms and human, and therefore requires urgent
development and realization of the program of rehabilitation of the state
of environmental objects and human health (Pivnyak et al., 2002; Gorova
et al., 2005).

Implementation of the described methodology of socio-ecological
monitoring on the whole territory of Ukraine will allow new ecological and
socio-ecological maps to be created, which are necessary for the management
of ecological and social processes in the country.

Application of the methodology on territories of other countries will
enable a comparative analysis of the state of social and ecological systems
to be conducted on an intergovernmental level, as an essential step towards
the assessment of the global socio-ecosystem.
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ROLE OF GENETIC SUSCEPTIBILITY IN ENVIRONMENTAL
EXPOSURE INDUCED DISEASES

SOHEIR KORREA
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email: soheirskorraa@hotmail.com

Abstract: Inherited susceptibility due to a defective gene is a factor in a small
percentage of people who develop cancer (<5%), while induced susceptibility,
which is due to the wide variation in individual responses to exogenous agents,
is believed to result from the great diversity in responsiveness to risk factors
in the environment. Interindividual variations in DNA repair capacity for
specific types of DNA damage are documented. Functional polymorphism
has been identified primarily at enzymes associated with redox regulation
and detoxification, such as glutathione S-transferase and cytochrome p450
isozymes. Cancer susceptibility can be the inability to eliminate mutated cells
by apoptosis due to mutation in apoptosis regulatory genes and/or induced
disruption in gap junction, activation of proto-oncogene and/or inactivation
of suppressive genes. Detectable gene mutations and alterations in signal
transduction pathways together with modified post-translational proteins
offer valuable molecular biomarkers for occupational and environmental
human biomonitoring applied for the identification of potentially hazardous
exposures before adverse health effects appear and allow the establishment of
exposure limits in order to minimize the likelihood of significant health risks.
An emerging concept is that the combined action of environmental factors and
individual susceptibility determines an individual’s likelihood of developing
cancer, asthma, diabetes as well as many other aging-associated diseases.

Introduction

During the last decades diseases such as asthma (Eggleston et al., 1999),
obstructive lung diseases (Lagorio et al., 2006) diabetes mellitus (Lee et al.,
2006), cardiovascular disease (Chen et al., 2005), cancer (Brennan, 2002)
atherosclerosis (Wang and Wang, 2005), Alzheimer’s disease (Landrigan et al.,
2005) and autoimmune disorders (Dooley and Hogan, 2003) are increasing
in incidence. These diseases are multifactorial and all are suggested to involve
complex interactions between genetic (individual susceptibility) environmental
(potentially modifiable) factors. It is recognized that environmental exposures
play a key role factor in their propagation.
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Inherited susceptibility due to a defective gene is a factor in a small
percentage of people who develop cancer (<5%). Nearly all hereditary
diseases are recessive, meaning that both copies of a gene must be mutated in
order for the disease to develop (Risch, 2000). Induced susceptibility, which
is due to the wide variation in individual responses to exogenous stressors,
is believed to result from the great diversity in responsiveness to risk factors
in the environment. These variations, known as polymorphism, are caused
by sporadic mutations caused by both endogenous and exogenous processes
(Elena and de Visser, 2003). In most instances, such mutations, which result
in minor changes in the nucleotide sequence of the coding region as well as
5" and 3" untranslated regions, are sufficient to alter expression or stability
at both the RNA and protein levels (Malkin, 1995). However, there are many
instances, where modifications in gene expression do not involve changes
in DNA nucleotide sequences. Modifications in gene expression through
methylation of DNA and remodelling of chromatin via histone proteins are
believed to be the most important events of the epigenetic changes (Verma
and Srivastava, 2002).

Potential sources of susceptibility for complex diseases risk include
interindividual variation in DNA repair capacity for specific types of
DNA damage (Au et al., 1996). Also variation in enzymes, which activate
and detoxify procarcinogens and carcinogens (e.g. Phase I enzymes, which
catalyze oxidation, reduction, and hydrolysis reactions, and Phase II
enzymes, which catalyze conjugation and synthetic reactions) are causes for
interindividual susceptibility. Functional polymorphism has been identified
primarily at enzymes associated with redox regulation and detoxification,
such as glutathione S-transferase (Nakajima et al., 1995) and cytochrome
p450 isozymes (Oyama et al., 1997). Cancer susceptibility can be the inabil-
ity to eliminate mutated cells by apoptosis due to mutations in the apoptosis
regulatory genes (Malkin, 1995), and/or induced disruption in gap junction
(Trosko et al., 1994), activation of proto-oncogene (You et al., 1989) and/or
inactivation of suppressive genes (Weinberg, 1991; Greenblatt et al., 1994).

BIOLOGICAL VARIABILITY IN THE ACTIVITY
OF OXIDANT-PRODUCING ENZYMES

Nitric oxide species (NOS) and reactive oxygen species (ROS) regulate
multiple cellular functions such as DNA synthesis (Kandacova and
Zagrebel’'naia, 2004), signal transduction (Ruiz-Ramos et al., 2005),
transcription factor activation, (Bove and van der Vilet, 2006), gene expression
(Hsu et al., 2004), cell proliferation (Attene-Ramos et al., 2005) and apoptosis
(Nair et al., 2004). Numerous various enzymes including: NADPH oxidase
(Fialkow et al., 1994) and xanthine oxidase (Weiss, 1986) generate ROS.
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Endothelial cells, neutrophils, macrophages and other inflammatory cells
generate and release ROS and NOS via an NADPH-oxidase-dependent
mechanism that is mediated by membrane receptor activation of protein
kinase C and phospholipase C (Cemerski, 2002; Gelinas et al., 2002).
One of the major functions of these free radicals is immunological host
defence, where they are generated by macrophages and neutrophils and
play critical role as bactericidal, antiviral and anti-tumour agent (Wiesman
and B. Halliwell, 1996; Guzik et al., 2003). H,O, is considered to activate
NF-xB (Siebenlist et al., 1994), which regulates the expression of multiple
immune and inflammatory molecules. Generation of such ROS to a level
that overwhelms tissue antioxidant defence systems, results in an oxidative
stress, whose magnitude depends on the ability of the tissues to detoxify
such free radicals (Ames, 1983), and consequently damaging cellular lipids,
proteins and DNA inducing lipid peroxides, protein carbonyls and DNA
damage (Cerutti, 1985; Henson and Johnston, 1987; Wiesman and Halliwell,
1996). Environmental agents, which generate free radical are numerous and
include alcohol, numerous food sources (Ames, 1983), infectious organisms
(Freeman and Crapo, 1982), most physical and chemical agents including
ionizing radiation (Gisone et al., 2006), dust particles (Fujimura, 2000),
asbestos (Dopp et al., 2005), and are also provoked during exercise (Xiao
and Li, 20006)

ROS have been implicated in the pathogenesis of most diseased conditions
(Favier, 2006). ROS are virtually implicated in every stage of vascular
lesion formation, angiotensin II-dependent hypertension (Kazama et al.,
2004), hyperhomocysteinemia (Dayal et al., 2006), diabetes (Moore, 2006),
metabolic syndrome, (Erdos et al., 2004) inflammation together with
ischaemia and reperfusion (Weiss, 1986), subarachnoid haemorrhage (Kim
et al., 2002). ROS are also implicated chronic kidney diseases (Shah, 2006),
liver diseases (Kouroumalis and Notas, 2006) peripheral arterial disease
(Loffredo et al., 2006), Alzheimer’s disease (Onyango and Khan, 2006) and
many others. Genetic variabilities in intensity of free radicals generation
in response to external stressors and environmental stimuli in humans are
largely unknown. However, the most striking example is chronic granulo-
matous diseases of childhood (CGD), which are a group of disorders in
which, phagocytic cells are unable to produce superoxide (O~,) produc-
tion from the respiratory burst system, due to defaults in the phagocyte
NADPH oxidase, which is a complex system consisting of membrane and
cytosolic components that must assemble at the membrane for proper
activation. Lack in this system makes children succumb from infection and
die at an early age (Nouni et al., 1998).

Nitric oxide (NO) has been identified as a widespread and multifunctional
biological messenger molecule in the central nervous system (CNS), with
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possible roles in neurotransmission, neurosecretion, synaptic plasticity,
and tissue injury in many neurological disorders, including schizophrenia.
Nitric oxide (NO) has been identified as a widespread and multifunctional
biological messenger molecule produced in several types of mammalian cells
including CNS, PMNs, macrophages and muscle cells. It participates in a
broad range of important physiologic processes, including vasodilatation,
neurotransmission, neurosecretion, synaptic plasticity, and host defence
(Nathan and Xie, 1994). NO is generated from the amino acid L-arginine
by three isoforms of the enzyme NO synthase; the constitutive (cNOS),
the endothelial (eNOS) and the inducible (iNOS). The inducible form
generates much larger amounts of NO (1,000 times fold than the other two
isoforms) and its cellular production continues for many hours (Nathan, 1992).
Inducible NOS has been detected in virtually every cell type, and the NO that
it produces can perform both beneficial and detrimental actions, where, in
physiological amounts, it is the key signal molecule in cell-cell interactions
controlling vascular regulation (Clough, 1999) and neuronal communication
(Yang and Hatton, 2002), NO can eliminate infiltrating microorganisms
(James, 1995), reduce thrombosis, and improve blood supply to injured tissues
(Gross and Wolin, 1995). NO can be detrimental, where excess production of
NO can cause tissue damage and contribute to the development of a wide
spectrum of diseases including septic shock, rheumatoid arthritis, cerebral
ischaemia, multiple sclerosis, and diabetes (Nathan, 1992). On the contrary,
NO deficiency may contribute to cardiovascular events and progression of
kidney damage at end stage renal disease (Boger and Zoccali, 2003). Also loss
of endothelial cell-derived nitric oxide (NO) in hypertension is a hallmark
of arterial dysfunction as it is associated with decreased arterial vasodila-
tor activity (Thakali et al., 2006). Concurrently, decreased NO levels
are closely associated with preeclampsia-related endothelial dysfunction
(Var et al., 2003).

Several studies suggest that the nitric oxide synthases gene polymorphism
may confer increased susceptibility to several diseases. Increased NO
generation has been reported to be caused by a mutation at the C150T iNOS.
C150T iNOS polymorphism is associated with the risk of H pylori-related
gastric cancer in a Japanese population. And is related to increasing the risk
of gastric cancer in Asian countries with the highest rates of gastric cancer
(Goto et al., 2006). This polymorphism is also associated with cigarette- and
alcohol-induced gastric cancer in Chinese population (Shen et al., 2004).
Decreased NO generation is caused by a mutation in eNOS gene promoter
T-786C single nucleotide polymorphism. eNOS T-786C SNP has been shown
to predict susceptibility to post-subarachnoid haemorrhage vasospasm
(Khurana et al., 2004), and rheumatoid arthritis (Melchers et al., 2006). T-786C
has been suggested to be an important risk factor in the development of
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non-arteritic anterior ischaemic optic neuropathy (NAION) among Japanese
subjects and is associated with a higher risk of multivessel coronary artery
disease in Caucasians (Rossi et al., 2003). It is believed that high salt intake
interacts with the T-786C mutation and leads to a significant increase in the
risk of hypertension (Miyaki et al., 2005). Severity of carotid atherosclerosis
is linked to the eNOS G/T polymorphism (Glu298 Asp variant) (Spoto et al.,
2005). The endothelial nitric oxide synthase (eNOS) gene is responsible for
constitutive nitric oxide synthesis and arterial vasodilatation. 4a allele of the
eNOS gene is related to elevated blood pressure levels particularly among
type 2 diabetic patients with coronary heart disease (Zhang et al., 2006).
Agents known to induce the expression of iNOS mRNA are numerous
and some of them include UV (Artiukhov et al., 2005), ionizing radiation
(Chi et al., 2006), Helium neon laser (El Batanouny and Korraa, 2002),
ozone (Fakhrzadeh et al., 2004), hypoxia (Lu et al., 2006), fly ash particles
(Gursinsky et al., 2006) and asbestos (Sandrini et al., 2006). Morphin
(Frenklakh et al., 2006) and dioxin (Cheng et al., 2003; Kuchiiwa, 2003)
administration down-regulates NO production, while hydrogen sulphide can
inhibit NO production in LPS-stimulated macrophages (Oh et al., 20006).
Silymarin, a polyphenolic flavonoid antioxidant, inhibits NO production
and iNOS gene expression (Kang et al., 2002) and 2-Chloroethyl ethyl sulphide
(CEES) is a sulphur vesicating agent and an analogue of the chemical
warfare agent 2,2’-dichlorodiethyl sulphide, or sulphur mustard gas (HD)
decreases iNOS expression in murine macrophages (Qui et al., 2006)

BIOLOGICAL VARIABILITY IN NUCLEAR TRANSCRIPTION
FACTORS ACTIVITY

Altering gene expression is the fundamental and effective way for a cell
to respond to extracellular signals or environmental stresses in short- or
long-term responses (D’Angio and Finkelstein, 2000). In the short term,
transcription factors are involved in mediating responses to growth factors
and a variety of other extracellular signals (Cosma, 2002). Regulation of the
signaling responses is governed at the genetic level by transcription factors
that bind to control regions of target genes and alter their expression (Alder
et al., 1999). Transcription factors are endogenous DNA-binding proteins
that enhance the transcription phase proteins by regulating gene expression
of a variety of genes and are required for maximal transcription of many
cytokines. They are effective in the initiation, stimulation or termination of
the genetic transcription process. (Chu and Chang, 1988; Escoubet-Lozach
et al., 2002) While in the cytoplasm, the transcription factor is incapable of
promoting transcription. The activity of transcription factors is typically
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regulated by phosphorylation-dependent events that can include the phospho-
rylation of the transcription factor itself; a signaling event occurs, leading
to a change of the state of phosphorylation, followed by protein subunit
translocation into the nucleus (Whitmarsh and Davis, 2000).

An example of these nuclear transcription factors is the Hypoxia-
inducible factor 1 (HIF-1), which functions as a master regulator of oxygen
homeostasis. HIF-1 consists of a constitutively expressed HIF-13 subunit
and an oxygen-regulated HIF-low subunit. Under hypoxic conditions, HIF-1o
protein accumulates and translocates to the nucleus where it forms an active
complex with HIF-1B, which activates transcription of >60 target genes
important for the adaptation and survival under hypoxia (Semenza, 2003).
HIF-1 target genes encode proteins that increase oxygen delivery, such as
angiogenic factors (Tanimoto et al., 2003), as well as proteins that mediate
adaptive responses to oxygen deprivation in ischaemic tissue, such as glucose
transporters and glycolytic enzymes (Semenza, 2000). Genetic variations in
HIF-1o genotype have been reported. HIF-1o may influence development
of coronary artery collaterals in patients with significant coronary artery
disease (Kelly et al., 2003), where the development of collateral circula-
tion plays an important role in protecting tissues from ischaemic damage.
Clinical observations have documented substantial differences in the extent
of collateralization among patients with coronary artery disease, with some
individuals demonstrating marked abundance and others showing nearly
complete absence of these vessels (Resar et al., 2005). Mutation in two nucle-
otide sequence variants in exon 12 of the human HIFI A gene that affect the
coding sequence of HIF-1o were lately reported to be present in patients
with renal cell carcinoma (Clifford et al., 2001).

Hypoxia-inducible factor 1 (HIF-1) is affected by external stressors,
where smoking damages the human placenta by altering the expression of
HIFs, which play a key role in enhancing mediators of placental development
(Genbacev et al., 2003). Carbon monoxide suppresses the activation of HIF-1
by hypoxia in a dose-dependent manner (Huang et al., 1999) by decreasing the
binding of HIF-1 to its enhancer as exhibited by nuclear proteins isolated
from CO-treated cells (Lui et al., 1998). HIF-1a is also overexpressed in the
vast majority of patients with squamous cell cancer of the oropharynx and
the degree of its expression has predictive and prognostic significance in
individuals undergoing curative radiation therapy (Aebersod et al., 2001).

Another nuclear transcription factor is the nuclear transcription factor
kB (NF-kB). It designates a group of critical transcription factors involved
in a variety of immunologic and/or inflammatory processes and apoptosis in
response to external stressors in many cell types. The predominant complex
of NF-kB in most mammalian cells is p50/p65. NF-xB is required for
maximal transcription of many cytokines, including tumour necrosis factor
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(TNF-), interleukin-1 (IL-1), IL-2, IL-6, and IL-8, which are thought to be
important in the generation of acute inflammatory responses (Siebenlist
et al., 1994).

NF-«B activation was shown to be stimulated by alcohol consumption
(Jaruga et al., 2004), bacterial endotoxin, chemical mitogens, viral proteins
(Parsonnet, 1995), and certain chemical agents including ozone (Fakhrzadeh
et al., 2004), arsenic and chromium (Ding et al., 2000; Dong, 2002) and
asbestos (Faux and J. Howden, 1997). Excessive activation of NF-xB in
leucocytes is stimulated by Short wavelength UV (Li and Karin, 1998;
Wau et al., 2004) and ionising radiation in a dose-response pattern (larilin,
1999). There is an increasing body of evidence suggesting a role for NF-xB
in carcinogenesis (Baldwin, 1996). For example, NF-xB is implicated in
signaling tumour promoter-induced transformation and is activated by
viral-transforming proteins (Dahr et al., 2002). The importance of NF-xB
cannot be overstated, as failure in any of the mechanisms leading to NF-xB
activation can have serious consequences for the cell. Impaired ability to
signal and activate specific gene transcription through NF-xB has been
directly linked to immunodeficiency (Uzel, 2005). Agents such as hydrogen
sulphide can inhibit NO NF-xB activation in LPS-stimulated macrophages
(Oh et al., 2006). Silymarin, a polyphenolic flavonoid antioxidant (Kang
et al., 2002), and mustard gas analogue (Qui et al., 2006) individually inhibits
NF-xB activation.

Concurrently, the constitutive activation of NF-xB has been linked with
a wide variety of human diseases, including asthma, atherosclerosis, AIDS,
rheumatoid arthritis, diabetes, osteoporosis, Alzheimer’s disease, and
cancer. Several agents are known to suppress NF-kB activation, including
Th2 cytokines (IL-4, IL-13, and IL-10), interferons, endocrine hormones
(LH, HCG, MSH and GH), phytochemicals, corticosteroids, and immuno-
suppressive agents. Because of the strong link of NF-kB with different stress
signals, it has been called a “smoke-sensor” of the body (Ahn and Aggarwal,
2005). Polymorphism in the promoter region of the human NFKBI gene
was found to be associated with susceptibility to ulcerative colitis (Borm et al.,
2005). Hippocampal pyramidal neurons in mice lacking the p50 subunit of
NF-kB (p507) exhibit increased damage after exposures to excitotoxins
(Yu et al., 1999; Kassed et al., 2002).

Antioxidant Enzymes, encoded by numerous genes in mammalian systems,
have been shown to be responsive to oxidants, although a systematic mecha-
nism for gene regulation by oxidative stress has not been elucidated. Oxidative
stress has been shown to alter the expression of mammalian antioxidant
enzymes including superoxide dismutase (SOD), glutathione peroxidase
(GPx),0;-glutamylcysteine synthetase, catalase, glutathione S-transferase and
quinone reductase (Amstad and Cerutti, 1990). SOD catalyses the dismutation
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of superoxide radicals into hydrogen peroxide that glutathione peroxidase and
catalase break down into water (Halliwell, 1994). Induction of antioxidants
by oxidative stress may both function in intracellular signalling and serve to
protect cells from further oxidant injury. Accordingly, an imbalance in anti-
oxidant mechanisms may influence cellular sensitivity to free-radical damage
and alter susceptibility to disease (Ames, 1983).

Antioxidant enzymes especially the inducible SOD enzyme has been
shown to be elevated in individuals at risk of exposure to low doses of
various stresses. Superoxide dismutases (SODs) are the major antioxidant
enzymes that inactivate superoxide and thereby control oxidative stress as
well as redox signaling.

There are three types of mammalian SODs: manganese SOD (MnSOD)
on the mitochondria, copper-zinc SOD on the cytosol and extracellular
SOD in extracellular compartments (Zelko et al., 2002). Cigarette smokers
(Kanehira et al., 2006), asbestos exposed workers (Kamal et al., 1992),
radiotherapy exposed patients (Vucic et al., 2006), and athletes have higher
levels of SOD enzymes compared to controls (Elosua et al., 2003). Asthmatic
Chinese patients were shown to have elevated erythrocyte SOD activities in
comparison with healthy controls (Mak et al., 2006). Also the antioxidant
enzyme SOD in samples from patients with malignant tumours revealed up to
45-fold greater than that of controls (Yoshii et al., 1999; Soini et al., 2006).

MnSOD locus has been linked to the atherogenic lipoprotein phenotype,
i.e. the excess of small dense LDL in humans (Allayee et al., 1998).
Overexpression of MnSOD has been shown to protect transgenic mice
against myocardial ischaemia (Cheng et al., 1998) and in rabbits to
reverse vascular dysfunction in carotid arteries without atherosclerotic
changes, but not in vessels with atherosclerotic plaques (Zanetti et al.,
2001). Overexpression of MnSOD inhibits in vitro oxidation of LDL
by endothelial cells (Fang et al., 1998) and ox-LDL is able to induce the
expression of MnSOD in macrophages (Kinscherf et al., 1997). The apoE-
deficient mice lacking MnSOD had more severe atherosclerosis compared
to the apoE-deficient mice (Ballinger et al., 2002). In addition, the signal
sequence polymorphism of the MnSOD gene has been associated with non-
familial dilated cardiomyopathy in Japanese subjects (Hiroi et al., 1999), but
it has not been investigated earlier in human atherosclerosis. It is suggested
that MnSOD has a protective role for in retinal capillary cell death and,
ultimately, in the pathogenesis of diabetes induced retinopathy (Kowluruet
et al., 2006).

Extracellular SOD (ECSOD or SOD 3) is a major extracellular antioxidant
enzyme. It distributed in the extracellular matrix of many tissues and especially
blood vessels (Stralin et al., 1995). A fundamental property of ECSOD is its
affinity, through its heparin-binding domain (HBD), for heparan sulphate



ROLE OF GENETIC SUSCEPTIBILITY 111

proteoglycans located on cell surfaces and in extracellular matrix (Sandstrom
et al., 1992, 1993). It has been demonstrated that vascular effects of ECSOD
require an intact HBD (Fattman et al., 2003). A common genetic variant
with a substitution in the HBD (ECSOD(R213G) was reported recently to be
associated with ischaemic heart disease. is a major extracellular antioxidant
enzyme and it is suggested that human beings carrying ECSOD(R213G) are
predisposed to vascular diseases (Chu et al., 2005)

Substitution of arginine-213 by glycine (R213G), which results from a
C-to-G transversion at the first base of codon 213, is a common human
gene variant in the HBD of ECSOD (Sandstrom et al., 1994). Plasma
concentrations of ECSOD are increased greatly in the 2-5% of the
population that carries ECSODy,,,, (Adachi et al., 1996). This alteration
in the HBD reduces affinity for heparin but does not affect the enzymatic
activity of ECSOD. ECSOD affected individuals in Sweden, who did not
have major phenotypic abnormalities, but there was a trend for increased
triglycerides and body weight (Marklund et al., 1997). A recent large study
in Denmark suggested a 2.3-fold increase in risk of ischaemic heart disease in
heterozygotes carrying ECSODy, ,, with a 9-fold increase after adjustment
for plasma levels of ECSOD (Busse, 2001).

Glutathione peroxidase (GPX1), is an intracellular selenium-dependent
enzyme that is ubiquitously expressed and detoxifies hydrogen and lipid
peroxides plays a significant role in protecting cells from the oxidative stress
induced by ROS. GPX1 levels are particularly responsive to fluctuations
in selenium levels compared with other selenoproteins. Mice null for Gpx1
and GPx2 exhibit severe ileocolitis at a young age and develop microflora-
associated cancers in the lower gastrointestinal tract (Chu et al., 2004).

GPXI is polymorphic at codon 198, resulting in either a proline or a leucine
at that position, and the frequency of the leu allele is strongly associated with
an increase in the risk for lung (Ratnasinghe et al., 2000), and possibly breast
cancer (Hu et al., 2004). The identity of the amino acid at codon 198 (proline
or leucine) has functional consequences with regard to level of enzyme activity
in response to increasing levels of selenium provided to cells in culture (Hu
and Diamond, 2003). Loss of heterozygosity (LOH) occurs at the GPX1 locus
during the development of several cancer types, including those occurring in
lung, breast, and head and neck (Moscow et al., 1994). In the case of head
and neck cancers, GPX]I allelic loss was shown to occur in histopathologically
normal tissue adjacent to tumours, indicating that loss at this locus may be an
early event in cancer evolution (Hu et al., 2004).

Meanwhile, GPX1 codon 198 polymorphism was associated with an
increased risk of lung cancer and individuals carrying the Pro/Leu or Leu/
Leu genotype of GPX1 were at a higher risk for lung cancer and were shown
to have high urinary 8-OH-dG concentrations compared to the individuals
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with the GPX1 Pro/Pro genotype. On the other hand, the polymorphism of
the hOGG] gene did not affect the lung cancer risk and the oxidative DNA
damage (Lee et al., 2006)

Catalase enzyme is an endogenous antioxidant enzyme that neutralizes
ROS by converting H,O, into H,0 and O,. A =262C —T polymorphism
in the promoter region of the gene (CAT) is associated with risk of several
conditions related to oxidative stress. It is plausible that the endogenous vari-
ability associated with this polymorphism plays a role in the host response to
oxidative stress and progression to breast cancer (Ambrosone, 2000). Asthma
patients due to polymorphism in the C allele of catalase gene at C-262T had
elevated erythrocyte CAT activities in comparison with healthy controls in
Hong Kong (Mak et al., 2006).

