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PART I: GENERAL CONTEXT




General context

Discovery of DNA as the carrier of genetic information and its structure [1]
transformed biology and biomedical research, and the latter became focused on a
genome. It is now believed that through DNA sequence most or all can be diagnosed
and treated [2]. Therefore, DNA mutation has been established as a diagnostic and
prognostic biomarker, especially in cancer as one of the leading causes of morbidity and
mortality [3]. Genotoxic effect of ionizing radiation was held as the primary cause of

radiation-induced cell death and diseases [4].

However, DNA is not the only biomolecule damaged by ionizing and
UV radiation. Other key biological macromolecules are subject to oxidative damage by
radiation, notably proteins [5], lipids [6] and RNA [7]. In addition, epigenetics features
as an important player in the expression of cellular phenotypes [8]. Proteins are
functional molecules of the organisms and are sensitive to endogenous and exogenous
damaging agents. However, there are few mechanisms of the clearance of damaged
proteins, e.g. proteasomal degradation and autophagy of aggregated proteins (lysosome)
[9], whereas protein oxidative damage (i.e. carbonylation) was found to correlate with

cellular aging and death [10].

Protein carbonylation is an irreversible and irreparable oxidative damage [11]
with deleterious biological consequences. In E. coli, lethal hit corresponds to 5 million
protein carbonyls per cell [S]. Protein carbonylation has been used as a biomarker of
oxidative stress and aging [12]. High UV doses lead to rapid aggregation of
carbonylated proteins [13] and resistance to proteolysis. In spite of numerous protocols,
highly oxidized aggregated proteins [14] make quantification of damaged proteins
difficult. Recently, there was a significant methodological improvement yielding robust
quantitative relationship between highly carbonylated proteins and high UV doses [15].
Nevertheless, quantification of protein carbonylation as a biomarker of aging and
low-dose radiation damage still needs improvement. This thesis is a contribution to the
methodological improvement of the monitoring of protein carbonylation and an attempt
to tackle the question of causality versus correlation, in regards to biological and

phenotypic consequences of radiation exposure, i.e. longevity modification and death.
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Introduction Chapter 1: Radiobiology

Chapter 1: Radiobiology

1.1. Background
1.1.1. Discovery and definition of radiobiology

Radiobiology was first introduced as a discipline in medical sciences in 1896 by
Leopold Freund who conducted a therapeutic treatment of a hairy mole with X-rays
(discovered in 1895 by Wilhelm Rontgen) [16]. Several weeks after Rontgen's
discovery of X-ray, Ivan Romanovich Tarkhanov demonstrated deleterious effects of
irradiated frogs and insects, which confirmed the birth of radiobiology [17]. In 1898
Marie Sktodowska Curie and her husband Pierre Curie discovered the radioactive
polonium and radium. Marie Curie was a pioneer in the studies on radioactivity, which
was discovered by H. Becquerel. In 1903 Pierre Curie suggested that radium that
penetrates bone better than x-rays and induces deep flesh burns could be used in cancer
treatment [18]. Finally, radiobiology is a dual scientific discipline (radiation physics and
biology) that studies interaction of ionizing radiation (IR) with living matter and the

biological consequences upon organisms [19].

1.1.2. Radioactivity

IR separates from non-ionizing radiation at approximately 10 eV, which is the
ionization energy of oxygen atom. Radioactivity represents the energy released and
emitted from unstable atomic nuclei. This radiation decay leads to the re-balancing of
unstable atoms (radionuclides) to a final stable native (electrically neutral) state.
Ionization, on the other hand, is a process where the atom is converted into an ion(s) by
removing electron(s). Therefore, diverse radionuclides have different nature and
consequently different penetration capacity. Furthermore, IR quality is defined with
linear energy transfer (LET), considering X-rays and gamma (y) rays as low LET
radiations, whereas high LET radiations are heavily charged particles, neutrons and

protons [20].

