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INTRODUCTION 
 
 
As a naturally occurring, ubiquitous heavy metal, uranium is incorporated 

in the Earth’s crust and it is a part of all natural resources. Natural and man-
made products, including depleted uranium, differ in their isotopic 
composition, but all of them are α, β, and γ emitters, with a dominant alpha 
radiation emitted during their radioactive decay. Uranium remains radioactive 
for more than 4 billion years, exhibiting heavy metal and radiotoxic effects by 
an emission of alpha, beta, and gamma radiation. Depleted uranium has a 
unique potential to pose a threat to all natural resources including human 
society because of its radiotoxicity and its fissile properties including Thorium 
and Plutonium as well.  

Even though the main source of exposure to ionizing radiation in the 
general population remains natural radiation, the exposure from medical 
procedures shows the increasing trend. Due to the uncontrolled military use of 
high amounts (a thousand tons) of depleted uranium, numerous unusual 
environmental physical manifestations were recorded in the last two or three 
decades. Simultaneous monitoring of natural phenomena on Earth and in the 
atmosphere has revealed an exceptional parallelism between the phenomena in 
the environment and in the living world. Our knowledge has evolved from  
in vitro studies of radiation exposure to a more comprehensive understanding 
of unexpected and poorly understood natural phenomena, whose consequences 
may be achievable according to the theory of litosphere-atomsphere-
ionospehere and biosphere coupling.  

The Petkau effect has been observed since 1972 as an inverse dose-rate 
effect in vitro. This study proposed possible mechanisms leading to the Petkau 
effect in vivo, taking into account the overall body integrative system’s 
regulation. The health effects of depleted uranium on humans were observed 
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in the functional unity of the lithosphere, atmosphere, ionosphere and 
biosphere. The Petkau effect was proposed as a wave phenomenon which can 
target all living structures, including cell membrane system or DNA 
molecules. On the other hand, one of the basic characteristics of living matter 
is its adaptability to the incident influence, up to the moment when the 
influence is powered enough to change the basic properties of a target, 
inducing its change to a different quality. 

Genetic susceptibility is one of the key connecting links between 
adaptability and tissue damage with the possible evolution of the neoplastic 
change. We discussed the importance of an individual approach to the 
diagnosis and selection of appropriate therapy, based not only on the results of 
the expression analysis, but also on the metabolic and apoptotic tissue 
properties.  

 
Keywords: depleted uranium radiobiology, Petkau effect, alpha-particle-

induced bystander effect, Gulf War Syndrome, Balkan Syndrome 
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Chapter 1 

 
 
 

DEPLETED URANIUM  

RADIOCHEMICAL PROPERTIES 
 
 
Uranium is a naturally occurring, ubiquitous, heavy metal. Natural 

uranium (NU), in various chemical forms, is found in all soils, rocks, seas and 
oceans. The Earth's crust contains an average of about 3 ppm (= 3 g/t) 
uranium, and seawater approximately 3 ppb (= 3 mg/t) (WISE, 2011). 
Uranium is also present in drinking water and food. Natural uranium consists 
of a mixture of three different isotopes: U-238 (99.27% by mass), U- 235 
(0.72%) and U-234 (0.0054%) (WHO, 2001). U-235 is a fissile radioactive 
isotope, which is a primordial nuclide, existing in nature in its present form 
since before the creation of Earth (WISE, 2011). 

From normal intakes of water, food and air, about 90 µg of uranium exist 
in the human body (Priest, 1990). The skeleton contains about 66%, the liver 
16%, the kidneys 8% and the other tissues approximately 10% (WHO, 2001).  

Uranium is used primarily in nuclear power plants; most reactors require 
uranium in which the U-235 content is enriched from 0.72 to about 3–4% in 
enriched uranium (EU). The uranium remaining after removal of the enriched 
fraction is referred to as depleted uranium (DU) (WHO, 2001-1). The waste 
product from the enrichment process is depleted in uranium-235. The 
concentrations of U-235 in DU are 0.2 to 0.3 weight-percent; that is around  
30 - 40% of its concentration in NU (WISE, 2011). The concentration of 
uranium-234 is depleted to an even lower ratio, according to its lower atomic 
weight. DU is weakly radioactive and a radiation dose from it would be about 
60% of that from purified natural uranium with the same mass (WHO, 2003).  

Table 1 presents the properties and composition of natural, enriched and 
depleted uranium (according to WISE, 2011). 
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Table 1. Properties and isotopic composition of natural, enriched and 

depleted uranium 

 

 U-234 U-235 U-238 

Half-life (years) 244,500 703.8 · 106 4.468 · 109 
Isotopic composition  

(weight %) 
   

NU 0.0053% 0.711% 99.284% 
DU 0.0008976% 0.2% 99.799% 
EU 0.02884% 3.5% 96.471% 
Isotopic composition  

(activity %) 

   

NU 48.9% 2.2% 48.9% 
DU 14.2% 1.1% 84.7% 
EU 81.8% 3.4% 14.7% 

 
U-238 and U-235 are the parent nuclides of two independent decay series, 

while U-234 is a decay product of the U-238 series. Tables 2 and 3 present the 
U-238 and U-235 decay series, assuming that all decays emit gamma radiation 
(according to Clark, 1996 and WISE, 2011). U-238 has a half-life of 4.5 x 109 
years, which is approximately, the age of the Earth (Barnes, 1996). The U-238 
gamma spectrum is not in equilibrium with U-234 and its daughters. U-235 
relatively quickly decays to equilibrium with its daughters, Th-231 and Pa-231 
(Clark, 1996). One of the daughters of U-238 is Rn-222 (Table 2). Two 
daughters of Rn-222, Po-218 and Po-214, are alpha emitters that can adhere to 
the respiratory tract (Barnes, 1996). 

Natural and depleted uranium differ in their isotopic composition  
(Table 1), but both are α, β and γ emitters, with a dominant alpha radiation 
emitted during their radioactive decay (Tables 2-3).  

DU has less of the more radioactive isotopes uranium-234 and uranium-
235 per unit weight than natural uranium (Burger, 2012). The International 
Atomic Energy Agency (IAEA) defines DU as a low specific activity material. 
The specific activity of uranium in DU is about 15 Bq per mg compared with 
25.4 Bq per mg for natural uranium. If the activity of the decay products is 
also included, then the value for specific activity is higher. Plutonium (for 
example, plutonium-239) has a much higher specific activity of about 
2,300,000 Bq per mg (PHE, 2007). 
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Table 2. Uranium-238 Decay Chain 

 
Nuclide Half-Life Radiation* 

U-238 4.468 · 109 years α (γ) 
Th-234 24.1 days β (γ) 
Pa-234m 1.17 minutes β (γ) 
U-234 244,500 years α (γ) 
Th-230 77,000 years α (γ) 
Ra-226 1,600 years α (γ) 
Rn-222 3.8235 days α 
Po-218 3.05 minutes α 
Pb-214 26.8 minutes β (γ) 
Bi-214 19.9 minutes β (γ) 
Po-214 63.7 microseconds α 
Pb-210 22.26 years β (γ) 
Bi-210 5.013 days β 
Po-210 138.378 days α 
Pb-206 Stable - 

* Almost all are γ-emitters. 
 

Table 3. Uranium-235 Decay Chain 

 

Nuclide Half-Life Radiation * 

U-235 703.8 · 106 years α (γ) 
Th-231 25.52 hours β (γ) 
Pa-231 32,760 years α (γ) 
Ac-227 21.773 years β 
Th-227 18.718 days α 
Ra-223 11.434 days α 
Rn-219 3.96 seconds α 
Po-215 778 microseconds α 
Pb-211 36.1 minutes β 
Bi-211 2.13 minutes α 
Tl-207 4.77 minutes β 
Pb-207 Stable - 

* Almost all are γ-emitters. 
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DEPLETED URANIUM IS A RADIOTOXIC HEAVY METAL 
 
DU exerts mixed, radioactive (, ,  emitter’s) and toxic heavy metal 

properties. Our knowledge concerning uranium or DU toxicity has evolved 
since 1999, when DU was considered as a Group III agent (not classifiable as 
carcinogenic to humans) by the International Agency for Research on Cancer 
(IARC). According to Baverstock (2006), DU has been categorized as a Group 
I agent – alpha emitter (i.e., as carcinogenic to humans).  

Uranium decay produces alpha particles, which include two protons and 
two neutrons, beta particles, which are essentially high-speed electrons and 
gamma rays which are photons.  

Heavy nuclei emit an alpha particle to reduce the number of protons. 
Typically, alpha decay leads to daughter nuclides that themselves are 
radioactive (usually, alpha or beta minus emitters). When an alpha particle 
(identical to a He nucleus without the orbiting electrons) is emitted from a 
nucleus, a new element is formed with the mass number decreased by 4, and 
the atomic number decreased by 2 (Barnes, 1996).  

The alpha particle is ejected with a large, precisely defined energy usually 
between 4 and 10 MeV (Barnes, 1996). The alpha particle mass is 
6.644656×10-27 kg. Most alpha particles have kinetic energies in the range of 3 
to 7 MeV, or a typical kinetic energy of 5 MeV and the speed of 15,000 km/s 
(Tipler and Llewellyn, 2002; Benton, 2015).  

Alpha particles have huge ionization potential because of their high 
energy. Alpha particles exhibit high ionization impact because of their 
relatively large mass, +2 charge, and relatively low velocity. Alpha particles 
lose their energy in interaction with other atoms, within a few centimeters of 
air, or travel only a distance of microns in soft tissue before stopping (Barnes, 
1996). Even though alpha particles have the smallest penetrability, their 
biological effects are the most harmful. 

If the ratio of neutrons to protons in the nucleus is too high, beta decay 
occurs. When a neutron is converted into a proton the radionuclide becomes a 
different element whose nucleus has one neutron less and one proton more (the 
atomic number Z increases by 1, while the mass number A remains the same), 
and an electron is ejected. A gamma photon can be emitted if the energy 
released from the nucleus is not enough, to stabilize the nucleus. Beta particles 
are high-energy, high-speed electrons ("beta minus" (β−), or positrons "beta 
plus" (β+)) (Jevremovic, 2009).  

Gamma rays are released during uranium decay to provide more stability 
to the nuclei after α or β particles emission. Gamma rays are high-energy 
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photons that travel at the speed of light along hundreds and thousands of 
meters, easily penetrating and passing through matter, including human 
tissues. Gamma rays have no mass and no electrical charge; they may be 
stopped by very dense materials, such as lead. Gamma radiation is an 
electromagnetic radiation with the shortest wavelengths and highest 
frequencies. When passing through matter, gamma radiation ionizes atoms 
directly through the photoelectric effect and Compton scattering, and 
indirectly through pair production (Barnes, 1996). 

The energy of the gamma-ray of pure U-238 is 49.55 keV (Clark, 1996). 
The alpha decay of U-235 to Th-231 is accompanied by the emission of a 
prominent gamma ray at 185.7 keV (4.3 x 104 of these 185.7 keV gamma rays 
are emitted per second per gram of U-235). The relatively low energy and 
consequent low penetrating power of these gamma rays implys that most of 
those emitted within the interior of the material are absorbed within the 
material itself (U.S. Atomic Energy Commission, 1974). As for the photon 
energies which are used in nuclear medicine (50 keV – 5 MeV), there are three 
types of interactions of photons with matter we are interested in: 1) In 
Compton scattering, a photon interacts with an outer-shell electron in an atom 
of the material that the photon is traversing. The photon scatters from the 
electron through a scattering angle. The electron is set into motion with energy 
equal to that which the scattered photon loses (Barnes, 1996). Compton effect 
is the principal absorption mechanism for -rays in the intermediate energy 
ranges (100 keV – 10 MeV) (Gupta, 2013); 2) Photoelectric absorption of a 
photon by an atom results in the ejection of an inner-shell electron. The energy 
of the ejected electron (photoelectron) is the same as the initial photon energy, 
minus the binding energy of the electron (Barnes, 1996). The photoelectric 
effect is the dominant energy transfer mechanism for -rays with the photon 
energies below 50 keV (Gupta, 2013); 3) In the process of pair production, the 
energy of the photon is converted into mass, an electron and positron pair 
(Barnes, 1996).  

Depleted uranium is very dense (19,050 kg/m³). It is denser than other 
known substances under standard (i.e., Earth-surface) pressures, like lead, 
osmium or iridium (DOE-HDBK, 1994; WISE, 2011). DU is an alternative for 
tungsten, which is more expensive and has fewer offensive capabilities.  

Due to its high density, about twice that of lead, DU has several civil 
applications: in the coloring of ceramics and glass, development of dentistry 
technology, as a chemical catalyst, for radiation shields in medical equipment, 
or as containers for the transport of radioactive material.  
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The military use of DU is in munitions designed to penetrate armor plates, 
and it is also used to reinforce military vehicles (Betti, 2003; WHO, 2003). 
The munitions containing DU were used in Iraq during the 1990–1991 and 
2003 Gulf wars, in Bosnia and Herzegovina in 1994–1995, and in Serbia and 
Montenegro in 1999 (Burger, 2012). 

Although some measurements of DU at sites where DU munitions have 
been used indicate only localized contamination at the ground surface (Keller 
et al., 2001), the extent and type of contamination may imply that significant 
quantities of depleted uranium entered the water supply and food chain and 
ground water (WHO, 2001).  

 
 

DEPLETED URANIUM EXPOSURE ROUTES 
 
Depleted uranium has been repeatedly used by the military, approximately 

every four years since 1991 (Iraq 1991, Bosnia 1994-1995, Kosovo, Serbia, 
and Montenegro 1999, Afghanistan 2001-2003, Iraq 2003-2011), which has 
induced the low dose radiation (air pollution easily transferable to the remote 
distances from the place of explosion), slow doses (the DU ammunition 
remnants can be fully oxidized into corrosion products twenty-five to thirty-
five years after impact) (Burger, 2012) and its further prolonged contribution 
to the maintenance of alpha particles radiation (Zunic and Rakic, 2013). 

Civilians have limited access to information concerning the exact amount 
of missiles used, the number of fragments and unexploded ordnance, or the 
people exposed, as well as the exact contamination levels. Depending on 
aerosol speciation, inhalation may lead to a protracted exposure of the lung 
and other organs (Bleise, 2003). One 120 mm DU tank round impacting 
against a hard target will create about 950 grams of DU dust, while one burst 
of 30 mm shells, fired by an A-10 aircraft, might create 960 grams. In some 
cases, the amount of dust created may be much higher. When a DU shell hits a 
hard target DU burns. About 20% of DU vaporizes into a fine dust that can 
travel long distances, and be inhaled by people in the immediate vicinity (up to 
400 meters) or up to thousands of miles away (Military Toxics Project 
Information Sheet, 2003).  

The firing of DU munitions can immediately contaminate air, soil, and 
water with the ingestible radio-chemotoxic DU particles (Military Toxics 
Project Information Sheet, 2003). Gatti and Montanari (2004) reported that the 
combustion processes created a form of particulate pollution that could be 
released into the environment. The size of the particles inversely relates to the 
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temperature of the process. In case of DU, the temperature is higher than 3,000 
°C. Consequently, inorganic micro- and nano-particles have been generated, 
which could pollute the environment after the explosion of DU missiles. There 
are three major uranium oxides produced by burning. These are UO3, U3O8, 
known as uranium trioxide, triuranium octoxide and uranium dioxide, UO2. 
Although uranium is one of the densest metals known, the uranium oxides in 
the smoke and dust are not so dense and remain suspended in the air for a long 
time. These aerosols can contain very small particles of uranium oxide of 
between 0.1 and 10 microns in diameter, which can be inhaled and deposed in 
the lungs (Al-Muqdadi and Al-Ansari, 2009).  

Unless shells and fragments are removed from the areas of use, they will 
continue to release DU into the environment for years or decades. The 
corrosion of the spent shells adds to the amounts of the mobile DU dust in the 
environment (Military Toxics Project Information Sheet, 2003). The depleted 
uranium oxide dust, produced when DU munitions burn, is composed of two 
oxides: one insoluble and the other sparingly soluble. Their particle size and 
distribution is not typical as for particles normally encountered in radiological 
protection (Baverstock, 2006).  

Busby and Morgan (2006) tried to answer the question whether the use of 
uranium weapons in the Second Gulf War resulted in contamination in Europe. 
The authors found an excess of uranium in the air along the trajectories across 
Europe, of some 500 nBq/m3, assuming that uranium particles originated from 
the Persian Gulf battlefields. It was found about 48,000 particles of 0.25 μm 
diameter in one cubic meter. By the authors’ approximate estimation, each 
person would have inhaled about 23 million particles of uranium in six weeks. 
One half of the total mass of the uranium oxide consists of particles smaller 
than the wavelength of visible light. The behavior of DU particles may be 
taken approximately to that of a gas, whose dispersion may be expected to be 
similar to the dispersion of radioactive gases from nuclear accidents like the 
Chernobyl accident (Busby and Morgan, 2006).  

The meteorological conditions at the time of the initial bombing in the 
Second Gulf War were anomalous, with airflow from Iraq to Europe. During 
February and in April 2003, this airflow carried Saharan desert sand to the UK 
(Busby and Morgan, 2006). The DU air concentrations in European countries 
closer to Iraq would have been exposed to higher levels of radioactive 
particles, contributing to significant exposure to the public (Busby and 
Morgan, 2006). The annual quantity of desert dust that makes regional or 
global airborne migrations is 0.5 to 5.0 billion tons (Perkins, 2001). 
Sandstorms and fires were recorded by NASA on the images of Iraq, Kuwait, 
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and parts of Saudi Arabia and Iran that were acquired on March 20&21, 2003 
(the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra 
satellite late morning local time in Baghdad) (NASA, 2003). 

The spreading of radioactive dust originating from DU from battlefields, 
across remote regions around the globe has been assisted by natural 
phenomena, including sandstorms. The larger deserts on the planet, which 
include the Sahara and Sahel regions of North Africa and the Gobi, Takla 
Makan, and Badain Jaran deserts of Asia, are the primary sources of mobilized 
desert topsoils that move great distances through the atmosphere each year. 
During summer in the Northern Hemisphere, African desert dust is transported 
across the Atlantic to the northern Caribbean and North America. During 
winter in the Northern Hemisphere, African desert dust is transported across 
the Atlantic to the southern Caribbean and South America. The Asian dust 
season typically lasts from late February to late April. Large Asian dust events 
can travel significant distances in the Northern Hemisphere (Griffin, 2007).  

DU armaments have repeatedly been used during the last 25 years: in Iraq 
(1991), Afghanistan (2001-2003), Iraq (2003), in numerous conflicts in North 
Africa or West Asia, which are just the regions where dust storms usually 
occur. As well as infective agents (Griffin, 2007), micro DU particles may be 
transferred along sand to distant regions of the world.  

Thus, the affected territory spreads around the globe. Airflow from Iraq to 
Europe carried Saharan desert sand way to the UK (Busby and Morgan, 2006). 
The area which is potentially exposed to contamination with DU particles, 
based on reports of Busby and Morgan (2006), Moret (2006), Schwarz (2006), 
Zunic (2013; 2013-1) is much wider, including ultimately, the whole world. 
According to Zunic and Rakic (2015), the potentially exposed area after the 
bombing of targets in the Persian Gulf and the Balkans and Afghanistan with 
depleted uranium projectiles is shown in Figure 1. 

Uncertainty about the DU particles’ behavior in the environment, or after 
entering the body, made an incomplete risk assessment for exposure to DU 
used in military campaigns (RS, 2001; RS, 2002). The impact of DU on the 
environment provoked some new attitudes in an understanding of the complex 
and unpredictable mechanisms of interaction of DU with all natural resources. 
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Figure 1. Schematic presentation of the potentially exposed area after the bombing of 

targets in the Persian Gulf, the Balkans and Afghanistan with depleted uranium 
projectiles. The thick black circle outlines approximately 2,400 miles radius 
around the Persian Gulf. The thin black circle schematically represents 
approximately 2,400 miles around Bosnia and Herzegovina. The dashed black 
circle schematically represents approximately 2,400 miles around Serbia. The 
punctuated circle schematically represents approximately 2,400 miles around 
Afghanistan. Adapted from primary data of Zunic, (2013). 
 
DU particles undergo alpha, beta, and gamma decay, which is achievable 

and inevitable. Nevertheless, the interaction of radioactive particles of 
depleted uranium with molecules and ions in the environment, or with the 
constituents of living systems is unpredictable and insufficiently explored. In 
fact, depleted uranium has been declared as a "safe" weapon that has been 
widely used for a quarter of a century. As a consequence, we are unfortunately 
faced with unpredictable and unknown environmental phenomena, as well as 
rare, new and no recognizable biological effects and medical consequences.  

 
 





 
 
 
 
 
 

Chapter 2 

 
 
 

ENVIRONMENTAL EFFECTS  

OF DEPLETED URANIUM 
 
 
Military uses of DU may have a significant impact on the environmental 

equilibrium of the uranium isotopes. Every change that is high enough to 
modify the ionic, magnetic, or temperature Earth’s equilibriums, depends on 
the natural default globe properties and tends to reach this equilibrium again. It 
has been reported recently that a thousand tons of DU that have been used 
since its first military use in the Persian Gulf in 1991 to date, have changed 
sufficiently the Earth’s natural equilibrium in terms of default activity of 
natural uranium in the Earth's crust and have triggered the visible output(s) 
(Zunic and Rakic, 2013). The authors have estimated that the output retains its 
value until the input changes sufficiently to trigger a change. Every new use of 
DU in military campaigns, or a discharge of radioactivity in civil nuclear 
disasters, may intensify the output.  