BIOLOGICAL VARIABILITY IN DNA REPAIR CAPACITY

DNA repair processes restore the normal nucleotide sequence and DNA
structure after damage. It assists in maintaining genomic integrity by removing
inappropriate bases and other possible deleterious lesions from DNA. Overlap
among these pathways exists in terms of the types of damage removed by
each. The complex series of DNA repair pathways employ many different
proteins. Numerous DNA repair mechanisms have been identified: (i) site-
specific repair (ii) nucleotide excision repair (NER), (iii) base excision repair,
(iv) mismatch repair (MMR), (v) direct reversal of the damage, in which no
incision is made in the backbone of the DNA (Bohr et al., 1987). An increased
incidence of neoplasia is correlated with a defect in the repair or replication of
damaged DNA in some human genetic diseases. Examples of such hereditary
disorders include xeroderma pigmentosum, ataxia telangiectasia, Fanconi’s
anaemia, and Bloom’s syndrome (Fuss and Cooper, 2006). Several types of
cancer have been linked with defects in all types of DNA repair pathways. For
example, hereditary nonpolyposis colon cancer results from defects in MMR
genes, and hereditary breast cancer is caused by mutations affecting the breast
cancer associated proteins BRCA1 or BRCA2 that play a role in DSB repair by
homologous recombination (Fuss and Cooper, 2006). Patients with multiple
sclerosis were shown to exhibit reduced DNA excision reparation capacity in
their peripheral blood lymphocytes which correlated with the disease severity
but not with its duration (Moskaleva et al., 1988).

The biological consequences of unrepaired or misrepaired DNA damage
depend on the precise locations of the lesions. DNA lesions at specific sites in
the mammalian genome can lead to mutation, recombination, gene amplifica-
tion, translocation, and other chromosomal abnormalities. These changes in
turn may result in malignant transformation, faulty differentiation patterns,
or cell death. Thus, it has become clear that damage to DNA at particular
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loci can cause activation of the protooncogenes and inactivation of tumour
suppressor genes that may be implicated in subsequent tumourigenesis and
age-related diseases (1). There is increasing evidence that human atherosclero-
sis is associated with damage to the suppressor gene pS3 of both circulating
cells, and cells of the vessel wall. DNA damage produces a variety of responses,
including cell senescence, apoptosis and DNA repair. Decreased endog-
enous levels of p53 promotes plaque formation in vascular muscle smooth
cells and stromal cells by promoting apoptosis, while inhibiting apoptosis in
macrophages, leading to atherosclerosis development (Mercer et al., 2005).
Similarly, in rheumatoid arthritis, oxidative damage caused by inflamma-
tion appears to cause p53 mutations in synovium Most of the p53 mutations
in RA are characterized by transition base changes (Inazuka et al., 2000).
Furthermore, certain p53 mutations in RA are dominant negative and can
suppress endogenous wild-type p53 function (Han et al., 1999). Inactivation of
p53 protein can recapitulate many of the phenotypic changes observed in RA,
such as increased proliferation and invasion of synovial cells (Aupperle et al.,
1998; Pap et al., 2001). Elevated levels of DNA alkylation damage have been
detected in schistosome-infected bladders and are accompanied by an inefti-
cient capacity of DNA repair mechanisms. Consequently, high frequency of
G — A transition mutations were observed in the H-ras gene and at the CpG
sequences of the p53 tumour suppressor gene (Badawi, 1996). It is suggested
that the excess of transitions at CpG dinucleotides in squamous cell carcinoma
induced by Bilharzial infections results from nitric oxide (NO) produced by
the inflammatory response provoked by schistosomal eggs. NO could produce
such mutations directly, by deamination of 5-methylcytosine, and indirectly,
following conversion to nitrate, bacterial reduction to nitrite and endogenous
formation of urinary N-nitroso compounds. These produce O6-alkylguanines
in DNA, leading to very high rates of G:C—A:T transitions, a process pos-
sibly augmented by inefficient repair of alkylated bases at CpG dinucleotides
(Warren et al., 1995). DNA repair capacity decreases by ageing (Cabelof et al.,
2006) giving clue to the increased incidence of ageing associated diseases.

INDUCTION OF APOPTOSIS

Apoptosis or programmed cell death is a gene-regulated process in which a
coordinated series of morphological changes such as nucleus and chromatin
condensation, cell membrane blebbing and fragmentation of the cell into
membrane-bound apoptotic bodies occurs, resulting in cell death (Barazzone
and White, 2000). It is accepted that morphological changes observed during
programmed cell death are the consequence of an activation of caspases
cascade (Green, 1998). At least two main signaling pathways have been
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postulated to participate in this process. The first one involves membrane
receptors called death receptors (i.e. TNF receptor-1 and Fas/Apo-1) (Mak
and Yeh, 1999; Hengartner, 2000), and the second one relies on the cell’s
ability to sense changes in the ratio between the protein levels of the members
of the Bcl-2 family. Bcl-2 prevents apoptosis induced by a wide range of
stimuli, suggesting that different pathways of transduction signals converge
at this point (Adams and Cory, 1998; Zornig et al., 2001).

Membrane receptors include FAS (also known as TNFSF6, CD95, or
APO-1), which is a cell surface receptor that plays a central role in apoptotic
signaling in many cell types (Nagata and Goldstein, 1995). This receptor
interacts with its natural ligand FASL (also known as CD95L), a member of
the tumour necrosis factor superfamily, to initiate the death signal cascade,
which results in apoptotic cell death (Reichmann, 2002). An immuno-
privileged status for tumours is established via the FAS-mediated apoptosis
of tumour-specific lymphocytes (Nagata and Goldstein, 1995). Decreased
expression of FAS and/or increased expression of FASL favors malignant
transformation and progression [for a review, see (Muschen et al., 2000).
In addition, functional germline and somatic mutations in the FAS gene and
perhaps also in the FASL gene that impair apoptotic signal transduction are
associated with a high risk of cancer. Thus, the FAS/FASL system appears to
have a role in the development and progression of cancer (Lee et al., 1999).

Mitochondria play a key role in the apoptotic pathway through the release
of several factors from the intermembrane space to the cytoplasm, such as
cytochrome C (Liu et al., 1996). It has been suggested that this pathway
could be regulated by the relative levels and subcellular distribution of Bcl-2
family proteins. The antiapoptotic members (i.e. Bcl-2 or Bcl-X ) are mostly
associated to the outer membrane of mitochondria and inhibit cytochrome
C release. On the other hand, the proapoptotic molecules such as Bax, Bad,
or Bid are cytosolic proteins; they translocate to the mitochondria and
trigger cytochrome C release on apoptosis induction Several authors have
identified a variety of proteins related with Bcl-2, such as Bax, Bak, Bid, and
the different Bcl-X isoforms, which can either promote or prevent apoptosis
(Cory, 1995).

Apoptosis plays an important role in sculpting the developing organism
and eliminating unwanted or potentially dangerous cells throughout life.
Abnormal regulation of apoptosis is associated with a variety of diseases. Cells
that should die but do not can cause cancer and autoimmune diseases, whereas
cells that should not die but do can cause stroke and neurodegenerative disorders
(Thompson, 1995). The adaptive increase in apoptosis that accompanies the
oncogene-activated dysregulation in proliferation selectively eliminates poten-
tially preneoplastic cells in hyperplastic foci. Acquired resistance to apoptosis
appears to be a pivotal event in the transition to malignancy (Schulte-Hermann
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et al., 1995). The homeostatic balance between cell proliferation and apoptosis
in the maintenance of constant cell numbers may provide a hormetic effect
by minimizing the consequences of proliferation-related mutagenesis during
tumour promotion (McDonnell, 1993; Meikrantz and Schlegel, 1995).

In conclusion, it has been long established that when organisms or cells are
exposed to low levels of specific harmful physical or chemical agents, a beneficial
physiologic effect is observed. Concurrently; exposure to sublethal challenges of
stress may rejuvenate the cell by repairing damage before the challenge and may
provide transient protection against further damage from subsequent sublethal
or lethal challenges with a different otherwise harmful physical or chemical
stressor. Due to the wide variation in individual responses to exogenous agents
is believed to result from the great diversity in responsiveness to risk factors in
the environment. Detectable gene mutations and alterations in signal transduc-
tion pathways together with modified post-translational proteins offer valuable
molecular biomarkers for occupational and environmental human biomonitor-
ing applied for the identification of potentially hazardous exposures before
adverse health effects appear and allow the establishment of exposure limits in
order to minimize the likelihood of significant health risks. Concurrently, most
of these elicited gene expressions are also expressed in tissue transformation and
progression of tumours and are similar to the hallmarks used for cancer prog-
nosis. Some of these proteins represent protective mechanisms against different
environmental stresses, while others amplify adaptation to environmental condi-
tions. The resultant balance between protective proteins and adaptive proteins
seem to determine an individual likelihood to develop diseases.
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Abstract: It was shown that the irradiated mice gave off with urine
immunosuppressive components which possessed of high volatility. With
their help even the one irradiated individual can induce in intact mice the
disturbance of immunity and alteration of number of blood cells. Moreover,
the predominant mouse from exposed group of mice also was capable to
elicit disturbance of immunity in next group of intact animals. The same
effects could be received by transfer of the urine samples from irradiated
mice or from intact mice exposed with urine of irradiated animals to
the box with intact individuals. It was established that ionizing radiation
(4-6 Gy) of male mice increase their scent attractiveness to intact singenic
male conspecifics. The carried out experiments have shown existence of
the mediated by volatile chemosignals mechanism of multiplication second
post-radiated disturbances of immunity in the groups of animals. The
immunosuppressive volatile components were induced also by stress and
some immunodepressants (dexametasone and cyclophosphamide).

Keywords: immunosuppressive volatile components; irradiation; stress; immunode-
pressants; olfactory behavior of mice

Introduction

It is known that in physiological conditions animals give off secretion includ-
ing urine volatiles (pheromones). These substances cause specific physiologi-
cal behavioral reactions in the recipients and provide them with information
about the social, sexual and reproductive status of other individuals within the
species (Halpin, 1986; Penn and Potts, 1998; Yamazaki et al., 1999; Moshkin
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et al., 2002). There are practically no findings suggesting that animals possess
any chemical signals of pathologic conditions. The exception is provided by
some reports on alterations in the scent attractiveness of female mice to chem-
osignals of infected male mice (Penn and Potts, 1998; Moshkin et al., 2002),
“the smell of fear” produced by stressed animals (Zalcman et al., 1991).
Previous experiments have shown that mice and rats exposed to radiation
or stress can induce some disorders of the immune reactivity and the content
of formed elements of blood in intact individuals (Surinov et al., 1998). Such
effects have been designated as communicative. Subsequently, they were found
to be conditioned by volatile components (VC) produced with urine (Surinov
and Dukhova, 2004). These VC appear to function to attract intact individuals.
These VC can cause not only mediated secondary post-radiation reac-
tions not associated with direct exposure of animals to radiation but also
contribute, as proved, to their multiplication and diffusion (Surinov et al.,
2005). This effect is similar to the bystander effect, which is well known in
radiobiology and manifests itself as attenuation of the genome of intact cells
adjoining the irradiated cell (Mothersill and Seymour, 1998-2001).

Materials and Methods

IMMUNOLOGICAL INVESTIGATIONS

CBA and C57Bl/6 (B6) and F1 (CBAxCS57BI6) strains of male mice
(weighted 22-24g) were used in this study. They were maintained under
vivarium conditions, provided standard food, water, and kept under a usual
light/dark cycle. Before the experiment, mice were housed in tens in standard
plastic boxes for 2 weeks. They were given whole-body irradiation of 4, 6 Gy
using a 60Co source with a dose-rate of 3.2mGy/sec on “Gamma-Cell-220”
equipment (Atomic Energy Canada Limited, Canada).

Mice were exposed to stress by one-time swim within 1h at 30°C.

Immunodepressants (dexametasone or cyclophosphamide) were injected
introperitoneal.

In 1-2 days after irradiation, stress or injection of immunodepressants
to mice, on bottom of box put a sheet of filter paper (bedding). Access to
this bedding was limited by the second perforated bottom, lifted above basic
bottom on 0.5c¢m. Such paper bedding, containing of absorbed 24 hrs urine was
transferred in box with individuals (recipients) also under perforated bottom.
In 24 hs after exposition with bedding animals immunized by sheep red blood
cells (SRBC) in dose 1 x 108 cells/mouse. In 4 days, mice were decapitated of
under ester narcosis. The number of nuclear cells and antibody-forming cells
(AFCs) was determined by Cunningham’s method. Statistic analysis of the
results of the study was performed with the use of Student’s z-test.
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BEHAVIORAL INVESTIGATIONS

We used also a choice assay to test the VC preferences of irradiated mice.
For this purpose, we used a modified T-maze (Bures et al., 1983) with a
“field of choice” represented as an open plastic 30 X 35cm cage with a wall
height of 35cm. On its external opposite sides, there were two “hiding boxes”
(lightproof plastic 10 X 10 X 5cm boxes), where mice (testers) could freely go
out through the holes in the “field” walls. At a distance of 0.5m above the
“field”, there was an electrical halogen 50 wt lamp. Male mice used as testers
(10 individuals) were individually placed six times each in the middle of the
“field” before irradiation (several series of observations at 1-2 days intervals)
and at different intervals after irradiation to record which of “hiding boxes”
will be chosen by a given individual. Within first 1-3min, the testers went
round the “field” and alternately entered both “hiding boxes”. Finally, the
most testers spent more than 0.5min inside one of the boxes. The latter was
considered as preference for VC cues outgoing from bedding containing a
certain urine sample. Each series of observations was conducted within the
first half of the light day and contained 60 preference assessments.

The results were expressed in the percentage of the preferences for compared
samples (number of the preferences for one sample in relation to the total
number of assessments in a series). We used Wilcoxon Signed-Ranks test
to assess the significance of the VC preferences by one of the groups in
comparison with another group in each period of observations. All data
were subjected to Student’s #-test to assess the significance of the differences
between preference rates.

Results and Discussion

IMMUNOLOGICAL INVESTIGATIONS

As a result of investigation of influence 24 h bedding from the irradiated in
doses 4Gy mice on immunological parameters of intact singenic mice were
obtained the following data (Table 1).

The bedding from a cage with irradiated animals transferred to a box
with intact ones and then these mice immunized by the SRBC. As control
used mice which transferred bedding from intact singenic conspecifics.
In 5 days at experimental animals defined a content of AFC in a spleen.
Immunosuppressive effect was observed in that case when the bedding was
from mice in 3-7 days after an irradiation. In other periods of research of
essential suppression, antibody genesis was not defined. According to the
numerous data just for 3-7 days the greatest postradiation disturbance of
immunity takes place.
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TABLE 1. Immunosuppressive activity (M m) of volatile components of urine of mice
CBA in different periods after irradiation (4 Gy)

Spleen Thymus
Animals—donors Time after Number of cells, Number of
of VC irradiation, days 1 x 10° AFC, 1x103 cells, 1x10°
Control 1 123 +£12.6 178 £12.9 53.0+ 3.9
(100 = 10.3) (100 £ 7.2) (100 £ 7.3)
Irradiated 100 £9.5 151 £10.5 39.3 +1.8*%
(81.0 £ 7.7) (84.8 £5.7) (74.2 £ 3.4)
Control 2 125+ 14.8 173 £21.0 39.0+1.3
(100 £ 11.9) (100 *+ 12.0) (100 £ 3.3)
Irradiated 122+ 17.5 122 + 8.5* 325+7.1
(97.6 + 14.0) (70.6 + 4.9) (83.0 £ 18.0)
Control 3 103 £ 6.7 187 £ 11.2 355+ 1.5
(100 £ 6.5) (100 £ 6.0) (100 £ 4.2)
Irradiated 100 £ 12.2 126 £ 13.7* 36.1£73
(97.0 £ 11.8) (67.7 £ 7.3) (101 % 20.6)
Control 7 162+9.2 148 £ 13.6 452+ 38
(100 £ 5.7) (100 £9.0) (100 = 8.4)
Irradiated 133 £ 5.4* 111 £ 6.0* 38+22
(82.0 £3.3) (75.0 £ 4.0) (84 £4.9)
Control 14 130 £ 9.0 143 £22.0 532+43
(100 = 7.0) (100 = 15.0) (100 = 8.1)
Irradiated 170 £ 19.3 135+ 20.0 31.6 £ 4.5%
(131 £ 14.8) (94.4 £ 14.0) (59.4 £ 8.5)
Control 21 130+ 7.1 260 + 34.0 44.0 £ 6.3
(100 £ 5.5) (100 % 13.0) (100 * 14.3)
Irradiated 120 £ 10.5 191 £41.2 384142
(92.0 £ 8.0) (73.5 £ 15.8) (87.3+£9.5)

Note: In brackets — % to control
*Significant different (p < 0.05) from control.

Thus mice subjected to single action of ionizing radiation in sublethal

doses secreted with urine of volatile components possessing by immuno-
suppressive activity reference to intact animals. The time of appearance of
such components coincided with period the greatest postradiation disturbance
of immunity.

For comparison post-radiated and post-stressed dynamics of a secretion of
volatile components with their immunosuppressing properties the following
research was carry out. A 24 h bedding from a box with stressed mice
transferred to a box with the intact singenic recipients just as was made in
experiences with an irradiation.

As has appeared within the first 2 days the stressed animals produced
volatile components, which twice reduced the immune response to SRBS at
intact individuals (Table 2).
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TABLE 2. Immunological parameters (M tm) at intact male mice F1(CBA xC57BI6)
after transfer to them of bedding received in different time from stressed mice

Animals—-donors  Time after Number of cells in spleen,

of VC stress, days 1 x10° AFC in spleen, 1 x 103
Control 2 146 x 10 (100 * 6.8) 86.6 £ 7.8 (100 £ 9)
Stress 109 £ 3.1 (74.7 £ 2.1)* 44 + 5.6 (50.8 £ 6.5)*
Control 7 111+ 15.6 (100 % 14) 63.6 £4.7 (100 £ 7.4)
Stress 113+ 11.7 (102 £ 10.5) 544 +£7.7 855+ 12.1)
Control 14 112 £ 7.5 (100 + 6.7) 78.4 £ 5.1 (100 £ 6.5)
Stress 125+ 5.7 (112 £5.1) 51 £4(65.1 £5.1)*
Control 21 125 £ 12.6 (100 £ 11) 85.7+£4.6 (100 + 5.4)
Stress 128 £ 15.2 (102£12.2) 5514642 £4.7)*
Control 30 110 £ 12.3 (100 £ 12) 132 + 14 (100 £ 11)
Stress 106 = 11.6 (96.4 £ 10.5) 95.6 £ 14.1 (72.4 £ 10.7)

Note: In brackets — % to control
*Significant different (p < 0.05) from control.

By 7 days after a stressing, the suppressing activity of bedding was minor.
By 14 days the suppressing activity of components to some extent was
restored and by 30 days it was again reduced.

Described earlier dynamics of immunosuppressing activity of a bed-
ding from stressed mice practically completely coincident with dynamics
of alteration of the antibodygenesis at mice subjected single stress, which
was investigated and reported by us earlier. The greatest suppression of the
immune response took place just for 1-2 days after a stress.

Thus a post-stressed dynamics of secretion with urine of mice volatile com-
ponents coincide with dynamics of post-stressed suppression of immunity.

Ability to induce secretion of immunosuppressive volatile components
possessed also the synthetic glucocorticoid dexametasone. Under its direct
influence since a dose 4mg/kg in mice-donors there was a dose-dependent
reduction of the number of AFC in spleen and nuclear cells.

At the recipients the reduction of antibody formation was observed only
in that case when the donors of volatile components received high doses of
the drug (16 and 32mg/kg). The immunosuppressive state elicited by direct
action of dexametasone at the donors was replicated somewhat with the
help volatile secrets at the mouse-recipient. However, at the recipients of
VC the inhibition of the immune response was less expressed and was not
accompanied by decrease of number of cells in lymphoid organs.

For research of dynamics of secretion of volatile immunosuppressive
components the samples of urine of donors obtained through 1-28 days
after injection of dexametasone in dose 16 mg/kg exposed to the recipients.
It was showed that the suppressive activity of volatile components is observed
at least within 3 days after injection of the drug (Table 3).
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TABLE 3. Secretion of immunosuppressive components by mice-donors after injection of
dexametasone (16 mg/kg)

Groups of mice- Time after Number of cells  AFCin spleen,  Number of cells

recipients stress, days  inspleen, 1 X 10° 1 x 10° in Thymus, 1 x 10°
Control 1 151.9 £ 10.8 76.3 £ 4.8 66.2 £ 2.6
(100 £ 7.1) (100£6.3) (100£3.9)
Dexametasone 138.6 £ 12.4 51.0£4.7 62.8+5.1
91.2+£8.2) (66.8 + 3.2)* 949 +7.7)
Control 3 152.3+9.5 129.2 +11.7 82+9.5
(100 £ 6.2) (100 £9.1) (100 £ 11.6)
Dexametasone 150.0 £ 14.5 89.1 £3.8 62.2+7.5
(98.5+£9.5) (69.7 £ 2.9)* (759 +£9.1)
Control 7 137.2£9.0 107.2 £ 10.0 922 6.1
(100 £ 6.6) (100 £ 9.3) (100 * 6.6)
Dexametasone 154.4 £ 10.5 1349 £ 15.6 95.8 £8.3
(112.5£7.7) (125.8 = 14.6) (103.9 £9.0)
Control 15 173.4 £ 13.8 44.0 £ 6.3 43.0 £ 3.0
(100 £ 7.9) (100 * 14.3) (100 = 7.1)
Dexametasone 143.3 £10.4 41.1£9.9 40.5+£33
(82.6 £ 6.0) (93.4 £ 22.5) (94.2 £ 7.7)
Control 21 227.8 £24.5 39.7+3.7 63+1.0
(100 £ 10.8) (100 £9.3) (100 £ 1.6)
Dexametasone 170 = 14.2 36414 63.5+34
(74.6 £ 6.2) (88.3+£3.5) (100.8 £ 5.4)
Control 28 1722+ 12.6 53.1+£8.5 49.8 £2.11
(100 £ 7.3) (100 £ 16.0) (100 £ 4.2)
Dexametasone 165.6 £ 9.6 52.2%+3.0 48.7+ 2.1
(96.2 + 5.6) 98.3+£5.7) (97.8 +£4.2)

Note: In brackets — % to control
*Significant different (p < 0.05) from control.

By ability to induce secretion of the immunosuppressive volatile components
except for a synthetic glucocorticoid dexametasone had also the cytostatic
cyclophosphamide. However, the effect of this drug took place only at the
large doses.

According to results of present research at mice-donors under influence
of cyclophosphamide in dose 300 mg/kg took place deep suppression of the
immune response up to 24.0 + 2.1% which accompanied by a reduction of a
number of cells in a spleen and thymus up to 35.7 £ 3.2% and 73.6 * 9.3%
respectively. The volatile secretions of these animals elicited in the recipients
a decrease in number of AFC in a spleen up to 63.4 £ 6.3% and a number
of cells in a thymus up to 69.0 * 8.6%. A number of cells in spleen remained
without an alteration.

Earlier we formulated the supposition about a possibility of multiplication
and spreading of mediated secondary post-radiated disturbances in groups of
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animals with the help of volatile components. As the basic model the co-content
in the same cage of irradiated and intact mice or rats in the ratio 5:5 was used.
The presence in this cage among intact animals only of one irradiated individual
did not ensure steady effect. We have assumed that the effect of one individual
can depend upon its hierarchical position in group. The experiments with an
irradiation of the dominant mouse were carried out. For this purpose from
group of outbred mice have chosen individuals with dominant behavior
according to described in the literature procedure (Bures et al., 1983). The
research have shown that the dominant mouse returned in the group after an
irradiation induced at intact mice augmentation of number of neutrophilic
leucocytes in peripheral blood up to 181 + 28% as compared with control (in
control group the dominant individual did not subject an irradiation). Then
from groups of animals 1 and 2 took out the next dominant individual
(having contact with irradiated mouse) and put it for 24h in group of other
intact mice (Table 4). After taking out of this dominant individual at the
stayed 4 mice the decrease in number of blood cells in particular of erythrocytes
(44.0 £ 8.7%) and leucocytes (77.0 = 5.0%) was observed.