If radionuclide has excessive protons or neutrons, radioactivity emits alpha
particles (a). a particle is equivalent to helium atom nucleus, which is composed of two
protons and two neutrons. o particles can be released by uranium-238 (U-238) or

americium-241 (Am-241). Since a is a large particle, it displays high reactivity with
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material and low penetration capacity, where a sheet of paper or skin surface can stop
them (Figure 1) [21]. However, beta particles () are electrons and positrons emitted
from radionuclides that have a different number of protons and neutrons. According to
their size, B particles are less reactive and more penetrable than o particles. For
example, trittum (H-3) and nickel-60 (Ni-60) emit B particles that are blocked by
aluminum foil (Fig 1). In contrast, gamma rays (y) are not energized particles and they
belong to electromagnetic radiation. This photonic wave has low interaction with
material and high penetration capacity. It takes thick blocks of lead to stop y rays,
emitted from e.g. cobalt-60 (Co-60) or cesium-137 (Cs-137) (Fig 1) [21]. However,
emission of y rays is usually produced along with o or B particles. When a or 3 particles
are emitted from the nucleus, daughter nucleus might stay excited, whereas

de-excitation lowers energy of daughter nucleus to the ground state and emits vy ray.
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Figure 1. Defining ionizing radiation and its’ penetration through the different surface.
1.1.3. Sources of ionizing radiation

There are two sources of IR origin, natural and artificial, but it is more often (in
more than 50% cases) natural, e.g. cosmic rays. Consequently, living organisms are
continuously exposed to IR from natural radiation. Artificial radioactivity is punctual
with origins from health care (medical diagnosis and therapy [22]), nuclear power
reactor accident and, in the past, from nuclear weapons testing. Accordingly, the
average level of professional exposure is subjected to internationally recognized limits,
which are approximately 10 times higher than the average exposure to natural radiation

[23].
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1.1.4. Measuring ionizing radiation: absorbed and effective dose

As IR is a damaging agent, it was very important to establish measuring scale to
enable measuring biological effects in correlation with IR. Therefore, absorbed dose
expresses quantitative energy that is deposited per mass unit and the measuring unit is
gray (Gy); the energy of 1 J/kg of tissue is equivalent to 1 Gy. In human
radioprotection, effective dose is used instead of the absorbed dose because all types of
radiation are not the same; therefore they do not cause the same biological effect and all
biological tissues are not equally sensitive. Indeed, with a hypothesis on biological
radiosensitivity (cellular repopulation and cycle), different tissues in mammals display
different radiosensitivity [24]. Effective dose, which is expressed in Sieverts (Sv), is
then the product of the absorbed dose and radiation weighting factor and tissue

weighting factor.

1.1.5. Ionizing radiation-induced damage

IR might provoke cellular damage, regardless its type or source [19]. Namely, IR
can damage cells directly (by ionizing/exciting the cell biomolecules through Coulomb
interactions) or indirectly (radiation interacts first with other molecules, e.g. water)
(Figure 2). In fact, direct damage target can be DNA (Fig 2), but also proteins and
lipids [25-27]. Furthermore, low LET radiations mostly provoke indirect cell damage in
following steps: (1) photon radiation induces (2) water radiolysis that generates (3)
free-radicals which can induce (4) chemical DNA breaks and potentially cause (5)
biological effect [19]. While first 4 steps are at a molecular level, the last one is
macroscopic, as we can see biological effects. The last two steps are also of
radiobiological interest [28] due to health effects of radiation to establish

radioprotection.

In conclusion, according to the level of damage and repair, irradiation of cells
can result in the following outcomes: no effect; division delay; apoptosis; reproductive
failure; genomic instability; mutation; transformation; bystander effects and adaptive

responses [29]. Finally, all of these outcomes are crucial for basic and clinical research.
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Figure 2. Direct versus indirect action of IR on DNA molecule.

1.1.6. Cellular consequences of radiation-induced molecular damage

and the relationship to radiobiology

Depending on the type of damage and repair and cell fate, effects have been
classified as deterministic (coming from no or weak repair) and stochastic (coming from
bad repair yielding mutation) effects. Deterministic effects appear short term after
exposure (hours to months) and do not occur below the certain threshold. Once the
threshold has been exceeded, the severity of an effect increases with a dose, e.g. skin
erythema/necrosis/epilation (2-5 Gy), radiation sickness, cataract (2-10 Gy), sterility
(2.5-3.5 Gy) and teratogenesis/fetal death (>20 Gy). It is observed that high doses and
high dose rates can cause different symptoms, e.g. radiation burns and hair loss [19].
Unlike deterministic effect, stochastic effects (cancer or hereditary effects) can appear
up to 40 years after exposure and have no threshold dose; their incidence is more likely
to occur with a higher dose and their severity is not dose-related. The most common
model of stochastic effect is cancer. Different models exist to assess the relationship
between doses and effects. In radiological protection, the linear non-threshold
relationship is retained for risk assessment [30] but different models are proposed by
opponents, e.g. threshold model and the hormesis model. Figure 3 shows these different
models. The LNT model is for a long time widely accepted by the majority of experts in
radiology and epidemiology. This model assumes that risk of adverse effects, such as
the incidence of tumors, increases linearly with dose even at low doses of radiation
(<100 mGy) where the effects are not currently defined. On the other hand, the linear
threshold model assumes there are no significant biological effects below a threshold
dose. Finally, the hormetic model is based on the possibility that low ionizing radiations
potentially induce a positive adaptive phenomenon of organisms. Threshold and