The repeated use of depleted uranium can produce ionizing radiation that, 
above a certain (unexplored) threshold, may trigger the disproportionately high 
response to the level where it becomes unpredictable and gives empirically 
unknown consequences. When the input is below a hypothetical preset 
threshold (natural properties of Earth), the output is absent to low, and the 
records can be confusing, or misinterpreted (according to Stein, 2013). In the 
environment, radiation hormesis is feasible, sometimes with concomitant 
catastrophic natural phenomena (Zunic and Rakic, 2013). 

The uncontrolled military use of high amounts of DU has coincided with 
numerous unusual environmental physical manifestations that have been 
recorded in the last 20 years. Simultaneous monitoring of natural phenomena 
on Earth and in the atmosphere has revealed an exceptional parallelism 
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between the phenomena in the environment and in the living world: increased 
number of earthquakes (Ellsworth, 2013), elevated humidity in the 
environment (IGMASS, 2012), increased number of forest fires (Jovanovic 
and Oldja, 2007; Rekacewicz, 2007), and increased extreme weather events 
during the last 20 years (EEA, 2012). 

The climate changes directed the focus of our thinking to the question 
whether periodical, artificial discharge of the large amounts of ionizing alpha 
particles emitted from the decay of DU that was used for military purposes, 
can seriously misbalance the nature equilibrium conditions. There is a 
remarkable parallelism between the use of DU ammunition and the physical 
phenomena described by the sources cited above. A number of reported 
extreme weather events and wildfire in EEA member and collaborating 
countries (1980–2011) (EM-DAT, 2012) showed that extreme weather events 
were mostly frequent in 1990, around 2000 and later, which was going on in 
parallel with the frequent use of DU in military actions since 1990. The 
reported extreme weather events were mostly frequent in the period 2000-
2010, which coincided with the excessive use of DU for military purposes 
during the Second Gulf War.  

These data support our hypothesis that after the local military conflicts 
during which DU ammunition was used, an unpredictably wide territory has 
been contaminated by aerosols, and later water and ground natural resources. 
From the air, the particles fall very slowly and contaminate the ground and 
grass, vegetables, fruit, entering the alimentary chain. From the rain, those 
particles could penetrate the earth and enter springs and subterranean waters 
(WHO, 2001). 

More precisely, the entire territory of Europe was exposed to DU 
contamination at the time of military operations during which radioactive 
ammunition was used. Numerous other studies support this claim. Forest fires 
in the Balkans were the most frequent exactly during the bombing of targets in 
Serbia and Bosnia (Figures 2 and 3). 

Rekacewicz’s graph (UNEP/GRID-Arendal, 2007) highlighted the gradual 
increase of the frequency of forest fires over the past 20 years in Southeast 
Europe (Figure 2). 

The prominent peaks were detected in the period 1995-1997 (after the 
bombing of Bosnia and Herzegovina, which borders Serbia), and 1999-2001, 
after the bombing of Serbia in 1999 (Figure 3). 
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Figure 2. The number of forest fires in Albania, Macedonia, Montenegro, Serbia and 
Bulgaria and their extensiveness (Reproduced with permission of Rekacewicz, P. 
Forest fires in Albania, Macedonia, Montenegro, Serbia and Bulgaria. [Balkan Vital 
Graphics]. Environment without borders UNEP/GRID-Arendal [2007]. (Available 
online at http://www.grida.no/files/publications/balkan-vital-graphics/balkans-vital-
graphic-full.pdf).  

The comparison of Figures 2 and 3 showed a remarkable correlation 
between the forest fires number and their extensiveness for the estimated 
period of time in Serbia and its neighboring territories. The peak 
corresponding to the year 2000 may be a result of forest fires sweeping across 
vast areas of the Republic of Serbia, caused by dispersed parts that originate 
from DU projectiles. 
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Figure 3. Review of the burned areas by year (1990-2005). (Reproduced with 
permission of Jovanovic, V; Oldja, M. [Video control of wildfires in Serbia. Ministry 
of Agriculture, Forestry and Water Management]. Directorate of Forests, Belgrade 
Serbia and Public Enterprise “Vojvodinasume. [2007]. Available online at 
http://www.fire.uni-freiburg.de/sevilla-
2007/contributions/doc/SESIONES_TEMATICAS/ST7/Jovanovic-
Oldja_SERBIA.pdf. 

Uranium is pyrophoric (i.e., the reaction of the metal with oxygen in the 
air causes it to ignite spontaneously) (Burger, 2012). It is possible that forest 
fires may be caused by the friable remnants of exploded armaments with DU, 
or by unexploded items in that region. For example, from 1990 to 2005 there 
were more than 1,700 forest fires in the Republic of Serbia. The total burnt 
area of forests was about 40,000 ha (Jovanovic and Oldja, 2007). 

Every flaming of contaminated land or plants, can re-suspend the 
absorbed radioactive particles and burn them up into the air. There is a 
prolonged and increasing risk of re-contamination of areas that were 
contaminated in peace time or war. Some of the materials that were 
contaminating that area would have been incorporated into the woods. In other 
words, they landed on the ground in 1986 and got absorbed into the trees and 
the entire biosphere (Busby and Morgan, 2006). When they burned, they just 
became re-suspended. “All of that material which fell on the ground will now 
be burned up into the air and will become available for people to breathe” 
(Zinets and Prentice, 2015). 

 
 

DU AND CLIMATE FORCING 
 
There are many natural climate forcings inducing changes to the Earth’s 

climate system. Besides natural climate forcings, like large volcanic eruptions 
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that inject light-reflecting particles as high as the stratosphere, man-made 
climate forcings relate mainly to particle pollution (aerosols) (Lindsey, 2009). 

The repeated military use of depleted uranium nuclear weapons caused 
contamination both at the local and global scales, because of the movement of 
air masses from the location of uranium missiles explosion all around the 
Earth (Zunic, 2013; 2013-1; Zunic and Rakic, 2015). The firing of DU 
munitions can immediately contaminate air, soil, and water with ingestible 
toxic and radioactive DU particles. The corrosion of spent shells adds to the 
amounts of the mobile DU dust in the environment (Military Toxics Project 
Information Sheet, 2003).  

A forcing can trigger feedbacks that intensify (positive feedback) or 
weaken (negative feedback) the original forcing. For example, loss of ice at 
the poles, which makes them less reflective for solar irradiation, is an example 
of a positive feedback (NASA, 2009). The atmosphere heating effects of 
military used DU could be better clarified by the fact that during the complete 
fission of 1 kg U-235, 19 billion kilocalories are released, i.e., 1 kg U-235 
corresponds to 2.7 million kg coal equivalent (data available online at: 
https://www.euronuclear.org/info/encyclopedia/coalequivalent.htm). If about 
3,000 tones of depleted uranium had been used in the military campaigns 
(1991-2011), then, according to Table 1, approximately 6,000 kg of U-235 
have the equivalent heating effect as if about 16,200 million kg of coal have 
burnt at the Earth's surface! 

This may be one of the reasons why during the 20th century and the last 
two decades, the global mean sea level rose at rates of 1.7 mm/yr and 3.2 
mm/yr respectively, as a result of both increase of ocean thermal expansion 
and land ice loss. For the period 1993–2010, glaciers and ice caps have 
accounted for ~30% of sea level rise (Allison et al., 2009).  

 
 

INTERACTION OF DU PARTICLES WITH SMOKE  
 
Alpha particles from any source are easily stopped by smoke. The small 

particles of radioactive fumes originating from the battlefields, which 
comprise micro or nano-sized charged particles of depleted uranium, can be 
adsorbed on smoke and dust particles in the atmosphere. The radon 
concentrations measured in Iraq on some battlefields may originate from 
natural uranium (Keller et al., 2001), but radon may also come from the 
radioactive decay of DU that was used in the Persian Gulf military actions. 
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Radon mostly appears with the decay chain of the radium and uranium series, 
and marginally with the thorium series.  

The excess of positively charged ionizing alpha particles that are 
deliberated from uranium decay can be temporarily concentrated by the air 
pollution above big cities. Ionization induced by these alpha particles may 
trigger there local changes of the electromagnetic properties in the atmosphere, 
and heating as well. 

The big cities-big earthquakes relation has been outlined in one of the 
Science releases (Stein, 2013). Santiago and Tokyo were in the areas of 
increased seismic activity, but…the data given by Oyama (2012) on his 
website reported that alpha ray on Japan’s seaside had been too high even 
compared to the contamination situation in Fukushima. He suspected that it 
might be from past nuclear tests. 

We wonder if the seismic activity may be provoked there in regard of the 
Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) Model (IGMASS, 
2012; Zunic and Rakic, 2013). 

 
 

LITHOSPHERE-ATMOSPHERE-IONOSPHERE  

AND BIOSPHERE COUPLING 
 
Repeated abrupt release of ionizing particles in the atmosphere (military 

or peacetime disasters) may induce increased air ionization with a consequent 
increase in the atmosphere heating (Zunic and Rakic, 2013).  

Alpha particles from natural sources, nuclear disasters in peace-time and 
after military use of several tons of depleted uranium, are emitted during 
uranium decay. A rapid increase of DU, and consequently positively charged 
α-particles in the atmosphere, may induce changes in the electromagnetic field 
and in the coupling mechanism in the lithosphere, atmosphere and ionosphere, 
as presented in Figure 4.  

Traveling at approximately one-twentieth the speed of light, alpha 
particles strike air molecules and eject electrons. Positively charged ions and 
negatively charged electrons are the products of air ionization induced by 
alpha particles. Due to their electric charge and large mass, alpha particles lose 
energy rapidly along the path of only a few centimeters in the air. After losing 
the energy, alpha particles are converted to helium by binding of free electrons 
(Smith, 2010).  
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Figure 4. The impact of alpha particle induced ionization on the lithosphere-
atmosphere-ionosphere and biosphere coupling. Adapted from primary data of Zunic 
and Rakic, (2013).  

The Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) Model, given 
by Sergey Pulinets, highlights the strong influence of radon decay generated 
alpha particles and its ionization onto the atmosphere heating, as well as their 
importance in the earthquake clouds formation. The atmosphere above Japan 
heated rapidly before an earthquake. Infrared emissions above the epicenter 
increased dramatically, which was in relation to the releases of large amounts 
of radon in the days before the devastating earthquake in Japan (MIT 
Technology Review, 2011). 

Based on the simultaneous occurrence of physical phenomena and health 
effects that could be monitored during and after the artificial use of depleted 
uranium for military purposes in the Persian Gulf and the Balkans (Zunic, 
2013; Zunic, 2013-1), conclusion is that it is impossible to distinguish the 
environmental effects in terms of the origin of alpha particles (from natural 
sources or man-made isotopes, including nuclear weapons). 
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DU Particles May Induce Light in the Atmosphere  
 
Light emission induced by alpha particles in the air was first observed by 

Sir William and Lady Huggins in the early years of the 20th century (Sand et 
al., 2014).  

It has already been highlighted that mobile air masses containing nano-
sized particles of DU contaminate the atmosphere globally, all around the 
Earth (Zunic and Rakic, 2015). Given the Earth's overall diameter and the 
surface, the local areas of military campaigns where bombs containing 
depleted uranium have been used can be comprehended as the stippled sources 
of imprinting uranium dusts into air, after which α and β particles and gamma 
radiation are emitted during uranium radioactive decay.  

The Earth can be regarded as a nearly conducting sphere, around which 
the thin, dielectric atmosphere extends up to the ionosphere. The atmospheric 
electric discharges generate broadband electromagnetic waves that propagate 
between the surface and the ionosphere (Simões, Pfaff and Freudenreich, 
2011). Bearing in mind the proposed geometrical and atmospheric attenuation 
factors and adding thunderstorms roll over Earth, producing some 50 flashes 
of lightning every second, we have understood that each lightning burst creates 
electromagnetic waves that begin to circle around Earth. Some of the waves 
may combine to form the Schumann resonance. The Schumann Resonance is a 
standing wave (around 8 Hz) in the atmosphere (Miller, 2013). 

The specific ionization of an alpha particle is very high, in the order of 
thousands of ion pairs per centimeter of air (Hoff, 2012).  

Alpha particles induce ultraviolet (UV) air fluorescence, which is mainly 
emitted by molecular nitrogen, the most abundant gas in the air (Bachelor et 
al., 2009; Hoff, 2012). Alpha particles provide excitation energy to nitrogen 
and the gas emits fluorescence, or photons in the air. Each time this occurs, 
alpha particle loses kinetic energy (Hoff, 2012). Nitrogen emits fluorescence at 
wavelengths in the range of 300 to 400 nm. The nitrogen fluorescence induced 
by radiation can be used to detect the presence of ultra-high energy cosmic 
rays interacting with the Earth’s atmosphere and for the detection of 
radioactive contamination of the environment (Bachelor et al., 2009). 
Humidity can affect the results, since water molecules, together with oxygen, 
are effective quenchers for excited nitrogen molecules (Waldenmaier 2006).  

The speed of a beta particle depends on its energy. The energy of beta 
particles can vary over a wide range. When beta energy exceeds the thermal 
level, the breaking of chemical bonds occurs, resulting in ions formation. In 
the environment or in the body, after losing its energy, a beta particle, as an 
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electron, interacts with a positive ion. The physics of electron-induced 
luminescence in the air is studied by many authors (Waldenmaier 2006; 
Lefeuvre et al., 2007; Abbasi et al., 2008). Due to differences in the mass and 
charge of the initial particles (alpha or beta), the excitation efficiency is 
different, but the luminescence is mostly induced by collisions with secondary 
electrons and nitrogen molecules in both cases. The luminescence induced by 
charged particles is mostly proportional to the energy loss in the media, and is 
not very sensitive to the type of primary particle (Sand et al., 2014). 

The total energy deposited to air by low-energy beta particles (average 
energy 5.2 keV) is over 2,600 times smaller than the energy deposited by 
alpha particles. The contribution to the total light emission by -particles from 
DU decay can be neglected. Luminescence is excited only after a significant 
number of electron–electron interactions (Sand et al., 2014). 

The interaction of gamma rays with matter causes the generation of other 
charged particles such as positrons and electrons at relativistic speeds. Very 
short blasts of terrestrial gamma-ray flashes are recorded due to the fact that 
electrons travel at nearly the speed of light and scatter off of atoms 
decelerating in the Earth's upper atmosphere. The exact mechanism that 
accelerates the electron beams to produce terrestrial gamma photons is still 
uncertain, but it probably involves the build-up of electric charge at the tops of 
thunderclouds due to lightning discharges. The consequence is a powerful 
electric field between clouds’ tops and the ionosphere (NASA, 2005). 

 
 

ELECTRICAL COUPLING OF LITHOSPHERE-ATMOSPHERE-

IONOSPHERE AND BIOSPHERE 
 
A new model of generation of electric field on the basis of injection of the 

charged aerosols into the atmosphere has been discussed in order to provide 
better insight into the mechanism of lithosphere-atmosphere-ionosphere 
coupling (Sorokin and Hayakawa, 2013). The authors have found that seismic 
activity is accompanied by an injection of radioactive substances into the 
atmosphere, which leads to the changes of the state of the ionospheric plasma 
and electromagnetic field. These changes in the electromagnetic properties of 
the Earth’s mantle could be detected a few days before an earthquake, as we 
have hypothesized in our recent publication (Zunic and Rakic, 2013). 

We have also postulated a hypothesis on the lithosphere-atmosphere-
ionosphere and biosphere coupling (Figure 4) (according to Zunic and Rakic, 



Svetlana Zunic and Ljubisa Rakic 20 

2013). The uncontrolled military use of high amounts (over 2,300 tons) of DU, 
in parallel with the physical manifestations that have been recorded during the 
last decades, based on the simultaneous monitoring of natural phenomena on 
Earth and in the atmosphere, directed the focus of our thinking to the question 
whether periodical, artificial discharge of large amounts of ionizing alpha 
particles emitted from the decay of uranium, which was used for military 
purposes, can seriously misbalance the nature equilibrium conditions and 
human health (Zunic and Rakic, 2013). 

Chmyrev and coworkers (2013) discussed the electrodynamic model of 
the atmosphere–ionosphere coupling based on electromotive force that works 
between the Earth’s surface and the near-ground atmospheric layers. 
Electromotive force is formed as a result of convective and turbulent transport 
and gravitational sedimentation of charged aerosols. The theoretical modeling 
of the atmosphere–ionosphere interaction at the preparatory phases of 
earthquakes can be applied to pulse release of the charged particles originating 
from armaments with DU used on the battlefields at the Earth’s surface into 
the atmosphere. The facts related to electrical coupling of lithosphere-
atmosphere-ionosphere may be considered in the functional and casual unity 
with the Schumann frequencies. 

 
 

DU and the Schumann Resonance Hypothesis 
 
A phenomenon, known as the Schumann resonance, was detected by 

satellite in space, well beyond the upper boundary of the resonant cavity which 
is formed by the Earth’s surface and the lower edge of the ionosphere (Simões, 
Pfaff and Freudenreich, 2011). Random lightning strokes with spatial 
probability distribution peaking over the continents, particularly in the low 
latitude regions, induce development of standing waves whose wavelength is 
related to the radius of the cavity.  

Many of these effects may be induced by a man-made ionospheric 
disturbance (Hainsworth, 1983). Numerous military actions, in which DU 
ammunition was used, occurred in low to middle latitude regions (Figure 1). 
The contamination of the environment, caused by man in the event of a 
nuclear war, assumes a release of the considerable amounts of different forms 
of uranium. Up to 70% of the DU penetrators are converted to aerosols. 
Lighter particles are globally dispersed (IPPNW, 2014). The observations of 
the authors mentioned above and our publications since 2013 (Zunic, 2013, 
Zunic, 2013-1, Zunic and Rakic, 2013, Zunic and Rakic, 2015) imply that 
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repeated discharge of large amounts of the uranium oxide fumes from the 
battlefields in the Persian Gulf, the Balkans, Afghanistan, and other places, 
contributes to sudden artificial imprints of charged particles, resulting in the 
induced light pulses in the atmosphere. After colliding with high energy 
protons and nuclear fragments from cosmic rays, a "runaway process" can start 
inducing lightning initiation. 

According to Fox (2011), much of the energy from the waves is trapped 
between the ground and the ionosphere layer in the Earth's atmosphere. These 
waves remain trapped inside an atmospheric ceiling created by the lower edge 
of the ionosfere – a part of the atmosphere filled with charged particles, which 
begins about 60 miles up into the sky. The waves created by lightning oscillate 
with regions of greater energy and lesser energy. Variations in the resonances 
correspond to changes in the seasons, solar activity, activity in the Earth's 
magnetic environment, in water aerosols in the atmosphere, and other Earth-
bound phenomena. In field theory, any disturbance that drives fields from their 
harmonious rhythm spreads out to disturb neighboring fields. Our brain waves 
share and are attuned to certain frequencies of the Schumann's resonances, the 
Extremely Low Frequency (ELF) signals that pulsate between the Earth's crust 
and ionosphere (Miller, 2013).  

We postulate that lightning flashes originating from the DU particles’ 
radioactive decay in the atmosphere generate low frequency waves that circle 
around Earth, mingling with the waves that create a phenomenon, known as 
the Schumann resonance. 

Studies on bioeffects оn humans exposed to the electromagnetic pollution 
are important, especially in the context of Extremely Low Frequency 
Electromagnetic Fields (ELF-EMFs). Disturbances in human brain emitting 
theta and alpha frequencies in the same EMF region, or specific frequencies 
that trigger the production of different endorphins, beta-endorphins, 
catecholamines, enkephalins, dynorphins, proteins, and stem cells can 
undermine the basic integrative regulatory system in the human body, or more 
general, in the biosystem. The main health hazards of airborne particulate 
pollutants are cardio-respiratory disease and lung cancer (AGNIR, 2004). 
Electrophysiological considerations suggest that the central nervous system is 
potentially susceptible to induced electric field (WHO, 2007). The CNS in 
vivo is likely to be more sensitive to induced low frequency electric fields and 
currents than in vitro preparations (Saunders and Jefferys, 2002). EMF effects 
on the heart could theoretically result from indirect effects mediated via the 
autonomic nervous system and CNS (Sienkiewicz, 2003). Effects on the 
endocrine system could potentially also be mediated in this way (WHO, 2003). 
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The contamination of the environment, caused by nuclear wars, induces an 
unpredictable expression in the atmosphere. The lightning is the major  
source of electromagnetic radiation in the ELF range (Simões, Pfaff and 
Freudenreich, 2011). A study coauthored by Schaefer, Bourland and Nyenhuis 
(2000) described the existence of time-varying magnetic fields induced by 
electric fields that could interfere and change the biorhythm pattern. By 
analogy, we suppose that ELF-EMFs can be induced by artificial imprints of 
the unpredictable amounts of charged particles into the atmosphere during 
(and after) nuclear conflicts, and that these magnetic fields could interfere with 
living matter. Nuclear wars may be considered as very rare events, but 
electromagnetic changes induced by the imprinting of charged particles in the 
Earth’s mantle have power to result in considerable physical phenomena 
(light, gradient magnetic field etc.). This approach opens an opportunity to 
observe one of key phenomena, the Petkau effect, in relation with the field of 
low-dose radiation, in a more comprehensive way. 

 



 
 
 
 
 
 

Chapter 3 

 
 
 

THE PETKAU EFFECT 
 
 
In 1972, a researcher in Canada, Dr. Abram Petkau, found that when cells 

were irradiated slowly, a smaller total dose was needed to cause damage. This 
discovery is known as the "Petkau Effect". Dr. Abram Petkau discovered that 
at 26 rads per minute (fast dose rate), a total dose of 3,500 rads is required to 
destroy a cell membrane. However, at 0.001 rad per minute (slow dose rate), 
only 0.7 rads is necessary to destroy the cell membrane (according to 
Borthacur’s web publication).  