TABLE 4. Effect of dominant individual-inductor irradiated in dose 4Gy or dominant
individual-inductor exposed by irradiated one on parameters of peripheral blood of intact
outbred mice

Number of cells in 1 mL of peripheral blood

Erythrocytes, Leucocytes, = Lymphocytes, Neutrophils,

Experiments 1 x10° 1x103 1x103 1x103

Control 1 — contained with ~ 8.72 £ 0.8 62108 43107 0.9 £0.1
intact individual (100 £9.2) (100 = 13.0) (100 £ 15.9) (100 * 14.6)

Experiment 1 — contained 83104 6.8 £0.6 39+0.6 1.7£0.3
with irradiated individual  (95.1 £4.9)  (110.0 £9.2) (92.5%£12.8) (181 £ 26.8)*

Control 2 — contained with 8.6 £ 0.7 79£0.5 5.7+0.7 1.33+0.1
individual from group of (100 £ 8.1) (100 * 6.8) (100 £ 11.9) (100 £ 9.4)
control 1

Experiment 2 — contained 3.8+0.7 6.1 £04 41104 1.0£0.1
with exposed individual (44.0 £8.7)* (769 5.00* (71.6%£7.7) (77.0 £ 8.9)
from group of experiment 1

Control 3 — contained with 8.1 £ 0.2 9.8+ 0.6 7.1+0.5 14102
individual from group of (100 £ 2.9) (100 £ 6.1) (100 £ 7.1) (100 £ 11.2)
control 2

Experiment 2 — contained 8.0+0.2 79+09 5205 1.3£0.1
with exposed individual (99.6 £2.7) 81.0+x94) (728 £6.8)* (93.0+7.0)

from group of experiment 1

Note: In brackets — % to control
*Significant different (p < 0.05) from control.
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A repetition of the earlier described procedure — translocation of one
by one dominant individual from exposed groups 3 and 4 in next groups of
intact mice — group 5 and 6 — also induced a decrease in number of blood
cells mainly of lymphocytes (72.8 £ 7.0%).

The sequential “transmission” of disturbances from one group of animals in
other one can be realized not only with the help of separate individuals but also
with the help of samples of urine absorbed in a paper bedding within 24 h.

So transfer of bedding from a box with the irradiated singenic mice into
box with group of intact mice (male F1(CBAxC57B16) resulted in reduc-
tion of their ability to immune response up to 74.8 + 4.0% versus control
(bedding from a box with intact animals). When from these exposed by
urine of mice received a bedding saturated with their own urine then it
also caused an immunosuppression in other intact animals. The ability to
the immune response was reduced practically up to the same level (73.0
*+ 7.9%) as well as in the previous group. Thus even one irradiated mouse
can cause of spreading of secondary indirect disturbance of an immune
reactivity and decrease a number of blood cells in group contacting with
its individuals.

The absence at individual, group (it is showed in the present work), specific
restrictions for reactions on post-radiated secretions obviously can have
ecological consequences.

The phenomena found by us remind the bystander effect which is widely
considered in the literature with only one difference that in the later case
there is a disturbance of a genome stability in intact cells under influence of
the factors outgoing from irradiated cells (Mothersill and Seymour, 1998;
2000; 2001). Whereas, we study a distant action of one organism to others in
groups of animals. Namely influence of pheromone-like volatile components
induced by damaging actions on immunity of intact animals.

BEHAVIORAL INVESTIGATIONS

One of the important problems at study of properties of post-radiated volatile
secretion is their similarity or difference from post-stressed volatile secretion
which also have immunosuppressive activity (Surinov and Dukhova, 2004)
The comparative research of dynamics of the reaction of intact testers
on post-radiated and post-stressed volatile secretions in test on olfactory
preference-avoidance has shown the following. At comparison secretion of
the intact and irradiated mice the intact mice-testers preferred post-radiated
secretions. At comparison secretion of the intact and stressed mice the same
mice-testers preferred volatile secretions of stressed individuals. Hence, as
post-radiation secretions and post-stressed these of mice CBA have the high
scent attractiveness for intact mice. These attractive properties of the volatile
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components were found only during first week after an irradiation or stressing
action. Later such attractiveness was not found.

In the same experiments the comparative research of reaction of pref-
erence-avoidance by intact testers of the post-radiated and post-stressed
volatile secretions was carried out (Table 5).

It was supposed that in the case of identity of compared secretions the
mice-testers cannot distinguish. However testers with the greater frequency
chose cover with bedding from stressed individuals than from irradiated ones.

Thus obtained data do not exclude that post-irradiated and post-stressed
secretions are not identical.

In our other experiment, intact male mice significantly preferred VC
produced by individuals of the congenial genotype while choosing between
hiding boxes containing VC of CBA and B6 males. Before irradiation, intact
CBA males preferred VC of syngeneic males with an average daily rate of
59.67 £ 0.48%. Males of the B6 strain preferred VC of B6 males with an
average daily rate of 59.50 £ 0.50%. This olfactory behavior of male mice has
been previously designated as homing, i.e. yearning for their males (Surinov
and Dukhova, 2004; Surinov et al., 2005) unlike the reproductively condi-
tioned attractiveness to females with a strange genotype (Yamazaki et al.,
1999; Moshkin et al., 2002).

After irradiation (in dose of 4 Gy), testers of both strains showed changes
in the short-term attractiveness to syngeneic chemosignals when choosing
hiding boxes with VC of syngeneic or allogeneic male mice as compared with
data before irradiation. The attractiveness of CBA testers was significantly

TABLE 5. Comparative evaluation of preference rate (%) by intact testers (CBA-mice) of
volatile secretions of intact irradiated (4Gy) or stressed mice CBA.

Time after CBA male testers CBA male testers CBA male testers
irradiation, VC VvC vC vC vC vC

days control irradiated  control stressed irradiated  stressed

1 40+4.62 60*+4.62* 44+278 561278 46+434 54 +434%
2 43+434 57+434% 391445 61 £4.45% 44+278 56 +2.78*
3 381356 62+3.56% 421434 58+434% 42+356 58+ 3.56%
4 40+445 60+445% 42+278 58+278* 46+3.69 54+3.69
7 43+4.62 57+4.62% 42+462 S58+4.62% 44+356 56+ 3.56
9 48 £4.34 521434 46£3.69 54+£369 461462 54%4.62
11 48 £3.56 52 +3.56 44 +462 56*+4.62* 48+3.56 52%3.56
14 48 £4.62 52+4.62 50+4.34 50+434 46+434 54+434
16 451445 551445 48356 52+356 44+445 56%445
18 45+434 55+434*% 46+4.62 S54+462 54+3.69 46+3.69
21 48 +£2.78 52+2.78 48 +3.69 52+369 461434 541434

*Significantly (according to Wilcoxon) preferred odortype.
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TABLE 6. Preference rate (M *m, %) in CBA and B6 male testers exposed to 4 Gy irradia-
tion for volatile secretions produced by intact syngeneic and allogeneic males

CBA male testers B6 male testers

Period after

irradiation, days VC of CBA VC of B6 VC of B6 VC of CBA
Before irradiation 65.00 £ 9.61* 34.00 £ 9.61 62.38 + 2.14* 37.62 £2.14
1 68.33 + 4.66* 31.67 £ 4.66 71.67 + 3.56** 28.33 + 3.56
2 73.33 £ 3.69%**  26.67 + 3.69 71.67 + 4.34* 28.33+4.34
3 70.00 £ 4.16* 30.00 £ 4.16 80.00 £ 5.44***  20.00 + 5.44
4 65.00 = 4.62* 35.00 £ 4.62 76.67 £ 4.45%**% 2333 + 445
7 73.33 £ 5.67* 26.67 £ 5.67 68.33 £ 4.62* 31.67 £4.62
8 73.33 £ 4.45% 26.67 £ 4.45 76.67 £ 4.45%**% 2333 + 445
10 78.33 £ 5.00* 21.67 = 5.00 68.33 + 5.24* 31.67 £5.24
11 73.33 £ 4.45% 26.67 = 4.45 73.33 £ 3.69%**  26.67 + 3.69
14 68.33 + 5.24* 31.67 £5.24 70.00 * 4.84* 30.00 £ 4.84
17 68.33 + 3.89* 31.67 £ 3.89 71.67 + 4.34* 28.33+4.34
19 66.67 + 4.30* 33.33 £4.30 75.00 £ 3.73*** 25,00 + 3.73
23 60.00 £ 2.72* 40.00 £ 2.72 75.00 £ 2.78*** 2500+ 2.78
28 61.67 £ 4.34* 38.33 £4.34 68.33 £ 2.99* 31.67 £2.99
32 61.67 £ 3.56* 38.33 £ 3.56 68.33 £ 3.89% 31.67 £ 3.89

*Significantly (according to Wilcoxon) preferred odortype;
**Significant differences (according to Student, p < 0.05) as compared with the attractiveness of testers
before the exposure to radiation.

enhanced on the second day (Table 6). Interestingly, this effect lasted consid-
erably longer (up to 23 days after irradiation) in irradiated B6 males.

Our studies indicate that within short times after irradiation in sublethal
dose the attractiveness of CBA and B6 male mice to volatile secretions of
syngeneic males changes and exceeds the physiological level, showing no
disorder of the olfactory sensitivity. Together, these findings support the
idea that male mice experience selective changes in chemosignals-induced
behavioral reactions. It might be caused by disturbances of metabolic and
regulatory processes suggestive of a “syndrome of disease” (Barnett, 1975).

The group of animals with the absorbed dose of 6 Gy showed some
different patterns (Table 7).

Within a short period after exposure to radiation, the animals lost their
olfactory selectivity in respect to volatile cues from syngeneic and allogeneic
individuals. For the CBA strain, that time period was 2 days and for the B6
strain — 4 days. The average of the preferences of CBA testers for volatile
cues from syngeneic individuals achieved the physiological level on the third
day, and the attractiveness in B6 testers regenerated up to the background
level on the seventh day. Subsequently, testers of both strains showed a
temporary enhancement of the attractiveness versus intact mice. In CBA
testers, the attractiveness enhanced significantly over the period of 11 days,
and in B6 testers — up to 14 days.
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TABLE 7. Relative preference rate (Mtm, %) in CBA and B6 male testers exposed to
6 Gy irradiation for volatile secretions produced by intact syngeneic and allogeneic males

Period after CBA male testers B6 male testers
irradiation, days VC of CBA VC of B6 VC of CBA VC of B6
Before irradiation 59.67 £ 0.48* 40.33 £ 0.48 40.5 £ 0.50 59.5 £ 0.50*

1 48.33 +2.99 51.67 £ 2.99 48.33 +£2.99 51.67 £ 2.99

2 51.67 £2.99 48.33 +£2.99 48.33 +5.24 51.67 £5.24

3 55.00 £ 2.55% 45.00 + 2.55 46.67 £ 5.44 53.33 £ 5.44

4 73.33 £ 2.72%*%*%  26.67 £2.72 50.00 £ 3.51 50.00 £ 3.51

7 76.67 £ 2.72%*¥*% 2333 +£2.72 46.67 +2.22 53.33 £ 2.22%

8 75.00 £ 2.78%** 25.00 £2.78 28.33 £2.55 71.67 £ 2.55%**
9 78.33 £ 3.56%** 21.67 £ 3.56 26.67 £2.72 73.33 £ 2. 72%**
10 71.67 £ 4.34%** 2833 +4.34 31.67 £ 3.89 68.33 + 3.89%**
11 65.00 = 1.67*** 35.00 £ 1.67 31.67 £5.24 68.33 + 5.24*
14 65.00 = 2.99* 35.00 £ 2.99 28.33 £2.55 71.67 £ 2.55%**
16 56.67 £ 2.72%* 43.33+2.72 38.33 £ 3.56 61.67 £ 3.56*
18 58.33 £2.78* 41.67 £2.78 36.67 £ 3.33 63.33 £ 3.33*
21 60.00 £ 2.72% 40.00 £ 2.72 36.67 £ 4.16 63.33 £ 4.16*

*Significantly (according to Wilcoxon) preferred odortype;
**Significant differences (according to Student, p<0.05) as compared with the attractiveness of testers
before the exposure to radiation.

These studies have provided experimental evidence illustrating a clear
relationship between olfactory conditioned behavioral reactions of male
mice of both strains and the absorbed dose of ionizing radiation.

Conclusions

Thus, the data obtained in this study provide evidence that, at early stages
after exposure to sublethal doses of ionizing radiation, stress and admin-
istration of immunodepressants the animals secrete volatile substances
with urine, which attract intact animals, inducing immune disturbances in
them. Apparently, they may cause the development of secondary, reactive
disturbances in groups of animals that were but contacted with damaging
animals. The ability of volatile substances to induce the distribution of them
in groups of animals may probably have ecological consequences.
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Abstract: So far, mutation induction in the germline of directly exposed
parents has been regarded as the main component of the genetic risk of
ionising radiation. However, recent data on the delayed effects of exposure
to ionising radiation challenge for the existing paradigm. The results of some
publications imply that exposure to ionising radiation results in elevated
mutation rates detectable not only in the directly irradiated cells, but also
in their non-irradiated progeny. Here I review the data on transgenerational
instability showing that radiation-induced instability in the germline of
irradiated parents manifests in their offspring, affecting their mutation rates
and some other characteristics. This paper summarises the data on increased
cancer incidence and elevated mutation rates in the germline and somatic
tissues of the offspring of irradiated parents. The possible mechanisms of
transgenerational instability are discussed.

Keywords: instability; mutation; radiation; germline; genetic risk; mouse

Introduction

The effort to predict the long-term genetic effects of ionising radiation for
humans has certainly been one of the most important issues of radiation
biology in the past years. However, despite the vast amount of experimental
data describing the phenomenon of mutation induction in the directly
exposed somatic and germ cells (UNSCEAR, 2001), the results of some
recent studies clearly show that the genetic risks of ionising radiation may be
far greater than previously thought. For example, the results of numerous in
vitro studies have shown that mutation rates in the progeny of irradiated cells
remains elevated over a considerable period of time after the initial exposure
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(Morgan, 2003a). The manifestation of radiation-induced genomic instability
has also been reported in vivo (Morgan, 2003b). It should be stressed that
these data challenge the existing paradigm in radiation biology which regards
mutation induction in the directly exposed somatic and germ cells as the main
component of genetic risk for humans (UNSCEAR, 2001). As mutation rates
in the non-exposed progeny of irradiated cells remain considerably elevated
over many cell divisions after irradiations, radiation-induced genomic insta-
bility can be regarded as a risk factor for radiation-induced carcinogenesis. It
is well established that carcinogenesis is a multistep process in which somatic
cells acquire mutations in a specific clonal lineage (Loeb et al., 2003). However,
the pattern of accumulation of multiple mutations in the irradiated cells over a
clinically relevant time period still remains unclear. It was therefore suggested
that ongoing genomic instability could result in the accumulation of mutations
over a certain period of time after irradiation which, together with mutations
directly induced in the irradiated cells, may significantly enhance radiation
carcinogenesis (Little, 2000; Goldberg, 2003; Huang et al., 2003).

The issue of the delayed effects of radiation is also highly relevant to
the understanding of the mechanisms underlying a therapy-induced second
malignancy (Goldberg, 2003; Sigurdson and Jones, 2003). The development
of effective radiotherapy and chemotherapy regimes for the treatment of
cancer has recently resulted in a dramatically increased number of long-term
survivors. Given that many treatments used for cancer, including ionising
radiation, are mutagenic, the impressive increase in cure and survival rates
has been accompanied by a worrisome increase in the incidence of therapy-
related second malignancies (Garwicz, 2000; UNSCEAR, 2000). With respect
to cancer patients, the tissue at risk for the induction of secondary
malignancy is normal tissue that has been exposed to ionising radiation,
but not killed. It appears that therapy-related genomic instability can follow
radiation therapy or chemotherapy and may thus contribute to the development
of cancer in normal tissue. However, the extent to which genomic instability
plays a role in the development of therapy-induced second malignancy still
remains unknown.

Apart from the studies on mutation rates in somatic cells, considerable
progress has been made in the analysis of radiation-induced instability in
the mammalian germline, where the effects of radiation exposure were
investigated among the offspring of irradiated parents (reviewed in Dubrova,
2003; Nomura 2003; Barber and Dubrova, 2006). These transgenerational
studies were designed to test the hypothesis that radiation-induced instability
in the germline of irradiated parents could manifest in the offspring, affecting
their mutation rates and some other characteristics. The aim of this paper is
to review a number of publications addressing transgenerational instability
in mice and other laboratory animals. Given that a considerable number of
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publications have characterised the transgenerational changes using a variety
of phenotypic traits, this review mainly describes the progress made in the analysis
of transgenerational changes in cancer predisposition and mutation rates.

Cancer Predisposition

The in-depth analysis of the incidence of cancer in the offspring of irradi-
ated parents was initiated by the findings showing clustering of childhood
leukaemia in the vicinity of the Sellafield nuclear reprocessing plant (Gardner
et al., 1990) and a substantial increase in the incidence of tumours in the
non-exposed first-generation offspring (F,) of male mice exposed to X-rays
or uretane (Nomura, 1982). It should be noted that the Nomura’s data were
not confirmed in the later studies (Cattanach et al., 1995, 1998), the results
of which indicated that this phenomenon could partially be attributed to
the seasonal variation in tumour incidence in mouse colonies. However, the
results of some publications suggest that although the incidence of cancer
among the offspring of exposed parents does not exceed that of the control,
the morphology of the tumours in the offspring differs. For example, it has
been shown that the mean number of lung adenomas per tumour in the off-
spring of parents pre-natally exposure to benz(a)pyrene remains persistently
elevated over several generations (Turusov et al., 1990).

A substantial contribution to the analysis of transgenerational cancer predis-
position has been made in more recent studies where the offspring of irradiated
parents were exposed to carcinogens (Nomura, 1983; Vorobtsova, 1993; Lord et
al., 1998; Hoyes et al., 2001). In contrast to the data obtained on the non-treated
offspring, the results of these studies showed an elevated incidence of cancer
among the carcinogen-challenged offspring of irradiated males (Fig. 1a).

The pattern of malignancy among the treated offspring of irradiated
males was also modified (Lord et al., 1998a, b). Thus the treatment short-
ened latent period for the leukaemia and resulted in a switch from the pre-
dominant thymic lymphoma in the controls to a predominance of leukaemia
in the offspring of irradiated males.

Somatic Mutation Rates

Given carcinogenesis is a process of accumulation of mutations in somatic
cells (Loeb et al., 2003), the data showing a substantially elevated cancer
risk in the offspring of irradiated parents indicates that somatic mutation
rates in these animals may also be increased. Indeed, the results of some
studies provide a strong evidence for transgenerational increases in somatic
mutation rates.
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To date, the frequency of somatic mutations in the offspring of irradiated
parents has been analysed using a variety of endpoints. Thus, the study by
Vorobtsova (2000) provided a convincing evidence for elevated frequency of
chromosome aberrations in the liver of F, offspring of irradiated male rats
(see Fig. 1b). These data were later confirmed by studying the frequency of
chromosome aberrations in the liver and as well as in some other rat tissues
(Kropacova, 2002; Slovinska et al., 2004; Sanova et al., 2005). An elevated
frequency of chromosome aberrations was also found in the bone marrow
tissue of F, offspring of irradiated male mice (Lord et al., 1998a, b). These
results are further supported by the data showing an elevated frequency of
micronuclei in the offspring of irradiated male mice (Fomenko et al., 2001).
Given the micronuclei contain the fragments of mis-repaired or damaged
chromosomes (Fenech et al., 1999), the observed increase is therefore attrib-
uted to chromosomal instability.

Transgenerational changes in somatic mutation rates were also observed
by studying the frequency of mutations at some protein-coding genes. Thus,
Luke et al. (1997) showed an elevated frequency of mutations at the /acl
transgene in the F, offspring of irradiated male mice. The most compelling
data addressing somatic instability in the F, offspring of irradiated male
mice were obtained from the analysis of somatic reversions of the pink-eyed
unstable mutation (p""). The mouse p“* mutation is caused by DNA sequence
duplication within the pink-eyed dilute locus and results in reduced coat and
eye coloration. This duplication is highly unstable and spontaneous rever-
sions caused by deletion of one of the duplicated sequences are quite frequent
(Brilliant et al., 1991; Gondo et al., 1993). Using this endpoint, Shiraishi et
al., 2002 demonstrated that the frequency of p"" somatic reversions in the
first-generation offspring of irradiated male mice was significantly elevated.
The authors studied transgenerational effects in the first-generation off-
spring of two reciprocal matings of irradiated fathers — Jp" x Qpi and Jpl
x Qp — and found that the frequency of somatic reversions was equally
elevated in the offspring of both reciprocal matings. Given that reversions
only occur at the pU" allele, the data showing elevated frequency of somatic
reversions in the offspring of dp! X J'p" mating therefore demonstrate that
transgenerational instability is manifested at the alleles derived from both
irradiated and non-irradiated parents. These results were supported in recent
studies on somatic mutation in the offspring of irradiated fish (Shimada and
Shima, 2004; Shimada et al., 2005).

We have recently analysed the frequency of thioguanine-resistant
mutations at the hypoxanthine guanine phosphoribosil transferase (iprr)
locus in the spleenocytes of F, offspring of irradiated male mice (Barber
et al., 2006). A highly significant ~3.5-fold increase in the frequency of hprt
mutations was found in both strains of mice (Fig. 1c). Given that in the male
offspring of irradiated males the X-linked /prt locus is transmitted from the
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non-exposed mothers, these data further confirm the abovementioned
conclusion that transgenerational changes in mutation rates equally affect
both alleles derived from the irradiated fathers and the unexposed mothers,
thus implying a genome-wide destabilisation after fertilisation.

Germline Effects

The first evidence for the transgenerational increases in germline muta-
tion rates was obtained by Luning et al., 1976. By analysing the frequency
dominant lethal mutations in the germline of directly irradiated male mice
and their first-generation offspring, the authors demonstrated that mutation
rates in the germline of directly exposed parents and their non-irradiated
offspring were equally elevated. Similar data were later obtained from the
analysis of the F, offspring of male rats treated by cyclophosphamide (Hales
et al., 1992). The results showing decreased proliferation of early embryonic
cells and increased frequency of malformations in the F, offspring of irradi-
ated parents are also consistent with these observations (Wiley et al., 1997;
Pils et al., 1999). It should be noted that further analysis of transgenerational
instability requires a sensitive technique capable of detecting relatively modest
changes in mutation rate.

We have previously developed a new sensitive technique for monitoring
mutation induction in the mouse germline by ionising radiation and chemi-
cal mutagens (Dubrova et al., 1993, 1998, 2000; Vilarino-Guell, 2003). This
technique employs highly unstable expanded simple tandem repeat (ESTR)
loci which consist of homogenous arrays of relatively short repeats (4-6bp)
and show a very high spontaneous mutation rates both in germline and
somatic cells (Kelly et al., 1989; Gibbs et al., 1993; Bois et al., 1998; Yauk
et al., 2002).

In our early studies, we have used this technique to evaluate ESTR mutation
rates in the germline of F, and F, offspring of irradiated male mice (Dubrova
et al., 2000; Barber et al., 2002). The analysis of the F, offspring of a male
mouse exposed to fission neutrons showed that their germline mutation
rates did not return to the mutation rates seen in unexposed individuals, but
remained similar to those observed in directly exposed males (Dubrova et al.,
2000). The increase was observed in most F, offspring and was in part attributable
to increased mutational mosaicism in the germline, therefore indicating that
transgenerational destabilisation should occur either immediately after fertili-
sation or on the very early stages of the developing F, germline.

To verify these results and to gain some insights on the mechanisms of
transgenerational instability in the mouse germline, we later analysed ESTR
mutation rates in the germline of first- and second-generation offspring of
inbred male CBA/H, C57BL/6 and BALB/c mice exposed to either high-LET
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fission neutrons or low-LET X-rays (Barber et al., 2002). Figure 2a presents
the main result of this study, showing that paternal exposure to ionising
radiation results in increased mutation rates in the germline of two subse-
quent generations of all inbred strains, demonstrating that transgenerational
instability is not restricted to one particular inbred strain of mice. Our data
also revealed inter-strain differences in the transgenerational effects, dem-
onstrating that ESTR mutations rates in the F, and F, germline of BALB/c
and CBA/H mice were significantly higher than in those of C57BL/6 mice.
These data are consistent with the results of previous studies showing that
that BALB/c and CBA mice are significantly more radiosensitive, and dis-
play higher levels of radiation-induced genomic instability in somatic cells
than C57BL/6 mice (Roderick, 1963; Watson et al., 1997; Mothersill et al.,
1999; Ponnaiya et al., 1997). The high level of radiation-induced genomic
instability observed in BALB/c mice could potentially be explained by
the strain-specific amino-acid substitutions affecting the activity of the
pl6"4 cyclin-dependent kinase inhibitor and the catalytic-subunit of the
DNA-dependent protein kinase (Zhang et al., 1998; Yu et al., 2001). Given
the wide range of inherited variation in DNA repair capacity in humans
(Mohrenweiser et al., 2003), there is potential that the same phenomenon
may also exist in humans.

In this study we also compared the transgenerational effects of paternal
exposure to high-LET fission neutrons and low-LET X-rays. It is well estab-
lished that high-LET radiation produces highly complex and localised initial
DNA damage, which is different to the sparse damage produced by low-LET
radiation, resulting in the unique final biological effects of these different
radiation sources (Goodhead, 1988). However, it appears that exposure to
both types of radiation is capable of inducing genomic instability in somatic
cells, though some studies have failed to detect the effects of low-LET expo-
sure (Limoli et al., 2000).

It should be noted that our results indicated that most of the offspring of
irradiated males showed elevated mutation rates in their germline, therefore
providing important evidence for the involvement of epigenetic mechanisms
in transgenerational instability. However, these data were obtained using a
pedigree-based approach, which has low statistical power for the detection
of mutation rate heterogeneity between individuals due to the relatively small
litter size in mice. Our study also raised the possibility of transgenerational
increases in ESTR somatic mutation rates. To establish whether ESTR
mutation rates are equally elevated in the germline and somatic tissues of
first-generation (F)) offspring of irradiated males, we have used a single-
molecule PCR approach which allows the recovery of large numbers of de
novo mutants from a single individual and hence provides robust estimates
of individual mutation rates (Yauk et al., 2002).
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The frequency of ESTR mutation was established in DNA samples
prepared from sperm, bone marrow (BM) and spleen from the same animal
(Barber et al., 2006). A statistically significant increase in the mean mutation
frequency was found in all tissues of the offspring of irradiated males
(Fig. 2b). These data confirmed our previous results obtained in the germline
of F, offspring of irradiated males, using the more traditional pedigree-based
approach (Dubrova, 2000; Barber, 2002) and showed that transgenerational
genomic instability at ESTR loci was also manifested in somatic tissues.
Most importantly, we observed that the frequency of ESTR mutation was
elevated in the germline and somatic tissues of all the offspring of irradiated
males (Barber et al., 2006).