hormetic models are now highlighted in the context of the risk assessment of exposure
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to low doses of ionizing radiation. However, it is necessary to acquire experimental data
specific to such exposures, in order to improve the assessment of radiological risk for

environmental radioprotection.

a) LNT model b) Threshold model ¢) Hormetic model

A

Harmful

Beneficial

> > >
low  Medium Low High Medium High

Figure 3. Typical dose-response curves (curves a, b and c¢). Dashed line indicates the natural incidence of
the effect. Curve a) represents LNT; curve b) represents a linear relationship with a threshold, curve ¢
represents radiation hormesis [24].

1.1.7. Environmental radioprotection context

In addition to human radioprotection, environmental one also needs to deal with
different organism radiosensitivity. The latter was first defined by lethal effects of high
acute doses. Namely, radiosensitivity towards high acute doses is statistically correlated
with the taxonomic group. In fact, primitive organisms (e.g. viruses, protozoa and
bacteria with their cell wall) are more radioresistant than higher taxonomic groups
(mammals, birds and amphibians) [31, 32] (Figure 4). Biological radiosensitivity seems
to be linked to organism’s stage (early organism’s stage appears to be more
radiosensitive than its adult counterpart), the capacity of cellular reconstitution
(differentiation and proliferation) and cell cycle. Later a study published in 2013 [33]
showed, via the use of EDR10 (dose rate resulting in a 10% decrease of a physiological
parameter in exposed organisms; here mainly reproduction), that the radiosensitivity of
key environmental species covered more than five orders of magnitude, with an

unknown mechanistic explanation.

Due to the increasing use of radioactive compounds worldwide, particularly for
energy production, their impact on humans and ecosystems has become a major public,
regulatory and scientific concern [30, 34]. In this context, a number of national and

international projects have been developed, such as the European FASSET and ERICA
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programs [35, 36]. The objective of these projects was plural: (i) the setting of a
methodological framework for the assessment of the environmental impact of ionizing
radiation (FREDERICA database [37]), but also (ii) control of the relevance of
decisions on environmental issues with respect to exposure, effects and risks of ionizing
radiation [38]. However, available data are still insufficient to establish an accurate
estimate of radiological risk [36], notably because of the number of species covered
(mostly mammals, fish, higher plants, terrestrial and aquatic invertebrates [37]) and of
the lack of data on chronic exposure [39]. In addition, radiological risk assessment
should be assessed with sensitive and early parameters [40], in view of the need to
enhance our knowledge on radiation-induced damage cellular and molecular
mechanisms, thus facilitating major scientific advances in the field of
radio-toxicogenomic [41]. Indeed, the integration of subcellular markers, which are
generally more sensitive and early than "macroscopic" markers (if not balanced with
other mechanisms of controls and regulations), will help to predict the effects on the

major physiological functions of morbidity, reproduction and mortality [42, 43].

Regarding environmental species the conclusion is thus as follows: to reach the
objectives of environmental radiation protection it now seems necessary to use
integrated approaches to improve the understanding of the mechanisms involved at
different levels of biological organization, to find sensitive markers of exposure and,

ultimately, adequately protect the environment.
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Figure 4. Acute dose ranges that result in 100% mortality in various taxonomic groups. Humans belong
to the most sensitive mammals and are, therefore, among the most sensitive organisms [31].