Although the Petkau effect was described in the literature as an in vitro 
phenomenon (Burlakova, 1999), the repeated bombing of relatively close areas 
in the Persian Gulf and the Balkans, with subsequent emission of ionizing 
radiation and a prolonged release of alpha particles, emitted during radioactive 
decay of DU, which originates from corroded DU armaments, provides an 
opportunity for the estimation of the in vivo Petkau phenomenon and its effects 
(Figure 5) (Zunic, 2013). 

The low doses (air pollution easy transferable to the remote distances from 
the place of explosion) and the slow doses (depleted uranium ammunition 
remnants can be fully oxidized into corrosion products twenty-five to thirty-
five years after the impact) have ensured a further, prolonged contribution to 
the maintenance of alpha particle radiation, leading to the consequent, 
disastrous Petkau effect in the biosphere (Zunic, 2013; Zunic and Rakic, 2013, 
2015). Repeated, low-slow doses could induce remarkably harmful effects in 
living tissues, which reflects in the anticipated Petkau effect, with 
superimposing increasing trend over time, opposite to radiation which caused 
it. 
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There is a vast body of data related to the quantities of DU that was used 
in military campaigns since 1990 (WISE, 2011). The contours in Figure 5 
reflect the literature data on the quantities of DU used in military campaigns in 
the Balkans and the Persian Gulf. Along with the expected reduction of 
radiation in the course of time, the Petkau effect is intensified. The most 
intriguing two questions regarding the Petkau effect are: 1) Is the Petkau effect 
a particle-induced phenomenon? 2) Is the Petkau effect an in vitro or may be 
an in vivo manifestation, too? 

 

 
 

Figure 5. Presentation of the proposed in vivo Petkau effect in relation to repeated 
exposures to depleted uranium (DU). The dark gray to pale grey contours 
represent proposed exposures to alpha, beta and gamma radiation that 
originated from depleted uranium missiles in military campaigns:  First 
Gulf War (1990-1991),  bombing of Bosnia and Herzegovina (1994-1995), 
 bombing of Serbia (1999)  Second Gulf War (2003-2011); different size 
of the shaded areas symbolizes the difference in quantities of depleted 
uranium armaments used during military campaigns. The black dashed line 
symbolizes the proposed in vivo Petkau effect. Adapted from primary data of 
Zunic, (2013). 
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A long term exposure to low-dose radiation was found to be dramatically 
more harmful than a short term exposure to high level radiation. Reactive 
oxygen species (ROS), which are products of radiolysis of water, induce 
indirect low-dose radiation effects. These indirect effects are dominant cause 
of biological effects (Djurovic, Spasic-Jokic and Djurovic, 2008). The authors 
found that occupational exposure to low-dose ionizing radiation compromised 
mitochondrial function. One of the mechanisms is the damage of organelles by 
peroxidation of cell membranes, which increases when the dose rate is 
decreased (Djurović, Selakovic and Spasic-Jokic, 2004).  

The biological effects of DU particles deposited in the body are perceived 
as the “ideal killer”. Besides a biological predisposition, the physicochemical 
characteristics of radioactive particles are substantial for an understanding of 
“hot” and “cold” sequels of depleted uranium. With the possibility of 
observing a wave phenomenon in the atmosphere, with high impact on the 
biosphere, we can conclude that the Petkau effect could partially be a wave 
phenomenon, generated mainly at the membrane level disorganization.  

Focusing our attention “back” from a macro plan on the micro world or in 
vitro conditions, we believe that low-dose radiation is more harmful than high-
dose radiation, because the latter results in the irreversible harmful effects 
targeting cells and subcellular structures. The low-dose radiation, originating 
from the charged particles or photonic radiation can interfere with the 
biofrequencies of cell structures, primarily the cell membrane or the 
endomembrane system, which results in higher cytotoxicity.  

In higher mammals, including humans, the Petkau effect is considered as a 
long term, but a timely-framed modification of the biosystems’ integrative 
adaptive response, which includes the whole metabolome and the changed 
signaling pattern of regulatory mechanisms in “horizontal”, as well as in its 
“vertical” organization. 

We have proposed that the Petkau effect is induced by ROS as well as by 
wave effects, which most likely work in synergy at the cell membrane and/or 
DNA. Presentation of the interdependence of the proposed environmental 
effects influencing the biosphere and the postulated Petkau effect is shown in 
Figure 6.  

To conclude, the use of large amounts of DU in the military actions in the 
Persian Gulf and the Balkans, almost every four years since 1990, resulted in 
the contamination of all natural resources, including ground and the 
atmosphere. The propagation of ionization events in the environment 
contributes to further interaction of charged particles and generation of 
magnetic fields which interfere with living systems. Owing to the unity of the 
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lithosphere, atmosphere, ionosphere and biosphere, the interference of non-
ionizing radiation fields, including the Schumann resonance, with 
biofrequencies occurs. 

We observe the Schumann resonance and the Petkau effect as possibly 
synergistic, or at least, simultaneous events, which act at the biosystem 
integrative level. 

 

 

Figure 6. The impact of the military use of DU on the lithosphere-atmosphere-
ionosphere and biosphere coupling. Light effects in the atmosphere are in relation to 
the amounts of depleted uranium used for military purposes.  



 
 
 
 
 
 

Chapter 4 

 
 
 

RADIATION AND BIOSYSTEM 
 
 
The biosphere is composed of biosystems. Biosystems are made up of 

biotic and abiotic components. The biosystem’s hierarchical organization 
means interaction with the physical environment (energy and matter) at each 
level, which produces characteristic functional systems (Odum and Barrett, 
1971). After the Hiroshima and Nagasaki experience, the best scientific 
evidence of radiation effects on humans came unfortunately from 
epidemiologic studies of atomic bomb survivors (Pollycove, 1998). 

What is the mechanism of the repeated low-slow radiation deleterious 
effects? Is it possible to apply an ancient Chinese proverb referring to the 
perception of the power of the weak? For example, soldiers must break step 
when crossing a bridge due to the risk of creating large motions at resonant 
frequencies. These rhythmic oscillations would reach a maximum peak when 
the bridge can no longer sustain its own strength and hence collapses.  

In analogy with the above mentioned, cells are individual biosystems, 
which communicate and make up a higher level biosystem – a tissue with 
peculiar functional architecture (Odum and Barrett, 1971).  

We have already discussed the hypothesis on the lithosphere-atmosphere-
ionosphere and biosphere coupling and the hypothesis on the wave nature of 
the Petkau effect.  

The first argument in favor of the hypothesis on the wave nature of the 
Petkau effect is based on a historical experiment performed by Petkau with the 
Na-22 radiation impact on cell membranes (Petkau, 1972). The Na-22 decay 
spectrum shows a gamma-ray at 1274.5 keV, an annihilation peak at 511 keV 
(from the +) and x-rays from the electron capture (data available online at 
http://ns.ph.liv.ac.uk/~ajb/radiometrics/glossary/sodium22.html). Gamma rays 
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belong to the electromagnetic spectrum. They are highly energetic  
waves (energy limit > 2 x 10-14 J, with wavelength: < 1 x 10-11 m, and 
frequency: > 3 x 1019 Hz) (NASA 2013, NASA, 2013-1). 

The second argument rests on the interaction of electromagnetic radiation 
with the information structures of living cells - nucleic acids, proteins and 
membranes. The effects of cytotoxicity are inevitably associated with the 
changes in metabolic and signaling properties of the cell. 

The existence of the interfering radiation in the environment could disturb 
the information system of the organism, which depends on the initial state of 
an organism (Reshetnyak et al., 1996). The authors postulate that the external 
irradiation of cells with coherent waves may lead to the formation  
of substructures on the membranes of healthy cells and induce the 
corresponding generation of coherent waves. Sharp deformations of the 
membrane correspond to disturbance of the cell functioning and relate to the 
generation of coherent waves at resonance frequencies. The membrane shape 
changes, which lead to changes in the cell functioning, occur relatively fast.  

The above mentioned argument may be the third one in understanding the 
(short) time dependent membrane deformability in case of environmental 
radiation that interferes with the cell. 

The presence of molecular antennas in the cell creates biosystem’s 
response to incoming waves. Several biomolecules, including enzymes (with 
active sites surrounded by biopolymer chains folded into globules), or 
chlorophyll, hemoglobin, myoglobin, have similar architecture: these 
molecules may have an ion which is situated in their geometrical centers (a 
magnesium ion in chlorophyll and an iron ion in hemoglobin). This ion is 
arranged at the center of symmetry of a tetrapyrrole ring with pseudoplane 
structure. The reaction ability of biomacromolecules substantially depends on 
the level of excitation of central subunits (Reshetnyak et al., 1996). An 
associating center (a metal ion) actively interacts via biochemical bonds  
with peripheral acceptors that receive encoded energy. Metaloenzymes  
have similar properties and they are included in important biochemical 
processes. At the same time, chlorophyll (in plants), hemoglobin (in 
erythrocytes) and myoglobin (in muscle) are oxygen carriers. The third class 
of biomacromolecules corresponding to the antenna model are macrocycle 
compounds (Reshetnyak et al., 1996). Porphyrins are a group of heterocyclic 
macrocycle organic compounds, composed of four modified pyrrole subunits 
(available online at http://www.shutterstock.com/pic-355192466/stock-vector-
porphyrins-are-a-group-of-heterocyclic-macrocycle-organic-compounds-
composed-of-four-modified.html).  
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There are many examples of vitally important proteins that incorporate 
one or more metal ions within their structure: enzymes, proton  
transport proteins, electron transfer/transport proteins, storage proteins, 
metallochaperones, iron transport proteins, oxygen storage/transport proteins, 
calcium binding proteins, monooxygenases… The metal coordination 
environment is often generated from residues inherent to the protein, small 
exogenous molecules (e.g., aqua ligands) and/or macrocyclic porphyrin units 
found, for example, in hemoglobin, myoglobin, cytochrome C, cytochrome C 
oxidase, and vitamin B12 (Joshi, Graham and Spiccia, 2015). 

Figure 7 shows that the incoming radiation may excite electrons in cell 
molecular structures.  

An energy diagram shows how an electron in the biomolecule can be 
elevated to a higher energy level (according to Koning, 1994). Its de-excitation 
to the stable excitation state is responsible for heat production. Consequently, 
heat shock proteins (HSPs) can be expressed in the local tissue 
microenvironment.  

 

 

Figure 7. The absorption of photons by cell molecular structures.  

DNA, as well as other biopolymers, is a potential energy absorbing 
molecule within the cell. We have mentioned above that HSPs are expressed 
in an anti-stress response under the influence of increased environmental 
temperature, which contributes to the causal connection between the 
atmosphere and biosphere (according to Figure 4 and Zunic and Rakic, 2013). 
HSPs are involved in steroid hormone signaling. Steroid hormone receptors 
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may contain a HSP sequence. Steroid hormone receptors are found in the 
cytoplasm and in the nucleus. Upon entering the cell, HSP dissociates from the 
complex with steroid hormone receptor. Receptor-ligand transport into the 
nucleus is facilitated by a nuclear localization signaling sequence. This 
sequence is exposed only when HSP dissociates (Leeper-Woodford and 
Adkison, 2016). Steroid and thyroid hormone receptors are transcription 
factors which modulate gene expression in target cells (Bowen, 1998).  

Electromagnetic fields activate the cellular stress response, a protective 
mechanism that induces the expression of stress response genes. The HSP70 
promoter shows two different DNA sequences that have been identified as 
activated by EMF (non-thermal) and by thermal stimuli. The studies with 
model biochemical systems suggest that electromagnetic field could interact 
directly with electrons in DNA. Induction of increased levels of the major 
stress protein, HSP70, by EMF is rapid, within 5 min, and it occurs at 
extremely low levels of energy input (14 orders of magnitude lower than with 
a thermal stimulus) (Blank and Goodman, 2009). The cell heat-shock effects 
are associated with reversible phase transitions of DNA liquid crystals in 
chromosomes during heating and cooling in the sublethal temperature ranges 
from 40-43ºC (Reshetnyak et al., 1996).  

What happens if the HSP expression is high enough to disturb the 
signaling mechanism of steroid hormones? Is it possible to achieve a “futile” 
spin in which a stress response molecule may be interpolated in the stress 
response signaling mechanisms mediated by thyroid and steroid hormones? 
Provoked transcription regulation may result in all levels of endocrine 
deregulation. If stress stops, then the revitalization of entire signaling can be 
achieved. If persists, then, depending on the cell type or radiation 
susceptibility, a pathogenic process may develop.  

This speculation confers “vertical” (hierarchical) meaning to the Petkau 
effect induced by DU, which actually acts as an endocrine disruptor.  

Electromagnetic fields can impair the flow of protons through ATP-
synthase Fo. Russian physicists (Semikhina and Kiselev, 1981; Semikhina et 
al., 1988) reported that very low levels of ELF MFs (25 nT) could alter the 
structure of water, and that the effects of the altered water structure would be 
particularly important under high concentrations of protons and water 
molecules. The consequence is diminished ATP production, due to altered 
function of ATP synthase in inner mitochondrial membrane. Decreased ATP 
level triggers a cascade of events, starting from the activation of AMP-
activated protein kinase (AMPK), the enzyme which is extremely sensitive to 
changes in ATP level.  
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At the same time, ATP molecule is a key adapter in the chain of 
transformation of energies and the ATP cycle. ATP deposes metabolic energy 
(in form of highly-energetic phosphoanhydride bonds) and influences cell 
energy charge which must be tightly regulated to provide optimal cell 
homeostasis (Zunic, 2016).  

If the pathogenic effects of radiation are repeated or long-lasting, then, 
metabolic regulation changes, and confers to mainly “horizontal” meaning of 
the Petkau effect induced by DU. Depleted uranium is, in fact, a metabolic 
disruptor.  

The emission of radiation, in the course of several decades, due to 
corrosion of the scattered remnants of DU armaments, and which has been 
intensified by the repeated bombing of the regions within the range of the 
transfer of radioactive particles in the air, strikes a broad territory and 
numerous populations, and unavoidably leads to the in vivo Petkau effect. 
Except the war, peacetime nuclear disasters in various parts of the world, such 
as Fukushima, Chernobyl and others, contribute to this effect, too. In this way, 
the Petkau effect is a challenge for science to declare the future health strategy 
with the main goal focused on minimizing the early, as well as delayed in vivo 
effects of depleted uranium (Zunic, 2013). 

The primary objective of this study is to contribute to a better 
understanding of the interaction of depleted uranium, as a source of low dose 
radiation, with the living world and man in contaminated environment. We 
viewed living systems in the unity of microsystems, as the cell is, through the 
complex hierarchical integrative regulation.  

Man is the main subject of our study. Understanding of the basic 
principles of cell biology and radiation interaction with living matter was 
supported by authentic medical data. These data were obtained from pediatric 
patients who were examined for clinical symptoms and radiological changes 
consistent with persistent pulmonary infiltrates in the first year after the 
bombing of Serbia and close geographic territories, and from pediatric and 
adult patients who originated from the territory exposed to DU air 
contamination since 1992. The fact that depleted uranium is the source of the 
long-lived isotopes, some of which have extremely long half-lives, and that 
uranium is an emitter of alpha, beta and gamma radiation, encourages our need 
to predict the further course of events both in nature and the living world. As 
our estimates become more precise and our knowledge increases, it also 
increases our chances of repairing the consequences of depleted uranium 
contamination. At the same time, we raise our awareness high enough to be 
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able to provide highly professional standards in the management of the sources 
of ionizing radiation. 

 
 

ROUTES OF DEPLETED URANIUM ENTERING THE BODY 
 
As in the case of other metal-oxide nanoparticles, with higher temperature 

of explosion, the DU deliberated particle size is lower. The dimensions of DU 
particles are inversely proportional to their penetrability. There is an evidence 
of exposure to dispersion of a new type of uranium, the ceramic submicron 
oxide particles, especially in European countries closer to Iraq, than those in 
remote parts of Europe (Busby and Morgan 2006). Because the ceramic DU 
dust particles are not soluble, they remain in the body much longer than other 
soluble forms of uranium. The “Trojan Horse effect”, described by Park et al. 
(2010), and “lysosome-enhanced Trojan horse effect” demonstrate the 
importance of the fine insoluble particles that, due to high penetrability, can 
cause harmful effects in the cell, facilitating entering of other toxic 
components, or interacting with cellular structures (Ortega et al, 2014; Sabella 
et al, 2014). 

Even though uranium is a powerful genotoxic stressor, the health effects 
caused by DU radiation may not appear for years. The pathogenesis of 
nanoparticle-induced lesions, in the case of DU is more complex, due to the 
superimposing biological effects of α, β and γ radiation. DU is primarily an 
alpha emitter and inducer of a mixed radio-chemical exposure. Alpha particles 
have been shown to cause a variety of effects on cells, including cell death, 
gene mutation, chromosome aberrations, and malignant transformation leading 
to cancer. Owing to their relatively large size, alpha particles collide readily 
with matter and lose their energy quickly, along a short track, inducing high 
ionization. Beta particles and gamma rays also damage cells. Beta particles 
have the medium penetrating power and the medium ionizing power. Gamma 
rays have great penetrating power and can pass through the human body 
(Military Toxics Project Information Sheet, 2003). 

The effects of DU on human health depend on the types and magnitudes 
of exposure, as well as on characteristics such as particle size, chemical form, 
and solubility (Burger, 2012). DU nanoparticles can penetrate multiple tissue 
and cell structures. According to the results of Gatti and Montanari (2004), the 
particles found in the places of its primary deposition after entering the body, 
lungs and the stomach, were larger than those detected in other organs. After 
embedding into the tissue, DU micro or nanoparticles exert toxic effect of 
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heavy metal as well as radiogenotoxic effect of mixed α, β, γ radiation. Once 
internalized by the cell, metal-oxide particles exert cytotoxic effect that is 
inversely proportional to the particle size (Gatti and Montanari, 2004).  

Exposure to depleted uranium can occur by inhalation of DU dust, 
ingestion of DU directly, or in contaminated food, soil, and water, embedding 
of DU fragments in the body, contamination of open wounds with DU dust, 
and absorption through contact with the skin (Military Toxics Project 
Information Sheet, 2003).  

Nanoparticles can cause irreversible damage to cells by oxidative stress 
or/and organelle injury, preceding tissue inflammation (Limbach et al, 2007) 
and the altered cell death mechanisms (Buzea, Blandino and Robbie, 2007).  

Reactive oxygen species may also be generated as a result of nanoparticle-
cell interactions (Xia et al., 2006). When the generation of ROS exceeds the 
cell’s antioxidant capacity, a state of oxidative stress is induced in the cell. 
Experimental studies showed that local persistence of low toxic particles in the 
lung results in chronic inflammation that may be a cause for non-genotoxic 
induction of lung tumors (NIOSH, 2011). In experimental conditions, repeated 
exposure to DU induces a causal cascade of related events, where DNA-strand 
breaks in the bronchoalveolar lavage (BAL) cells occur due to impaired tissue 
immunoreactivity, infection and ROS production (Miller et al., 2002).  

Polluted food implies lymphogenic dissemination of nanoparticles (Gatti 
and Montanari, 2004). Over time, DU particles will be swallowed or absorbed 
by the body, but some may remain in the lungs for years. DU absorbed into the 
blood will be excreted from the body, primarily in urine, while DU taken into 
the gut will be excreted in feces. Up to 75% of DU absorbed into the blood 
may be excreted during the first week, followed by slow excretion for up to a 
year. DU will be deposited in bones and organs, especially the kidneys (WHO, 
2001). DU will remain in the kidneys for at least three months and in bones for 
at least twenty-five years (Military Toxics Project Information Sheet, 2003).  

The toxic properties of DU primarily affect the kidneys. DU may disrupt 
kidney function, or in high doses even cause renal failure, as data suggest, 
based on the research involving soluble uranium (which is mostly a renal 
toxicant), rather than on insoluble uranium such as DU dust (which is a lung 
chemical toxicant and systemic radiological hazard) (Gatti and Montanari, 
2004).  

The inhalation of DU particles is the most common path of internal 
contamination (Gatti and Montanari, 2004). The inhaled DU dust will settle in 
the nose, mouth, airways, lungs, and gut. Experimental and human studies 
have showed that the macrophage clearance mechanisms in the lungs remove 
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inhaled nanoparticles less efficiently than larger particles. The tissue 
embedded particles of DU may induce or aggravate inflammatory and allergic 
responses by directly influencing lung immunocytes (Inoue and Takano, 
2011).  

The nature of alpha-particle induced radiobiology effect is dependent on 
the uniformity of tissue distribution of α-emitting radionuclides (Muggenburg 
et al., 2008). Alpha particles deposit the dominant doses to the lung, but also 
comparable doses to the thoracic lymph nodes, and smaller doses to the extra-
thoracic airways and lymph nodes, bone surfaces, kidney, liver, and red bone 
marrow. The interaction of α-particles and thoracic lymph nodes  
with bystander effect (BSE), as a main pathogenic trigger, changes the T-cell 
immunobiological properties, and T-cell may be directed to the central 
nervous system, as well as to other tissues. The lung can serve as a location of 
interactions between alpha particles and the lung immunocytes, where 
autoreactive T cells become reactivated and gain the competence to enter the 
CNS. The lung could therefore contribute to the activation of potentially 
autoaggressive T-cells and their transition to a migratory mode, as a 
prerequisite to entering their target tissues and inducing autoimmune diseases 
(Odoardi et al., 2012).  

Depending on aerosol speciation, inhalation may lead to a protracted 
exposure of the lung and other organs (Bleise, Danesi and Burkart, 2003). 
Particles smaller than 10 μm can intrude deep into the lung. Particles smaller 
than 100 nm have a tendency to be deposed in alveolar space. As particles are 
smaller, their deposition rate is higher (Ulrich et al., 2011). Small and 
insoluble metal-oxide particles penetrate the alveoli into the circulation from 
which they are rapidly distributed into the entire organism. Tissue penetration 
from alveoli to the blood vessels is highly particle-size dependent. Particles the 
size of 100 nm, when inhaled, enter the blood flow within 60 seconds and can 
be found in internal organs in a matter of minutes (Gehr and Heyder, 2000). 