Mechanisms

Cellular response to ionising radiation is a multistep process which includes
the recognition of DNA damage, its repair, cell cycle arrest and apoptosis
(Friedberg et al., 2006; Sancar et al., 2004; Bakkenist and Kastan, 2004). To
date, the majority of pathways involved in the mammalian cellular response
to radiation have been characterised. It should be stressed that the data on
the delayed effects of exposure to ionising radiation represent a serious chal-
lenge to the existing paradigm. Although the mechanism(s) underlying the
phenomenon of radiation-induced genomic instability still remain unknown,
the results of some publications show that the ability of cells to exhibit
elevated mutation rates cannot be ascribed to the conventional mechanisms
of mutator phenotype and is most likely related to the epigenetic events
(Lorimore et al., 2003; Morgan, 2003a,b). Such a conclusion is based on
two sets of experimental data, showing that: (i) radiation-induced genomic
instability persists over a long period of time after the initial exposure;
(i1) the number of cells/organisms manifesting radiation-induced genomic
instability is too high to be explained by the conventional mechanisms of
direct targeting of DNA-repair and related genes. Our data showing that
transgenerational changes affect the majority of the offspring of irradiated
parents (Barber et al., 2006), together with the results of recent publication
on transgenerational effects of paternal exposure to endocrine disruptors
(Anway et al., 2005), further support this hypothesis.

As already mentioned, the data on transgenerational instability at the
p"" and hprt loci showed that somatic mutation rates in the F, offspring are
equally elevated at the alleles derived from the irradiated fathers and non-
irradiated mothers (Shiraishi et al., 2002; Barber et al., 2006). Similar trans-
generational data were obtained by studying the mouse ESTR loci (Dubrova
et al., 2000; Barber et al., 2002; Niwa and Kominami, 2001). Taken together,
these results show that an increased mutation rate in the offspring of irradiated
males results from a genome-wide elevation of mutation rate.
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In a number of publications the issue of stage-specificity of transgen-
erational changes has been addressed. These data provide some important
clues onto the mechanisms of radiation-induced genomic instability. Thus,
our data were obtained on the descendants conceived 3 and 6 weeks after
the initial paternal exposure to ionising radiation (Barber et al., 2002, 2006;
Dubrova et al., 2000). Given that these stages of the mouse spermatogenesis
are transcriptionally active, their exposure to radiation could result in an
accumulation of certain classes of RNA in the paternal germ cells which,
being transmitted to the fertilised egg, may affect gene expression and stabil-
ity in the developing embryo. If transgenerational instability is attributed to
the zygotic transfer of RNA (Rassoulzadegan et al., 2006), then the offspring
conceived just few days after paternal irradiation, from transcriptionally
inert sperm cells (Rousseaux et al., 2005), should be genetically stable.

However, several recent publications report transgenerational changes in
the offspring of male mice irradiated during the late post-meiotic stages of
spermatogenesis, where gene expression is practically shut down (Vorobtsova
et al., 1993, 2000; Shiraishi et al., 2002). Given that pre-mutational radiation-
induced lesions in sperm DNA are effectively recognised and repaired within
a few hours of fertilisation (Matsuda and Tobari, 1989; Derijck et al., 2006),
it would therefore appear that radiation-induced damage to sperm DNA
could trigger a cascade of events in the zygote, including profound changes
in the expression of DNA repair genes in the pre-implantation embryo
(Harrouk et al., 2000; Shimura et al., 2002) and alterations in DNA meth-
ylation and histone acetylation (Barton et al., 2002). The presence of such
dramatic changes at fertilisation could also result in delayed effects, which
may influence the stability of the developing embryo. The results showing an
unusually high level of mutational mosaicism in the germline and somatic
tissues of F mice (Wiley et al., 1997; Niwa and Kominami, 2001) suggest
that the destabilisation could occur at the very early stages of development.

Given that the results of transgenerational studies, together with the data
on radiation-induced genomic instability in vitro clearly indicate that these
phenomena are attributed to epigenetic events, we and other hypothesised
that DNA methylation may be regarded as a strong candidate for such an
epigenetic signal resulting in transgenerational mutagenesis (Wiley et al.,
1997; Anway et al., 2005). DNA methylation and histone modification rep-
resent the main mechanisms by which DNA is epigenetically marked (Jones
and Baylin, 2002). Methylation is known to survive the reprogramming of
DNA methylation during spermatogenesis and early development (Holliday,
1997; Reik and Walter, 2001; Rakyan et al., 2001) and can to be transmis-
sible through many cell divisions (Roemer et al., 1997). Alterations in the
pattern of DNA methylation might affect genes responsible for maintain-
ing genomic integrity and influence the recognition of DNA damage or its
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repair. For example, promoter methylation switches off the transcription
of the AMLHI mismatch repair gene colorectal carcinomas and results in
microsatellite instability (Jones and Baylin, 2002). The transgenerational
increases can also be attributed to the change in the expression patterns of
genes involved in DNA repair in the offspring of irradiated males. Indeed,
recent data showed persistently altered pattern of expression of some genes
in the offspring of irradiated male mice (Nomura et al., 2004; Baulch et al.,
2001; Vance et al., 2002).

It should be stressed that the altered expression of DNA repair genes cannot
explain the transgenerational increases in mutation rates detected across a
number of endpoints, including protein-coding genes, ESTR loci and chro-
mosome aberration. Given that the mechanisms of spontaneous and induced
mutation at these systems substantially differ, these observations imply that
the efficiency of multiple DNA repair pathways should be simultaneously
compromised in the offspring of irradiated parents. The presence of such
highly coordinated changes appears to be highly unlikely. Indeed, the results
of our recent study show that the efficiency of repair of some DNA lesions
(detected by the alkaline Comet assay; Kassie et al., 2000) in the offspring of
irradiated males is not compromised (Barber et al., 2006).

The results of our study (Barber et al., 2006) also demonstrate that the
multiplicity of transgenerational changes is most likely attributed to an
abnormally high level of DNA damage in F, offspring of irradiated parents
(Fig. 2¢). Given that in tissues with a high mitotic index, such as bone mar-
row and spleen, the life-span of cells containing deleterious lesions such
as single- and double-strand breaks is restricted since these types of DNA
damage are not compatible with replication, these data clearly demonstrate
that transgenerational instability is an ongoing process occurring in multiple
adult tissues. As unrepaired/uncorrected double- and single-strand breaks
are known to be highly mutagenic and thus may result in tumour develop-
ment and/or progression, our data therefore provide a plausible explanation
for elevated predisposition to cancer among the offspring of irradiated par-
ents. Given that destabilisation of genome occurs in multiple adult tissues,
it is likely that transgenerational carcinogenesis may be due, in part, to this
phenomenon.

The high level of DNA damage could be attributed to an oxidative
stress/inflammatory response. The involvement of inflammatory-type proc-
esses in the delayed increases in mutation rates in the progeny of irradiated
cells has long been suspected (Morgan, 2003a,b; Lorimore et al., 2003).
Reactive oxygen species are the major source of endogenous DNA damage,
including single- and double-strand breaks, abasic sites, and a variety of
nucleotide modifications (Jackson and Loeb, 2001). The diversity of DNA
alterations detected in the offspring of irradiated parents could therefore
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be explained by this mechanism. However, according to our data, the F,
offspring of irradiated males did not show any increases in the somatic
tissue level of oxidatively damaged nucleotides. This being the case, then
transgenerational instability could be attributed to replication stress.
Indeed, the results of recent studies suggest that in human precancerous
cells the ATR/ATM-regulated checkpoints are activated through deregulated
DNA replication, which leads to the multiplicity of DNA alterations
(Bartkova et al., 2005; Gorgoulis et al., 2005). It has also been shown that
radiation-induced chromosome instability in vitro could be attributed to
the long-term delay in chromosome replication (Breger et al., 2004). Given
that our previous results suggest that the mechanism of ESTR mutation is
most probably attributed to replication slippage (Yauk et al., 2002; Barber
et al., 2004; Dubrova, 2005), delayed/stalled replication can therefore pro-
vide a plausible explanation for the transgenerational increases in mutation
rate at these loci, as well as the multiplicity of DNA alterations detected in
the offspring of irradiated parents.

In summary, the results of studies reviewed here provide strong evidence
for long-term increases in mutation rate, observed in the offspring of irradiated
parents. However, being unequivocally established in laboratory animals, the
phenomenon of radiation-induced transgenerational instability in humans
still awaits its final clarification. Future work should address these important
issues and provide experimentally based estimates of the delayed effects of
radiation in humans.
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CHAPTER 11

EVOLUTION PROCESSES IN POPULATIONS OF PLANTAIN,
GROWING AROUND THE RADIATION SOURCES: CHANGES
IN PLANT GENOTYPES RESULTING FROM BYSTANDER
EFFECTS AND CHROMOSOMAL INSTABILITY

V.L. KOROGODINA* AND B.V. FLORKO

Joint Institute for Nuclear Researches (JINR), 141980
Dubna, Moscow region, Russia.
e-mail: korogod@jinr.ru

Abstract: The viability of seeds growing around the nuclear power plant
(NPP) can decrease up to 20-30%. We consider the appearance of both mul-
tiple secondary cells and chromosomes with abnormalities. We used the ideas
of adaptation to explain these phenomena. The aim was the statistical analysis
of the appearances of cells and chromosomes with abnormalities in dependence
on radiation factor around the NPP and seeds’ antioxidant status (AOS).
Methods. The chromosome bridges and acentric fragments were registered
as chromosomal abnormalities in root meristems of plantain seeds collected
in tested populations. For sites within a 30km radius of the NPP, the annual
y-radiation dose rates, '*’Cs soil concentrations and NPP fallouts were stand-
ard and did not exceed norms. Seeds were collected in years with normal and
extreme high summertime temperatures. Results. The modelling showed that
the appearances of a number n cells (or chromosomes) with abnormalities
would be described by the formulas G, P, G, + P , where P — Poisson and G
— geometrical regularities. The parameters of distributions are the AOS- and
NPP fallouts dose rate dependent, especially communicative G-component.
Due to communication mechanisms, some of cells and seedlings accumulated
abnormalities and many others died near the NPP. Conclusions. (i) statistical
biomarker of stress effects is intensification of the communicative processes;
(i1) dose-dependent microevolution process is observed (an appearance of new
genotypes and their selection) in indigenous populations under the combined
effect of NPP atmosphere fallouts and higher summer temperatures; (iii) the
communicative processes in meristem are AOS-dependent; (iv) strategies of
survival of populations are different for middle-lethal doses and those which
do not exceed norms of their ecological niche (stresses).

*To whom correspondence should be addressed.
155

C. Mothersill et al. (eds.), Multiple Stressors: A Challenge for the Future, 155-170.
© 2007 Springer.



156 V.L. KOROGODINA AND B.V. FLORKO

Keywords: low dose irradiation; seeds; cells with abnormalities; chromosomes with
abnormalities; survival; adaptation, statistical analyses

Introduction

In the last decade, many investigations were devoted to radiation stress effects
reviewed in (Mothersill and Seymour, 2005; Little, 2006). As a basic feature,
researchers mark out the genetic instability including spatial intracellular
(Mothersill and Seymour, 2005) and intercellular (Arutyunyan et al., 2001)
spreading of the DNA changes. These phenomena could be described as the
non-randomly processes of the appearance of multiple secondary cells with
abnormalities (Korogodina et al., 2005) and chromosomal abnormalities
(Chebotarev, 2000). At present, some biologists suggest an idea of an adap-
tation to explain the genetic instabilities (Mothersill and Seymour, 2005).

Earlier, the effects of radiation stress were studied on the plantain seeds
collected in populations growing around the radiation sources in years with
normal and extreme high summertime temperatures (Korogodina et al.,
2000; 2004). The biological values prevented from the simple conclusion of
the radiation effects on seeds and the mechanisms of damaging (Korogodina
et al., 2004). We used an idea of adaptation to analyze structure of distributions
of both seeds on the numbers of cells with chromosomal abnormalities
(CCAs) in root meristem of seeds (Korogodina et al., 2005; 2006) and meristem
cells on the numbers of the chromosomal abnormalities (CAs).

Our aims were to analyse statistically the mechanisms of the CCAs and
CAs appearances in seedlings root meristems and to study changes in plant
genotypes resulting from the intra- and intercellular communication processes
in dependence on radiation factor around the nuclear power plant (NPP)
and seeds’ antioxidant status (AOS).

Materials and Methods

SEED

The plantain seeds (Plantago major) were used in the natural experiment
(1998, 1999). For this kind of seeds, the reported quasi-threshold radiation
dose, which corresponds to the inflection of the survival curve from a shoulder
to mid-lethal doses, is 10-20 Gy (Preobrazhenskaya, 1971). The plantain
populations were located in sites within 80km of the Balakovo NPP and
in Chernobyl trace area (Saratov region), and near the accelerator facilities
in Moscow region. In 1999 the temperatures during daylight hours reached
30-32°C in the Moscow region and 38-40°C in the Saratov region (they are
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extreme for both provinces), and the seeds experienced elevated temperatures
during the maturation period in nature (SCEPSR, 2000). The plantain
populations were chosen in similar biotopes. Seeds were collected at the end
of August in 1998 and 1999 from 20-30 plants. The seeds were refrigerated
until the following April at 7= 3-4°C and relative humidity = 13-14%.

Seeds of all populations were germinated on wet filter paper in petri dishes
at 23°C until seedling roots reached 3.5 £ 2mm, a length corresponding to
the first mitoses before which seedling growth is due only to swelling without
cell division. After this point, a number of proliferated cells fluctuates at a
constant level. Seedlings were fixed in ethyl alcohol and acetic acid (3:1) and
stained with acetoorcein. Seedlings <1.5mm after 13 days were scored as
non-surviving (1-S) because too few cells reached the first mitosis (the mitotic
index in the shoot zone is already known to increase in parallel with the size of
the seedling (Gudkov, 1985). The first fixation was started when approximately
1/3 part of whole seeds’ population was germinated. After 13 days we ended
the fixation. Prolonging the germination period (up to 6 weeks) increases
S by only 2-3%; some rootlets occurred too small and brown. The methods of
seed sprouting and fixing have been described (Korogodina et al., 1998; 2004).
Antioxidant activities were studied with a photochemiluminescence method
(Korogodina et al., 2000). An amount of seed infusion, which inhibited chemi-
luminescence by 50% (C, ,), was adopted as a measure of AOS.

Ana-telophases were scored for CCAs containing CAs. The chromosome
bridges and acentric fragments were registered as CAs in ana-telophases. The
mitotic activity (MA) of cells in meristem was scored as the number of cells
in ana-telophases.

CHARACTERISTICS OF SITES AND WEATHER CONDITIONS

To investigate the possibility of radiation stress effects the sites near the NPP
in Saratov region and accelerator facilities in Moscow region were selected.
In Saratov region, a site in Chernobyl trace territory was also studied.

In 30-km zone of the NPP two sources of radioactivity are placed,
which could be an influence on plantain populations: the atomic station
(P2-P6 sites) (MAPRE, 1998) and the phosphogypsum dump (P8-P10 sites)
(SCEPSR, 2000) (Fig. 1).The sites were chosen in the view of the wind
rose. For the most part, the NPP atmospheric fallouts influence on popula-
tions P2-P6 resulting from the direction of the winds in summer. Perhaps
the populations P7-P10 experienced the effects of phosphogypsum dump,
which can influence a soil contamination in this area (Korogodina et al.,
2000). Therefore, these populations (P7-P10) did not studied in 1999. The
site P1 was at the left bank of the Volga (~80km from NPP). The population
P11 was chosen at the right bank of the Volga (100 km from the NPP) on a
Chernobyl radioactivity-deposition track with well-characterized *’Cs soil
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Fig. 1. Locations of the selected plantain populations in the vicinity of the Balakovo NPP:
2-10 (P2-P10). Populations P1, P11 are located 80km and 100km from NPP; P12 one is
placed in the Moscow region.

contaminations (average concentration ~30Bqg/kg, EC, 1998). The Moscow
region site P12 was selected in Moscow region to know in detail both radia-
tion exposures from the accelerator facilities and soil pollution.

The annual rainfall near the Volga is 1.5 times higher than in steppe,
therefore the microclimate of P1-P6 sites is damper than that of P7-P10
(SCEPSR, 2000). In 1999, the summertime high temperatures in the
European part of Russia averaged 2-3 °C above normal (SCEPSR, 2000).

DETERMINATION OF RADIOACTIVITY

For sites within a 100km radius of the NPP, the annual y-radiation dose
rates (DR) and '¥’Cs soil concentrations (C,.,) varied little from the ranges
~0.10-0.15uSv/h and ~5-10 Bg/kg reported in independent radiological sur-
veys (MAPRE, 1998; SCEPSR, 2000). In site P11 DR is ~0.10-0.15uSv/h
(SCEPSR, 2000) and C_, is 30Bg/kg (EC, 1998). DR is ~0.10-0.12uSv/h
and C_, is ~5-10Bg/kg in site P12 (Moscow region) (Zykova et al., 1995;
Alenitskaja et al., 2004). These values (excluding the concentrations in site
P11) do not exceed the average radiation values over the Saratov and Moscow
regions (Zykova et al., 1995; SCEPSR, 2000; Alenitskaja et al., 2004).

We examined the upper 10-12cm soil in tested sites. Measurements were
carried out using the low-background y-spectrometers with a Nal(Tl) crystal
as well as a Ge one, which were described in (Alenitskaja et al., 2004). The
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TABLE 1. Soil contamination of ¥’Cs and “K (Bg/kg)
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

137Cs 9 33 - 5 - - 10 8 8 6 39 9
5 4 3 5 5 5 - 5 - - 15 10

K 36 33 - 55 - - 47 45 46 70 45 58
0 0 40 0 23 50 0 0 0 0 0 0
40 34 0 41 0 0 - 41 - - 32 60
0 0 0 0 0 0

errors of detection efficiency of y-quanta did not exceed 7%. Total errors of
radioactivity determination for different isotopes were 20—40%. The artificial
isotope '¥7Cs soil contamination did not differ significantly in 1998 and 1999
(Table 1), although usually the fluctuations can be observed in the same
site (Alenitskaja et al., 2004). The data on C_, agree with published values
(Zykova et al., 1995; EC, 1998; MAPRE, 1998; SCEPSR, 2000; Alenitskaja
et al., 2004) and do not correlate with NPP fallout. The accumulated doses
were calculated using the Brian-Amiro model (Amiro, 1992) and were esti-
mated to be ~1-3cGy for seeds P1-P6. We accounted the secondary wind
rising (SCEPSR, 2000) in P7-P10 populations by means of (Gusev and
Beljaev, 1986). The results did not differ significantly from 1998 to 1999 (for
accumulated radiation doses and soil concentrations) in tested sites.

CALCULATION OF THE NPP FALLOUT IRRADIATION OF SEEDS

Plantain seeds experienced the NPP fallout irradiation in nature (annual
fallouts on isotopes: Kr ~2.5TBq; Xe ~2.5TBq, and I ~4.4TBq (MAPRE,
1998), the dose rates are controlled by NPP administration). Distribution of
the particulate emissions and gases were estimated according to the Smith-
Hosker model (Hosker, 1974) based on NPP characteristics (MAPRE, 1998)
and winds in summer near the ground in the NPP region (SCEPSR, 2000).
The isotopes fallouts result in y-irradiation mainly (mean energy ~1.1 MeV/
v-quanta (Ivanov et al., 1986)). The relative fallout dose rates (RFRD)
values were calculated in the ratio to the dose in site P1. The RFRD value
in P7 site is higher than in P2, P3, P§-P10 sites due to short half life of I
isotopes, which do not reach the populations P2, P3, P8-P10. This fallout
irradiation is not chronic and depends on location of populations. Intensity
of irradiation is shown in Table 2. We used the y-quanta’ LEP-dependence
on their energy (Ivanov et al., 1986) and the NPP characteristics (MAPREF,
1998) to calculate a mean y-quanta energy deposition per plant cell nucleus,
which is 1.4keV. In our calculations, each seedling’ meristem experiences an
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TABLE 2. Relative daily Balakovo NPP fallout (Kr, Xe, I) dose rates (RFRD), experienced
by populations, calculated in the ratio to that in the site P1

Relative dose Intensity of y-quanta per  Intensity of y-quanta per cell
Populations  rate RFRD cell nucleus per X 1077 nucleus per min for 3 months
Pl 1 1.9 x 107 2.5%x 1076
P2 80 1.7 x 1072 22 %107
P3 80 1.7 x 1072 22 %1074
P4 560 0.11 1.4 x 1073
P5 5700 65 0.85
P6 1350 0.26 3.4 x1073
P7 340 6.7 x 1072 8.6 x 1074

influence of even one g-quantum per 3 months. The expected irradiation
dose was calculated after the accelerator facilities operation in the P12 site.
In 1998 the calculated neutron dose level was 1 mSv (for two months), and
the neutron dose rate level was 0.8 uSv/h (the neutron background dose rate
~ 9.3nSv/h (Wiegel et al., 2002). In 1999, the neutron irradiation did not
increase. The averaged neutron energy was 5.5MeV (MCNP calculations).

STATISTICAL ANALYSIS

The data were processed using standard statistical methods (Van der
Vaerden, 1957) and statistical criteria (Akaike, 1974; Schwarz, 1978; Glotov
et al., 1982; Geras’kin and Sarapul’tzev, 1993). The maximum-likelihood
method was used for approximations. For estimated regression the following
criteria were used: R?_ ;- determination coefficient adjusted on the number of
range of discretion; criterion AIC (Akaike criterion); criterion BIC (choice
of the most probable model from an ensemble of ones on the assumption of
their prior equal probability). The details of the approximation procedure
are described in (Florko and Korogodina, 2007).

Hypotheses

PROCESSES IN MERISTEMS AND IN CELLS

At germination of seeds, the adaptations of rootlet meristems as well as
meristem cells are required by the environment, which can result in process of
some changes (reconstructions) in meristems and cells. Irradiation of meristems
can be over by stage of first mitoses that can be considered as an “adapted
stage of seedling” (Fig. 2A), or their death. Some of the irradiated cells come
into mitosis, which can be considered also as “adapted stage of cells” (Fig. 2B),
and the others die. The reconstructions, which are necessary for adaptation, can
be provided by communication processes (I°™/I'*2 > R, > I*/I'"!) or primary
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Fig. 2. The processes in meristems (A) and cells (B). I™¢ — intensity of irradiation; 7°°™ — intensity
of communications; /'™ — intensity of repair. Primary damaged cells (A) or chromosomes (B)
are crossed black, communicative ones — crossed gray, and undamaged ones — white colored.

damages (I24/I'P! > [om/['P2) where ' — intensity of irradiation; ™ — intensity
of communications; P!, I'> — intensities of repair. The abnormalities lead to
death of seedling or cell if repair systems are not effective.

THE ADAPTATION HYPOTHESES IN MATHEMATICAL TERMS

® Primary damages of cells or chromosomes are rare and independent
events and can be described by Poisson distribution;

® The communication processes could induce the appearance of the sec-
ondary abnormalities. This increases the Poisson parameter a;

¢ These reconstructions in meristems and cells provide selection of “adapted”
seedlings and cells. A waiting period of adaptation is exponentially distrib-
uted that results in geometrical distribution on the reconstruction numbers.

Therefore, we conclude that an appearance of number n abnormalities could
include Poisson and geometrical components (Florko and Korogodina, 2007).
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A probability of a number n CCAs (CAs) appearance in adapted meristem
(cell) could be described by the formulas

T, =P +G,

n

P =a—'e"’;Gn =G(1-0)9",
n!

n

where P and G, are probabilities of a number n CCAs (CAs) appearance in P,
G-distributions; parameter « is the sample mean of the P-distributions; ¢ is a
part of seedlings (cells) without CCAs (CAs); G — value of this subpopulation.

Results

BIOLOGICAL VALUES OF SEEDS AND SEEDLINGS

Table 3 presents non-survival of seeds and values that characterize processes
in seedlings meristems and their cells. For the populations located near the
NPP (P2-P6), the non-survival of seeds grew high (up to 80%) in 1999 in

TABLE 3. Antioxidant status and non-survival of seeds, frequencies of both cells with
abnormalities in meristem and chromosomes with abnormalities in cells

Number Non-
Number of ana- AOS survival CAs CAs Mitotic
Seeds  of seeds telofases (C,,) 1-S,% frequency frequency activity
1998
P1 167 726 0.22 10.8 25105 0,05 9.7+0.9
P2 152 942 0.16 34.2 3.1+£0.8 0,03 6.0+0.6
P4 156 518 0.20 19.9 25106 0,04 6.31£0.7
P7 149 763 0.50 134 1.3+0.3 0,02 109 £ 1.0
P8 148 1047 0.80 31.8 32108 0,03 7.8+0.8
P9 167 528 0.76  65.3 46+1.4 0,07 6.1+1.0
P10 153 231 0.66 294 3.2+0.7 0,05 9.7+3.0
P11 153 342 0.83 556 44+09 0,08 73+ 1.0
P12 148 1805 0.28 12.3 1.2+£0.3 0,01 149 £0.9
1999
P2 500 2228 0.16  72.6%%*  32+04% 0,04 17.8 £ 1.2%**
P3 500 3827 0.33 326 54%0.6 0,06 219+ 1.3
P4 500 1035 0.22  83.6¥** 68109 0,09 17.5 £ 1.4%**
P5 500 2209 0.25 67.8 6.3+0.6 0,07 15.0£0.9
Po6 500 2385 0.25 71.6 51204 0,07 179+ 1.1
P11 500 2220 0.50 43.6* 5.5%0.5*% 0,07 9.8 +0.5%*
P12 200 832 0.31  37.5%%* 56+ 0.8%* 0,01 8.0 & 0.6%**

Note: Standard error of the CAs frequency does not exceed 0.01
Comparing 1998 and 1999 data: *p>0.1; **p>0.5; ***p<(.001.
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comparison with 1998 and with those in control populations. The mitotic
activity is higher than the same value over all studied populations in 1998
(p <0.05, ~ threefold), and higher than in P11, P12 plants (F, p < 0.05,
~ twofold) in 1999 (Korogodina et al., 2006).