1.1.8. Conclusion

In order to achieve a reliable and representative radiological risk assessment of
the populations, it is important to integrate a multi phylum approach (including human)
and take into account more or less radiosensitive environmental species. In most
environmental studies conducted on radioprotection chronicity, reproduction has been
shown as the most radiosensitive macroscopic biological parameter with respect to
mortality, morbidity and longevity, regardless of the species considered (invertebrates
mainly). However, whereas the molecular signature of aging is widely studied [44] and
the link between reproduction and lifespan is stressed in several studies [45], few
studies have been conducted accurately and carefully on the chronic radiation exposure

molecular effects on lifespan and aging of organisms.
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1.2. Tonizing radiation and aging
1.2.1. Theories of aging

Biological reasons for aging are nowadays better understood [46], but until
recently aging was not considered to be an actively regulated process [47]. Schrodinger
believed that negative entropy is a source of life, meaning that energy is essential to
maintain the complex structures [48]. One could say that aging is a metabolic process of
multifactorial stochastic events based on loss of molecular fidelity and gain of entropy
(disorder) at the levels of molecules, cells, tissues and organs [46]. There is also that
known analogy with a car; an old vintage car can be maintained indefinitely, but at a
huge financial cost, since with time defects increase and repair budget goes up. To
rephrase in biological terms, soma could be maintained indefinitely, but with
continually increasing expenses of resources [46]. Furthermore, Hayflick had suggested
taking a cellular senescence as a biomarker of aging. Indeed, a replicative cellular
potential is correlating with a lifespan of different species [49]. The point of this theory
is that organs and body age because cells are shutting down, i.e. cells are senescing. On
the other hand, cellular senescence could be anti-neoplastic effective mechanism that

cells are using to avoid cancer [50].

Aging is acknowledged as a multifactorial stochastic mechanism with bottom-up
affection from biomolecules to organs. Energy resources are of crucial importance for
biomolecular fitness that slows down the process of aging. Therefore, an energetically
expensive investment, such as reproduction, has a profound shortening effect on the
lifespan. This is represented with the aged phenotype that leads to senescence and
ultimate death [46].

There are numerous theories of aging which can be divided into three general
groups: biochemical, physiological and psychosocial. Their description is presented in
Table 1. Psychosocial theories (disengagement and activity postulate) are built on social
interactions during aging, while activity conjecture came as opposed to disengagement
theory. The physiological theory comes from endocrinal hormonal imbalance and owns
it its name, i.e. neuroendocrine theory. Regarding biochemical theories, they are all
involved in metabolism, either via aerobic oxidative metabolism (free-radical theory) or
membrane changes (membrane theory of aging) or declining production of ATP

(mitochondrial decline theory) or cross-linking of proteins and glucose.
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Table 1. Different theories of aging and their definition. Only one reference, among numerous, which represents each
one of them is given.

Type of aging Name of aging theory* Description of the theory Reference
theory

Disengagement theory Psychosocial theory in the field of ~ [51]
gerontology that describes
distancing from society and change

Psychosocial theory in relationships as people age.
Activity theory Healthy aging includes staying [52]
active in physical and social sense.
Physiological Neuroendocrine theory Aging is induced by neuronal and [53]

endocrine (hypothalamic-pituitary-

theory adrenal axis) hormonal imbalance.

The free-radical theory* Aging is effective stochastic [54]
mechanism based on aerobic
metabolism and redox state which
leads to the programmed deficiency
in reliability of biomolecular
constructs.

Biochemical theory = The membrane theory of Aging results from changing in [55]

membrane composition, electrical

potential and semi-permeability.

The mitochondrial decline Aging comes from declined [56]

production of ATP, mitochondrial

DNA and mRNA.

The cross-linking theory Aging results from crosslinking [57]
reaction which link proteins
between themselves or with
glucose which makes proteins
functionally inactive.

aging*

theory*

*Theories that may share a common mechanism of action (i.e. radical production) with ionizing gamma
radiation.

1.2.2. Free-radical theory of aging

The most popular aging theory is called “free-radical theory of aging” (FRTA)
[5S5] and its author is Denham Harman [58]. FRTA is based on free-radical induced
oxidative damage (Table 1). Moreover, it has been known to share some mechanisms of
action with IR [59]. FRTA and IR are both mediated by reactive oxygen species (ROS)
which induce different biomolecular modification, e.g. oxidative stress, DNA mutations

and shorter telomere formation [60].

1.2.3. Acute and chronic impact on aging

It was postulated that acute radiation and aging share some similar mechanisms
of action, and synergy could result in accelerated aging [61, 62]. Dep