The metal-oxides can cross the blood-brain barrier. These particles also 
cross the placenta into the fetus (Ulrich et al., 2011). Experimental exposure to 
DU led to impaired coordination and movement performance in rats with 
multisystem damage including the brain (Seideman et al., 2011). 

The radiotoxic effects of depleted uranium with concomitant alpha particle 
radiation has been associated with unpredictable and everlasting biological 
effects.  

Since 1991, the territory of the Republic of Serbia has been repeatedly 
exposed to radioactive DU particles. Figure 1 is based on the reported data 
concerning the detection of radiation in the remote regions of Europe, which 
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coincided with the operations in the Persian Gulf, Bosnia and Herzegovina and 
Serbia. According to the authors’ civilian access to data and theoretical 
interpretation of an observation given by Busby, Morgan (2006) and Moret, 
(2006), it was possible to estimate an approximate 2,400 mile radius around 
the Persian Gulf, as well as around Bosnia and Herzegovina and Serbia, with 
the putative expansion of air pollution containing DU particles (Figure 1), but 
without taking into account any geographic or meteorological peculiarities of 
the potentially exposed area (Zunic, 2013). 

It is obvious that internal contamination with DU particles leads to 
unforeseeable systemic effects with complex pathogenesis. Cancer lesions 
arise from tissues with impaired metabolic and immunological competence. 
An achievable increase of subsequent primary cancers (Levine et al., 2005; 
Bradford et al., 2010) supports the thesis that aggressive T-cells may be 
scattered away from lung lymph nodes (Odoardi et al., 2012).  

The literature data show that the effects of α-emitting particles inhaled in 
experimental conditions have delayed oncogenic potential. Alpha radiation 
induced lymphopenia, atrophy and fibrosis of the thoracic lymph nodes, 
radiation pulmonary fibrosis. These tissue lesions occurred before cancer 
lesions, in a prolonged course. Due to the bystander effect, the oncogenic 
transformation after irradiation of 10% of the cells in culture is the same as all 
the cells on the dish are exposed to the same number of α-particles (Sawant et 
al., 2001).  

A vast amount of data has underlined the multisystem nature of the body 
response to the effects of DU. Gatti and Montanari (2004) investigated twenty 
cases of Italian soldiers and 8 cases of civilians living in Sarajevo at the time 
of the bombing of Bosnia and Herzegovina (1994-1995). Although in some 
tissue samples the presence of DU has not been proven, the possibility that the 
patients in the exposure zone were internally contaminated cannot be ruled 
out, as well as the presence of DU particles in their bodies. 

 





 
 
 
 
 
 

Chapter 5 

 
 
 

RADIOBIOLOGY OF DEPLETED URANIUM 
 
 
The environmental impact of DU, as well as numerous radiobiological 

effects caused by DU exposure, has become evident during the last 25 years, 
in parallel with the increasing frequency of the local conflicts and military use 
of DU.  

Our interest in radiobiology of DU has been aroused owing to the ever 
more present use of biologically significant radionuclides including the man-
made, as well as naturally occurring radioisotopes (Brack, 2011). According to 
Tables 2 and 3, and a publication by Brack (2011), some radionuclides are 
characterized by high toxicity from the U-238 decay series: Th-230, Ra-226 
and Pa-231 and Ac-227 from the U-235 decay series. Radionuclides of 
medium toxicity are U-238, U-234 and Bi-210 from the U-238 decay series 
and U-235, Th-231, Th-227 and Ra-223 from the U-235 decay series.  

DU exhibits a heavy-metal & radiation synergic impact on the biosystem. 
The use of DU, or release of toxic and ionizing substances during peacetime 
nuclear disasters, induces hormetic effects on the environment, as well as on 
living organisms (Zunic and Rakic, 2013). Both, high chemical toxicity of DU, 
as well as its radiation, can damage genetic and non-genetic material in the cell 
(Munroe, 2004). The alpha track is highly destructive to DNA and other 
biomolecules (Tartier et al., 2007). DNA damage was partly a consequence of 
the inflammatory processes and ROS production. Repeated exposure to 
insoluble DU particles could induce a potentiation effect (Monleau et al., 
2006). 

We believe that getting an insight into a few key concepts can help us 
better understand the impact of man-made radionuclides on the natural 
resources’ fragile balance. Regardless of whether they get into the 
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environment after nuclear accidents, or after military actions, the man-made 
radioisotopes contaminate the environment. The hypothesis of limited 
contamination after the use of nuclear weapons has been undermined by loads 
of evidence that we mentioned in our recent publications (Zunic, 2013-1; 
Zunic and Rakic, 2015). Busby, Hamdan and Ariabi (2010) explained that 
exposures to uranium oxide nanoparticles from weapons do not pose the same 
kind of hazard as uranium exposures in people living in high background 
uranium areas. 

Close to the battlefields where the blasts of projectiles with DU lead to 
direct contamination of the external environment and people, causing exposure 
to higher doses of radiation, deliberated micro or nano particles of DU, in form 
of air pollution, are easily transferable to the remote distances from the place 
of explosion (Burger, 2012). DU induces prolonged, low-slow dose radiation 
in wide population, at global level (Burger, 2012; Zunic, 2013; Zunic and 
Rakic, 2013).  

This fact allows the authors to highlight the “inversions”, that is to say, the 
demonstration of power by those less powerful: 1) Low-slow doses induce 
more harmful effects on the cell than higher doses rates (the Petkau effect); 2) 
Unirradiated cells exhibit irradiated effects as a result of signals received from 
nearby irradiated cells, which is the definition of the “bystander effect” (BSE). 

Natural background radiation varies from 0.01 mSv/day to 5-fold higher 
values. Acute exposures to high-dose radiation of 150 mSv, causes 
immediate, measurable and often serious effects on humans. Low-dose 
radiation is between background and high-dose radiation. Exposure to low-
dose radiation has no immediately noticeable effects on humans (Bonner, 
2003).  

There has been increased interest in biological effects of low dose 
radiation after Chernobyl, military use of nuclear weapons, including DU, and 
other nuclear catastrophic accidents (Baverstock, 2000). The military use of 
DU for decades put the problem of low-dose radiation exposure in the 
spotlight. That is why one of key tasks of radiobiology is to provide better 
insight into the mechanisms of biological effects of DU. 

The uncertainty of epidemiological studies about the health effects of low-
dose radiation arises from the fact that the biological effects of low-dose 
radiation do not relate obligatory to DNA damage (Morgan, 2003; Morgan 
2003-1; Il'yasova et al., 2014). DNA in active genes is repaired with higher 
efficiency and faster than in silent genes (Oleinick, Chiu and Friedman, 1984; 
Bohr, 1987). In case of high dose radiation exposure, DNA damage is a main 
contributing factor of carcinogenicity (UNSECAR 2006).  
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MODELS OF TISSUE RESPONSE TO LOW DOSE RADIATION 
 

According to a publication authored by Il'yasova and coworkers (2014), 
currently, a linear no-threshold model (LNTH) is used to estimate health risks 
associated with exposure to low-dose radiation. Low radiation doses (<0.2 Gy) 
with a significant uncertainty relate to risk of malignant and nonmalignant 
diseases (Preston et al., 2013). High-dose ionizing radiation (>1 Gy) has a 
linear relationship to cancer risk in humans (IARC, 2012).  

Confusing and contradictory conclusions regarding dose-response 
relationship depend on what is emphasized, epidemiological data, or biological 
mechanisms (Ulsh, 2012). There are many models of low-dose radiation risk 
assessment: 1) The linear no-threshold model is a model used in radiation 
protection, assuming that any level of radiation is harmful. There is a linear 
risk increase in parallel to dose increase. The conventional approach 
extrapolates the linear trend observed at high-dose radiation to low-dose 
exposures, resulting in the linear no-threshold hypothesis (Il'yasova et al., 
2014). This model also implies the bystander effect, which on the other side 
contributes to uncertainty of this model (Elgazar and Kazem, 2006); 2) The 
threshold model assumes the linear increase of risk related to dose, but only 
after a certain threshold level is exceeded. The threshold-model postulates that 
low-dose radiation is harmless below a certain level (Bonner, 2003; Elgazar 
and Kazem, 2006); 3) The hormetic model includes a bimodal effect of 
radiation: below a certain threshold it provokes radioprotective mechanisms, 
but above the threshold, radiation induces damaging effect (Elgazar and 
Kazem, 2006).  

There is a possibility of combining the models of tissue response to low 
dose radiation. This paper will introduce the hormesis-threshold model of low 
dose-response, based on the neural network method, which is discussed bellow 
according to a publication by Zunic et al., (2007) and Zunic, (2015). 

 
 
NON-TARGETED EFFECTS OF IONIZING RADIATION 
 
The electrical properties of biological tissues are determined by the 

electrical interactions of polar molecules and ions (Formica and Silvestri, 
2004). Ionizing radiation can cause discrete increases in the energy of a 
molecular or atomic absorber, causing irreversible alterations in atomic 
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configurations resulting in ionization or disruption of covalent bonds (Krasin 
and Wagner, 1988).  

Non-targeted effects, which are not a direct consequence of the initial 
lesions produced in cellular DNA, include: bystander responses, genomic 
instability, gene induction, adaptive responses, low dose hypersensitivity 
(Prise et al., 2002), clastogenic factors produced in plasma from irradiated 
individuals that can cause chromosomal damage when cultured with 
nonirradiated cells, and transgenerational effects of parental irradiation that 
can be manifested in the progeny (Morgan, 2003). Non-targeted effects 
dominate at low doses and saturate with increasing dose (Prise, 2002). 

Non-targeted effects of radiation are time-evolving and can lead to 
delayed health effects, including cancerogenesis. This study will illustrate this 
challenge in the next chapter.  

Radiobiology is fundamental to the estimation of environmental radiation 
risk, but cannot explain the phenomena of radiation induced genomic 
instability and the bystander effect (Baverstock, 2000).  

According to the LNTH, the bystander effect hypothesis predicts a risk 
greater than expected because irradiated cells can transmit radiation effects to 
un-irradiated neighbouring cells (Il’yasova et al., 2014). Bystander effects 
have been observed in vitro and in vivo and for various radiation qualities 
(Morgan and Sowa, 2007). 

Alpha particles emitted from DU particle that is trapped in the tissue cause 
ionization, whose main effect is the bystander effect in the living tissues. The 
radiation-induced bystander effect was first reported by Nagasawa and Little 
(1992). The bystander effect in radiation biology is explained as a response of 
cells that have not been directly exposed to radiation, but were in contact with, 
or received signals from irradiated cells (Acheva et al., 2014). BSE is 
predominant at low tissue doses; at higher doses, cell death is more probable 
than the stimulation of radioadaptive tissue response (Iyer and Lehnert, 2002). 

The mechanisms of non-targeted effects of ionizing radiation include 
molecular signaling from irradiated cells, which propagates and induces the 
changed signaling pattern in non-irradiated neighbouring cells. One  
of the mechanisms includes a transfer of molecules through intercellular 
communication and the medium transfer system, which is leading to BSE. Due 
to the alpha-particle-induced bystander effect, the unpredicted cells close to 
irradiated cell populations can exhibit genetic alterations. BSE is partly a result 
of signaling molecules that rapidly propagate from irradiated cells and their 
concentration decreases (exponentially in the case of planar symmetry) as 
distance increases (Monleau et al, 2006). The mechanisms underlying non-
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targeted responses appear to involve production of reactive oxygen species and 
direct cell-to-cell signalling via gap junctional intercellular communication, 
although significant differences exist in different cell types. ROS can act as 
signal molecules in important cellular processes, including apoptosis  
(Lehnert and Iyer, 2002). Lorimore, Coates and Wright (2003) assume that 
BSE is mediated by gap junctions, cytokines and oxygen species. For signal 
propagation from irradiated to non-irradiated cells by gap junctions, the 
attachment of cells is necessary. In both cases (propagation through gap 
junctions, or diffusible molecules, including cytokines released from irradiated 
cells), the non-targeted effects of ionizing radiation are associated with free 
radical-mediated processes (Wright, 2004). 

A lesion within supersensitive chromatin regions can trigger a cascade of 
metabolic processes that mark damaged cells to undergo apoptosis (Hall and 
Hei, 2003). BSE is important for elimination of highly damaged cells from the 
proximity to targeted ones (Belyakov et al., 2002; Prise et al., 2002). Cell 
death, including apoptosis, has been described as the principal response to low 
linear energy transfer (LET) (x- or gamma-ray) radiation exposure (Mothersill 
and Seymour, 2006). 

A seminal paper authored by Hall and Hei (2003) is, as reported by the 
authors, perhaps “the most direct and most dramatic demonstration of the 
bystander effect that involves the observation of micronuclei (MN)  
in irradiated human fibroblasts”. They showed experimentally that cells 
irradiated with 10 α-particles (in 48h incubation time), directed at the centroid 
of the nucleus, induced micronuclei and chromosome bridges to no-hit cells in 
fibroblast mixed culture. A study by Sawant and coworkers (2001) supported 
the need for gap-junction communication as a mediator of the bystander 
effects. Multiple mechanisms are involved in the bystander process depending 
on the cell types used, biological end points measured and types of radiation 
used (Hall and Hei, 2003). 

Randers-Pehrson and coworkers (2001) reported that BSE was observed 
following cytoplasmic irradiation. BSE is detectable in cells that were not 
traversed by radiation, but were in the same environment as the irradiated cell 
(Kovalchuk and Baulch, 2008).  

Experimental data demonstrate that effects of the parental radiation 
exposure are transmitted through the germline to the progeny of the irradiated 
parent (Morgan, 2003-1; 2003-2; 2003-3).  

Environmental exposures during early development have a role in 
susceptibility to disease in later life. Epigenetic modifications provide a 
possible link between the environment and alterations in gene expression that 
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might lead to disease phenotypes (Jirtle and Skinner, 2007). The authors 
reported that some of these environmental effects could be passed on through 
subsequent generations. In DU-exposed cells, Miller et al. (2002), showed that 
DU caused genomic instability through the formation of micronuclei lasting 
for at least 30 generations in the progeny of the cells first subjected to the low-
level ionizing radiation and chemical toxicity. Genomic instability with its 
ability to allow genetic mutations and chromosomal aberrations to be passed 
on to future generations of cells may lead to cancer as well (Seideman et al, 
2011).  

The term “bystander” indicates a generally “horizontal”, although blurred 
demarcation of biological effects of α-particles. Does the α-particle-induced 
bystander effect reflect hot or cold lesion, or a mix of both? Evolutionally 
conserved stress-defense mechanisms could be mobilized in a “vertical” 
manner, in addition to the bystander, “horizontal”, mainly paracrine 
regulation. All levels of neuroendocrine feedback mechanisms may be altered, 
including heat shock proteins (Zunic and Rakic, 2015).  

DNA damage and membrane permeability changes lead to loss of barrier 
function (Inan, 2005). Protein molecules and DNA need highly organized 
water surroundings of intracellular and intercellular medium to function 
properly. The resulting consequences of absorption of radiation by water 
molecules in biostructures may cause structural heating of water, phase 
transitions in biological membranes, etc. Large gradients of the electric field 
and related thermal gradients may arise in such a layer, even at low intensities 
of radiation. This may stimulate mixing of extracellular liquid, a change in 
transport of ions in water and other substances through cellular membranes, 
and give rise to thermal and acoustic waves, with no resonance character 
(Reshetnyak et al., 1996).  

The alpha-particle-induced bystander effect was described as a result of 
the dynamic interaction between cells, assuming that the presence of DU 
particles, which are internally deposed in the body, induces radiogenotoxic 
changes to the surrounding cells (hot lesions) and inevitably influences the 
creation of systemic response and communication between the target tissue 
and distant tissues through the bloodstream or other body fluids (cold lesion 
aspect) (Zunic, 2013-1). Based on the litosphere-atmosphere-ionosphere-
biosphere coupling hypothesis (Zunic and Rakic, 2013), in case of  
internal and/or external DU contamination, the conceptual presentation of 
interdependence between the Petkau effect and BSE is presented in Figure 8. 
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Figure 8. The conceptual presentation of interdependence between the Petkau effect 
and bystander effect (BSE). BSE is presented as a double-phase tissue response: a) 
phase related to radioadaptation (including hormetic tissue response); b) phase of 
exhausted radioadaptaton leading to irreversible changes, resulting in cell death. 

Some non-targeted effects may act as protective mechanisms leading to 
the removal of potentially damaged cells from the population. BSE is 
presented in Figure 8 as a double-phase tissue response: a) phase related to 
radioadaptation (including hormetic tissue response); b) phase of exhausted 
radioadaptaton leading to irreversible changes, resulting in cell death. The 
curves presenting BSE and the Petkau effect exhibit the opposite trends. The 
Petkau effect-curve is more likely to exhibit exponential, rather than linear 
growth. The exponential growth of cytotoxic events may be achieved with 
repeated low-slow radiation dose exposure. The proposed concept asserts that 
the Petkau effect is a wave phenomenon, which makes its interdependence to 
BSE easier to understand.  
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The interaction of living matter with radiation may be caused by external, 
as well as internal sources. Time-dependent effects can be observed in case of 
ionizing or non-ionizing radiation, originating from external or internal 
sources (UNSECAR, 2000).  

The biological effects of ionizing radiation depend on the dose. Higher 
doses may induce cell death. According to our estimates, the genetic changes 
of targeted cells are associated with higher doses, while non-DNA cell damage 
induces a wide spectrum of cell- molecular events, including an epigenetic 
modification. Otherwise, epigenetic modifications provide a spectrum of 
phenotypes providing better adaptation (Kovalchuk and Baulch, 2008).  

Radiation-induced genomic instability is characterized by a number of 
delayed responses including chromosomal abnormalities, gene mutations and 
cell death (Coates, Lorimore and Wright, 2004). Epigenetic mechanisms are 
included in the evolving of the indirect radiation effects, including the 
radiation induced genome instability, BSE, and transgenerational effects 
(Kovalchuk and Baulch, 2008).  

The central dogma of radiobiology explains that the damaging effects of 
ionizing radiation, including cell death, cytogenetic changes, apoptosis, 
mutagenesis, and carcinogenesis, are results of the direct ionization of cell 
structures, particularly DNA, or indirect damage via water radiolysis products 
(Widel, Przybyszewski and Rzeszowska-Wolny, 2009). 

Ionizing radiation is a potent DNA damaging agent capable of producing, 
for example, cross linking, nucleotide base damage, and single and double 
strand breaks (Little, 2000). One of the starting paradigms of radiobiology is 
that direct damage to DNA is a prerequisite of heritable biological effects. 
Biologically effective linear energy transfer (LET) depends on coincidence 
between the DNA geometry (diameter of the DNA helix) and incoming 
ionizing events. The most damaging biological effects are in case of neutrons 
of a few hundred kiloelectron volts, as well as low-energy protons and α-
particles (Hall and Hei, 2003).  

Ionizing particles and rays collide with molecules in 1% of the 100 
trillion cells that make up the average human. These collisions generate 
clusters of free radicals that randomly damage cellular constituents including 
DNA (Bonner, 2003). About two-thirds of biological damage caused by LET 
radiation is due to indirect action (Elgazar and Kazem, 2006). 

DNA damage induced by the direct effect of radiation is mediated through 
two mechanisms: 1) direct ionization of DNA; 2) “quasi-direct” effect which 
refers to the ionization of that portion of the solvent shell that is tightly bound 
to DNA and rapid transfer of holes and electrons created in the DNA solvation 
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shell to DNA. This effect can be observed as an indirect effect and the initial 
one by its nature. It is impossible to differentiate this kind of DNA damage 
from direct DNA damage. The indirect-type damage is due to reactions with 
hydroxyl radicals and aqueous electrons (Swarts et al., 2007).  

Double-stranded DNA (dsDNA) is a semiflexible biopolymer. Although 
dsDNA hybridization is stable at room temperature, local melting in the 
dsDNA may occur through thermal fluctuations. At high temperatures, DNA 
melting is facilitated by increasing the entropy of DNA (Kim et al., 2015).An 
insight into DNA bending under high stress could lead to a further 
understanding of many biological processes, including incoming radiation 
which triggers local ionization events.  

Regardless of dose, whether the source of radiation is natural or man-
made, radiation affects cells inducing direct and/or indirect effects. The 
ionizing radiation induced lesions of DNA include single strand breaks (SSB), 
base lesions, sugar damage, and apurinic/apyrimidinic sites (AP sites). 
Clustered DNA damage, a unique feature of ionizing radiation, is defined as 
two or more lesions within one to two helical turns of DNA, induced by a 
single radiation track. A double strand break (DSB) is a type of clustered DNA 
damage, in which single strand breaks are formed on opposite strands in close 
proximity (Shikazono et al., 2009).  

The direct-type base damage is the trappable-radical single-track pathway. 
There is a balance between products derived from electron loss and electron 
gain. The ratio of base damage to deoxyribose damage is ~ 3:1 (Swarts et al., 
2009). Oxidation of the two purines, guanine and adenine, are two of the three 
sites from which statistically significant yields of oxidation products were 
identified. The third site is deoxyribose. Guanine has the lowest oxidation 
potential and this base is expected to be the major site of hole capture (Swarts 
et al., 2007). 

Gene expression is a very sensitive indicator of radiation exposure 
(Coleman et al., 2005, Yin et al., 2003). There is a difference in gene response 
to high and low-dose radiation (Amundson, 2003; Mezentsev and Amundson, 
2011; Pouget et al., 2015).  