The correlations of both frequencies of cells with abnormalities and
chromosomes with abnormalities with non-survival of seeds were examined.
The correlation between these values could mean the predominance of one
mechanism influencing the non-survival of seeds. If such correlation is absent,
we can suspect that some mechanisms have approximately equal rights. In
1998, a strong correlation of the (1-S) value with both frequencies of cells with
chromosomal abnormalities (|r,_g 4| = 0.92, df =7, p < 0.001) (Korogodina
et al., 2006) and the CAs (|r, ¢ 4| = 0.76, df =7, p < 0.02) was observed. In
1999, the correlation between the (1-S) value and CCA frequency disappeared
(vl = 0.02), as well as with CA frequency was non-confidence statistically
(Ir,_g cal = 0.51, df = 5). These data indicated that some mechanisms acted in
seeds collected near the NPP in 1999. We can think that observed effects were
induced by radiation and heat factors because the radiation factors were the
same both years and the temperatures were extreme high in all sites in 1999.

The hypothesis of the combined effects of radiation and heat stresses is
verified by our laboratory experiments on pea seeds (the methods are the
same as in natural experiments) (Korogodina et al., 2005). Figure 3 presents
a non-viability of seeds, a frequency of CCAs in root meristem of seed-
lings and a frequency of CAs in meristem cells at y-irradiation (®°Co) with
7cGy and dose rates 0.3; 1.2; 19.1cGy/h. The first group of seeds stored
8 months at 4°C and then was tested. The second one stored 8§ months in
the same conditions and was stressed during the outdoor storage of seeds
(2 months) at extreme high summertime temperatures (32-34°C in Moscow
region) (Korogodina et al., 2005). The non-viability of irradiated seeds of
the second group increased up to 28-62%, whereas frequencies of CCAs
at dose rates 1.2; 19.1cGy/h as well as CAs at dose rate 19.1cGy/h differed
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Fig. 3. The non-viability (A) of pea seeds, frequency of CCAs (B) and frequency of CAs (C)
in seedlings meristem in dependences on dose rate lab irradiation. Explanation in text.
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significantly in comparison with the first group (F-criterion) (Fig. 3). That
is not surprising because high temperatures can induce DNA damages and
apoptosis (Rainwater et al., 1996).

THE STATISTICAL MODELING

The statistical modeling was used to investigate mechanisms in plant seed-
lings and their dependence on irradiation. Table 4 presents the parameters of
distributions of seeds on the number of cells with abnormalities and cells on
the number of chromosomes with abnormalities in 1998 and 1999.

All distributions of seeds include Poisson and geometrical components,
and the Poisson one predominated in 1998. In 1999, the P-value decreased
and averaged sample means increased. It is expected because the heat stress
(1999) increases an appearance of the reactive oxidative species (ROS)

TABLE 4. Parameters of distributions of plantain seeds on cells with abnormalities and
distributions of meristem cells on chromosomes with abnormalities

Distribution of seeds on cells with Distribution of cells on chromosomes
abnormalities with abnormalities
Seeds mG G mP* P* mG1* GI* mG2* G2* mP* P*
1998
P1 1.10+0.05 0.17+£0.03 022 041 0.01 042 0.30 0.07

P2 0.05£0.05 0.10£0.03 0.17 045 0.03 0.26

P4 0.07£0.04 0.06+0.02 0.17 0.64 0.04 0.38

P7 0.14£0.06 0.27*0.04 0.19 0.38 0.02 0.52

P8 0.10£0.06 0.07+£0.02 0.26 0.39 0.03 0.34

P9 240£0.09 0.01£0.01 036 0.19 0.07 0.39 0.28 0.04

P10 2.30+0.06 0.04%+0.02 032 046 0.03 0.35

P11 0.70 £0.10 0.09£0.02 0.45 0.21 non-confidence statistically data

P12 0.06 £0.04 0.12£0.03 0.21 0.69 0.01 09
av. 0771032 0.10x0.03 026 042
1999

P2 1.05+£0.17 0.13£0.01 036 0.11 0.02 043 0.14 0.12
P3 1.85+£0.13 0.30£0.02 1.20 037 0.02 040 0.11  0.55

P4 201 +046 0.02£0.01 126 0.12 0.03 0.25 0.53 0.03
PS5 0.08+0.31 0.04£0.01 1.20 0.26 0.06 0.50 0.23  0.05

P6 2451042 0.04£0.01 096 021 0.02 0.36 0.22 0.12
P11 032£0.13 0.10£0.01 0.84 0.33 0.02 0.36 0.20 0.17
P12 1.81£034 0.12£0.02 036 039 0.02 0.19 0.35 0.03
av. 1.36 £ 0.34 0.11 £0.02 0.89 0.26

*Standard errors of the parameters do not exceed 20-30% (the sample means) and 10-15% (the relative
values)
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(Rainwater et al., 1996), which induce the DNA damages (Janssen et al.,
1993 ) and apoptosis (Davies, 2000). The ROS increase the communicative
processes (Burlakova et al., 2001) that result in the decreasing of the
P-subpopulations also.

In 1998, some populations of cells are geometrical-distributed on the
number of CAs. Two distributions of cells include the first and the second
geometrical components (their plantain populations located in high chemical-
polluted sites (Korogodina et al., 2000) ). One cell population is P-distributed
(these plants were growing near the accelerator). In 1999, all distributions
are compound of two-geometrical or geometrical plus Poisson components.
The Poisson component is observed in populations growing at the border of
sanitary zone, in Chernobyl trace territory and near the accelerator.

It is interesting that cells” distributions on the number of CAs can be
geometrical whereas seeds’ distributions on the number of CCAs could
have Poisson component. We explain this fact by more intensive irradiation
of meristem as a whole than each separate cell. It suggests that irradiation
effects are more pronounced in meristems than in cells.

THE AOS- AND DOSE-DEPENDENCE OF MODELS’ PARAMETERS

The relative NPP fallouts dose is the same for populations P2 (AOS, ~0.16)
and P3 (AOS,, ~0.33), therefore it is possible to compare their characteristics in
dependence on AOS of seeds. Figure 4 shows the AOS- and dose-dependence
of distributions of seeds on the number of cells with abnormalities. The sample
means and values of both P and G-distributions of seeds increase with seeds AOS
(p <0.05) (Fig. 4A, B). G-graphs split on two ones according to the sites distance
from the NPP (AOS,, of seeds growing at the border and inside of sanitary zone
are ~0.22-0.25). By means of interpolation, the distributions parameters for
the “conventional” population in Balakovo (with AOS, ~0.23) were determined.
Near the NPP, the non-linear dose-dependence of the P- and G-parameters is
observed (Figs. 4C, D). It is stronger for G-parameters: the sample mean
is increased at the border of sanitary zone (not significantly) and decreased inside
it (p < 0.05); the G-value is decreased dramatically for those populations
(p < 0.001) in comparison with P2, P3 ones. P-parameters are dependent on
NPP fallouts in this dose interval to a lesser degree, not significantly.

Figure 5 shows the parameters of distribution of cells on the number of
chromosomes with abnormalities in dependence on seeds’ AOS and NPP
fallouts relative dose. The Gl-sample mean is not dependent significantly
on seeds AOS and dose irradiation (Fig. 5A, C). It can be suggested that
G1-cells are more stable, in contrast with G2- and P-ones, which have fast
changed genotype. Cells in meristem can be divided into two groups: the first
- (G1) subpopulation and the second — (G2 + P) one.
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Fig 4. The dependence of parameters of distributions of seeds on CCA numbers on antioxidant
status (A, B) and the relative NPP fallout dose (C, D) in 1999. The parameters of subpopulations:
P —red (1), G — green (2). The regressions, A: for P2, P3 y = —0,48 + 5,04x (p < 0.05) (1), y = 0.25
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(p <0.05) (1), y =—0.04 + 1.02x (p < 0.05) (2); for P4, P6 y = —0.10 + 0.53x (p < 0.05) (2a); C: for
P2-P6 polynomial fits (1, 2); D: for P2-P6 polynomial fit (1); y = 100/x'* + 0.027 (2).
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Fig 5. The dependence of parameters of distributions of meristem cells on CCA numbers on
antioxidant status (A, B) and the relative NPP fallout dose (C, D) in 1999. The parameters of sub-
populations: P —red, G1 —light green; G2 —dark green. Subpopulation G1 — curve 1, G2 + P ones
—2. The regressions, B: for all populations y = 0.73x + 0.02 (p < 0.05) (1), y = 0.77x—0.12 (p < 0.05)
(2); C: for P2-P6 polynomial fits (1, 2); D: for P2-P6 polynomial fit (1); y = 100/x'+ + 0.027 (2).
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The distribution parameters of these two subpopulations of cells show the
similar regularities as parameters of seeds distributions. Their values increase
with AOS (p < 0.05) (Fig. 5B). It is observed a partition of “G2., + P.,”
graphs into two ones. Figure 5C, D demonstrates a non-linear dependence of
distribution parameters on NPP fallouts dose. The values of subpopulation
(G2, *+ P,) are decreased in populations growing at the border and inside of
sanitary zone (p < 0.001) (Fig. SD). The dose-decrease of the subpopulations
of cells with fast changed genotype is correlated with that of the subpopula-
tion of seeds with cell-to-cell communication (|| = 0.97; df = 3; p < 0.01).

Discussion

TWO EVOLUTION STRATEGIES OF SURVIVAL

In Poisson subpopulation, repair systems decrease the primary damages and
mutations. So, survival is negative connected with a number of abnormali-
ties and their frequency. In geometrical subpopulation, the communicative
processes increase a number of abnormalities, which are accumulated. If
values of geometrical and Poisson subpopulations are congruent quanti-
ties, survival become positive connected with a number of abnormalities
and their frequency. Figure 6 shows correlations between survival of seeds
and frequency of cells with abnormalities in root meristem. In 1998, a nega-
tive correlation is observed (Fig. 6A). In 1999, a correlation is positive for
populations P2, P3, P11, P12 and negative for P4, PS5, P6 ones (Fig. 6B).
Table 3 shows that P-distribution is predominated in all populations in 1998
and at the border and inside of sanitary zone (P4, P5, P6) in 1999.

We can conclude that two strategies of survival are observed: at middle-
lethal irradiation (Poisson distribution) and stressed low-intensity one
(geometrical distribution). In the first case cells rid oneself of DNA damages
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Fig 6. Negative and positive connections of the numbers of CCAs in meristem with seeds
survival. Survival marked in white and numbers of CCAs/meristem in black colors.
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by protection systems. In the second one, stresses activate the repair systems,
which maintain DNA changes. These repair systems are homologous to mismatch
repair one of E. coli that influences multiple aspects of genetic stability,
including genome rearrangement (reviewed in (Longerich et al., 1995)).
In both cases the numbers of abnormalities increase whereas old genotype
eliminate, especially at looking for new adaptive genotypes. In 1939 N.W.
Timofeeff-Ressovsky pointed out for the first time (Timofeeff-Ressovsky,
1939) that microevolution process includes necessary both the increasing of
the material for evolution and decreasing of a part of old population. Then
Eigen and Schuster (1979) have shown that elimination of organisms with
old genotypes is necessary for survival of new ones in the view of living
resources of adapted population.

Conclusions

e [rradiation factor ~1.4keV/nucleus influences the communicative processes;
¢ The irradiation effects are more pronounced in meristems than in cells;
e The communicative processes in meristem are AOS-dependent;

e Dose-dependent microevolution process is observed (an appearance
of new genotypes and their selection) in indigenous populations under
the combined effect of NPP atmosphere fallouts and higher summer
temperatures;

e Statistical biomarker of stress effects is intensification of the communi-
cative processes;

e Strategies of survival of populations are different for middle- lethal
doses and those, which are not exceed norms of their ecological niche
(stresses). The first maintains old genotypes, and the second look for new
adapted ones.
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Abstract: For the last 15 years, we have investigated low dose radiation
genetic effects on human populations affected by the Chernobyl accident.
Cytogenetic longitudinal investigations showed that amount of radiation
markers for clean-up workers remained at the elevated level and had trend
to grow up with the time. A dynamic profile of the amount of aberrations
confirms that this group has symptoms of the genomic instability. State of
the genomic instability correlates with accumulation of clastogenic factors,
responsible for increased genomic instability in clean-up workers peripheral
blood. As a model for clastogenic activity testing, we used human keratino-
cyte cell line with blocked 1st check point of cell cycle. Our results confirm
that cytogenetic and molecular effects of irradiation can be fixed even 20
years after the Chernobyl accident.

Keywords: Chernobyl accident; liquidators; affected populations; clastogenic factors;
bystander effect; cytogenetic and molecular effects; low dose

Introduction

Today problem of genomic instability is crucial point of modern radiobiology.
In a lot of publications they have shown that people suffered from additional
irradiation manifest the stable long time elevation of chromosomal aberrations
(Melnov, 2004). Mechanism of this event is not clear until now.

From the other side, in a last few years phenomenon of radiation-induced
bystander effect has been fixed (Nagasawa and Little, 1992; Mothersill and
Seymour, 1997).
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In our understanding, bystander effect could be a key point of the genomic
instability formation in vivo. In such situation, clastogenic bystander inducers
may be spreaded out via blood serum in body. Possibility of spreading of
such factors via liquid phase previously has been shown in vitro (Mothersill
and Seymour, 1997).

Basing on this idea, we investigated the clastogenic effect of the serum
samples from the patients affected by radiation from different sources and
compared it with serum samples from patients suffered from acute and
chronic virus diseases.

Materials and Methods

CELL CULTURES
HPV-G cells

The HPV-G cell line is a human keratinocyte line, which has been immortalised
by transfection with the HPV virus, rendering the cells p53 null. They grow
in culture to form a monolayer, display contact inhibition and gap junction
intracellular communication.

HPV-G cells were cultured in Dulbecco’s MEM: F12 (1:1) medium sup-
plemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1%
L-glutamine and 1pg/mL hydrocortisone. The cells were maintained in an
incubator at 37°C, with 95% humidity and 5% carbon dioxide and routinely
subcultured every 8-10 days. When 80-100% confluent, the medium was
poured from the flask and replaced with 1:1 solution of versene (InM solu-
tion) to trypsin (0.25% in Hank’s Balanced Salt Solution) (Gibco, Irvine,
UK) after washing with sterile PBS. The flask was placed in the incubator
at 37°C for about 11 min until the cells started to detach. The flask was then
shaken to ensure that all cells had been removed from the base of the flask.
The cell suspension was added to an equal volume of DMEM F12 medium
to neutralize the trypsin. From this solution new flasks could be seeded at
the required cell quantity.

Human peripheral blood lymphocytes

Blood samples were collected by standard venous puncture and stored with
heparin (20 units/mL) no longer than 2-3 h before treatment. Human periph-
eral blood lymphocytes were cultured in RPMI-1640 medium (100mL),
including fetal bovine serum (20%), and gentamycin (0,2%). 4.5mL of mix-
tures were aliquoted into S0mL culture flasks and frozen at —20°C, before
cultivation.
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SAMPLE DONORS

The victims of the Chernobyl accident included three main categories:
Chernobyl liquidators 1986-1987, workers from Polessky State Radiation
and Environment Reserve (PSRER workers) and people living in territo-
ries of Gomel region contaminated by radionuclides. The control group
were clinically healthy people corresponding to other groups in age and
Sex aspects.

BLOOD SERUM EXTRACTION

The blood samples were taken and placed in Vacutainers for serum extraction
(Becton Dickinson), centrifuged at 2,000g for 10min, and the serums were
frozen and stored at —20°C before use. Before freezing the serum was filtered
through Nalgene 0.22 um filters in order to remove all residual cell components
of the blood.

ROUTINE CYTOGENETIC TEST

At the day of analysis flasks with medium were defrosted, 0.5mL of blood
was added and 0.13mL of PHAM (Sigma, 1 mg/1 mL). Flasks were cultivated
in incubators for 48 h at 37°C. About 3 h before the end of cultivation 30 uL/
flacks (standard stock solution) of colchicine was added. Lymphocytes were
centrifuged for S5min at 1,500 rpm, supernatant was removed and cells are
washed with warm 0.55% KCl solution (at 37°C) for 20-25min at incubator.
Cells were fixed using Karnua solution (1 part of glacial acetic acid and
3 parts of methanol, SmL of solution per flask). Cold fixator was changed
three times for 10, 20 and 10 min.

Suspensions were mounted on microscope glasses (3—4 drops of sample
per glass) and dried at 40-42°C. Cells were stained using 10% Giemsa solution
for 8min and after drying analyzed under light microscope. Only cells with
the chromosomes number between 44 and 47 were analyzed.

MICRONUCLEI TEST

After seeding human keratinocytes, cells were left at 37°C in the CO, incubator
to attach for 12h. The blood serum from affected populations was added to
24 cm? flasks (NUNC, USA) (6000 cells per flask) 1-2 days after seeding,
and cells were cultivated in the incubator for 1-2h. Then cytochalasine B
was added (7ug/mL concentration) and the cells were incubated for 24 h,
additionally.
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After this the cell-culture medium was removed, the cells were washed
with PBS and fixed with chilled Karnua solution (1 part of glacial acetic acid
and 3 parts of methanol, 10-15mL three times for 10-20min). Later flasks
were dried and stained with 10% Giemsa solution.

The micronuclei count was carried out under inverted microscope (X400).
Micronuclei were counted only in binucleated cells (1,000 binucleated cells
per flask). All the data is calculated as the micronuclei number recorded per
1,000 binucleated cells (micronuclei were analyzed only in binucleated cells).

Results and Discussions

Results of the dynamic investigation of the main group (liquidators) has
been analyzed (Marozik et al., 2007) and presented on Figs. 1 and 2.

Shortly summarizing this data, one can conclude that with time the sum
of aberrations is growing up constantly, and maximal level has been fixed in
2004-2005 (Fig. 1). At the same time, we did not fix prominent dynamics for
markers (Fig. 2), dicentric and ring chromosomes — main irradiation specific
cytogenetic markers.

It means that the main increase of the total number of aberrations took
place because of the elevated levels of unspecific aberrations (predominantly
single and double fragments). In other words, investigated group manifested
the presence of genomic instability symptoms in somatic cells.

This conclusion is absolutely reliable in comparison with the same data
for control group (Figs. 3 and 4), were dynamics of the same parameters are
absolutely different.

In control group statistically reliable dynamics for both total number of
aberrations and for the level of marker aberrations were absent.

So, basing on this one can conclude that even 20 years after the
Chernobyl accident liquidators had the cytogenetic effects in peripheral
blood lymphocytes.

This situation was typical not only for liquidators, but also for children-
prominent residents of contaminated areas.

Our results presented on Fig. 5 show the results of the investigation of
the children from the special areas of Brest region where situation is charac-
terized by quick migration of radionuclides along the food chains, resulting
in their high accumulation in human body (children — “accumulators™).

This group has been investigated three times with interval 2-3 years
(whole period — 8 years).

Analyzing data from Fig. 5, we were able to confirm that dynamics of the
investigated parameters of cytogenetic status in this group is very close to
liquidator situation — practically all types of aberrations increased with the
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time, but main elevation was connected with unspecific aberrations (single

and double fragments) predominantly.

So we can conclude that the genomic instability is a typical phenomenon
for human somatic cells in delayed period of time after irradiation as for
short-time middle dose (liquidators) so as for low dose chronic irradiation

(children from contaminated areas).
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During the investigation we collected blood samples from four groups
of patients: liquidators (short-time irradiation), workers of Polessky State
Radiation and Environmental Reserve (PSRER, 30 km area around Chernobyl
station — low dose chronic irradiation), people from contaminated territories
of Gomel region suffered with hepatitis C and children from Gomel region
with acute virus infection (flu).

Results of the incubation of keratinocytes in the presence of serum samples
from liquidators are summarized in Fig. 6.

Basing on collected data, we can conclude that liquidators serum samples
showed real clastogenic effect — the amount of induced micronuclei (in com-
parison with control group serum samples) increased approximately in three
times (273.7 £ 22.4 and 91.8 £ 12.4, correspondingly; p < 0.01).

Specially important that these serums induced elevated levels of polymicro-
nuclei cells (e.g., in control group cells with three micronuclei were absent
absolutely).

Similar situation took place for workers of PSRER (Fig. 7).

Again the discrepancies between main and control groups were statistically
reliable (the total micronuclei frequency 260.3 + 18.3 vs. 91.8 £ 12.4; frequency
of cells with micronuclei 232.2 £ 13.1 vs. 84.2 £ 11.5; p < 0.05). At the same
time, the discrepancy between levels of micronuclei for liquidators and PSRER
workers was statistically unreliable, but at the same time, for PSRER workers
induced levels were constantly a little bit lower than for liquidators.

Similar situation has been fixed for two other investigated groups — for
patients with chronic (hepatitis C) and for children with the acute (flu) virus
infection (Figs. 8 and 9). Maximal induced level has been fixed for patient
with acute virus infections (Fig. 9).
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But we need to mention that 2 weeks later after virus infection the level
of clastogenic factors for patients recovered from virus infection moved to
norm, and serums did not induced additional micronuclei. In the serum
samples from patients with chronic virus infection (hepatitis C) these factors
continued to exist.

The similarity of clastogenic factor profiles for people affected by
radiation and virus infection could be rooted in the similar role and higher
induction of free radicals. Their effect for radiation effects is of common
knowledge today. At the same time, it is well known that free radicals are
generated in excess in a diverse array of microbial infections. Free-radical
induced pathogenicity in virus infections is of great importance, because
evidence suggests that NO and oxygen radicals such as superoxide are key
molecules in the pathogenesis of various infectious diseases and have practically
radio mimetic effect (Kash et al., 2004). Although oxygen radicals and NO
have an antimicrobial effect on bacteria and protozoa, they have opposing
effects in virus infections such as influenza virus pneumonia and several
other neurotropic virus infections. The unique biological properties of free
radicals are further illustrated by recent evidence showing accelerated viral
mutation by NO-induced oxidative stress (Akaike, 2001).

Neutrophil host defense mechanisms are categorized as oxidative and
non-oxidative. Oxidative mechanisms rely upon the production of superoxide,
primarily by the multisubunit enzyme NADPH oxidase. ROS are also
implicated in the activation of transcriptional factors (NF-kB and activator
protein 1) leading to the transcription of genes that accentuate the inflammatory
process (Swaun et al., 2004). Expression microarray analysis performed on
lung tissues isolated from the infected animals showed activation of many
genes involved in the inflammatory response, including cytokine, apoptosis
and lymphocyte genes that were common to different infection groups.

Our data above gave us possibility to suggest that elevated level of chromo-
some aberrations will be stimulated by clastogenic factors and at the same
time with activated their synthesis. If such idea is correct, there should be
direct correlation between clastogenic effect of serum samples and the level
of aberrations in the lymphocytes from the same blood samples.

In Table 1, shown earlier correlation between cytogenetic status parameters
and the level micronuclei induction is presented.

Our results confirm that there is stable and deep correlation between
the number of induced micronuclei and unspecific aberrations (single
fragments » = 0.50; double fragments r = 0.49; p < 0.005) and total
number of aberrations and aberrant cells (r = 0.76 and r = 0.65, corre-
spondingly; p < 0.005 for both). In our opinion, it means that there is
direct correlation between genomic destabilization and accumulation of
clastogenic factors.
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TABLE 1. Correlation matrix (by Spearman) for cytogenetic parameters compared to induced
effect

Parameters of comparison, % Number of cells with MN, %o Total MN number, %o
Single fragments 0.50* 0.62*

Double fragments 0.49* 0.55*

Dicentric and ring 0.07** 0.08**

Atypic chromosomes —0.24%%* —0.24%%*

Polyploid cells 0.13%* 0.10%**

Number of aberrant cells 0.65* 0.71*

Total number of aberrations 0.76* 0.84*

*p <0.005; **p > 0.1

Conclusions

Shortly summarizing our results, we can confirm the next:

e After irradiation destabilized genome initiate the cell production of
bystander factors, able to stimulate the increase of the genomic destabili-
zation of other somatic cells, transforming this situation in long time effect,
possibly responsible for delayed health effects;

¢ Virus infections, which are able to increase the level of free radicals, can
stimulate the same effect. But duration of its manifestation is depended
upon the type of virus: if the decease is temporal, such situation will take
place only during the acute phase; in the chronic situation (hepatitis C) it
is a prominent effect.