Lowe and coworkers (2009) concluded that the cellular damage response 
mechanisms after low-dose radiation were qualitatively different from high-
dose mechanisms. Wyrobek et al., (2011) investigated the low-dose 
dependency of the transcriptional response of human cells to characterize the 
shape and biological functions associated with the dose–response curve and to 
identify common and conserved functions of low dose expressed genes across 
cells and tissues. A set of about 80 genes that were associated with 



Svetlana Zunic and Ljubisa Rakic 46 

homeostasis mechanisms like membrane signaling, molecule transport, 
endomembranous system, including Golgi, and endoplasmic reticulum (ER), 
and signaling pathways showed consistent responses to graded doses of 
radiation spanning the range of 1–10 cGy. Transcription of MYC, FOS and 
TP53 was modulated at doses below 1 cGy in human lymphoblastoid cells. Jin 
et al. (2008) focused on the transcriptional responses induced by low and very 
low doses of ionizing radiation with time effect. Among 10,800 investigated 
genes, the genes that showed dose-dependent expression responses were 
involved in signal transduction, regulation of transcription, proteolysis, 
peptidolysis and metabolism.  

All investigated genes were divided into groups of time-dependent and 
dose-dependent genes:  

Dose-dependent genes were mainly associated with the signal transduction 
pathway, the regulation of transcription, proteolysis, peptidolysis and 
metabolism. When clustered, 22 genes showed early up-regulation to 0.01 Gy, 
but little response to other irradiation doses. The observed response was down-
regulated at 48 h after exposure. These genes regulate carbohydrate 
metabolism, cell adhesion, cell proliferation, DNA-dependent regulation of 
transcription, G-protein coupled protein signaling pathway and other 
intracellular signaling cascades. Another cluster contained 16 genes showing 
down-regulation after 12 h of exposure to 1 Gy, but no response to other 
doses. These genes were functionally associated with phosphorylation, control 
of skeletal myogenesis and signal-dependent regulation of myogenesis by 
corepressor MITR. 

Time-dependent genes were divided into two distinct groups: 1) the up-
and-down group contains genes that are associated with cellular defense 
mechanisms such as apoptosis, cell adhesion, stress response and immune 
response and 2) the down-and-up group of genes, which relates to fundamental 
cellular processes including DNA replication, mitosis, RNA splicing, DNA 
repair and translation initiation. Genes showing both dose-and time-dependent 
responses exhibited a mixture of both features.  

According to Jin et al., (2008), low-dose irradiation in the early phase may 
cause a temporary attenuation of fundamental cellular processes such as 
transcription and translation, along with an activation of cellular defense 
mechanisms associated with stress response. After 12 h of exposure, it is likely 
that cellular activities were resumed and defense systems were suppressed. 
Among genes in this cluster there are genes associated with cellular defense 
mechanisms in the early phase which included the TNF/stress related signaling 
pathway, the IL-5 signaling pathway, eosinophils in the chemokine network of 
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allergy responses, the first multivalent nuclear factor signaling pathway and 
skeletal muscle hypertrophy regulated via the AKT/mTOR pathway (Jin et al., 
2008). 

 
 

IONIZING RADIATION AND SUBCELLULAR STRUCTURES 
 
Extrachromosomal DNA is any DNA that is found outside of the nucleus 

of a cell. It is also referred to as extranuclear DNA or cytoplasmic DNA 
(Kuttler and Mai, 2007). Extrachromosomal DNA has been associated with 
genomic instability in eukaryotes (WPL, 2016). The sequences of cytoplasmic 
DNA are different from nuclear DNA in the same organism, showing that 
cytoplasmic DNAs are not simply fragments of nuclear DNA (Koch, Vogt and 
Kissel, 1983). In eukaryotes extrachromosomal DNA is primarily found in 
organelles (Rush and Misra, 1985). By its very nature, extrachromosomal 
DNA is structurally different from nuclear DNA. Cytoplasmic DNA is less 
methylated than nuclear DNA in the same organism (Koch, Vogt and Kissel, 
1983). Extrachromosomal circular DNA (eccDNA) consists of repetitive 
sequences of DNA found in both coding and non-coding regions of 
chromosomes. EccDNA can vary in size from less than 2000 base pairs to 
more than 20,000 base pairs (WPL, 2016). Extrachromosomal circular DNA is 
present in all eukaryotic cells, and is usually derived from genomic DNA, both 
coding and non-coding regions of chromosomes (Cohen, Houben and Segal, 
2008). The production of eccDNA elements from genomic DNA sequences 
adds to the plasticity of the eukaryotic genome and can influence genome 
stability, cell aging and the evolution of chromosomes (Cohen et al., 2010). 
Other extrachromosomal elements that are associated with genome instability 
are Double Minute Chromosomes (DMs), present in cancer cells (WPL, 2016). 
DMs are thought to be produced through breakages in chromosomes or 
overreplication of DNA in an organism (WPL, 2016).  

Mitochondrial DNA is a main source of extrachromosomal DNA (WPL, 
2016). Exposure to substances that affect the mitochondria, increasing the 
amount of oxidative damage to proteins is unique (Lin and Beal, 2006; 
Reynaud, 2010). It is well known that point mutations and alternative gene 
splicing of mtDNA have been linked to diseases that affect the heart, central 
nervous system, endocrine system, gastrointestinal tract, eye, and kidney 
(Chinnery and Turnbull, 1999). 

The protein activities are compromised with the increasing LET. It has 
been clarified that alpha-irradiation causes great loss of the enzymatic activity. 
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The mean free path of alpha particles from Pu is very short, less than a few 
micrometers in living material. Thus it could cause much serious DNA 
damage rather than 137 Cs or 131I. ROS and/or wave propagation can alter the 
cell membrane, as well as the nuclear and mitochondrial membranes, or 
endomembrane system of endoplasmic reticulum and the Golgi (Pouget et al., 
2008).  

Nuclear membrane is essential to enclose displaced chromosomes or 
chromosome fragments. Haaf and coworkers (1999) reported that MN 
originated from chromosomal material that was not incorporated into daughter 
nuclei during cell division. Different MN types depend on different agents. 
MN caused by ionizing radiation or clastogens mostly contain acentric 
chromosome fragments. Determination of MN frequencies has been widely 
used as a dosimeter of human exposure to radiation or clastogenic and 
aneugenic chemicals, and for the detection and risk assessment of 
environmental mutagens and carcinogens. The authors stressed that in spite of 
the utility of the MN test as an in situ monitor of cytogenetic effects, our 
understanding of the connection between initial DNA damage and the 
formation of MN was still poor. More recently, Fenech and coworkers (2011) 
explained the concept which implied that high MN frequency was related to 
cancer. 

The increased demand for the secretory machinery in the endocrine cells, 
as indicated above, may result in the development of endoplasmic reticulum 
stress. Proteins destined for exocytosis are transported through the ER and 
trans-Golgi complex and stored in secretory granules prior to secretion. Only 
correctly folded proteins are transported to the Golgi compartment 
(Westermark, Andersson and Westermark, 2011). Ionizing radiation can 
trigger ER stress and cause an obstruction of the ER-Golgi transport. 
According to Westermark, Andersson and Westermark, (2011), an 
accumulation of unfolded proteins triggers upregulation of ER-located 
chaperones to assist folding of aggregation-prone proteins. Accumulation of 
misfolded proteins can cause numerous degenerative diseases. Misfolded 
proteins aggregate into amyloid. The most frequent neurodegenerative 
diseases caused by misfolding, such as Alzheimer's disease, Parkinson's 
disease, Huntington's disease, or no-neurodegenerative ones, like Diabetes 
Mellitus, have similar amyloidal origins. Many environmental factors can 
increase the risk of degenerative diseases onset (Reynaud, 2010).  

Exposure to external or internal, natural and man-made radiation sources, 
induces oxidative damage of the cell, which causes structural disorganization 
of the cell membrane and the endomembrane system. As a consequence, 
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protein misfolding ensues, which plays a key role in the pathogenesis of 
numerous diseases (Zunic, 2013-1; Zunic and Rakic, 2013).  

 
 

RADIOADAPTIVE MECHANISMS 
 
According to a study authored by Matsumoto, Takahashi and Ohnishi, 

(2004), radiation-induced adaptive responses were observed in vitro and in 
vivo. The dose required to induce effective adaptive responses is within the 
range 0.01– 0.2 Gy, with low LET radiation. When dose is over 0.2 Gy, 
adaptive responses are scarcely induced, and when it is over 0.5 Gy, adaptive 
responses are almost never induced. 

Experimental data showed that the lowest doses did not trigger the repair 
mechanism of the cells (Burlakova, 1999). Direct exposure of cells to a low 
dose of ionizing radiation can induce a condition of enhanced radioresistance, 
i.e., a "radioadaptive" response. Radioadaptive response could be understood 
as a kind of BSE, most likely induced by paracrine regulation by growth-
promoting activity of the cells exposed to a low dose of alpha radiation (Iyer 
and Lehnert, 2002). The DNA damage-control biosystem is physiologically 
operative on both, metabolic and radiation induced damage, both affected 
predominantly by free radicals (Pollycove and Paperiello, 1997). The authors 
concluded that adaptive responses were suppressed by high-dose and 
stimulated by low-dose radiation. The potent cellular repair mechanisms are 
stimulated after radiation induced damage in case of low doses ... “Whatever 
the mechanisms, they seem able to act not only on the lesions induced by 
ionizing radiation but also on at least a portion of the lesions induced by some 
other toxic agents" (Pollycove and Paperiello, 1997). Other authors reported 
that effects of electromagnetic radiation (EMR) on the cell are much more 
complex: “The nature of EMR interaction with biological objects is 
determined by both parameters of radiation (frequency or wavelength, 
propagation speed, coherence of oscillations, and polarization) and the 
physical properties of a biological object as a medium in which an 
electromagnetic wave propagates (dielectric constant, electric conductivity, 
and nonlinear-dynamic parameters of information biopolymers, as well as 
parameters depending upon this quantities, namely, wavelength inside the 
tissue, penetration depth, and reflectance at the air–tissue interface)” 
(Reshetnyak et al., 1996).  

There are many theoretical approaches used to explain the interaction 
between EMR and the living cell. These interactions may occur primarily in 
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the plasma membrane, and then a cascade of changes propagates from the 
membrane to the nucleus of the cell (Behari, 1999). The magnetic field itself 
may interact with cellular components (Inan, 2005), affecting many targets in 
the cell, including cell membrane, DNA, metabolic and signaling pathways. 
The permeability properties of cell membranes can be affected by protein 
clusterization. Low energy EMF induces the stress response directly 
interacting with DNA. Increasing EMF energy in the radiofrequency range can 
lead to breaks in DNA strands. An EMF reactive DNA sequence, which acts 
as an EMF sensitive antenna, can be transferred to other gene promoters 
(Blank and Goodman, 2009). Many of these changes can be reverted after EM 
radiation is stopped. If changes could not be reverted, then the increased 
proliferation of cells may lead to carcinogenesis (Marinelli proceedings, 
2007).  



 
 
 
 
 
 

Chapter 6 

 
 
 

HEALTH EFFECTS OF DEPLETED URANIUM 
 
 
Inhalation of aerosols contaminated with the fumes of depleted uranium 

oxides is the dominant path of contamination. Internally deposed nano- or 
micro-sized particles of DU induce the low-slow dose effects in living tissues. 
We have already discussed a reciprocal relationship between low-slow doses 
of ionizing radiation and their harmful effects on the cell. Biological effects 
are extensive and unpredictable, owing to their complex regulation, dependent 
on exposition, as well as on genetic predisposition, health, age and other 
individual factors. Due to long pulmonary retention of 1,470 days, as expected 
in the case of inhalation of uranium oxides (Durakovic, 1999), a wide range of 
clinical manifestations can occur, depending on the individual predispositions 
of the exposed persons.  

Radioadaptive tissue response of pulmonary tissue was described in the 
publications authored by Zunic (2013; 2013-1), in the context of the early, as 
well as delayed health effects of depleted uranium (Zunic, 2015). The early 
health effects of DU exposure are discussed in relation to the cytological 
properties of lung washings from children from the territory where DU 
ammunition was used. The importance of apoptosis has been stressed out, as 
well as the cytological profile of lung washings in the case of low-dose 
radiation, which is imperative in understanding the difference between 
alveolitis induced by low-dose radiation and that induced by high radiation 
doses. A recent publication proposed the hormesis-threshold model in genesis 
of lung cancer in smokers, who were exposed to internal sources of low-dose 
radiation originating from tobacco smoke, as well as from the environment. In 
both cases an exact measuring of tissue doses was not required. These models 
make evaluation of the health effects of internally deposed alpha-emitting 
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radionuclides, including DU, easier (Zunic, 2015). This method enables a 
quick orientation concerning the extent of damage of complex tissue 
regulatory mechanisms in situ. Indirectly, it may indicate the existence of 
adaptive tissue response, premalignant or malignant lesions, which were 
considered the delayed health effects of DU. 

The overwhelming radioadaptive/radioprotective tissue capacity may later 
cause autoinflammatory/autoimmune disorders accompanied by numerous 
symptoms and degenerative and inflammatory diseases. All tissues with 
oxidative metabolism were targeted, particularly kidney and bone. Cancer is 
one of the late consequences of low-dose radiation exposure (Zunic, 2013-1). 

The recent war history of the Balkans and the Persian Gulf in the period 
1992-2002 relates to many medical phenomena that can be observed in the 
light of present repeated exposure to low doses of radiation originating from 
the military use of depleted uranium. 

Gulf Syndrome can be understood as a disease caused by repeated 
exposure to low doses of mixed (α, β, γ), predominantly alpha radiation 
originated from DU decay. Neurological/psychiatric manifestations of disease 
are in part the consequence of demyelination and together with other diseases 
with multisystem involvement are not rare. Psychiatric disorders are more 
frequent in the Gulf War veterans than in any other population, but without 
precise cause and effect relationship (Li et al, 2011). Gulf/Balkan War 
Syndrome may not be exclusively a disease of soldiers who participated in 
these wars. Taking into account prolonged exposures to alpha radiation (from 
the blast and later due to corrosion of armaments), Gulf/Balkan syndrome can 
be understood as a multicausal disease with multisystem involvement and 
time-dependent expression of symptoms from no cancerous diseases, to 
cancers in later phases affecting soldiers, as well as overall civilian population. 
Further details on this hypothesis are presented in a conceptual map in Figure 
9 (according to Zunic, 2013-1). The arrows show the radiotoxic effects of DU 
on the cell. We suppose that following the deposition of DU particles in 
thoracic lymph nodes and bearing in mind long half-life of DU decay 
members, alpha particles induced the bystander effect and influenced the 
immunocompetence of T cells. Aggressive T cells may be responsible for 
delayed effects of alpha radiation. Repeated exposures to low/slow radiation 
doses may induce the LEC-phenomenon in the BAL specimens. Gulf/Balkan 
syndrome develops as a multicausal disease with multisystem involvement and 
time-dependent expression of symptoms, from non-cancerous diseases, to 
cancers in later phases. 
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Figure 9. A conceptual map on early and delayed health effects of depleted uranium. 
Adapted with permission from primary data of Zunic, (2013-1). 

 
ILLUSTRATION OF EARLY HEALTH EFFECTS OF DU - 

CYTOLOGICAL CHARACTERISTICS OF PEDIATRIC LUNG 

WASHINGS FROM THE TERRITORY BOMBED  

WITH DU PROJECTILES 
 
The study is based on authentic medical observation of differential cell 

counts of broncholaveolar lavage samples from 225 pediatric patients. All the 
patients, whose bronchoalveolar lavage samples were analyzed, originated 
from the territories which were geographically close to each other (Serbia and 
Montenegro seaside and Bosnia and Herzegovina, the territories of the former 
Yugoslavia (Figure 10) that were repetitively stroked by DU armaments).  

After the bombing with DU projectiles, widespread air pollution due to the 
release of radioactive particles, both in the explosion, and in later years due to 
corrosion of missiles, could be expected. 
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Figure 10. Schematic representation of territorial origin of randomly selected 20 
pediatric patients who underwent bronchoscopy examination after the bombing of 
Serbia 1999. The distribution of patients from the territory of the former Yugoslavia 
with: Lupus Erythematosus Cell-negative bronchoalveolar lavage specimens (); 
Lupus Erythematosus Cell-positive bronchoalveolar lavage specimens (). 
Reproduced with permission from primary data of Zunic (2013).  

The BAL specimens were obtained from unrelated children who 
underwent flexible bronchoscopy for clinical symptoms and radiological 
changes consistent with the persistent pulmonary infiltrates at The Department 
of Pulmonology, Mother and Child Institute in Belgrade. They showed no 
clinical and/or laboratory signs of systemic Lupus Erythematosus or any other 
connective tissue disease (Zunic et al., 1996). BAL differential cell counting 
was performed in the laboratories of the Clinical Center of Serbia, in the 
period December 1992 – December 2002.  

The laboratory protocol for cytological analysis of cytocentrifuge 
preparations of the BAL samples was applied (Haslam et al., 1984) with 
modification, as Hemaccel (Jugoremedia) was used as a medium for 
preparation of cell suspensions (Zunic’s Doctoral Thesis, 1993). The samples 
were spun down freshly and pellet was adjusted with Hemaccel and 
cytocentrifuged, then air-dried and stained with May-Grünwald-Giemsa for 
differential cell counting. Slides were analyzed on an OPTON Axioplan light 
microscope for at least 500 cells. 
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The differential cell counting of pediatric BAL specimens, revealed 
cytomorphological feature of Lupus erythematosus cells (LEC) (Figure 11) in 
47 cases of which not a single case was associated with coexistent 
autoimmune disease (Table 4).  

The BAL cytocentrifuge preparations were examined by light microscopy 
and a number of cells showing pathognomonic cytological features of Lupus 
Erythematosus Cell was identified (Figure 11a, b). There is a LEC in the 
centre surrounded by other BAL cells, predominantly neutrophils (Figure 11a). 
LE cells were enlarged (25-30 μm in diameter), round shaped, with a 
peripheral, elongated nucleus and abundant cytoplasm containing a round to 
oval, well-circumscribed inclusion body of homogenous, basophilic 
appearance (Figure 11 b). More details and explanation on the LEC 
phenomenon in bronchoalveolar lavage of patients of whom not a single case 
was associated with coexistent autoimmune disease at the moment of trial 
were described by Zunic and coworkers in 1996. 

 

 

Figure 11. Microphotograph of Lupus Erythematosus like cells in the bronchoalveolar 
lavage specimen of the patient with thalassemia minor combined with 
hypogammaglobulinemia and suppurative lung disease. Lupus Erythematosus like 
cells (arrows) in two microscopy fields of the bronchoalveolar lavage specimen (May-
Grunwald-Giemsa, original magnification x330); a. Lupus Erythematosus like cell in 
the centre surrounded by other BAL cells; b. Intracytoplasmic Lupus Erythematosus 
body in enlarged cell with peripherally located binucleated nucleus. Reproduced with 
permission from primary data of Zunic (2013-1).  
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The results were issued consecutively, but after a full analysis classified 
into five time intervals (Table 4, Table 5 and Figure 12):  

1)  1992-1993 – the time after the First Gulf War (1990–1991) - (A),  
2)  1994-1995 – the time during the conflict and air strikes against targets 

in Bosnia - (B),  
3)  1996 -1999 (March 24th) – the time between the bombing of targets in 

Bosnia and the bombing of targets in Serbia - (C),  
4)  1999 (July-December) - the time after air strikes against targets in 

Serbia - (D),  
5)  2000-2002– (E). 

 

Table 4. Presentation of the numbers of the BAL samples analyzed, the 

LEC positive BAL samples and relative percentages of LEC in the BAL 

differential cell counts for individual specimens per year in the observed 

period 1992-2002 
 

Years 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Number of 
BAL 
samples 
analyzed 

 
1 

 
40 

 
36 

 
42 

 
27 

 
19 

 
- 

 
10 

 
29 

 
9 

 
12 

Number of 
LEC 
positive 
BAL 
samples 

 
1 

 
6 

 
3 

 
2 

 
6 

 
7 

 
- 

 
7 

 
6 

 
3 

 
6 

Percentages 
of LEC in 
individual 
BAL 
differential 
cell counts  

0.30 1.30 
0.30 
2.00 
0.98 
0.30 
0.30 

1.00 
0.70 
0.70 

0.70 
1.30 

0.30 
0.70 
1.90 
2.20 
0.30 
1.30 

0.30 
0.90 
0.30 
0.30 
3.60 
0.30 
1.00 

- 0.69 
0.40 
4.50 
8.40 
4.70 
1.50 
3.90 

0.20 
0.20 
1.20 
0.60 
0.30 
0.60 

0.60 
1.40 
0.30 

3.43 
1.14 
0.30 
0.60 
0.30 
0.30 

Adapted with permission from primary data of Zunic, (2013-1). 
 

Presented results (Tables 4 and 5) imply that there was higher percentage 
of the LEC positive BAL specimens, and an increase in the yield of LEC in 
differential cell counts in individual LEC positive BAL specimens during the 
D time interval (1999, July-December). 

Statistical significance of differences of mean percentages of LEC in 
differential cell counts of LEC positive BAL specimens was observed and 
results presented in Table 6.  
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Table 5. Average percentages of the LEC positive BAL samples analyzed 

in time intervals corresponding to the period after the First Gulf War, 

during and after the bombing of Bosnia and Herzegovina and Serbia 

 
Intervals of time  Number of BAL 

specimens 
analyzed 

Average percentages 
of LEC positive 
BAL specimens  

A. 1992-1993  41 17.07 
B. 1994-1995  78 6.41 
C. 1996 -1999 (until March 24th) 48 27.08 
D. 1999 (July-December) 7 87.50 
E. 2000-2002 50 30.00 

Adapted with permission from primary data of Zunic, (2013-1). 
 

Table 6. Statistical significance of differences between LEC percentages in 

differential cell count of LEC-positive and LEC-negative BAL specimens 

within observed intervals of time 

 
Groups compared  A+B+C vs. D A+B+C vs. E D vs. E 
t-test value 4.54 1.07 3.45 
DF 31 38 21 
Two tailed probability 0.0001 0.2906 0.0024 
Statistical Significance p<0.001 no significant p<0.01 

DF - degrees of freedom; estimated intervals of time: A. 1992-1993- the time after the 
First Gulf War (1990–1991); B. 1994-1995- the time during the conflict and air 
strikes against targets in Bosnia and Herzegovina; C. 1996 -1999 (until March 24th 

1999) - the time between the bombing of targets in Bosnia and Herzegovina and 
the bombing of targets in Serbia (March 24th – June 10th 1999); D. 1999 (July-
December) - the time after air strikes against targets in Serbia; E. 2000-2002 - the 
time after the bombing of Serbia and the end of the observed period. Adapted with 
permission from primary data of Zunic, (2013-1). 
 
There is 1) a statistically highly significant increase of percentage of LEC 

in the time after air strikes against targets in Serbia (D, July-December 1999), 
when compared with the percentage of LEC in the period 1992-March 24th 
1999 (A+B+C); 2) a statistically significant decrease of percentage of LEC in 
the time after air strikes against targets in Serbia (E, 2000-2002), in 
comparison with the first six months after the bombing of Serbia (D). No 
significant differences were found between mean percentages of LEC in the 
time after air strikes on targets in Serbia (E, 2000-2002) in comparison with 
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the period preceding the bombing of Serbia – 1992 to March 24th 1999 
(A+B+C) (Zunic, 2013-1). 

Schematic presentation of the percentages of (LEC+) the BAL specimens 
in the observed time intervals was shown in Figure 12.  

 

 
Figure 12. Schematic presentation of a time-dependent appearance of LEC in relation 
with the use of projectiles with depleted uranium (DU) and proposed α, β, γ-radiation 
exposure. Black&white areas – the symbolic presentation of missiles with depleted 
uranium used in GW (The First Gulf War), B&H (Bosnia and Herzegovina) and S 
(Serbia), the republics of the former Yugoslavia, with time correlates; the white area 
squares represent relative percentages of the Lupus Erythematosus Cell positive 
bronchoalveolar lavage specimens in five time intervals (A-E): Presentation of average 
percentages of the Lupus Erythematosus Cell positive bronchoalveolar lavage 
specimens in predefined time intervals: A. 1992-1993- the time after the First Gulf 
War (1990–1991); B. 1994-1995- the time during the conflict and air strikes against 
targets in Bosnia and Herzegovina; C. 1996 -1999 (until March 24th 1999) - the time 
between the air strikes against targets in Bosnia and Herzegovina and bombing of 
targets in Serbia (March 24th – June 10th 1999); D. 1999 (July-December) - the time 
after the air strikes against targets in Serbia; E. 2000-2002 - the time after the air 
strikes against Serbia and the end of the observed period; the grey arrows (bottom of 
Figure 12) represent proposed exposure to radiation from depleted uranium radioactive 
decay, with time-dependent attenuation (dark to pale gray arrows) and with 
hypothetical amplification, simultaneously with nuclear ammunition repeated use. 
Adapted with permission from primary data of Zunic, (2013-1).  
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The time and place of the detached use of munitions containing DU may 
be connected to an implicit dynamics of radioactive-particles exposure, which 
has been prolonged, and has not ended with the end of air strikes. Each new air 
strike caused a new increase in DU-particles exposure, which is presented 
schematically at the bottom of figure 12 (Zunic, 2013-1). 

With the aim to better characterize differences of (LEC+) and (LEC-) 
alveolitis, a comparative and correlation analysis has been performed in 20 
BAL specimens (Zunic, 2013). The results of differential cell counting of lung 
washings of patients from (LEC+) group and (LEC-) group, with respect of 
neutrophils (N), eosinophils (E), lymphocytes (Ly), mast cells (Mast), alveolar 
macrophages (AM), Lupus Erythematosus Cells (LEC) and other cells (related 
to the sum of epithelial cells, plasmocytes and monocytes in the BAL 
specimens) were compared (Table 7). A significant increase of percentages of 
neutrophils and eosinophils and decreased percentages of macrophages were 
found in (LEC+) BAL specimens in comparison with (LEC-) ones (p<0.05, p< 
0.001, p< 0.001, respectively), according Zunic, (2013).  

 
Table 7. Statistical significance of differences for differential cell counts 

between the LEC-positive and LEC-negative BAL samples 

 
 LEC- LEC+ Significance of 
 Mean & SD Mean & SD differences 
Neutrophils 7.09  2.76 21.42  15.89 p<0.05 
Eosinophils 8.07  5.42 26.68  9.90 p<0.001 
Lymphocytes 15.24  8.55 13.35  6.19 no significant 
Alveolar 
macrophages 

59.33  14.47 27.57  18.13 p<0.001 

Mast cells 0.48  0.32 0.63  0.43 no significant 

Adapted with permission from primary data of Zunic, (2013).  
 
The results of correlation analysis of BAL cell populations in (LEC+) vs. 

(LEC-) specimens are presented in Table 8. Statistically significant negative 
correlation was found between BAL eosinophils and alveolar macrophages in 
(LEC+) BAL specimens; (LEC-) BAL specimens showed statistically 
significant negative correlations between neutrophils’ and lymphocytes’ 
relative percentages. 
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Table 8. Correlation analysis of BAL cell populations in LEC- positive vs. 

LEC- negative specimens 

 

Correlations LEC- LEC+ 
N/Ly r = -0.75, p<0.05 no significant 
E/AM no significant r = -0.75, p < 0.05 
Ly/AM no significant no significant 
AM/Mast no significant no significant 

Adapted with permission from primary data of Zunic, (2013). 
 
The origin of LEC in BAL has been understood as a possible effect of DU 

fumes exposure. All patients included in this study, originated from different 
polluted areas in the territory of the former Yugoslavia and all of them were in 
the regions of air pollution after the First Gulf War (Figure 1) (Zunic, 2013; 
Zunic, 2013-1).  

The presence and a significant increase in frequency of the (LEC+) BAL 
samples in examinees during the period 1992-2002, detected after the NATO 
bombing of Serbia, enabled search for the relationship between the presence of 
LEC in BAL and DU originated alpha radiation. The increased yield of 
(LEC+) BAL samples after the bombing of Serbia (March 24 to June 10, 
1999), and a rough estimation on the "unusually" high succumb of LEC in 
individual BAL specimens, were found in the first 6 months after air strikes 
against targets in Serbia. The results presented the clearly implicate time-
dependent effects of DU (Zunic, 2013; 2013-1). 

The publications authored by Zunic (2013; 2013-1) opened some 
questions related to the extensiveness of the α-particle-induced bystander 
effect, observed early, and discussed the delayed health effects of depleted 
uranium.  

Medical entities, as Balkan’s or Gulf War Syndrome, are subsumed into a 
common entity whose pathogenesis is based on radiobiology of the time-
dependent effects of DU in military personnel, as well as exposed civilians. 
Finally, these studies highlighted the LEC phenomenon in BAL as an early 
radioadaptive tissue response and one of the main, although non-specific 
characteristic of DU induced low-dose radiation alveolitis.  

This is essential for detecting the differences between low-dose and high-
dose radiation pneumonitis, which may be induced accidentally, or by 
therapeutic procedures. 

Toma et al., (2010) reported lymphocytic alveolitis as a marker of 
radiation pneumonitis in patients after radiotherapy for breast cancer. This 
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high-dose therapeutic irradiation induced pneumonitis, by its pathogenesis, is 
different from DU low-slow-repeatedly doses induced pneumonitis. In (LEC+) 
BAL specimens predominates neutrophilic/eosinophilic alveolitis with a 
marked decrease of AM (Table 7).  

It was published earlier that radiation affects the blood cells, thus leading 
to a dominant decrease in the number of monocytes (IAEA, 1997). Having in 
mind that alveolar macrophages are tissue counterparts of circulating 
monocytes, the results support an idea that (LEC+) BAL specimens may 
reflect radiation induced changes.  

Neutrophils are not only major effectors of acute inflammation, but they 
can also contribute to chronic inflammatory conditions and adaptive immune 
responses (Kolaczkowska and Kubes, 2013). With a deeper look into the 
mechanism of pathogenesis of (LEC+) alveolitis, based on the results in 
Tables 7 and 8, it is very likely that a massive migration of neutrophils from 
the circulation to the pulmonary tissue takes place at the expense of 
lymphocytes, which also, but to a lesser extent migrate from the bloodstream 
to the pulmonary tissue. There is a possibility of reciprocity in the migratory 
potential of different cell populations from the circulation into the tissue 
(namely, eosinophils, or monocytes that mature into the AM). A slight 
increase of mast cells (Table 7) may reflect the aggressive pathogenic 
properties of (LEC+) alveolitis, probably regulated by cytokines and deranged 
intercellular interactions (Zunic, 2013).  

The conventional understanding of the nature and pathogenesis of  
LEC appearance in the body fluids and tissues has been in relation with 
coexistent autoimmune diseases, particularly Systemic Lupus Erythematosus  
(Hepburn, 2001; Gulhane and Gangane, 2012). A recent paper pointed out 
 that the presence of LEC in BAL could be a manifestation of early 
radioadaptive/radioprotective tissue response to exposure to low doses of 
radiation, particularly alpha particles that were trapped in the airways  
(Zunic, 2013-1). The author’s observations since 1996 (Zunic et al., 1996; 
Zunic, 2013; Zunic, 2013-1) positioned the presence of LEC in BAL as a 
nonspecific in pneumopathies that occurred coincidentally with the radiation 
exposure in the territory that was stroked by missiles with DU.  

These statements, together with the Petkau effect interpretation (Figure 5), 
clearly indicate the missing links in the pathogenesis of the LEC phenomenon. 
The low-slow-dose conditions lead to dramatic depletion of monocytes, failure 
of the lymphocyte immune system, and consequently, depressed cellular 
immune system (IAEA, 1997; Bertell, 2006). Otherwise, alteration of 
monocytes, as circulating precursors of tissue macrophages, changes 
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subsequently immunocompetence and the phagocytic properties of alveolar 
macrophages, originating from recruited monocytes. Owing to radiation and 
alpha particle-induced bystander effect, massive apoptosis can be achieved. 
Defective apoptotic clearance, due to impaired phagocytosis by macrophages, 
may induce overexpressed phagocytosis by other cells of white lineage with 
concomitant LEC appearance (Cacciapaglia et al, 2009). There is a 
relationship between delayed apoptotic cell clearance and lupus-like 
phenotype (Cohen et al, 2002). Apoptosis also plays a role in the regulation of 
T-cell populations (Lohman and Welsh, 1998; Stuart and Hughes, 2002).  

An autoimmune (auto-inflammatory) response induced by external agents 
was described as ASIA syndrome (Israeli, 2012). Detection of LEC in BAL is 
in favor of the multi-causal character of ASIA syndrome. Although occurrence 
of LEC in BAL has been described earlier as a nonspecific phenomenon 
(Zunic et al, 1996), the present study observed the appearance of LEC in BAL 
as a possible consequence of inhaled DU particles. Bearing this in mind, the 
LEC phenomenon in BAL can be understood as a nonspecific tissue response 
to a noxious agent leading to the altered properties of phagocytosis and 
apoptotic clearance. If radiation is a trigger, LEC appearance in BAL 
specimens may be understood as an early radioadaptive mechanism and a 
hallmark of radiation alveolitis caused by DU particles that are trapped in the 
airways. The LEC phenomenon in BAL may occur in an attempt of pulmonary 
tissues to remove debris through other white cell lineage under conditions of 
vulnerable phagocytosis by alveolar macrophages. Taking this mechanism into 
account, the LEC phenomenon may also be a radioprotective phenomenon in 
the conditions of lack of radioprotective mechanisms at low dose radiation 
(Zunic, 2013-1).  

The changed migratory capacity of cells from the bloodstream to the 
pulmonary tissue, as well as the nature of cell-to-cell interactions may be the 
cause of key differences between (LEC+) and (LEC-) alveolitis. Very 
possibly, the recruitment of different cell populations from circulation into the 
tissue is stimulated by the same harmful agent, but cell-to-cell communication 
may be changed in conditions of simmering bronchopulmonary pathogenic 
process. At the same time, the tissue opposes long-lasting inflammation as 
well as diminished apoptotic clearance by alveolar macrophages, inducing 
adaptive mechanisms including the LEC phenotype expression (Zunic, 2013).  

DU also crosses the placenta and is stored in the fetus (Shuryak, Sachs and 
Brenner, 2007). Lupus Erythematosus cells were found in two children who 
were lavaged in October and December 1999, 3 and 8 months old at the time 
of clinical trial respectively. The first child was born in the suburb of Kraljevo, 
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one month after the end of the NATO bombing of Serbia, and the other one, in 
Mladenovac, a month after the start of the bombing of Serbia (Zunic’s 
unpublished data related to laboratory evidence and medical documentation). 
It is very possible that their intrauterine exposure to DU particles was a 
possible trigger for later clinical pulmonary manifestations. This finding 
supported the understanding of radioprotective (rather than radioadaptive) 
response in the postnatal period (Zunic and Rakic, 2015). 

 
 
ILLUSTRATION OF THE DELAYED HEALTH EFFECTS 

 OF DU - CYTOLOGICAL AND CYTOCHEMICAL 

CHARACTERISTICS OF LUNG WASHINGS OF SMOKERS  

AND LUNG CANCER  
 
As cigarette smoke affects the main lung defense system at both, 

morphological and cellular level, it was important to observe the dynamcs of 
the apoptotic bodies’ generation process, originating from mononuclear cells 
and their removal by resident macrophages (Zunic et al., 2004).  

The delayed apoptosis of AM represents one of the mechanisms for 
accumulation of these cells (Schaberg, 2000). Some in vitro studies suggested 
that exposure to smoke could induce the apoptosis of AM (Aoshiba, 2001). 
Since macrophages are interposed between stress, inflammation and immune 
response in the maintenance of basic survival response (Ottaviani and 
Franceschi, 1997), it is a question how they can participate in the process of 
apoptosis in tissues exposed to different pathogenic and cancerogenic stimuli. 
AM might be important in the resolution of acute inflammation by the 
ingestion of apoptotic neutrophils. Granulocyte apoptosis is important in the 
resolution of pulmonary inflammation. We described the semiquantitative 
cytochemical method to evaluate the contribution of AM in clearance of 
pulmonary tissue in situ during the process of programmed cell death. As the 
main pulmonary resident phagocytes, AM are actively involved in the process 
of apoptotic bodies removal. Apoptotic bodies are generated from non-resident 
immunocytes, recruited “on demand” from blood to the lung (Zunic et al., 
2004; Zunic et al., 2007).  

This discussion reconnects known facts about smoking exposure and lung 
cancer (Zunic et al., 2004; Zunic, 2007) with the existing low-level-radiation-
doses from tobacco smoke, as well as from environmental radioactive air-
pollutants. It is not possible to exclude the fact that all patients (smokers and 



Svetlana Zunic and Ljubisa Rakic 64 

nonsmokers alike) were exposed to low-dose DU radiation originating from 
inhaled pollutants after the bombing of FRY, or the Persian Gulf, according to 
our publications (Zunic, 2013; Zunic, 2013-1; Zunic and Rakic, 2015) and 
Figure 1. We considered nonsmokers as exposed only to environmental doses. 
Figure 13 is a schematic presentation of radionuclides from air pollution and 
tobacco smoke in the bronchoalveolar space of nonsmokers and smokers. 

As reported by WSDH (2002), only 81% of annual dose is from natural 
sources. The rest of the dose comes from man-made background radiation. 
The average annual whole body dose is 361 mrem/year, plus additional 280 
mrem/year for smokers. 

Alpha emitting radionuclides in tobacco smoke, or tissue embedded 
uranium particles which are mixed, alpha, beta, gamma emitters, maintain 
continuous very-low doses of irradiation of the surrounding tissue structures. 
Low doses and dose rates stimulate protective intercellular and intracellular 
signaling (Scott, 2008).  

With increasing radiation dose and dose rate, DNA repair systems are less 
effective than at low doses or dose rates (Tubiana, 2009). Higher radiation 
doses are in relation to increased cancer risk (Scott and Di Palma, 2007). A 
publication by Tubiana et al., (2009) suggests the existence of real or practical 
thresholds for carcinogenesis. The protective mechanisms that lead to 
activated natural protection against cancer and other genomic-instability-
associated diseases are understood as evolutionally highly conserved (Mitchel, 
2006; 2007). Gene transcription studies revealed highly specific genes to 
ionizing radiation (Park et al., 2002; Roy, Gruel and Vaurijoux, 2009) and 
differences between low-dose and high-dose responses (Fachin et al., 2009).  

A generalized response to mild stress, above an individual-specific 
threshold level, is associated with the protective signaling, which is estimated 
mostly in relation to apoptotic tissue response (Scott, 2005). As the universal 
ability of tissue, apoptosis can be influenced by broad spectrum of stressors, 
including radiation (Zunic and Rakic, 2015). Apoptosis is one of the earliest 
radioprotective mechanisms (Zunic, 2013). When adaptive mechanisms 
resisting smoking (& radiation) synergic influences become overwhelmed, a 
cancerous lesion may develop. We indicated the existence of the complex 
mechanisms of radiation hormesis that are integrated in the biosystem’s output 
response to environmental inputs (Zunic and Rakic, 2013). 
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Figure 13. Schematic presentation of radionuclides from air pollution and tobacco 
smoke in the bronchoalveolar space of nonsmokers and smokers. 

Given the different models of low-dose radiation risk assessment that were 
tested (Elgazar and Kazem, 2006), the aim of this study is to highlight a neural 
network model for dose-response relationship based on apoptotic parameters. 
We observe this graph, presented bellow, as a clinical nomogram suitable for 
further testing so as to determine whether every new examinee is at risk by 
belonging to one of the groups, representing healthy nonsmokers, control 
smokers and patients with lung cancer. This method is a simple and fast way 
to combine the advantage of neural networks in relation to statistical data 
processing in this specified case. We decided to present a methodological 
approach used for nomogram construction, according to Zunic et al., (2007). 

 
 

Materials and Methods 
 
This study is designed as a double blind study. All the patients underwent 

bronchological unit in order to perform routine diagnostic procedures. 
Bronchoalveolar lavage was performed in 22 examinees. After completing 
clinical and laboratory investigation (including histopathological analyses), it 
was possible to separate three groups: 9 healthy nonsmokers, 6 control 
smokers and 7 patients with non-small-cell lung cancer (NSCLC) (all of them 
were smokers). The patients were without any therapy at the moment of 
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bronchological examination and the diagnosis of NSCLC was clinically and 
pathologically confirmed.  

All the patients who were considered as the control groups underwent 
bronchological unit because of a longstanding cough or bleeding, but no signs 
of lung disease were found after a detailed clinical and bronchological 
examination.  

 
 

Smoking Exposure 
 
Total smoking exposure in the group of smokers was calculated as follows 

and presented in Table 9: 
 
Pack-years = (Age of presentation-age started-years stopped) x Pack/Day 
 
The smoking exposure values in control smokers were 1.5, 1.2, 1.5, 1, 0.6 

and 5.0 and in smokers with NSCLC, the calculated values of smoking 
exposure were: 40, 55, 87.5, 25, 36, 35 and 30. Passive smoking was not 
considered for nonsmokers, while for all examinees total smoking exposure 
was 0 (Zunic et al., 2004; Zunic et al., 2007).  

 
 

TUNEL Assay 
 
Apoptotic detection in cytocentrifuge preparations of BAL cell 

suspensions was evaluated by light microscopy using TUNEL in situ 
cytochemical method (Boehringer Mannheim, In Situ Cell Death Detection 
Kit, POD; Cat. No: 1 684 817) (Milosevic, Rakic and Ruzdijic, 1998; 
Milosevic et al., 2000), and modified for BAL cytocentrifuge preparations 
(Zunic et al., 2004). In order to destroy endogenous peroxidase, selected 
cytocentrifuged BAL preparations were incubated with blocking solution 
(0.3% H2O2 in methanol) for 30 min at room temperature. After that, the slides 
were rinsed in PBS (pH 7.4), immersed in permeabilization solution (0.1% 
Triton X-100 in 0.1% sodium citrate) for 15 min at room temperature, and 
rinsed twice in PBS for 5 min. The samples treated with DNase I (100 g/ml) 
for 15 min at room temperature prior to labeling, served as positive controls. 
The slides were labeled for 1 h at 37 C in a dark, humidified chamber.  
The labeling solution (50 l) contained calf thymus TdT (terminal 
deoxynucleotidyl transferase) and a nucleotide mixture in reaction buffer with 
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modified nucleotides (fluorescein-dUTPs). The enzymatic reaction was 
terminated by immersing the slides in 3.0 M sodium chloride, and 30 mM 
sodium citrate solution (TB) for 15 min at room temperature. The slides were 
washed twice in PBS (pH 7.4), covered with 2% aqueous bovine serum 
albumin solution for 10 min at room temperature, rinsed in PBS and incubated 
with 50 l peroxidase-conjugated anti-fluorescein antibodies (Converter-POD) 
in a dark, humidified chamber for 30-60 min at 37 C. After three rinses with 
PBS, the samples were stained with diaminobenzidine (DAB) solution (6 mg 
in 10 ml Tris-HCl, pH 7.6) containing 0.03% H2O2, for about 10 min at room 
temperature. Finally, the sections were lightly counterstained with Harris' 
hematoxylin, dehydrated in alcohol and cleared in xylene. The slides were 
mounted with Permount (Fisher Chemical) and analyzed under a light 
microscope (ZEISS, Axioplan) using immersion objective.  