Shortly speaking, our data confirm that radiation-induced bystander
effect, induced in vivo, is a standard biological phenomena, responsible for
delayed health effect of radiation.

References

Akaike, Takaaki, 2001, Role of free radicals in viral pathogenesis and mutation, Rev Med
Virol 11(2):87-101.

Kash, J.C., Basler, C.F., Garcia-Sastre, A., Carter, V., Billharz, R., Swayne, D.E., Przygodzki,
R.M., Taubennerger, J K., Katze, M.G., and Tumpey, T.M., 2004, Global host immune
response: pathogenesis and transcriptional profiling of type A influenza viruses expressing
the hemagglutinin and neuraminidase genes from the 1918 pandemic virus, J Virol 78
(17):9499-511.

Marozik, P., Mothersill, C., Seymour, C.B., Mosse, 1., and Melnov, S., 2007, Bystander effect
induced by serum from the survivors of the Chernobyl accident, Exp Haem, 35:55-63.
Melnov, S.B., 2004, Molecular and Genetic Effects of Ecological Trouble ( Possibilities of Flow

Cytometry), Committee “Chernobyl children”, Minsk, pp. 10-32.

Mothersill, C. and Seymour, C., 1997, Medium from irradiated human epithelial cells but not
human fibroblasts reduces the clonogenic survival of unirradiated cells, Int J Radiat Biol
71:421-427.



182 S. MELNOV ET AL.

Nagasawa, H. and Little, J.B., 1992, Induction of sister chromatid exchanges by extremely low
doses of alpha-particles, Cancer Res 52:6394-396.

Swaun, S.D., Wright, TW., Degel, PM., et al., 2004, Neither neutrophils nor reactive oxygen
species contribute to tissue damage during Pheumocystis pneumonia in mice, Infect
Immun 72(10):5722-732.



SECTION 4
MULTIPLE STRESSORS: MECHANISMS



CHAPTER 13

MULTIDISCIPLINARY ASPECTS OF REGULATORY SYSTEMS
RELEVANT TO MULTIPLE STRESSORS: AGING, XENOBIOTICS
AND RADIATION
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Abstract: Free-radical biology, which is central to the fields of radiation,
aging and xenobiotics, has shifted from a paradigm highlighting damage to
a paradigm emphasizing the role of free radicals in regulatory processes. A
unified approach is possible since multiple stressors tend to activate a coordi-
nated set of common mechanisms. These include antioxidant defenses, metal
chelators, DNA repair systems, heat-shock proteins, xenobiotic efflux trans-
porters, protein degradation systems, cell survival and apoptosis pathways
and detoxification systems. Nearly all MAPK signal transduction pathways
employ oxidative signaling, largely generated via membrane-bound NADPH
oxidase systems. These regulate most cellular stress, growth and apoptotic
responses. A new global perspective highlighting “Electroplasmic Cycles”
incorporates numerous cellular aspects of control including free radicals,
protein and histone modifications, nuclear—cytoplasmic transport, and ion
channels. Aspects critical to multiple stressors include complex interactions
related to apoptosis-necrosis, immunological responses (Toll-like receptors),
bystander effects, chaperone proteins, and multiple xenobiotic efflux pro-
teins. The synthesis suggests that a systems approach to multiple stressor
impacts is required since understanding requires holistic appreciation of
integrated regulatory circuitry.
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The Regulatory Paradigm

Free-radical and radiation biology are rapidly expanding from a
paradigm emphasizing damage, protection and repair (see McBride
et al., 2004) to encompass the pervasive regulatory impacts of reactive
oxygen, nitrogen, and peroxidation species (e.g. Fornace, 1992; Herrlich
et al., 1999; Schmidt-Ullrich et al., 2000; Bauer, 2002; Droge, 2002,
2005; Dent et al., 2003; Finkel, 2003; Esposito et al., 2004; Balaban
et al., 2005; Cai, 2005; Fedoroff, 2006; Meng et al., 2006). This is globally
applicable to growth, development, organismal and cellular function,
aging, stress, xenobiotics, radiation, immunology, transformation and
numerous pathologies. Regulatory impacts of radiation and xenobiotics
trace largely to generation of free radicals from water by radiation and
xenobiotic detoxification (e.g. p450 monooxygenases). Metals are par-
ticularly important pollutants as they synergize conversion of relatively
benign reactive oxygen species such as superoxide and hydrogen peroxide
to the more harmful hydroxyl radical (e.g. iron and Fenton chemistry).
Very small changes in transition metals can have large impacts such as
alterations in p53 function (Meplan et al., 2000). Moreover, antioxidants,
particularly the glutathione (GSH) system, importantly regulate cellular
redox status. All of these aspects are also incorporated in the prevailing
free-radical theory of aging which predicts that chronic production of
endogenous free radicals from mitochondria, NADPH oxidases (NOX)
and other processes results in damage to DNA, proteins and lipids.
Accumulating damage impacts cellular constituents, organelles, extracel-
lular matrix, tissues and organ systems resulting in an aging organismal
phenotype.

Radiation, xenobiotics and aging are unified by their joint link-
age to free-radical biology. In fact, the free-radical theory of aging
was derived directly from radiation biology (Harman, 1956). Diverse
stressors (e.g. free radicals, radiation, heat, toxins, ionic disruption,
dietary restriction, and even severe sleep deprivation) invoke a gener-
alized and coordinated upregulation of numerous defensive systems
(Jazwinski, 1996; Martin et al., 1996; Rollo, 2002; Gems and McElwee,
2005). These include antioxidants, metal chelators, heat-shock proteins,
DNA repair systems, protein degradation systems, P450 monooxygen-
ases, glutathione-S-transferases, apoptotic pathways and multiple drug
resistance (efflux) proteins. Most models of extended longevity express
stress-resistant phenotypes, and selection for multiple-stress resistance
can yield extended maximal longevities (Wang et al., 2004; Frankel and
Rogina, 2006; Stuart and Brown, 2006; Wang and Tissenbaum, 2006).
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Cysteine—-Methionine Residues, NADPH Oxidase and Redox Regulation

Advances in free-radical-mediated signaling have involved parallel increases
in understanding NOX and redox-sensitive residues of diverse regulatory
peptides (Scmidt-Ullrich et al., 2000; Bauer, 2002; Droge, 2002, 2005; Dent
et al., 2003; Cai, 2005; Kuroda et al., 2005). Mitochondria are generally
considered the main source of cellular free radicals (see Balaban et al., 2005)
but NOX isoforms are highlighted more in signal transduction. Regardless,
mitochondrial function and NOX are linked via mutual impingement on
NAD-NADH and the associated cellular redox environment (Rollo, 2006).
Redox state regulates numerous signal transduction and transcription factors
largely via reversible oxidation or reduction of sensitive cysteine and methio-
nine residues. General oxidative inhibition of tyrosine phosphatases means
that cell signal transduction via antagonistic phosphatases and kinases is
redox dependent. Tyrosine phosphatases can also recognize phosphorylated
serine/threonine residues (Meng et al., 2006).

Redox balance and associated cysteine residue status are mainly modu-
lated by the glutathione antioxidant system. Thioredoxin and glutaredoxin
augment GSH reduction of critical residues in signaling molecules (NOX-
dependent processes) that control ion channels, the cell cycle, apoptosis,
mitochondrial functioning, cytoplasmic-nuclear shuttling (e.g. RNA and
transcription factors), stress, repair and degradation systems, secretion,
excretion and nutrient uptake. Coordinated temporal cycling of numerous
important functions is closely linked to shifts between oxidative and reducing
redox status (with the reduced state being basal). This includes cycles involv-
ing membrane polarization, intracellular pH, calcium and potassium levels.
Complications include localized alterations in redox status within various
cellular compartments. Oxidative stress from multiple stressors is likely to
trigger multiple mechanisms and pathways simultaneously (see Dent et al.,
2003). Although some aspects may allow protective compensation, general
upregulation of redox-sensitive systems is likely to be disruptive.

The co-repressor, carboxyl-terminal binding protein (CtBP) regulates
numerous aspects of development, the cell cycle and transformation via bind-
ing to transcriptional repressors. Such binding is positively linked to NADH,
allowing CtBT to serve as a redox sensor (Zhang et al., 2002). Furthermore,
some NOX isoforms are localized to the nucleus where they generate SOR.
In endothelial cells nuclear NOX4 activity increases the transcription of
genes containing the MARE response element that coordinates part of the
oxidative stress response (Kuroda et al., 2005). Since cellular redox state
and NOX function both hinge on NADH, Kuroda et al. (2005) suggest that
NOX4 also functions as a nuclear redox sensor. Silencing of NOX4 prevents
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induction of the “unfolded protein” stress response (Fedoroff, 2006). NOX4
may also contribute to the cellular senescence phenotype via alterations
which may include impacts on telomeres.

SOME FEATURES REGULATED BY REVERSIBLE OXIDATION/
NITROSYLATION OF PROTEIN CYSTEINE AND METHIONINE
RESIDUES

Pathways: (MAPK-ERK, PI3K, JAK-STAT, p38, INK)
Growth factors, cytokines

Mitochondrial complex I

Creatine kinase

Caspases

Tyrosine phosphatases (e.g. PTP1B, PTN, SHPs, MKPs)

Ion channels (many)

Nuclear transport (import and export recognition sequences)
Transcription factors (e.g. AP-1, p53, NFkB, HIF-1a, glucocorticoid receptor)
Keap-Nrf2-ARE phase 2 genes

Protease inhibitors

Proteases

Glutathione, thioredoxin, peroxiredoxin

Thiol peroxidase

Chaperones

Ion Channels, Free Radicals and Radiation

Whereas the free-radical theory of aging has dominated gerontological and
radiation research, in the realm of neurodegenerative disease and aging, a
paradigm highlighting Ca?* dysregulation has also predominated for at least
25 years. An ion channel perspective may in fact be expanded to subsume
free-radical biology. Presumably ion channels were already crucially deployed
in cells living in ancient reducing environments, with redox regulation being
elaborated for protection against radiation (before the ozone layer) and
as atmospheric oxygen increased. The basal reducing state of cells likely
reflects this early heritage, which is at least as ancient as the preservation of
cellular ionic conditions resembling seawater. Many pesticides impact ion
channels and can alter numerous features including brain neurochemistry
(particularly the dopamine system) (Richardson et al., 2006). Most antibiotics
(like Rapamycin) impact ion channels. Furthermore, nearly all evolved
toxins and venoms target channels, and at least one third of medicinal
drugs act on channels (Pardo et al., 2005). The association of NOX with
ion channels links free-radical production directly to ion channel activities,
and a voluminous literature documenting the involvement of NOX isoforms
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in obesity, diabetes, atherosclerosis, cancer, neurotransmission, long-term
potentiation and memory, most neurodegenerative diseases, growth factor
signaling, cellular pH and redox state, immunological activities and aging.

Radiation deposition of energy into cells causes some direct damage but
it also lyses water to form free radicals (including damaging hydroxyl radicals).
Low-level y-irradiation activates outward K* channels within seconds. This
is associated with generation of free radicals by radiation, and the response
is inhibited by N-acetyl cysteine. K* channel activation is implicated in other
stress responses such as to heat or hydrogen peroxide (Kuo et al., 1993).
K* channels are regulated by reversible oxidation of sensitive cysteine and
methionine residues (Ruppersberg et al., 1991; Chen et al., 2000). This can
modulate neuronal excitability. Reactive oxygen species generally allow Ca>*
entry and disrupt Ca®* homeostasis in a variety of cell types (Huang et al.,
2003). ROS generally impair and antioxidants often protect ion transport
proteins underlying transmembrane signal transduction. Kourie (1998)
reviews such impacts for (i) ion channels such as those for Ca®* (including
voltage-sensitive L-type Ca?" currents, dihydropyridine receptor voltage
sensors, ryanodine receptor Ca’*-release channels, and D-myo-inositol
1,4,5-trisphosphate receptor Ca’*-release channels), K* channels (such as
Ca?*-activated K* channels, inward and outward K* currents, and ATP-
sensitive K* channels), Na* channels, and CI~ channels; (ii) ion pumps, such
as sarcoplasmic reticulum and sarcolemmal Ca?* pumps, Na*-K*-ATPase
(Na* pump), and H*-ATPase (H* pump); (iii) ion exchangers such as the
Na*/Ca?" exchanger and Na*/H* exchanger; and (iv) ion cotransporters such
as K*-CI", Na™-K"-CI~, and P—Na" cotransporters.

Many of the features listed earlier for free-radical processes have very
broad impacts on cell functions in their own right. Consider ion channels:

MAJOR FUNCTIONS REGULATED BY ION CHANNELS

e Cell size

e Osmotic pressure

e Electrical polarization, depolarization

e Nutrient uptake (including amino acids)
e Neuroendocrine secretion and re-uptake
¢ Regulation of pH

e Excretion, detoxification

e Muscle contraction

e Redox control

e Aquaporins transport (including hydrogen peroxide)
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All of the earlier circumstances highlight a critical linkage between
free-radical processes, ionic alterations, channel functions and electrical
properties. Consequently, the temporal organization of cells might well
reflect “Electroplasmic Cycles.” Many critically important cell transduction-
transcription factor pathways are redox-ion regulated and sensitive to the
impacts of radiation (particularly ionizing radiation) and xenobiotics (see later).
A global perspective reveals the existence of redox-associated cycles that
dichotomously coordinate major organismal and cellular functions. Probably
the most obvious resolution of such cycling is circadian (24 h) rhythmicity.
This is associated with endogenous clocks and the antagonistic functioning of
the waking versus sleeping states. These states in turn represent opposing
watersheds of regulation of various functions by the stress hormone axis in
waking versus the growth hormone axis in sleeping (The clockwork genome
hypothesis — Rollo, 2007). Although the circadian rhythm is the most obvious
expression of endogenous rhythmicity, it is actually composed of and emerges
from shorter-duration cycles. Of these, the ultradian rhythms of foraging-feeding
and sleep (period lengths of 3-4h) are well established. Even finer resolution
of cycling can be found; however, some examples of nuclear shuttling being
remarkably fast. This may allow both nuclear import and export to be carried
out within relatively short time frames. Rhythmicity is critical for a multiple
stressor paradigm since biological systems respond differently at different
cycle phases (e.g. the effectiveness of drugs and detoxification systems shows
strong circadian variation).

Yin—-Yang Cycles of Redox and Cell Functions (The Electroplasmic Cycle)

Oxidizing Reducing

Elevated reactive oxygen species Lower reactive oxygen species
Elevated reactive nitrogen species Lower reactive nitrogen species
Increasing GSSG/GSH ratio Lower GSSG/GSH ratio
NAD(P)H oxidase activity Reduced NOX activity

Acidification Alkalization

Catabolism Anabolism

Activity, output Inactivity, sleep (stimulated by GSSG)
Depolarization Hyperpolarization

Elevated intracellular Ca* Reduced intracellular Ca?*
Decreased intracellular K* Increased intracellular K*
Kinase activity Phosphatase activity
Acetylation (p300/CBP) Deacetylation (HDAC, SIRTs)
Oxidized cysteine residues Reduced cysteine residues
Oxidized methionine residues Reduced methionine residues

Nuclear import (e.g. AP-1, NF-xB) Nuclear export (AP-1, NF-kB)
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Spatial Compartments

Besides temporal aspects, organ, tissue and intracellular compartmentalization
is crucial to specialized functioning. Spatial compartmentalization
of glutathione, particularly cytosolic versus mitochondrial pools, may be
highly relevant to radiation. Lack of clear dose-response relationships
for low dose radiation is an outstanding quandary for radiation biology.
One factor may be the presence of a large effective buffer of reduced
glutathione such that discernable impacts require 40-50% depletion of
mitochondrial GSH (Han et al., 2003). Initial depletion of mitochondrial
GSH has little effect but a dose-response relationship in mitochondrial
H,0, production emerges beyond a threshold of 50% GSH depletion. A
further compensation to redox stress involves the anti-apoptotic function of
bel-2. Besides raising cellular levels of GSH, bcl-2 redistributes GSH from
the cytosol into the nucleus. Whereas the nucleus normally sequesters ~30%
of cellular GSH, bcl-2 upregulation increases this to ~75% (Voehringer et
al., 1998). This mechanism would probably antagonize radiation impacts,
particularly at low doses, and like GSH buffering in mitochondria, yield
a threshold response to increasing radiation dosage. Ubiquitination is
also partially regulated by spatial localization. The ubiquitin-conjugating
enzyme is transported into the nucleus if charged with ubiquitin (Sommer
and Jarosch, 2005). Regardless of the impacts of cytosolic redox status,
the DNA binding of many transcription factors (e.g. AP-1, p53, NF-kB)
require reduction of sensitive cysteine residues in the DNA binding region.
The co-activator, Ref-1 serves to reduce such cysteines and synergizes
transcription (Meplan et al., 2000). Such activity could act in concert with
the import of GSH by bcl-2, creating some dichotomy between cytosolic
and nuclear regulation.

Cytoplasmic—Nuclear Transport

Of critical importance to both spatial and temporal regulatory impacts is
cytoplasmic—nuclear transport of materials into or out of the nucleus (Macara,
2001). This applies to histone protein H1, actin, ribosomal proteins, Cyclin B1,
p53, Smad, PKA, PKC, FOXO, MEK1, ERK, c-fos, protein kinase inhibitor
o, p38, STATI, helicase, STATS, androgen receptor, parathyroid hormone-
related protein, fibroblast growth factor, p53, human telomerase, NF-AT4,
histone deacetylase2/6, tRNA, and mRNA (Kudo et al., 1999a,b; Verdel et al.,
2000; Strom and Weis, 2001; Poon and Jans, 2005; Wiedlocha et al., 2005).
Many of these elements shuttle between the cytoplasm and nucleus, highlighting
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the existence of (electroplasmic) regulatory cycles that appear to be
correlated to redox. Among elements that are subject to shuttling via importing
family peptides are molecular components of the circadian clock such as
mammalian Cryptochrome 2 and mammalian Period-2. Transport processes
are an essential aspect of the transcriptional oscillations and auto-regulatory
feedback by translated proteins that derive clock function (Sakakida et al.,
2005). Clocks in turn diversely regulate cellular and organismal functions,
and disruption can lead to cardiovascular disease, psychiatric disorders and
cancer (Sakakida et al., 2005).

Cytoplasmic retention of particular proteins can trace to heat-shock
proteins like HSP90 (Jans, 1995; Poon and Jans, 2005). Transport proteins
belong to the large importin-B-family (at least 22 members) (Strom and Weis,
2001). The GTPase, Ran, binds importin in the nucleus, inducing release
of cargo. Gradients of Ran may also regulate directionality of transport.
Importin-f proteins contain sequences for recognizing Ran, cargo and
nucleoporins (Kudo et al., 1999a; Strom and Weis, 2001; Petosa et al., 2004;
Fahrenkrog, 2006). The nuclear pore complexes may be the largest protein
structures in eukaryotic cells (Macara, 2001).

Importin-B-family proteins contain sensitive cysteine residues that are
crucial for functioning. Various transport recognition sequences may also
have such cysteine residues, and yet consideration of regulation by reversible
oxidation or glutathionation appears relatively unexplored. Regardless, there
are several suggestive examples of reversible oxidation of cysteine residues
as key modulators of nuclear—cytoplasmic transport. Pap-1, a fission yeast
homologue of Jun is maintained in the nucleus by oxidative stress, and this
traces to oxidation of critical cysteine residues. Pap-1 is involved in free-
radical responses, metal detoxification and multiple drug resistance acting
via catalase, thioredoxin, thioredoxin reductase, glutathione reductase and
ABC transporters (Multiple drug resistance proteins) (Kudo et al., 1999b).
The yeast multiple drug transporters are homologues of human p-glycoprotein
encoded by the MDRI1 gene that is associated with JNK activity (Toone
etal., 1998). Yaplp is also homologous to mammalian AP-1 (Jun) in budding
yeast and regulates responses to oxidative stress and cadmium toxicity.
The nuclear export signal of Yaplp is regulated by redox modulation of
reversible disulfide bond formation in critical cysteine residues. Kuge et al.
(2001) suggest that nuclear localization may be regulated by thioredoxin.
Leptomycin B, an antifungal antibiotic, suppresses the function of the
key exportin protein CRM1 and suppresses virtually all nuclear export by
interfering with a conserved cysteine residue. This also blocks the cell cycle
(Kudo et al., 1999a) which is strongly regulated by shuttling of various cyclin
proteins (Jackman et al., 2002). The deacetylase mHDACS6 is actively maintained
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in the cytoplasm and nuclear import also arrests cell proliferation (Verdel
et al., 2000). Similarly, oxidative stress mediates nuclear localization of
HSF1 and its binding to HSP gene promoters (Fedoroft, 2006).

Although the involvement of a conserved cysteine in exportinl is sugges-
tive from a redox perspective (i.e., could oxidation directly inhibit nuclear
export?) general wisdom currently favors that control of cytoplasmic—nuclear
transport resides in access to the import or export signatures of cargo. This
allows for differential transport of cargos that may have antagonistic actions
or that are relevant to different functions or electroplasmic states. Redox
control of some cytoplasmic—nuclear transport may also arise from the per-
vasive involvement of kinase-phosphatase activities (Jans, 1995; Poon and
Jans, 2005). Furthermore, all of the MAPK pathways that regulate nuclear
transport are also upregulated by oxidizing conditions and inhibition of
tyrosine phosphatases. All of this suggests that a major impact of radiation
and xenobiotic interactions will involve transport and localization of numer-
ous critical regulatory peptides.

Most transcription factors relevant to the multiple stressor paradigm
are regulated by redox-sensitive transport. The nuclear pore complex and
nuclear transport also critically regulate apoptosis. Cytochrome ¢, caspase-2,
caspase-3, caspase-6 and apoptosis inducing factor are all transported into the
nucleus during apoptosis, whereas acetylated histone H2A and inhibitors of
apoptosis are exported (Fahrenkrog, 2006). Heat-shock proteins can inhibit
import of apoptosis-inducing factor. Export of the glucocorticoid receptor
and PKA from the nucleus involves the Ca’*-binding protein, calreticulin,
suggesting potential linkages between calcium homeostasis and transport
activities. Furthermore the Ca”*-responsive phosphatase, calcineurin binds
NFAT4, masking its nuclear export signal (Poon and Jans, 2005). Ca*
elevations are generally associated with the oxidative phase of electroplasmic
cycles. Fahrenkrog (2006) suggests that reduced nuclear import, as seen in
aging cells or following heat shock, may in fact represent a stress response.
Indeed, severe oxidative stress disrupts nuclear protein import (Kodiha
et al., 2004).

Release of the glucocorticoid receptor (a key effector of the stress
hormone axis) from HSP-90 and subsequent nuclear import are inhibited
by oxidative conditions. This traces to Cys-481 (Okamoto et al., 1999).
Alternatively, nuclear export and transcriptional inhibition were enhanced
when the glucocorticoid receptor was phosphorylated by activated JNK
(Itoh et al., 2002). The AP-endonuclease (=Redox factor (1) functions in
DNA repair and activation of oxidatively induced transcription factors like
AP-1. It also alters drug resistance of cancers. This factor is translocated to
the nucleus following oxidative stress in some cell types or may be maintained
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in the nucleus by inhibition of export (Jackson et al. 2005). The nuclear locali-
zation signal for NF-xB is masked by IxB until IkB is phosphorylated and
degraded. IkB itself also shuttles between the nucleus and cytoplasm (Macara,
2001). Nuclear export of telomerase reverse transcriptase traces to phosphor-
ylation of tyrosine 707, and this is effected by H,O, (Haendeler et al., 2003).

This mechanism reduces the anti-apoptotic actions of the telomerase,
and has strong implications for telomere maintenance and cell senescence.
Antioxidants can reverse these impacts (Furumoto et al., 1998) suggesting
that free-radical stress associated with radiation and xenobiotics could accel-
erate cellular senescence, particularly in humans.

The transcription factor Nrf2 is essential for activating phase II detoxi-
fication and oxidative stress defensive genes acting via antioxidant response
elements and Maf recognition elements (ARE/MARE). Nrf2 is inhibited
when bound in the cytoplasm by Keapl. Previous models envisioned that
oxidative stress frees Nrf2 and allows its transport to the nucleus (Hoshino
et al., 2000). Velichkova and Hasson (2005) present evidence that Keapl
has a nuclear export motif which is neutralized by oxidative modification
of crucial cysteine residues. This then allows the complex to move to the
nucleus via a nucleus localization motif on Nrf2. Nrf2/Keapl are consid-
ered to act as a sensor for cytoplasmic oxidative stress. The Bach2 tran-
scription factor is related to Nrf2, but has opposite actions on induction by
MARE. Conditional nuclear export of Bach?2 is also sensitive to oxidative
stress, perhaps via a cysteine residue in the cytoplasmic localization motif
(Hoshino et al., 2000).