 

 

Indexing and Scoring Method and Calculation of Apoptotic Capacity 

The property of AM to engulf apoptotic cells was estimated by light 
microscopy, including 1,000 features per sample. These features are related to 
the subsequent steps (adsorption, internalization and digestion of apoptotic 
bodies by alveolar macrophages). Based on the yield of each one, indexing and 
scoring method was performed as presented schematically in Figure 14 (Zunic 
et al., 2004).  

Figure 14 is a schematic representation of the unique features from 
photomicrographs of BAL cytocentrifuge preparations stained by TUNEL. 
The percentage of each stage was multiplied with the corresponding index 
(starting from 1 to 4; FAB are not indexed – their percent is expressed 
separately) and the sum calculated. Then, the final score for single slide 
calculated was within the theoretical range from 100 to 400. The score is a 
numerical equivalent of tissue ability for apoptosis and removal of apoptotic 
bodies, i.e., it represents the apoptotic capacity (AC) of the tissue (Zunic et al., 
2004). 

 
Apoptotic Index  

In the same specimens stained by TUNEL, the apoptotic index (AI) was 
estimated and calculated as a relative per-cent of apoptotic cells in relation to 
all cells observed on the slide for individual patient. 
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Figure 14. Schematic presentation of apoptotic capacity calculation. Schematic 
presentation of the features of interest and calculation of apoptotic capacity (AC): The 
big white nucleated cells represent AMs in four features important for the calculation 
and the small dark contours are free apoptotic bodies (FAB) (5): clear AM (1); FAB 
adherent to AM (2); FAB internalized by AM (3) and FAB digested inside AM (4). 
Each feature was expressed as a percentage of the sum: total macrophages (stages 1-4) 
+ free apoptotic bodies = 1,000 features. Apoptotic capacity - a relation between the 
presence of free apoptotic bodies and their removal by phagocytosis was calculated as 
a sum of multiples of the corresponding stages (their relative percents) and weighing 
factors. Adapted from primary data of Zunic et al., (2004). 

 
Statistical Analysis 

 
A double tailed t-test was performed for estimation of the statistical 

significance of the parameters between the groups investigated. 
The functional relationship between apoptotic capacity and apoptotic 

index is presented by a neural network method (from primary data of Minic, 
N.) (Zunic et al., 2007; Minic et al., 2011). 

 
Results 

The smoking exposure mean values and apoptotic parameters (AC and AI) 
in smokers and NSCLC are presented in Table 9. A review of smoking 
exposure values showed that all patients with NSCLC were heavy smokers 
(Table 9).  

AI is gradually increasing in smokers and heavy smokers (the NSCLC 
group) in comparison with nonsmokers. AC is increased in smokers in 
comparison with nonsmokers, but in the NSCLC group, AC is significantly 
decreased both, in comparison with nonsmokers, as well as control smokers. 
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Table 9. Smoking exposure and apoptotic parameters  

in smokers and NSCLC 

 
 Smoking 

exposure 
AC AI (%) AC 

(compared to 
nonsmokers) 

AI 
(compared to 
nonsmokers) 

Nonsmokers 0 218.2956.24 0.070.03   
Smokers 1.80±1.60 289.5550.77 0.150.08 ↑ ↑ 
NSCLC 44.81±21.33 150.3740.61 0.280.04 ↓ ↑ 
Nonsmokers 
vs. smokers 

 p < 0.05 p < 0.05   

Nonsmokers 
vs. NSCLC 

 p < 0.05 p < 0.001   

Smokers vs. 
NSCLC 

p < 0.001 p < 0.05 p < 0.01   

Adapted with permission of Zunic et al., (2007). 

Introduction to Neural Networks 

A neural network is relatively new method in the area of artificial 
intelligence. It is used to simulate the human reasoning, especially in problems 
with pattern recognition. All the neurons inside the network are simplified to 
the mathematical level – potential natural impulses are expressed as 
corresponding numerical values. Similar to biological neuron, this artificial 
structure is consisted of its local memory and dendrites that connect it with 
other neurons. One of the dendrites can be considered as axon and it is 
responsible for output of the neuron, after the given information has been 
processed. Each connection has a certain weight that is multiplied with neuron 
data (signal) in order to adjust it to an acceptable level. 

Cohonnen’s model of neural network is based on a three-layer 
architecture, where each layer can have an infinite number of neurons. The 
input layer receptors are responsible for user to insert either new knowledge or 
question. The processing layer is used for learning and classification of new 
data, while the output layer effectors are used to express the final conclusion to 
the user. Each parameter is presented as one neuron in the input layer, so the 
complexity of input layer defines the dimension of the whole system. 
Problems with only two input parameters are solvable in two dimensions and 
can be clearly presented through the coordinate system. The main idea is to 
separate the plot into areas with common data inputs – responsibility of the 
processing layer. After the information is classified, it is easy to deduce the set 
of rules that will help in bringing up further conclusions. If there are more than 
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one area with the same type of input, the problem is not linearly separable, so 
the processing layer will need one more sub-layer in order to classify data 
correctly. 

 
 

Proposed Solution 

In the present study, we estimated the relation between apoptotic 
parameters: apoptotic capacity and apoptotic index. Apoptotic index is 
expressed as a ratio yielding by apoptotic cells and apoptotic capacity reflects 
some dynamism in generation (presence) of apoptotic bodies and their removal 
by alveolar macrophages’ phagocytosis. After evaluation of these parameters 
in the investigated groups (nonsmokers, smokers and NSCLC), the nomogram 
(presented in Figure 15) was carried out by a neural network method, by which 
is possible to predict belongings of every next patient to one of the groups, in 
regard of AC and AI analysis.  

There are 22 patients (9 nonsmokers, 6 smokers and 7 NSCLC) included 
in this research, but one smoker does not have measured apoptotic index. That 
is why the network is built only on the sample of 21 patients. The data 
structure of this certain neural network is presented bellow in Table 10.  

 
Table 10. Design of Neural Network 

 
Case AC AI TH1 TH2 TH3 Z1 Z2 Z3 TH4 Z4 Result
1 117.6 0.122 -0.02 170.40 -15.97 0 1 0 -0.50 0 Non-Smoker
2 212.7 0.110 -0.12 75.30 -121.07 0 1 0 -0.50 0 Non-Smoker
3 215.4 0.037 -0.70 72.60 -184.58 0 1 0 -0.50 0 Non-Smoker
4 260.1 0.040 -0.68 27.90 -226.78 0 1 0 -0.50 0 Non-Smoker
5 245.6 0.094 -0.25 42.40 -167.30 0 1 0 -0.50 0 Non-Smoker
6 285.2 0.092 -0.26 2.80 -208.56 0 1 0 -0.50 0 Non-Smoker
7 280.5 0.041 -0.67 7.50 -246.35 0 1 0 -0.50 0 Non-Smoker
8 161.2 0.042 -0.66 126.80 -126.21 0 1 0 -0.50 0 Non-Smoker
9 186.3 0.065 -0.48 101.70 -132.16 0 1 0 -0.50 0 Non-Smoker
10 291.4 0.079 -0.37 -3.40 -225.59 0 0 0 0.50 1 Smoker
11 360.8 0.054 -0.57 -72.80 -315.82 0 0 0 0.50 1 Smoker
12 260.7 0.149 0.19 27.30 -136.58 1 1 0 0.50 1 Smoker
13 238.9 0.174 0.39 49.10 -93.96 1 1 0 0.50 1 Smoker
14 245.9 0.276 1.21 42.10 -15.99 1 1 0 0.50 1 Smoker
15 230.0 0.340 1.72 58.00 53.22 1 1 1 0.50 1 NSCLC
16 143.9 0.304 1.43 144.10 109.33 1 1 1 0.50 1 NSCLC
17 134.8 0.235 0.88 153.20 60.96 1 1 1 0.50 1 NSCLC
18 168.2 0.258 1.06 119.80 46.71 1 1 1 0.50 1 NSCLC
19 106.2 0.286 1.29 181.80 132.04 1 1 1 0.50 1 NSCLC
20 150.8 0.200 0.60 137.20 15.80 1 1 1 0.50 1 NSCLC
21 118.7 0.310 1.48 169.30 139.53 1 1 1 0.50 1 NSCLC  
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In this moment the only columns in focus should be apoptotic capacity, 
apoptotic index and result. If these values are put in coordinate system, the 
chart will reach the following form (AC – X axes, AI – Y axes): 
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After separating the plain with three lines, it is obvious that the problem is 

not linearly separable, because there are two zones with smokers that could not 
be unified into one, at least not under this network design. The first step in 
design of the network is to estimate the formulas for given lines. It is well-
known that universal formula is 0 cbyax . 

Line 1 (containing points (0,0.125) and (1,0.125)):  
 

cba
cbacb

cbacba

80
0125.010125.0

0125.010125.00







 
 
From now on, a  will be replaced with 1nw , b  with 2nw  and finally c  

with 0w , where n  is the number of the certain line (neuron in processing 
layer). 

Thus, one of the possible triplets is    1,8,0,, 101211 www . 
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Line 2 (containing points  0,288  and  1,288 ): 
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0028800288
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One of the possible triplets is    288,0,1,, 202221 www . 
Line 3 (containing points (0,0) and (250,0.3)):  
 

313230

303231303231

8330
03.0250000

www
wwwwww



  

 
One of the possible triplets is    0,833,1,, 303231 www . 
The final table of processing layer weights is as the following: 
 

W11 = 0 W21 = -1 W31 = -1 
W12 = 8 W22 = 0 W32 = 833 
W10 = -1 W20 = 288 W30 = 0 

 
It is already explained that the first number in weight index presents the 

ID of the certain neuron in processing layer. The second number is the ID of 
the origin neuron from input layer which passed the data. Zero presents the 
constant which is not passed from any previous neuron and it is the unique 
measure how the certain neuron affects the signal. 

Now Table 10 looks much more understandable. The TH values are 
calculated according to the following formula: 

 

021 iiCiCiC WWAIWACTH  , 
 
Where C is the case number and  3,2,1i . 
The calculated weights precisely separated for every data input is it greater 

or less than each of the given lines. After the previous step of TH calculation, 
for every data input there are some new values that are greater or less than 
zero (depending on case being above or under the line). If the network 
threshold is defined at point of 0.5, all the cases are clearly separated in zeros 
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(greater than 0.5) and ones (less than 0.5). That is how the Z values (Table 10) 
are estimated. From this point, it is obvious that there are certain patterns for 
each group – nonsmokers have Z values 0-1-0, smokers 0-0-0 and 1-1-0, while 
NSCLC have the value of 1-1-1. There is a small intersection between 
smokers’ and nonsmokers’ classes that demands another, more precise 
division. Taking into consideration that Z2 and Z3 values are the same for all 
smokers and nonsmokers, there is no need to view this problem in three 
dimensions, but just in two, for first two Z values. The following chart 
presents nonsmokers (  1,0 ) and smokers (  0,0  and  1,1 ): 

 

 

0
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1

1.5

0 0.5 1 1.5
Z1

Z2
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Line 4 (containing points  5.0,0  and  1,5.0 ): 
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One of the possible triplets is    288,0,1,, 202221 www . 
 
Now the Z4 column has much more sense – after estimating the formula 

of the fourth line, smokers and nonsmokers are clearly separated. Although the 
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collected data does not contain any input with Z values 1-0-0, the fourth line 
shows that potential data in this segment would be considered a smoker. 

Finally, the last step is to separate the NSCLC cases from smokers. That is 
achieved by comparison of Z3 and Z4 coordinates – the unique evidence that 
the patient belongs to the NSCLC group is to have both Z3 and Z4 values 
equal to 1. This is equivalent to logical AND problem that is linearly separable 
so there is no need for any extra neurons in processing layer (one of the triplets 
for Line 5 coordinates are (1,1,–1.5)).  

In final design there are two output neurons. The following model is 
implemented in VisSim modeling software:  

 

 
 
This is the complete network design, with two neurons in input layer, 

three processing neurons and two output neurons, one depending on the other. 
The apoptotic capacity can be inserted by the user through the scale from 0 to 
400 and the apoptotic index is inserted by the scale from 0 to 1 (with two-digit 
accuracy). All the weights from the table are presented as coefficients that 
multiply the neural signals to the next neuron. At the end, there are two signal 
lights – the above one to state if the patient is a smoker or not, and the second 
one to state if it is the NSCLC case (blue light is negative and red light is 
positive value). For this certain preview it is the case of patient who is just in 
the control smoker group. 
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Dose Response and Hormesis-Threshold Model in Smoking and 

Lung Cancer under Exposure to Low-Dose Radiation 
 
Another possibility is to observe a graph obtained by a neural network 

method as a dose-response relationship, regarding Z values which represent 
smoking exposure (Minic et al., 2011; Zunic, 2015; Zunic and Rakic, 2015).  

Smoking exposure is a default character of the dose-response graph 
(Figure 15).  

 

 

Figure 15. Dose-response relationship in smoking and low-dose-radiation exposure 
based on a neural network method. Dose (along x line) represents smoking and low-
dose-radiation exposure. Response (along y line) represents the response of tissue and 
reflects the complex network of cell to cell interactions and tissue remodeling, 
including the balance between apoptosis and apoptotic clearance.  
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The graph in Figure 15 assumes two parameters: AI (along x line) and AC 
(along y line). 

The advantages of the proposed neural network model for dose-response, 
based on the apoptotic parameters under smoking exposure and low-level-
radiation doses, are: 

 
1.  The model is based on minimally invasive bronchoalveolar lavage 

procedure. Whereas histopathology analysis of tissue samples is 
spatially limited, bronchoalveolar lavage contains cells from the less 
restricted area of bronchoalveolar space, which is more representative 
model for screening, considering lung cancer multicentric and 
multistep process. The usefulness of this approach for the purposes of 
screening lies in the possibility to analyze the BAL samples at an 
early stage of clinical trial of patients, during bronchoscopy 
examination.  

2.  It is a low-cost method (cytological examination of TUNEL stained 
specimens and analysis by light microscopy). 

3.  The method represents a step forward in achieving individualized 
screening and risk estimation.  

4.  In terms of radiobiology, it contributes to a better orientation and 
distinction of protective and damaging mechanisms during 
carcinogenesis evoked by long-term inhalation of contaminated air. 

5.  The proposed model does not require an exact measuring of tissue 
doses in conditions of exposure to low doses of radiation, especially 
alpha emitting radioisotopes. This method enables quick orientation 
regarding the extent of damage of complex regulatory mechanisms in 
the tissue in situ, and indirectly indicates the existence of 
premalignant or malignant lesions. 

 
The comparable effects of radionuclides from tobacco smoke, and 

radiofrequency electromagnetic field in the context of mitotic abnormalities, 
chromosome aberrations, micronuclei and mitotic index (Pesnya and 
Romanovsky, 2013), imply the opportunity to use the presented model for the 
estimation of cytotoxic and genotoxic properties of numerous radiogenotoxic 
agents.  

Smoking exposure values are significantly different in smokers and 
nonsmokers, but they do not provide enough information regarding the lung 
cancer risk among smokers. The inclusion of some parameters that represent 
the apoptotic ability of tissue, by using the neural network model, makes it 
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possible to describe the tissue regulation under the influence of tobacco smoke 
and low doses of radiation.  

The advantages of neural networks are numerous, not only in terms of 
time. They also significantly reduce the calculation errors and boost learning 
and data processing skills. 

The proposed model can be used for the purposes of screening and it is a 
step forward in achieving a personalized medicine approach in the early 
diagnosis of lung cancer. 

Our findings correspond to the hormesis model of tissue response to 
radiation. This model deviates from the threshold model and assumes that 
radiation in higher doses increases the risk of cancer, but not linearly. In the 
best case, the model implies the existence of a threshold that cannot be clearly 
defined because of the tune changes in individual immunocompetence of 
tissue.  

We conclude that low-dose radiation induces mixed hormesis and the 
threshold tissue response. 

 
 





 
 
 
 
 
 

Chapter 7 

 
 
 

METABOLOME CHANGES IN LOW-DOSE 

RADIATION EXPOSURE 
 
 
According to a recent publication authored by Djorđevic and coworkers 

(2016), the properties of atmospheric aerosols show spatial and temporal 
variability. Dependent on the elemental composition, aerosols can induce 
cooling, or warming effect, variability of the scattering and absorption of light 
by airborne particles. There is a vast body of literature data, sometimes 
contradictory, relating to different sampling and different methods for 
measuring environmental contamination in different geographical locations 
(Popovic et al., 2008; Devi et al., 2012). Djorđevic and coworkers (2016) 
investigated the physical and chemical characteristics of continental urban 
aerosols whose samples were collected in the urban area of Belgrade. High 
values of aluminum, they reported, could be associated with the anthropogenic 
origin, most probably with global geo-engineering regarding the ongoing 
global climate modification programs.  

Because of its permanent contact with the external milieu, the airway 
epithelium is frequently injured and itself repaired (Zunic et al., 2007). 
Regardless of the source of injury, lesions can vary from the loss of cell 
impermeability as a result of tight junctions opening, to a more or less 
shedding of the surface airway epithelial cells. After airway epithelial injury, 
the basement membrane may be completely denuded, or partial shedding of 
the airway surface epithelium can be observed with only clusters of basal cells 
remaining attached to the basement membrane. Immediately after injury, the 
airway epithelium initiates a repair process in order to restore its barrier 
integrity. In vivo models point to several common sequential processes of 
epithelial repair and regeneration as follows: 1) cell spreading and migration; 
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2) pre-mitosis and dedifferentiation followed by squamous metaplasia; 3) 
progressive redifferentiation (partial 2-3 cell layers); 4) full differentiation 
with ciliogenesis regeneration of ciliated cells (Puchelle and Zahm, 1996; 
Puchelle, 2003).  

During the process of tissue repair, as well as tissue injury, extracellular 
matrix is included as an important counterpart due to its morphological and 
functional connections with cellular elements. Extracellular matrix is not an 
inert substance, but is turned over at a considerable rate every day, and there is 
a subtle equilibrium between synthesis and degradation. It is estimated that 
10% of total pulmonary collagen is degraded and newly synthesized every 
day. Fibrosis is characterized by the abnormal accumulation of extracellular 
matrix in the interstitium resulting in impaired and excessive tissue repair. 
This process may be initiated by acute or chronic injury by a key profibrotic 
cytokine that promote myofibroblasts differentiation, enhance synthesis of 
collagen and other matrix components (Kolb et al., 2002).  

Environmental noxious agents and host factors (genetics) in interaction 
and in relation with oxidative stress, abnormal inflammation, tissue damage, 
potentiate abnormal tissue repair affecting the tissue remodeling (Siafakis and 
Tzortzaki, 2002). Smoke impairs lung repair mechanism targeting enzymes 
which are dealing in the synthesis of components of extracellular matrix 
(Osman et al., 1985; Nakamura et al., 1995), and disrupts procedures that are 
able to restore tissue structure. This may lead to peribronchial fibrosis and 
narrowing, particularly at the site of small airways (Shoji et al., 1990). 

The effects of chronic cigarette smoking on lung cell function are 
described as about 20 things different when compared with nonsmokers 
(Reynolds, 1987). Smoking may alter natural killer cell activity (Hughes et al., 
1985). X-ray microprobe analysis identified particles related to smoking 
(kaolinite and mica) (Johnson et al., 1986). The accumulation of free fatty 
acids, phospholipids and triglycerides has also been discovered by 
cytochemical analysis in macrophages of smokers with developed 
arteriosclerosis (Plowman and Flemans, 1981). Inflammatory reactions in the 
lungs may be influenced by the local lipid environment (Hughes and Haslam, 
1990).  

When smoking is combined with other risk factors, the risk of developing 
lung cancer is increased, as we mentioned above (Zunic et al., 2007; Zunic, 
2015).  

Smoking is responsible for remodeling of the airways. Remodeling 
comprises at least three processes: adhesion, migration of cells and 
angiogenesis. After bio-trauma by (inhaled) a noxious agent from external 
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milieu, pulmonary tissue reaction can result in changed micro-architecture 
with possible ways of resolving, oncogenesis or autoimmune process. 
Professional phagocytes (neutrophils, eosinophils, monocytes and tissue 
macrophages) are involved in the specific immune responses in the regulation 
of leukocyte transfer from the blood into inflamed tissue. As the pulmonary-
tissue-resident cells, AMs contribute in the clearance of tissue during the 
process of programmed cell death of non-resident cells, recruited from the 
blood to lung during pathogenic process (Zunic et al., 2007). 

Different stimuli, both physiological and pathological, can induce 
apoptosis in cells (Zunic et al., 2007). Apoptosis was observed in negatively 
selected T cells, irradiated lymphocytes, cytotoxic T-lymphocyte target cells, 
as well as in regressing tumors. Apoptosis is a morphological description seen 
in many, but not all examples of cell death. Not all programmed cell deaths 
occur by apoptosis, and some examples of apoptosis occur in the absence of 
new gene expression, such as that induced by cytotoxic T lymphocyte killing 
(Schwartz and Osborne, 1993; Jaattela and Tschopp, 2003). Within the tissues, 
most apoptotic bodies are rapidly phagocytized either by resident macrophages 
or neighboring cells and are degraded within phagosomes by lysosomal 
enzymes derived from the engulfing cell (Harmon et al., 1988).  

Since then, we have defined a new model which could be of importance 
for cancer, as well as for preneoplastic conditions (Zunic, 2015, Zunic,  
2016). Its role might be anticipated in the complex signaling-regulatory 
network, lying in damaged tissue micro-architecture in malignant and 
nonmalignant lung diseases (Zunic et al., 2007) (Figure 15). 