Growth, Metabolism, PI3K and Aging

Insulin, IGF-1 and all growth factor signaling requires endogenous production
of free radicals (mainly by membrane-bound NOX systems). Free radicals
and low dose radiation can substitute for receptor ligands to activate
NOX, induce growth, or at higher levels, growth arrest and apoptosis.
Mitogen-activated protein kinase pathways involved include MAPK-ERK
(growth, apoptosis, long-term potentiation), PI3K (metabolism, aging,
growth, apoptosis), JAK-STAT (growth hormone, leptin, cytokines), JNK
(immunity, stress), and p38 (stress) (see Schmidt-Ullrich et al., 2000; Dent
et al., 2003). Of these, radiation biology has tended to emphasize JNK
and p38 as stress response pathways, but MAPK-ERK and (especially)
PI3K modulate aging processes and maximal longevity. Important impacts
of PI3K relating to radiation and xenobiotics include NOX (Frey et al., 2006),
the target of rapamycin (mTOR), the multiple drug resistance proteins
(e.g. p-glycoprotein and MRP), the chaperone protein gp96, ATM (the
mutation causing the progeroid syndrome, ataxia telangiectasia), oxidation of
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phospholipids like phosphatidylserine and the dietary-restriction-regulating
deacetylase, SIRT1. ATM also induces high sensitivity to radiation. Our
previous research demonstrated an inverse relationship between adult body
size and intra-specific longevity within rats and mice, and curtailed maximal
longevity of giant mice (Rollo et al., 1996; Rollo, 2002). Giant transgenic
growth hormone mice, which are a model of upregulated free-radical proc-
esses (Lemon et al., 2003; Rollo, 2007) were also more sensitive to radiation
(Lemon et al., unpublished).

Mutations in the PI3K pathway that extend longevity, and the longevity
enhancement associated with dietary restriction and SIRT1, are tightly regu-
lated by activation of forkhead transcription factors. Activation of FOXO4
(=AFX) is suppressed by PI3K activity and phosphorylation by PKB/Akt.
FOXO04 is activated following nuclear import but CRM1 exports the pep-
tide. Phosphorylation of FOXO4 by PKB actually occurs in the nucleus and
inhibits return transport of the exported transcription factor (Brownawell
et al., 2001). Phosphorylation of FOXO4 by PKB/Akt also creates two 14-3-3
binding motifs. Binding of 14-3-3 to both of these sites prevents FOXO4
DNA binding. 14-3-3 peptides can mask transport signaling motifs on
target proteins. Examples include CDC25 phosphatases, telomerase, his-
tone deacetylase and FOXO transcription factors (Obsil et al., 2003). For
FOXOLI, binding by 14-3-3 in response to phosphorylation masks a nuclear
localization signal, preventing nuclear import (Zhao et al., 2004).

DNA Modifications, Repair and Regulation

A new wrinkle in redox regulation was the identification of an oxidative
“hotspot” in the promoter regions of the vascular endothelial growth fac-
tor gene associated with iron residues. Specific modification of guanine in
the hypoxia inducible factor-1 response element enhanced incorporation of
Hif-1 and Ref-1 into the transcription complex and doubled transcription
of a reporter gene (Ziel et al., 2005). This implies that DNA sequences may
be adaptive regulatory targets of oxidative signaling which is potentially
reversible via DNA repair systems. Such a mechanism resembles a re-writa-
ble memory device.

The General Proteomic Code

Regulatory proteins are tuned by a multiplicity of mechanisms, including
chaperones, ligands, dimerization, scaffolds, acetylation (p300/CBP, SIRT,
HDAC), phosphorylation (kinases, phosphatases), methylation, oxidation,
nitrosylation, ubiquitination-degradation, glycosylation, pH, voltage (voltage-
gated channels), and transport-compartmentalization. Some of these mechanisms
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have been hailed as comprising a new “Histone code.” In fact this extends to
regulatory peptides throughout the cell and should consequently be consid-
ered as a more general “Proteomic Code.”

Consider p53 regulation. Redox regulation of p53 is well established,
but complex. Radiation and oxidative stress can induce transport and p53
activity, but this may partially be an indirect response to DNA damage.
Depletion of GSH and treatment with H,O, can inhibit p53 whereas hypoxia
is activating (Meplan et al., 2000). A number of antioxidants increase p53
activity and induce apoptosis in several types of cancer (Brash and Havre,
2002). Oxidative status of multiple cysteine residues modifies p53 binding to
response elements. When activated by DNA damage, reversible oxidation of
the p53 residue Cys277 specifically modulated binding of p53 to response
elements of the GADDA45 promoter, but did not change p21 WAF1/CIP1
binding (Buzek et al., 2002). The ATM protein (PI3K pathway) phosphorylates
p53 and it is required for induction of p53 activity by radiation (Meplan
et al., 2000). Some variability in p53 binding may also trace to variations
in the p53 response element binding motif. Selenium (seleno-L-methionine)
induced redox-factor-1 (Refl) and p53 proteins and specifically upregulated
the DNA repair pathway mediated by Ref-1 — p53. The p53 cysteine residues
275 and 277 were implicated. This was protective against induction of DNA
damage by UV radiation.

Ref-1 itself has cysteine reducing abilities (Carrero et al., 2000) and it is
recycled by thioredoxin (Fedoroft, 2006). Ref-1 functions to reduce sensitive
cysteine residues in the DNA binding domain of p53, which is essential for
transcription (Meplan et al., 2000). Brcal was also required for selenium
induction of DNA repair pathways (Seo et al., 2002; Fischer et al., 20006).
Differential response element binding by p53 could impact major functions such
as DNA repair, apoptosis, and cell-cycle regulation. A nuclear export motif
occurs in the NH2-terminal region of p53. Phosphorylation following DNA
damage can mask this signal (Zhang and Xiong, 2001a). Tetramerization
of p53 in the nucleus also masks the nuclear export signal, ensuring nuclear
retention until tetramere dissociation (Stommel et al., 1999). Ref-1 promotes
p53 tetramere formation and stability. MDM?2 is also a key regulator of p53,
promoting ubiquitination and degradation in the cytoplasm, and inhibiting
transcription in the nucleus. It may also interfere with acetylation by p300/
CBP (Zhang and Xiong, 2001b). Alternatively, SIRT1 deacetylases p53
(Finkel and Cohen, 2005). Binding of p53 by 14-3-3 peptide also enhances
activity (Meplan et al., 2000). Understanding of p53 regulation remains
incomplete, but there is clearly great complexity entailing numerous inter-
acting mechanisms.

Like p53, the critical transcription factor FOXO3 is acetylated at 5 different
lysine residues, and phosphorylated at eight serine or threonine residues
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(Brunet et al., 2004). Acetylation can involve SIRT1 (Finkel and Cohen,
2005). Nuclear transport proteins may also be both phosphorylated and
acetylated (Wang et al., 2004; Poon and Jans, 2005). Interestingly, direct
phosphorylation and acetylation (via p300) of Importin ol was mediated by
AMP-activated protein kinase (AMPK). AMPK can mediate a stress signal
of low energy supply (Wang et al., 2004). Thus, the numerous mechanisms
impinging on various signaling peptides appear to provide mechanisms to
obtain combinatorial specificity across a potentially broad spectrum of targets.
Multiple stressors have enormous potential to rattle this cage.

Histone Deacetylases (e.g. SIRT) — Histone Acetylases (p300/CBP) and
Regulation of Chromatin Structure, Epigenetics and Gene Transcription

Intense interest in sirtuins (NAD*-dependent deacetylases) emerged with
the recognition that sirtuins (SIRT) regulate responses to dietary restriction
associated with extended longevity. Actions of SIRT involve the forkhead
(FOXO) transcription factor that is upregulated when Akt/PKB (i.e. PI3K
pathway) is downregulated. Besides acting on chromatin histone proteins
to inactivate gene transcription (via formation of heterochromatin), SIRT
deacetylases critical regulatory factors including Ku70, p53, NFxB, PCGl1-
a1, and PPARY (Finkel and Cohen, 2005; Frankel and Rogina, 2006). Sirtuins
extend longevity of yeast, nematodes and Drosophila (Wood et al., 2004;
Frankel and Rogina, 2006). Resveratrol and some other flavonoids upregulated
SIRT, mimicking the DR response (Wood et al., 2004). Decreasing another
deacetylase that is not NAD™ dependent, upregulated SIRT and extended fly
longevity (Frankel and Rogina, 2006).

Despite intense interest in SIRT there is little reciprocal gerontological
discussion of acetylases that must be equally important in modulating
longevity and the DR response. Indeed p300/CBP are important acetylases
that are likely antagonists of SIRT1 and other HDAC. Like SIRT1, p300/CBP
also modify important transcription factors like p53 and NFkB. Oxidative
conditions may promote histone acetylation, perhaps acting via these
pathways (Gilmour et al., 2003). Interestingly, the longevity of Drosophila was
extended by ~40-50% by pharmacological inhibition of deacetylases which
leads to increased histone acetylation (Kang et al., 2002). Feeding adult flies
4-phenylbutyrate (PBA), a histone deacetylase inhibitor, significantly extended
longevity without impacting locomotor vigor, reproduction or stress resistance.
Histone protein acetylation was globally elevated and gene expression was com-
plexly altered (including upregulation of SOD, GSH-S-TR, Cytochrome P450,
3 chaperones. Downregulated genes included glyceraldehyde-3-phosphate
dehydrogenase, NADH: ubiquinone reductase, cytochrome oxidase subunit



198 C.D. ROLLO

VIb, fatty acid synthetase and cyclin-dependent kinase (Kang et al., 2002).
These authors suggest (like Droge, 2005), that extension of longevity may
require optimal balance between expression and repression of various alternative
gene sets regulated by changes in chromatin structure.

Compensation for environmental or genetic stress (e.g. toxins, temperature,
mutations) may involve developmental, molecular, physiological, behavioural
or maternal adjustments, even within isogenic inbred strains (Crawley, 1996;
Gingrich and Hen, 2000). Chromatin can transmit heritable non-genetic
variation via alterations in DNA methylation and associated histone protein
structure. Such mechanisms can fix the lifetime metabolic character of
young mice (Cooney et al., 2002; Jaenisch and Bird, 2003; Rollo, 2006) and
may even suppress transgenic insertions via local induction of heterochro-
matin (Morgan et al., 1999). Richardson et al. (2006) suggest that exposure
of neonatal mice to dieldrin may cause epigenetic fixation of elevated
NURRI, a transcription factor that regulates dopamine transporters,
resulting in greater susceptibility of the dopamine system to various toxins
in later life.

Demethylating actions of radiation have some potential to release
transposable elements or viruses that are locked down by embedding them
in heterochromatin. Indeed, inhibition of histone deacetylases can induce
expression of bovine leukaemia virus (Merezak et al., 2002). Release of
transposons theoretically could explain some genomic instability induced
by radiation.

Heat-Shock Proteins: Roles in Stress, Immunity, Development and Cell
Function Relative to Radiation and Multiple Stressors

Chaperone proteins function in housekeeping activities including protein
folding, protein transport across membranes, normal protein turnover, and
transcriptional protein assembly. They also critically contribute to impor-
tant signaling mechanisms, including those involved in cell senescence and
cell death (Soti et al., 2003; Bagatell and Whitesell, 2004). Numerous heat-
shock/chaperone proteins are upregulated as part of the generalized stress
response which includes induction by heat-shock and oxidative conditions
(e.g. HSP70) (Callahan et al., 2002). Fedoroff (2006) differentiates between
the cytoplasmic stress response and the endoplasmic reticulum “unfolded
protein response.” The latter stress response is triggered by the presence
of misfolded or unfolded proteins. This involves elevated Protein disulfide
isomerase activity (which acts on disulfide bonds) and associated GSH
depletion. The actions and effectiveness of HSPs determines cell function,
recovery and survival. Thus, HSPs are critical players in a multiple stressor
paradigm. HSPs increase xenobiotic resistance, including resistance to drugs,
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and many (e.g. HSP70 and HSP90) are strongly anti-apoptotic (Soti et al., 2003;
Bagatell and Whitesell, 2004). HSP70 may be activated by glutathionylation
at sensitive cysteine residues and the coordinating transcription factor HIF1
is directly regulated by redox (Fedoroff, 2006).

Profound effects of stress proteins on immune function have long been
appreciated, but mechanisms have only resolved recently (Pennell, 2005).
Gp96 (=glucose-regulated protein 94), a member of the HSP90 family,
is a chaperone protein that occurs in the endoplasmic reticulum and cell
membrane. It functions in binding and processing antigens and proteins
and effectively presenting them to the immune system (e.g. Arnold-Schild
et al., 1999; Gidalevitz et al., 2004; Binder and Srivastava, 2005; Srivastava,
2005; Biswas et al., 2006). A major source of proteins transported to the
endoplasmic MHC system are appropriately-sized fragments derived from
ubiquitin-proteosome function. These are transported into the endoplas-
mic reticulum by the “transporter associated with antigen processing”
(TAP). A “presentasome” complex involving the proteosome, TAP and
heat-shock proteins is suggested. MHC I molecules loaded with protein are
then transported to the cell surface by way of the golgi (Castellino et al.,
2000; Binder et al., 2001; Norbury et al., 2004). Gp96 elicits CD8" T-cell
responses against its bound peptides, which requires access to the MHC
cross-presentation pathway of antigen presenting cells (dendritic cells,
macrophages, B lymphocytes). Neutrophils and monocytes that encounter
gp96 that is shed following apoptosis bind the protein at the site of apop-
tosis (Radsak et al., 2003).

Antigen-presenting cells likely migrate to lymphatic organs to prime T-cells.
This may involve release of HSP such as HSP70 (Kumaraguru et al., 2003).
HSP may also exit normal cells and induce potent immunological effects
(Asea et al., 2002). This can involve secretion of small membrane vesicles
(exosomes) that are produced by many cell types. Many other proteins are
also found in exosomes (Lancaster and Febbraio, 2005). Toll-like receptors
(TLR) are implicated in many of these phenomena, and CD14 is a required
link between HSPs and TLR Asea et al., 2002). Mobility of gp96 in the
cell membrane may be regulated in part by cytokines (Stolpen et al., 1988).
Radiation can induce an inflammatory environment, including up-regulation
of heat-shock proteins (Friedman, 2002). Gp96 increases after irradiation
in treatment of cervical cancer, and resistance to radiotherapy was associ-
ated with its expression (Kubota et al., 2005). This suggests that inhibition
or suppression of this chaperone might enhance radiation effectiveness.
Alternatively, radiation and vaccination with gp96 from viral-infected cells killed
by radiation may synergistically inhibit tumor cell growth (Liu et al., 2005b).

Barley leaf shows large increases in the mRNA for a heat-shock protein
of the HSP90 family after exposure to powdery mildew. The protein shows
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remarkable similarity to vertebrate glucose-regulated protein 94 (=gp96)
(Walther-Larsen et al., 1993). As in mammals this protein is involved
in immunological responses, including the hypersensitivity response of
plants (which involves an NOX and closely resembles the mammalian
bystander phenomenon).

Barley leaf mRNA showed strong increases in the mRNA of a heat-
shock protein of the HSP90 family, gp94, in response to infection with
powdery mildew. The encoded protein closely resembles vertebrate glucose-
regulated protein 94 (=gp96) (Walther-Larsen et al., 1993).

Thus, the association of gp96, NOX and immunity is phylogenetically
ancient. In mammals, HSP receptors include TLR, CD91 and scavenger recep-
tors type A, LOX-1, CD9%4, CD40, CD36 and CD 14 receptors (Binder and
Srivastava, 2004, 2005; Quintana and Cohen, 2005; Biswas et al., 2006; Warger
et al., 2006). CD91 is considered the major sensor of danger (McBride et al.,
2004), and high CD91 expression is the only known marker for HIV resistance
(Stebbing et al., 2005). A role for CD91 was contested (Berwin et al., 2002),
but the weight of the evidence strongly supports a role of CD91 as a primary
receptor for gp96 (Binder and Srivastava, 2004; Srivastava, 2005). Peptides
introduced to the cytosol were processed 100 times more efficiently (to major
histocompatability complex I molecules) when bound by gp96 or HSP70 (as
opposed to free peptides) (Binder et al., 2001). A cytokine function of
gp96 was questioned based on the possibility that earlier experiments were
performed with materials contaminated with microbial products (e.g. Tsan
and Gao, 2004a,b). HSPs, in fact, may have little independent ability to
activate the immune system but they bind diverse ligands (including polyli-
posaccharide) and greatly enhance detection and signaling of immunological
receptors (Quintana and Cohen, 2005; Warger et al., 2006). Regardless,
preparations from systems unlikely to have microbial contamination support
some role of HSP to stimulate macrophages and dendritic cells (Quintana
and Cohen, 2005). Thus, gp96 enhances immune responses in a wide variety
of situations.

Remarkably, mice vaccinated with gp96 derived from tumor-, virus or
bacteria-infected cells developed T-cellular immune responses with cor-
responding specificities (Rapp and Kaufmann, 2004; Demine and Walden,
2005). In some patients, tumor-derived gp96 peptide complexes strongly
suppressed metastatic melanoma (Belli et al., 2002). Specific immunity to tumors
induced by gp96 (and little such function in HSP90), may trace to the ATPase
activity of gp96, which may be required to transfer proteins to acceptor
molecules (Udono and Srivastava, 1994). Anti-tumor immunity provided by
gp96 isolated from sarcoma cells was lost of the CD91 receptor was down
regulated (Binder et al., 2004). Thus, gp96 is of great interest as a contributing
component of vaccines (Liu et al., 2005b; Srivastava, 2005). Given a strong
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role in immunity and recognition of foreign elements, it is significant that
gp96 is closely associated with the membrane-bound NAD(P)H oxidases
that serve in immunological responses in mammals. A common denominator
for mechanisms inducing HSP70 is oxidation of the cytosol. Altered protein
structure by modification of cysteine residues has been proposed for HSP70
as this mechanism was also found in HSP33. Changes in activity of heat-shock
proteins in response to oxidative conditions suggests that immunogenicity
may also be redox sensitive (Callahan et al., 2002).

Cellular stress responses may be considered with respect to various
compartments, and the endoplasmic reticulum is strongly targeted by stress
because it is the site where protein folding essential to proper enzyme func-
tions takes place. Disruption results in accumulation of misfolded proteins
(Fathallah-Shaykh, 2005). Glioma cells that are resistant to oxidative stress
show upregulation of a connected system of genes that includes gp96 and
many associated with NOX activity (e.g. GSH-S transferase pi, peroxiredoxin
1, thioredoxin reductase 1, GADD34). Important connections in this system
include Keapl, Nrf2, and ARE response elements (Fathallah-Shaykh, 2005).
This process involves the actions of various chaperone proteins. Chaperone
proteins rarely act alone but are normally associated with larger protein
complexes (Bagatell and Whitesell, 2004). Thus, gp96 is closely associated
with the NOX /oxidoreductase complex on mammalian cell membranes
(Scarlett et al., 2005).

Robert et al. (1999) detected membrane surface gp96 on several types
of cancer cells and on various immunocytes across vertebrate phylogenies.
Surface expression of many HSP, including HSP 60, HSP70 and HSP90 are
abundantly expressed in various cancers (Robert et al., 1999; Shin et al., 2003).
Robert et al. (1999) suggest it acts as a “danger” signal. A possible wider
distribution appears likely if gp96 is commonly associated with NOX.
Given the association of NOX with responses to various pathogens and
parasites (perhaps best explored in the plant hypersensitivity response) it
seems possible that gp96 serves as a component of a sensing and recognition
system? In plants, HSP90 members have indeed been added to the list of
proteins involved in surveillance and resistance protein-triggered immunity
(Schulze-Lefert, 2004). Most interest has focused on cytosolic HSP90.2.
The developing paradigm envisions a complex that engages ATP-dependent
modifications of a steroid protein, making it accessible to activating ligand.

Important clients of HSP90 include receptor tyrosine kinases (including
IGF-1), SRC family kinases, serine/threonine kinases (including Akt/PKB),
cell cycle G2 checkpoint kinases, steroid hormone receptors (glucocorticoid,
androgens, estrogen, progesterone), and transcription factors (including
p53, NFxB) (Bagatell and Whitesell, 2004). HSP90 also serves many other
clients functioning during development. Consequently, deflection of HSP90
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service to manage stress responses (i.e., protect proteins from misfolding) may
de-stabilize development. HSP90 can serve as a buffer against even inherent
genetic variation to provide greater canalization of the phenotype (Rutherford
and Lindquist, 1998; Queitsch et al., 2002; Rutherford, 2003). Stress that
impacts HSP90 function may consequently release hidden genetic variation
that would facilitate evolutionary responses. It can also release expression
of mutations that are otherwise silenced by chaperones (Soti et al., 2003).
Functioning of HSP90 is dependent on ATP, so energy depletion, which is
reliably associated with cellular stress, would also be destabilizing. Soti et al.
(2003) describe the “protein homeostasis hypothesis” which proposes that cellular
homeostasis depends on an appropriate match between levels of damaged
proteins and other clients versus the complement of chaperones available to
serve them. Multiple stressors can be expected to disrupt such balance.

Alternatively, heat-shock proteins may facilitate tumorigenesis by acting
as a buffer against the genetic and functional instability associated with cancer
(Bagatell and Whitesell, 2004). Under stress this could allow expression of
genetic variation that would allow cellular adaptation of cancer lineages.
This could extend to genetic instability induced by radiation or xenobiotics.
Heavy metals also elicit heat-shock responses and this might be expected to
be synergized by radiation (Bagatell and Whitesell, 2004). HSP90 is also of
interest in cancer since it stabilizes clients that might be targets for therapy.
In breast cancer these include mutant p53, estrogen receptor, and Akt (PKB)
(Beliakoff and Whitesell, 2004). Regulatory mechanisms impacted by HSP90
extend to regulation of chromatin structure (Sangster et al., 2003; Sollars
et al., 2003) suggesting consequences on release of silenced genes, trans-
posons, viruses or epigenetic alterations.

Professional antigen-presenting cells (monocytes and dendrites) show
specific binding of gp96 and specific receptor-mediated internalization of
the HSP and bound proteins. Internalized protein colocalizes with surface
MHC class I molecules (Arnold-Schild et al., 1999). Gp96 greatly increases
the efficiency of presentation of associated peptides to T-cells. As little as
1-2ng of peptides complexed to gp96 are sufficient to elicit a cytotoxic
+independently of binding proteins, and this was associated with release
of TNF-a and IFN-y (Baker-LePain et al., 2004). The powerful role of
gp96 in delivering proteins and mediating uptake by professional antigen-
presenting cells, makes it especially important that stressed or otherwise
defective cells that overexpress gp96 are effectively cleared by engulfing
macrophages, since the contents of such cells represent a complex soup
of bystander signals to nearby cells and the immune system. Gp96 (and
HSP70) remains functional in vitro and complexes formed with peptides
in cell-free serum are immunologically active with respect to generating anti-
tumor and CD8* cytolytic T lymphocyte responses (Blachere et al., 1997,
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Baker-LePain et al., 2004). In vivo, failure to clear such cells may mediate
strong local inflammatory states with the possibility of self-perpetuating
vicious feedback cycles. Heat-shock proteins (including HSP10, HSP70,
HSP90, calneticulin and gp96) that are released by necrotic cell rupture,
are recognized as “danger signals” that may promote inflammation and
contribute to bystander cell death. HSP in serum promote maturation of
dendritic cells, activation of NF-kB, and subsequent release of inflamma-
tory cytokines (Basu et al., 2000; Soti et al., 2003).

The potential importance of such processes is likely to be overlooked in
cell culture approaches to phenomenon like the bystander effect. Indeed, there
appear to be two broad potential classes of bystander mechanisms. Activation
of the immune system can impact organ to organismal-level responses,
particularly via cytokine feedback to central regulation. An endocrinological
triumvirate has been proposed as the key organismal regulatory framework.
This involves the antagonistic regulation of the stress hormone (waking) and
growth hormone (sleeping) axes largely integrated in the hypothalamus, and
feedback of status in the periphery from what amounts to a distributed endo-
crine axis.... the immune system. The immune system is the only other tissue
that produces nearly all hypothalamic and pituitary regulatory peptides. The
fact that radiation induces the stress hormone axis suggests that peripheral
free-radical processes may be sensed and relayed to the hypothalamus (see
Rollo, 2002). Even in a cell-free context, gp96 can bind proteins can possibly
enhance immunological recognition and activation. Radiation or xenobiotic
impacts that overwhelm cell clearance mechanisms could induce a secondary
immunological response, mediated partially by release of gp96 and other
chaperones that constitute “danger signals” (Soti et al., 2003). This extends
to radionucleotide-induced bystander effects as well (Xue et al., 2002). Such a
mechanism qualifies as a type of bystander response. Plant responses to pathogens
also likely trace to diverse foreign molecule recognition by ligand-receptor
interactions and transduction of recognition to responses, including the hyper-
sensitive response (Nimchuk et al., 2003).

Alternatively, local mechanisms that activate associated bystander cells
surrounding sites of impact may be relatively independent of the immune
system. Thus, P450 monooxidase enzymes involved in detoxification can
actively generate free radicals in cell-free media (Clejan and Cederbaum,
1992) and would likely synergize actions of active NOX components in
conveying oxidative bystander signals. ... in particular the activation of
NOX on cell membranes of intact bystander cells (Rollo, 2006). A crucial
property of the NOX is that it is activated by free radicals and consequently
can maintain free-radical generation via an auto-stimulatory feedback loop
(Cai, 2005). Chaperones may also convey direct signals to surrounding cells
that sensitize stress and cell death programs (Soti et al., 2003). A remarkable
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phenomenon resembling a bystander effect is associated with cells expressing
a senescent phenotype. The cell senescence phenotype can be derived by
numerous mechanisms including free-radical stress (i.e., related to radiation,
organismal aging or xenobiotics). Senescent fibroblasts secrete numerous
materials including cytokines, growth factors, degradative enzymes and
extracellular matrix. Some factors secreted from senescent cells stimulate
the growth of premalignant and malignant (but not normal) epithelial cells
(Krtolica et al., 2001). Thus, radiation, pollutants and aging may predispose
to both transformation and senescence, and senescence may not provide a
defense against cancers as such cells accumulate with age.

The Phosphatidylserine “EAT ME” Signal and Clearance of Defective Cells

A critical aspect of gp96 (and other chaperones) related to radiation, is that
heat-shock proteins and their bound client proteins are released or shed
from apoptotic cells (Basu et al., 2000). Shedding of active chemical species
extends to other important factors such as protein kinase C, phosphatidyl-
serine, arachidonic acid, ATP, cytochrome c, lipid peroxidation products and
oxidized sterols. Hydrogen peroxide generated by apoptotic cells is sufficient
to induce apoptosis in surrounding cells (Milan et al., 1997; Reznikov et al.,
2000; Cusato et al., 2003) and has been suggested as a major bystander can-
didate (Pletjushkina et al., 2005, 2006). Extracellular ATP can promote cell
death acting via purinergic receptors and Ca’* elevations. Ca’" itself is impli-
cated in bystander impacts (Budd and Lipton, 1998; Vinken et al., 2006).
Growth factors and cytokines released into serum also have particularly
potent inflammatory actions (Zheng et al., 1991; Proskuryakov et al., 2002).
Uric acid produced from catabolism of DNA and RNA from dying cells
is also a very strong danger signal and immunological activator (Shi et al.,
2003). Excitotoxic neurotransmitters can also stress neurons adjacent to
those undergoing cell rupture. There is clearly considerable complexity. Add to
this that Bauer (2002) distinguishes bystander impacts mediated by gap-junctions
versus inter-cellular signals that did not require gap junctions.

Removal of apoptotic cells by phagocytic engulfment may serve to prevent
release of cellular constituents, including self antigens that could induce
autoimmune responses (Proskuryakov et al., 2002; Fadeel, 2003; Fadeel
and Xue, 2006). Clearance of apoptotic cells may induce little or an altered
immune response compared to cell rupture (Mevorach et al., 1998). Thus,
clearance constitutes an essential aspect of tissue homeostasis which usually
highlights only mitosis and apoptosis. Indeed accelerated apoptosis and
impaired clearance of apoptotic material exacerbates autoimmune responses
in mice (Denny et al., 2006). Furthermore, strong exposure to irradiation-
induced apoptotic cells generates auto-antibody production, including anti-
cardiolipin and anti-double strand DNA antibodies (Mevorach et al., 1998).
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Cardiolipin is a critical and predominant constituent of the mitochondrial
membrane. Its oxidation during apoptosis is important with respect to
associated cytochrome ¢ (Tyurina et al., 2006). In T-cell lineages, ionizing
radiation induced apoptosis in association with elevated levels of mRNA
and the Apo2 ligand (also called TRAIL). This also activated the AposL
death receptor 5 (also called KILLER) associated with apoptosis and exter-
nalization of phosphatidylserine. Bax, induced by p53 is also a mediator of
apoptosis in irradiated cells (Gong and Almasan, 2000).

Impaired engulfment of apoptotic cells was found in mice with defec-
tive lactadherin (=milk fat globule epidermal growth factor 8), a factor
produced by activated macrophages that mediates phosphatidylserine
recognition. Injection of the mutated protein also induced autoimmunity,
probably by masking recognition of phosphatidylserine (Asano et al.,
2004; Fadeel and Xue, 2006). Autoimmunity was also obtained in mice
overexpressing gp96 on the cell surface, and this involved the MyDS88§
adaptor protein crucial to TLR signaling (Liu et al., 2003, 2005a). Massive
apoptosis was detected in lymphoid organs in a mouse model of multiple
sclerosis (with depletion of B and T cells). Injection of apoptotic thymocytes
exacerbated demyelination and disease progression (Tsunoda et al., 2005).
Activation of NOX by phorbol myristate in HL-60 cells generated SOR,
depleted intracellular GSH and peroxidized all three major classes of mem-
brane phospholipid (phosphatidylcholine, phosphatidyl-ethanolamine, and
phosphatidylserine). Radiation induced similar changes in rodent brain
(Richards and Budinger, 1988). Enteropathogenic infection by Escherichia
coli also induces externalization of both phosphatidylserine and PKC (cru-
cially involved in NAD(P)H oxidase activation) (Fadeel and Xue, 2006).
Activation of PKC involves movement to the cell surface and binding
with phosphatidylserine. PKC externalization was also induced by phorbol
myristate acetate and ultraviolet light (~25% of cell content) (Crane
and Vezina, 2005). Both of these factors also induce NAD(P)H oxidase.
Phosphatidylserine also induces NOX, in cell-free media, although its oxidation
state was not considered (McPhail et al., 1993).

Apoptosis is associated with externalization of oxidized phosphatidyl-
serine that serves as a signal for ingestion of cells by macrophages (Arroyo
et al., 2002). HSP70 and Hsc70 interact with phosphatidylserine, and accel-
erate apoptosis, an effect exacerbated by ATP. HSP are also able to induce
ion channels (Arispe et al., 2004) which could contribute to NADPH chan-
nel associations or apoptotic processes. Thus NOX is associated with both
apoptotic and clearance functions. Extracellular ATP can induce thymocyte
apoptosis via purinoceptor activation. This included early phosphatidyl-
serine externalization, mediated by activation of the cationic PsX7 (=P2Z7)
channel. Phosphatidylserine movement required ATP-induced Ca** and/or
Na* influx (Courageot et al., 2004). Apoptotic cells express elevated levels of
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oxidized phospholipids that function as immunological and pro-inflamma-
tory signals. Fluorescence-conjugated annexin V specifically binds external-
ized phosphatidylserine, making it a reliable biomarker for apoptosis (Fadeel
and Xue, 2006).

Apoptotic cells induced production of T helper cell Th1 and Th2 cytokines,
and induced monocyte adhesion in endothelial cells. The latter was inhibited
by an antibody specific to oxidized phosphatidylcholine (Chang et al., 2004).
Lysophosphatidylcholine can act as a chemoattractant that guides mac-
rophages to sites of apoptotic lesions (Fadeel and Xue, 2006). Oxidized
phospholipids induced monocyte adhesion in endothelial cells via MAPK
pathways and activation of cytosolic phospholipase A, and 12- lipoxygenase
(Huber et al., 2006). Externalization and oxidation of phosphatidylserine in
the cell membrane is a critical signal to macrophages for engulfing apoptotic
cells (Kagan et al., 2003). Oxidized phosphatidylserine externalized during
apoptosis is recognized by specific macrophage receptors. Selective oxidation
of phosphatidylserine precedes externalization and oxidation is required for
engulfment of apoptotic cells. H,0, was effective in oxidation and externaliza-
tion of phosphatidylserine (Tyurina et al., 2004). Lipid antioxidants (Tyurina
et al., 2004), NOX inhibitors, superoxide dismutase and catalase protected
all phospholipids from oxidation and externalization of phosphatidylserine
(Arroyo et al., 2002). Radiation induces caspase 3 and caspase 8 (Gong and
Almasan, 2000). Caspase 3 is redox-regulated and appears pivotal in determining
whether cell death proceeds by apoptosis or necrosis. Inhibition of caspase
3 yields necrosis and failure to externalize oxidized phosphatidylserine. Both
forms of cell death may be elicited by radiation (Coelho et al., 2000). A com-
plication is that NOX ROS production could inhibit activity of redox-sensitive
caspase 3 (Arroyo et al., 2002).

Despite considerable evidence that failure to clear apoptotic cells may
induce autoimmunity, and that radiation can exacerbate this process, radiation
is not reliably associated with autoimmune responses. The immune system is
particularly impacted by radiation, such that various autoimmune diseases
can actually benefit from irradiation. Suppression of antigen-presenting
dendritic cells and inhibition of the proteosome (which produces peptide
fragments of appropriate size for major histocompatability complex processing)
are crucial mechanisms of radiation-induced hypo-immunity (McBride
et al., 2004). Dosage is likely a crucial factor. Regardless, cell death, clearance
and immune responses remain potentially critical for a radiation and a multi-
stressor paradigm because high doses or interactions that are additive or mul-
tiplicative may shift apoptosis and effective clearance to necrosis. Xenobiotic
impacts synergized by relatively low levels of radiation may derive massive
cell death without the immuno-suppressive impacts of high dose radiation.
This would likely result in clearance failures, immunological infiltration and
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inflammation. The enhanced induction of immunological sensitivity (e.g. by
gp96) extends a linkage between multiple stressors (including xenobiotics) to
allergenic and autoimmune responses.

Multiple Drug Resistance Proteins (MDRP)

Multiple drug resistance proteins (members of the ATP-binding cassette
(ABC) transporter superfamily) such as multiple drug resistance protein-1
(MDR-1 gene, P-glycoprotein, Pgp) and multiple resistance protein-1 (MRP-1)
export cellular detoxification products, xenobiotics and various conjugates
of waste products or toxins. Powell and Abraham (1993) suggest they also
excrete growth factors that can mediate strong immunological and stress
responses (e.g. FGF, TNF, TGF-a). Steroid hormones may also be exported
(Tatsuta et al., 1992). MDR-1 is transcriptionally upregulated by heat stress,
heavy metals, drug treatment and UV radiation (Toone et al., 1998). At least
50 family members have been identified (Minier et al., 1999). They can also
inhibit apoptosis induced by TNF, serum withdrawal, Fas ligand, and UV
radiation (Baker and El-Osta, 2004). MDRP are intensely studied because
they can export antibiotics and cancer drugs, resulting in resistance to diverse
chemotherapeutic agents. They can also mediate pesticide resistance (Minier
et al., 1999). Thus, most medical research aims to inhibit MDRP activity
(e.g. Tan et al., 2000). Although MDRPs may be detrimental to cancer
therapy and pest control, their activities would be highly advantageous for
resistance to multiple pollutants. Unlike MDR-1, MRP-1 mainly transports
anionic Phase II-conjugates, and this is highly dependent on high intracel-
lular GSH levels. There are at least 6 MRP homologues (Renes et al., 2000).
Multiple drug resistance proteins, in conjunction with p450 enzyme activity,
may provide xenobiotic barriers in the kidney, buccal cavity, gastrointes-
tinal tract, endothelium, liver, placenta, blood brain barrier (where they may
exclude antidepressants) and choroid plexus (Tatusta et al., 1992; Minier
et al., 1999; Renes et al., 2000; Uhr et al., 2000; Miller et al., 2002; Leggas
et al., 2004). MDR1 may play a role in host-bacterial interactions in the
intestinal epithelium (Ho et al., 2003).

Many elements exported by MDRPs are conjugates of GSH (catalyzed
by glutathione-S-transferases), or even GSH itself, indicating a crucial role
in detoxification and function of the GSH system. High levels of GSH can
downregulate expression of MRP-1, although GSH depletion is not nec-
essarily upregulating (Renes et al., 2000). Zaman et al. (1995) found that
GSH depletion impacted MRP-1 more than MDR-1. Renes et al. (2000)
suggests that a critical level of GSH depletion may be necessary before
MRP-1 transcription is affected. This is consistent with my argument that
the lack of obvious dosage response for low dose radiation is that it may
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require >50% depletion of GSH to reach a critical threshold for redox
vulnerability (Rollo, 2006). In addition, export of oxidized glutathione
(GSSG) by MRP-1 (Leier et al., 1996) suggests a mechanism for regulating
intracellular redox balance.

Export of ATP by MDRP has potentially profound impacts, including
control of endothelial function, apoptosis, the cell cycle, signal transduction,
thiol protection and calcium levels. MDRP transport of ATP may be an ini-
tial response to radiation. ATP was promptly released by 0.1 Gy of radiation
(Powell and Abraham, 1993). Extra-cellular ATP fuels diverse cell membrane
and extra-cellular processes, including ion channel and NOX activities. ATP
can act on a variety of purine and adenosine receptors (e.g. P1, P2, Al, A2)
which may have bystander impacts or derive intracellular auto-stimulatory
feedback loops (Powell and Abraham, 1993). The adenosine neurotransmit-
ter system has widespread important impacts, especially in brain. Further,
adenosine receptors A, interact with melatonin via adenylate cyclase to
entrain expression of the circadian clock gene Period, thus coordinating the
circadian clocks of peripheral tissues like the pituitary with the hypotha-
lamic suprachiasmatic nucleus (von Gall et al., 2002). The circadian rhythm
may constitute a large amplitude electroplasmic cycle.

Overexpression of COX-2 (which generates prostaglandins from ara-
chidonic acid) enhances expression of MDR-1 (Sorokin, 2004). NOX (also
activated by arachidonic acid) also upregulates MDR-1, as does radiation
and heat shock (Minier et al., 1999). Alternatively, MDR is associated
with increased expression and activity of CYP3A (a major drug detoxify-
ing cytochrome) (Schuetz et al., 2000; Baron et al., 2001). The association
with the membrane NOX is noteworthy as this oxidase is upregulated
by radiation (Narayanan et al., 1997; Azzam et al., 2002) and regulates
MAPK signaling. Moreover, the oxidase may be part of a larger NADPH
oxidoreductase complex that functions to maintaining intracellular ionic
and oxidative homeostasis via regulation of general cation and K* channels
(Scarlett et al., 2005). The MRP-1 gene contains an antioxidant response
element and multiple drug resistance is strongly upregulated by free radicals
and oxidation (Renes et al., 2000; Sorokin, 2004). Mechanisms generating
cellular free radicals induce gene expression for MRP-1 and the rate-limiting
enzyme for GSH synthesis, y-glutamylcysteine (Renes et al., 2000). MRP-1
modulates dauer (diapausing larvae) formation in C. elegans, a mechanism
associated with modulation of longevity and linked to the insulin/IGF-1
PI3K pathway (Yabe et al., 2005). This pathway has been highlighted in
modulation of aging and stress resistance across broad phylogenies spanning
yeast, nematodes, insects and vertebrates.

Although MRP-1 is upregulated by free radicals, it does not directly
provide protection from radiation or other sources of free-radical damage.
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However, drug resistance transporters can export materials that would
otherwise exacerbate free-radical stress. A crucial question then is to what
extent low-level radiation might upregulate MDR-1/MRP-1 and the shedding
of pollutants, and at what dosages possible benefits exceed the possible
costs induced by radiation exposure. Demonstrated expression of MDRPs
in filtering species such as sponges and some bivalves (gill) suggests a sensitive
biomarker for general environmental pollution (Minier et al., 1999) and possi-
bly associated radiation background. The antibody for human P-glycoprotein
is effective across broad phylogenies. Interestingly, heavy metal export is one
target of these transporters, and export of such materials could reduce free-
radical damage (including that induced by radiation). It should also be noted
that one client of MRP-1 is leukotriene C,, a glutathione-conjugated organic
anion that functions as an inflammatory mediator (Leier et al., 1996; Renes
et al., 2000) and that may be a candidate bystander signal. Alternatively,
leukotriene B, stimulates release of arachidonic acid which promotes free-
radical generation by NOX. This also occurs in cell-free serum (Brash,
2001; Cherny et al., 2001). In fact, activated phagocytes export arachidonic
acid, and this can cause free-radical generation on other cells (DeCoursey,
2002). Thus, arachidonic acid qualifies as a bona fide bystander signal in its
own right. Arachidonic acid also impacts a number of ion channels (Brash,
2001). TNF-a also upregulates MRP-1, possibly via its ability to generate
free radicals (Renes et al., 2000). TNF is also upregulated by radiation and
NAD(P)H: quinone oxidoreductase-1 (NOQI1) is a critical component of
the TNF signaling cascade to NF-xB. NQOI is also known to be induced by
xenobiotics, oxidants and radiation (McBride et al., 2004; Ahn et al., 2006).

The promoter region of MDR-1 contains a CpG methylation sequence,
and the gene is importantly regulated by epigenetic alterations of chromatin
structure. It is possible that this gene may be included in early-life epigenetic
modifications that effect life-long changes in stress responses. Chromatin
regulation involves methyl-CpG-binding protein-2 (MeCP2) and its recruit-
ment of the corepressors, HDACI and HDAC2. Gene regulation requires
both demethylation of DNA and hyperacetylation of associated histones
(Baker and El-Osta, 2004). Since radiation is generally associated with
demethylation, this could represent one mechanism of radiation-induced
MDR-1 activation.

Toll-like Receptors

TLRs underpin the ability of innate immunity to discriminate between
highly diverse pathogens and self. TLRs activate macrophages in response
to pathogens which in turn present pathogen-derived peptides to T-helper
cells. Of relevance to the free-radical elevations associated with radiation
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and p450 xenobiotic detoxification systems, TLR expression (and activation
of NF-xB) can also be upregulated by free radicals, including those gener-
ated by NOX (Fan et al., 2003; Asehnoune et al., 2004; Qureshi et al., 2006).
Expression of TLR4 even confers resistance to hyperoxia-induced lung injury
and apoptosis (Zhang et al., 2005; Qureshi et al., 2006). The mechanism of
hyperoxia resistance involved the ability to express Bcl-2, a critical element
in PI3K-mediated resistance to apoptosis. Lipopolysaccharide induction of
free radicals and activation of NF-kB requires direct interaction of TLR4
and NOX4 (Park et al., 2004a). Loss of the TLR signaling element, MyD88,
diminished NOX function and killing of gram-negative bacteria (Laroux
et al., 2005). TLR4 may also be involved in susceptibility to ozone-induced
lung injury (Kleeberger et al., 2000).

TLRs can also act cooperatively in clusters or co-activate via other micro-
bial recognition receptors. Numerous immunocytes employ distinct arrays of
TLRs (e.g. neutrophils, natural killer cells, mast cells, B-cells, eosinophils
and monocytes). Structure and signaling of TLR closely resemble the 1L-1
receptor, activating TRAF6 and NF-xB (Underhill, 2003). Until the 1990s
how organisms recognized pathogens was virtually unknown. Since 1991 at
least 13 mammalian Toll paralogues (11 expressed in humans) have been
found. Each responds to different phylogenetically invariant components of
microbial lineages and may have cytosolic or membrane-bound distributions.
Like the NOX, TLRs are particularly associated with tissues and locations
which face potential pathogenic contacts, including vascular endothelium,
bronchial, gastrointestinal and urogenital epithelium and blood-brain bar-
rier (Hopkins and Sriskandan, 2005). Interestingly, most of these are also
regions expressing multiple drug resistance proteins. TLR are phylogeneti-
cally conserved across plants to insects to vertebrates (Lescot et al., 2004).

TLR2 and TLR4 were implicated as gp96 receptors on immunocytes
(Baker-Lepain et al., 2004). HSP, including gp96, complex with TLRs and
cooperate in binding and signaling diverse ligands (Underhill, 2003). Earlier
concerns that microbial contaminants may have artifactually mediated the
apparent gp96 interaction with TLRs have been offset by careful attention
to uncontaminated preparations. HSP may have little independent immuno-
genicity, but even low amounts of gp96 greatly (up to 100-fold) amplified
bacterial product-induced TLR-mediated signaling relevant to activation of
T cells and dendritic cells (Warger et al., 2006). Membrane expressed TLR2
and TLR4 bind HSP (HSP60, HSP70, HSP90/gp96), suggesting they may
serve as immunocyte receptors for HSP. This also suggests the possibility
that HSP may be closely connected to surveillance systems more gener-
ally. With respect to bacterial lipopolysaccharide, this may be first bound
by CD14 associated with TRL4, and then transferred to a HSP70-HSP90
complex (Underhill, 2003).
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One outcome of TLR activation is engagement of the NADPH oxidative
burst, and ultimately, adaptive immunity (Hopkins and Sriskandan, 2005).
Lipopolysaccharide from gram negative bacteria mediates direct activation
of NOX4 via TLR4. This is known to involve Racl. Lipopolysaccharide
from Helicobacter pylori also induced NOX1 (~gp91P"o¥) activity and mRNA
via a PI3K pathway activation of Racl in gastric mucosal cells. Expression
of NOXOI1 (~p47°"*) mRNA was also enhanced. Flagella of Salmonella
also activated NOX1. Detection of lipopolysaccharide and flagella involved
TLR4 and TLRS5 respectively (Geiszt and Leto, 2004; Kawahara et al., 2005).
Signaling of TLR4 (and many other TLRs) via MyD88 to IL-1R associated
kinase to TRAF6 (tumor necrosis factor-associated factor-6) can activate
NF-kB (Tsan and Gao, 2004a; Park et al., 2004b). NF-xB activation may
also be mediated by free radicals generated by NOX4, since H,O, activates
NF-xB (Park et al., 2004a, b). In the colon epithelium, TLRS5 mediated free-
radical production via NOXI in response to stimulation by flagellin from
Salmonella enteritidis or by lipopolysaccharide from Helicobacter pylori. In
addition to activation of NF-kB, TLRs induce AP-1, TNF-a, IFN-B, IL-8
(involved in chemoattraction of immunocytes) and TGF-B-activated kinase 1
(Yamamoto et al., 2003; Kawahara et al., 2004; Kawai and Akira, 20006).

The IL-1 receptor associated kinase is a key element in TLR signaling,
linking receptor activation to TRAF6 and subsequent activation of MAPK
(e.g. ERK1/2, p38), NF-xB, TNF-a, IL-land IL-8. A complex containing
HSP90 and Cdc37 regulate the folding and possible level of activation
of IL-1R associated kinase, providing a further linkage of HSP90 family
members to immunological recognition. In fact, heat-shock proteins are also
involved in regulation of many important signaling elements including Raf-1,
p53, and IkB (De Nardo et al., 2005). Overall, this discussion identifies complex
interactions among NOX, Rac, TLR, HSP90, and gp96. Although TLRs
recognize specific pathogen derivatives, they may also respond to other factors.
They may monitor endogenous damage, including signals generated by radiation
(McBride et al., 2004). TLR9 is activated by unmethylated CpG didioxynucleotides.
Mammals have few such sequences, and most are methylated, providing
discrimination of bacterial and mammalian host DNA (Hemmi et al., 2000;
Takeshita et al., 2001; Chuang et al., 2002).

Although such signals may be associated with recognition of pathogens,
it is interesting that demethylation of mammalian CpG islands may release
endogenous viral activity, and radiation (and cancer) are generally associated
with demethylation. Growing evidence implicates inappropriate responses to
host DNA in autoimmune diseases. T cells from lupus patients are hypometh-
ylated, and mice receiving CD4 + T cells that have been chemically demethyl-
ated developed a lupus-like condition (Blank and Shoenfeld, 2005; Kaplan
et al., 2005). More than 100 genes sensitive to methylation status have been
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detected. Upregulation of such genes (particularly performin) may contribute to
autoimmunity by altering the regulation of apoptosis and clearance (Kaplan
et al., 2005). HSP9O0 is also involved in signaling induced by CpG motifs
(Quintana aand Cohen, 2005). Immunization of mice with DNA from activated
lymphocytes induced antibodies against double-stranded DNA, and others
characteristic of lupus (Qiao et al., 2005).

TLROY, which is the well-characterized DNA recognition receptor is high-
lighted in serious conditions such as lupus and multiple sclerosis (Anders,
2005; Means et al., 2005; Prinz et al., 2006). Strong signaling via TLR9 can
induce apoptosis and even organ failure (Yi et al., 2006). For lupus, DNA
from nucleosomes may be most critical, highlighting the need for efficient
clearance of defective cells (Radic et al., 2004; Blank and Shoenfeld, 2005;
Ishii and Akira, 2005). Remarkably, nucleosomes may be released from the
nucleus to the cell surface during apoptosis. The presence of nucleosome
core particles in apoptotic membrane blebs may provide an additional signal
for phagocytosis (Radic et al., 2004). Immunization of mice with nucleo-
somes triggers Thl-type autoimmune T cells (Mohan et al., 1993; Blank and
Shoenfeld, 2005). Other host factors may also serve as endogenous ligands,
particularly those associated with cell damage or dysfunction (e.g. heat-shock
proteins, fibrinogen, hyaluronan, heparin sulfate and mRNA) (Tsan and
Gao, 2004a; De Nardo et al., 2005). An important question, however, is whether
some such findings are confounded by the presence pathogen contaminants
(Tsan and Gao, 2004a,b).

TLR appear to be involved in recognition of DNA damage and NF-«xB-
associated responses. The cancer-treatment drug “taxol” activates NF-xB
and may be a ligand for TLR4. This receptor may also be required to medi-
ate NF-xB activation in response to chemically mediated DNA damage,
possibly linking radiation-induced DNA damage and NF-xB activation to
TLR (Park et al., 2004a,b). In this regard, low dose radiation (~2Gy/d) was
beneficial in follicular lymphoma, and besides upregulation of p53, elevated
expression of TLR4 was part of the “immune signature.” Induction of specific
immune modulators by radiation was suggested to likely impact death and
clearance of tumor cells (Knoops et al., 2005).

Specific immunity to tumors by gp96 (and little such function in HSP90),
may trace to the ATPase activity of gp96, which may be required to transfer
proteins to acceptor molecules (Udono and Srivastava, 1994).

Conclusions
Despite great complexity, some unity amidst diversity can be found in

considerations of diverse stressors, including aging, radiation, xenobiotics
and many others. This is possible because stressors share a strong basis
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in free-radical-mediated regulation and coordination of biological stress
response functions. A unifying perspective highlighting integrated elec-
troplasmic cycling brings together diverse mechanisms associated with
free-radical processes, growth and development, signal transduction,
ion channels, chaperone proteins, immunological activities, clocks, and
transcription. Regardless, there remains bewildering complexity, and the
intricacies of regulatory mechanisms continue to unfold at a great pace.
There is a serious need for a computer modeling and systems approach to
provide a concrete focus for research into regulatory circuitry, and some
ability to predict the consequences of multiple stressors on ecosystems and
the people who inhabit them.
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