Apoptosis is considered as a protective mechanism that limits lung injury 
(Oritz et al., 1998). It is an active form of programmed cell death that plays an 
essential role in development and survival by eliminating damaged or 
otherwise unwanted cells. Impaired regulation of apoptosis leads to a variety 
of pathological conditions, such as neurodegeneration, autoimmunity, chronic 
inflammation, AIDS and cancer (Yuan et al., 2002). Cigarette smoke interferes 
with neutrophile apoptosis, resulting in a delay, or prevention of programmed 
cell death and in an increased number of neutrophils undergoing primary or 
secondary necrosis (Schaberg, 2000). Lymphocyte apoptosis is essential for a 
proper functioning of the immune system. Among other functions, it is 
responsible for the homeostasis of immune cells and plays a key role in the 
elimination of auto-reactive lymphocytes. Studies characterizing the basic 
apoptosis signaling machinery have begun to reveal the molecular control of 
the processes modulating lymphocyte apoptosis (Scaffidi et al., 1999).  
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Cancer is a result of multiple gene-environment interactions occurring 
over several decades. During tumor development the cell accumulates multiple 
genetic changes, which generate the transforming genotype, i.e., a cell with 
increased genomic instability. Lung cancer is a useful model for the study of 
the interplay between genetic factors and environmental exposure since the 
primary etiology is well established. (Haugen et al., 2000).  

Gene-environment interaction in cancer induction is more important than 
effect by a specific gene, environmental exposure, or gene-environmental 
interaction (Shields and Harris, 2000). During the smoking, whole tissue is 
exposed to carcinogenic insult and is at increased risk for multistep tumor 
development with preceding or accompanied premalignant lesion to tumor. 
Lungs of long term smokers (greater than 20 pack-year smoking history) show 
significant evidence of genomic instability, and this instability can be detected 
through the accessible bronchial tree, even when bronchial metaplasia is not 
evident (Markovic et al., 2008). Amount of chromosome polysomy reflects 
intensity and extent of tobacco exposure (Hittelman, 2001).  

Our model, related to low-dose radiation and smoking exposure, was 
based on the group of smokers whose average smoking exposure (pack-years) 
values were <2, and patients with non-small cell lung cancer > 40 (Zunic et al., 
2007). Bearing in mind our earlier results (Zunic et al., 2007), and the fact that 
uranium is inevitably present in the environment and inhaled air, originating 
from nuclear accidents or its military use, we could speculate about the 
metabolic effects of depleted uranium.  

The effect of high-dose radiation is linked with the higher probability of 
DNA damage. At higher energies, a disruption of the double helix is more 
possible. Low radiation doses lead primarily to ionization events. Ionization is 
the most evident at the membrane level. The cell membrane is a lipid bilayer, 
and the endomembrane system divides into the multiple cellular 
compartments. The membrane’s lipid molecules make an ideal structure that 
leads to the initiation and propagation of ionization. If the integrity of the 
membrane is distorted, the cell becomes vulnerable to the ionic and electrical 
gradients.  

Along with other roles, the cell membrane is a means of communication 
of pores associated with the membrane of adjacent cells. Changing the nature 
of matter and the transfer of signals between cells, most likely induces the 
bystander effect. A large number of cells, which are located around the cell 
targets, is experiencing a transformation that leads to reparation, or decline, 
with a subsequent programmed cell death. On the other hand, the affected cells 
usually become lethally changed. 
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A disturbance of cell membrane or endomembrane system results in the 
damage of function and structure of cell compartments: it is possible that 
nuclear material, including DNA, enters the cytosol.  

The disturbance at the level of mitochondrial membranes can damage the 
electron transport chain and oxidative phosphorylation ... On the other hand, 
an inadequate energy yield in the cell leads to the metabolic transformation of 
cells. A glycolytic phenotype becomes transformed into a lipogenic phenotype 
with the further transformation of cells that leads to the initiation of neoplastic 
lesions in the prolonged course (Menendez and Lupu, 2007). 

There is some evidence concerning the changed subcellular organization, 
as well as disturbed ionic properties of cancer cells (Kroemer and Jaattela, 
2005). Cancer cells show a redistribution of lysosomes from the nuclear 
periphery to the cytoplasmic membrane. The lysosomes are larger and show 
increased expression of cathepsins and increased iron (Fe2+) content. Their pH 
is also reduced. Together with matrix metalloproteinases and the plasminogen-
activator system, secreted cathepsins might participate in the degradation of 
the extracellular matrix, thereby enhancing cellular motility, invasion, 
angiogenesis and overall cancer growth. In addition, oxidative stress together 
with intra-lysosomal iron generates oxygen radicals. This might trigger 
lysosomal-membrane permeabilization through oxidation of membrane lipids, 
resulting in the destabilization of the lysosomal membrane.  

Changes in the interactions of specific ions with biological matrices, lead 
to changes at the cellular level (Blanchard and Blackman, 1994). We have 
already discussed the ion resonance of metaloenzymes and other biomolecules 
containing a metal ion for interaction with magnetic field. Spectroscopic 
evidence suggested that UO22+ cation itself could be bonded to one D-glucose 
molecule and to two H2O, resulting in six-coordination around the uranium ion 
(Tajmir-Riahi, 1988). This complex includes C-2 hydroxyl group of glucose, 
which is necessary for the further flux of glucose carbons through glycolytic 
pathway. As in case of F-18, a glucose molecule can be metabolized until the 
level of triose-phosphates. Any energy yield by glycolysis is consequently 
diminished (Zunic, 2015). A study by Koban et al., (2002) presents the results 
of uranium complexation with glucose-6-phosphate and fructose-6-phosphate. 
The Uranyl sugar phosphate species UO2(ROPO3) (where R is either glucose 
or fructose) can be formed. Consequently, the lack of energy yield from both 
glucose and fructose ensues. Glucose-6-phosphate is one of the crucial 
molecules in metabolism. It is achievable that other metabolic pathways 
providing energy within the cell could be corrupted (Zunic, 2015). The 
catabolism of glucose and fructose, two important molecules of metabolic 
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fuels, can be stopped by uranium. Consequently, as experimental studies 
showed, there would not be an energy yield.  

We tried to estimate the metabolic, ionic and enzyme properties of 
alveolar macrophages, which represent in situ biochemical, immunological 
and signaling processes. It is in a doctoral thesis, entitled “Cytochemical 
parameters of alveolar macrophages in sarcoidosis and malignant lung 
diseases” (Belgrade University, Medical Faculty, 1993) (Zunic, 1993), that the 
cytochemical analysis of alveolar macrophages using semiquantitative 
indexing and scorring method was first described.  

Originated from precursor stem cell of bone marrow, a monoblast 
becomes monocyte after entering the circulation. Upon entering the tissue, 
monocyte undergoes morphphological and functional changes giving a mature 
macrophage. After the activation, they function as antigen-presenting cells and 
promote lymphocyte activation. Macrophages are found in all organs and 
connective tissues, and are differentiated by pathogens into local-specific cells, 
like alveolar macrophages in lungs, osteoclasts in bone, microglia in the 
central nervous system (Fireman, 1996). Alveolar macrophages were observed 
as tissue resident cells which developed in pulmonary tissue in situ.  

As the respiratory tract is the main path of internal contamination with DU 
particles from inhaled air, it is important to understand the role of AM for a 
few reasons: 1) due to their specific appearance and size, these cells are easily 
recognizable and convenient for cytochemical study; 2) AM cannot artificially 
appear in BAL due to artifacts during bronchoscopy procedure; 3) their 
immunological properties, metabolic and ionic peculiarities and enzyme 
activity represent local tissue background.  

After BAL fluid separation, cytocentrifuge preparations have been made 
on glass slides, air dried and then stained by the standard method described 
 by Hayhoe and Quaglino (1980) and modified by other authors  
(Cvetkovic, 1981; Radak, 1983; Djordjevic-Denic et al., 1987; Zunic, 1993) 
for the semiquantitative estimation of cytochemical reaction positivity of AM 
for: 

 
 Nonspecific esterases (NSE):  

- Alpha naphthyl acetate esterase (ANAE) and  
- Butyrate esterase (BUT) 

 Chloroacetate esterase (CHL) 
 Acid phosphatase (ACP) 
 Perls' reaction (for estimation of intracellular iron) 
 Sudan black B reaction (SBB) (for lipids estimation) 
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 PAS reaction (for estimation of intracellular glycogen). 
 
 

CYTOLOGICAL ANALYSIS OF THE BAL SAMPLES 
 
Preparations were stained with May-Grunwald-Giemsa, mounted with 

DPX and covered with cover slipps. Differential cell counting was made from 
a count of 500 cells using light microscopy [x 40 (dry)] and [x 100 (immersion 
objectives)], in random fields and each cell type was expressed as a percentage 
of the total cells present regarding next cell types: neutrophils segmented, 
eosinophils, mast cells, macrophages, and lymphocytes. 

 
 

CYTOCHEMICAL ANALYSIS OF AM  
 
The semiquantitative cytochemical method includes the translation of an 

impression about the intensity of cell staining to numerical information, 
respecting intracellular distribution, size and intensity of the stained products 
of cytochemical reaction and in indexing and scoring method using 
Spearman's rank rule, with the theoretical range between 0-550. Rank of 
cytochemical reaction positivity of AMs has been estimated on 300 of AMs 
(Zunic, 1993) (Figure 16). F-test was used for statistical data analysis. The 
intensity of cytochemical reaction was evaluated semiquantitatively according 
to the following individual cell ratings:  

 
 Positivity grade 0 of the cytochemical reaction relates to AM with 

absence of stained products of cytochemical reaction in the cell; 
 Positivity grade I indicates AMs with a random distribution of diffuse 

small granules, like dust; 
 Positivity grade II – granules are larger, single or in small groups, 

with cytoplasmic localization; 
 Positivity grade III relates to AMs with large deposits of stained 

products in the cytoplasm and/or covering the nucleus; the same grade 
is given to AMs with diffuse staining of cell, but low intensity; 

 Positivity grade IV relates to large deposits, which mask a major part 
of the cytoplasm, diffusely spread in the cells, which makes 
recognition of cellular structures impossible. 
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Figure 16. Schematic presentation of cytochemical analysis of AM. Figure shows 
schematic presentation of AM with different stages of cytochemical positivity: 
POSITIVITY GRADE 0 of cytochemical reaction relates to AM with absence of 
stained products of cytochemical reaction in the cell; POSITIVITY GRADE I indicates 
AM with random distribution diffuse small granules, like dust; POSITIVITY GRADE 
II - granules are larger, single, or in small groups, with cytoplasmic localization; 
POSITIVITY GRADE III contains AM with large deposits of products of 
cytochemical reaction, in cytoplasm and/or covering nucleus; the same rank has been 
given to the AM with diffuse staining of cell, but low intensity; POSITIVITY GRADE 
IV relates to large, high intensity deposits which mask major part of cytoplasm. The 
same rank has been given to the AM with diffuse staining of the cell, what makes 
unable recognition of cellular structures. Reproduced with permission of Zunic et al., 
(2007). 

Per cent of AM with the same grade of cytochemical positivity was 
calculated, and then multiplied with appropriate index varying between 0-5.5; 
for example, per cent of AM with I grade of cytochemical reaction positivity 
was multiplied with 1, but per cent of AM without signs of cytochemical 
reaction positivity was multiplied with 0; for higher stages of cytochemical 
reaction positivity - stages III and IV, index was calculated respecting 
Spearman's rank rule and per cent of AM with the III grade was multiplied 
with 3.5, and AM with IV grade with 5.5. Then, the final score for a single 
slide calculated was with the theoretical range between 0 and 550. 
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The results of differential cell counting of bronchoalveolar lavage 
specimens and the results of semiquantitative cytochemical analysis of AM are 
presented in Table 11, and statistical significance of differences between 
investigated groups was shown in Table 12.  

 
Table 11. Differential cell counting and cytochemical parameters  

of alveolar macrophages 
 

  Nonsmokers Smokers NSCLC 
  Mean  SD Mean  SD Mean  SD 
BAL cells (%) Neutrophils  2.161.51 1.050.82 6.584.36 

Eosinophils  2.541.92 0.750.54 26.5514.39 
Mast Cells  0.520.37 0.370.30 0.240.33 
Lymphocytes  19.504.58 15.903.76 25.929.08 
Alveolar 
Macrophages  

65.865.77 75.186.25 35.2123.79 

AM 
cytochemical 
parameters 

ANAE 424.78 ± 128.59 490.17 ± 81.10 482.00 ± 99.30 
BUT 182.85 ± 33.64 248.60 ± 174.57 214.44 ± 49.07 
CHL 387.44 ± 68.81 436.16 ± 93.39 459,00 ± 70.16 
ACP 377.00 ± 90.19 444.17 ± 69.04 365.00 ± 97.94 
Iron 237.56 ± 71.89 237.67 ± 80.24 353.72 ± 71.89 
PAS 514.56 ± 36.79 513.34 ± 32.41 493.00 ± 61.19 
SBB 366.56 ± 139.07 456.17 ± 131.90 418.28 ± 98.21 

Adapted from primary data of Zunic, (1993). 
 
Neutrophils were significantly increased in NSCLC (6.584.36) in 

comparison with nonsmokers (2.161.51) and smokers (1.050.82) (p < 0.05). 
There was no significant difference between nonsmokers and smokers for 
neutrophils as well as for lymphocytes and mast cells, between investigated 
groups. Alveolar macrophages were significantly higher in smokers in 
comparison with nonsmokers (75.186.25 vs. 65.865.77, p < 0.05), but 
decreased in NSCLC patients in comparison with both control groups (35.21  
23.79, p < 0.01). BAL eosinophils of NSCLC patients were quite significantly 
increased in comparison with control groups of nonsmokers and smokers 
(26.5514.39, vs. 2.541.92 for nonsmokers, p<0.001, vs. 0.75±0.54 for 
smokers, p<0.01 respectively). There was a significant decrease of eosinophils 
in BAL of smokers in comparison with nonsmokers (p<0.05). BAL 
lymphocytes were significantly increased in patients with NSCLC in 
comparison with smokers (25.929.08 vs. 15.903.76, p<0.05). Although in 
smokers lymphocyte count is lower than in nonsmokers, no significant 
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difference was found. The decrease of lymphocytes is caused in part by 
concomitant increase of BAL macrophages, in control smokers in comparison 
with nonsmokers. 

 
Table 12. Statistical significances of differences for BAL cells percentages 

between investigated groups 

 
Groups compared Nonsmokers vs 

Smokers 
Nonsmokers vs 
NSCLC 

Smokers vs 
NSCLC 

Neutrophils ns p < 0.05 p < 0.05 
Eosinophils p < 0.05 p < 0.001 p < 0.01 
Mast Cells ns ns ns 
Lymphocytes ns ns p < 0.05 
Alveolar Macrophages p < 0.05 p < 0.01 p < 0.01 

ns = non significant. 
Adapted from primary data of Zunic, (1993). 

 
Evaluation of results of semiquantitative cytochemical analysis of AM 

showed the significant increases of CHL and iron content in AM in patients 
with NSCLC in comparison with nonsmokers, both at level p<0.05 (Table 13).  

Significant correlation between ACP and CHL was found in smokers 
(r=0.99, p<0.05), that is not present in nonsmokers. Human ACP in alveolar 
macrophages is tartrate resistant acid phosphatase, belonging to a group of 
widely-distributed and structurally highly-conserved group of iron-containing 
proteins (Moss, 1992).  

 
Table 13. Statistical significances of differences for AM cytochemical 

parameters in investigated groups 

 
Groups compared Nonsmokers vs. 

Smokers 
Nonsmokers vs. 
NSCLC 

Smokers vs. 
NSCLC 

ANAE ns ns ns 
BUT ns ns ns 
CHL ns p<0.05 ns 
ACP ns ns ns 
Iron ns p<0.05 ns 
PAS ns ns ns 
SBB ns ns ns 

ns = non significant. 
Adapted from primary data of Zunic, (1993). 
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Tartrate resistant acid phosphatase (EC 3.1.3.2) is designed as type 5 acid 
phosphatases (Vincent and Averill, 1990). Tartrate resistant acid phosphatase 
is a member of the ubiquitously expressed enzyme family of the acid 
phosphatases. The physiological substrates for this enzyme have not been 
identified yet, but functional importance was based in the involvement in bone 
resorption and iron homeostasis (transport, metabolism) (Lamp and Drexler, 
2000).  

A possible functional role of tartrate resistant acid phosphatase gene 
product may be in the storage or the transport of iron (Fleckenstein, 1996). 
Intracellular iron content is involved in the regulation of the enzyme (Lamp 
and Drexler, 2000). The binuclear iron center that is present at the active site 
of tartrate-resistant ACP conveys catalytic activity to the enzyme molecule 
(Hayman and Cox, 1994). 

Why might ACP be important for airway remodeling? ACP has a 
constitutive and regulatory role in the embryogenesis, and during the whole 
life this enzyme modulates remodeling processes in several tissues at the 
transcriptional level. The regulation of gene expression for tartrate resistant 
acid phosphatase depends on iron (Fleckenstein et al., 1996), cytokines 
(Bevilacqua et al., 1991) and hormones – estradiol at the mRNA level (Zheng 
et al., 1995). This regulation is precise: endocrine and in situ (fast, 
multifactorial). Tartrate resistant acid phosphatases are expressed in bone-
resorbing osteoclasts (5b form), may be circulating marker of bone resorption, 
alveolar macrophages (5a form) or marker of inflammation (Halleen, 2006).  

It has been proposed that during tartrate resistant acid phosphatase 
catalysed hydrolysis of phosphor-monoesters the iron center enables the 
effective binding of a phosphate substrate in the active site in an acid (pH 4.5-
6) environment. However, evidence is accumulating for a second function for 
the binuclear iron center of tartrate resistant acid phosphatase, which is 
generation of ROS. Tartrate resistant acid phosphatase could catalyse the 
formation of free radicals (Halleen et al., 1998). Purple acid phosphatases 
(PAPs) are acid metallohydrolases that contain a binuclear Fe3+M2+ centre in 
their active site, where M is Fe or Zn (Antanaitis and Aisen, 1983; Averil et 
al., 1987; Doi, Antanaitis and Aisen, 1988). In mammals, these enzymes are 
also referred to as tartrate-resistant acid phosphatases The PAPs usually 
exhibit a pH optimum for the hydrolysis of phosphomonoesters in the range 
5.5–6.0. In contrast to the Fe-Fe enzyme, the mixed metal derivatives are not 
rapidly inactivated by H2O2 (Beck et al., 1984). It seems that if metal ion 
bound to the active centre yield to higher activity of enzyme by increased iron 
bounding lead to further inactivation of enzyme (Zunic et al., 2007).  
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Some tumors from tissues where the activity of tartrate resistant acid 
phosphatase was recognized have the highest affinity for bone metastases. 
Osteoclasts with high TRAP activity are crucial for remodeling of bone tissue. 
AcP5b in osteoclasts and AcP5a isoenzyme subtype in AMs regulate adhesion 
and migration of cells with monocytic origin (Halleen et al., 1999). TRAP 
gene is a target of microphthalmia transcription factor. The microphthalmia 
transcription factor gene implies a critical role in regulating gene expression 
during osteoclast ontogeny (Luchin et al., 2000).  

Although tartrate resistant acid phosphatase is recognized as a 
histochemical and biochemical marker of osteoclasts, and alkaline phosphatase 
in the osteoblasts (Burstone, 1959), there is evidence that bone forming cells, 
osteoblasts, and osteocytes also express a type 5 ACP (Lau and Baylink, 
2003). Since 25% of the systemically administered uranium deposits in the 
skeleton are linked to the newly formed bone, the toxic effect of uranium 
would be causing an alteration of the differentiation process of osteoblasts 
and/or their precursors (Tasat et al., 2012). 

Different patterns of cell-to-cell communications have been revealed in 
diverse groups of examinees characterized by a particular pathological 
condition. The investigated parameters refer to the integral parts of multi-
factorial regulatory influences, arising from the metabolic, ionic and 
immunological properties of cells from bronchoalveolar space (Zunic et al., 
2007). 

The non-specific esterases of the human alveolar macrophages were 
localized at the outer side of the plasma membrane (Jaubert et al., 1978). 
Consequently, these esterases are ectoenzymes which may function as 
mediators of cell response to injurious agents from the outside. Monahan, 
Dvorak and Dvorak, (1981) reported that ANAE activity was present on the 
cell surface of lymphocytes, monocytes, macrophages, neutrophils, 
eosinophils, basophils, megakaryocytes, platelets, and blasts. Mononuclear 
phagocytes had multiple discrete foci of similar appearing ANAE-positive 
cytoplasmic-vesicle clusters that sometimes became confluent. ANAE activity 
was also found in the Gall bodies of human lymphocytes and in coated vesicles 
of macrophages. Cytoplasmic ANAE activity was increased in oil-induced 
guinea pig peritoneal macrophages. Both surface and cytoplasmic esterase 
activities had a neutral pH optimum. An identical distribution of reaction 
product was observed when alpha-naphthyl butyrate was employed as 
substrate.  
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BUT is important in short chain fatty acids metabolism as the principal 
energy source for epithelial cells growth arrest and differentiation pathways 
(Heerdt, Houston and Augenlicht, 1994). Sodium butyrate, a short-chain fatty 
acid naturally present in the human colon, is able to induce cell cycle arrest, 
differentiation and apoptosis in various cancer cells. This effect is antagonized 
by leptin (Rouet-Benzineb et al, 2004). Based on the findings published by 
Kim and coworkers (2004), that butyrate may be an effective sensitizer of 
(TNFα)-related apoptosis-inducing ligand, butyrate esterase may be estimated 
as with antiapoptotic effect. Kim and coauthors (2004) implicated the 
synergistic apoptotic effects of sodium butyrate and proteasome inhibitor 
MG132. Nevertheless, butyrate can be adaptor for mechanism through which 
environmental signals affect postnatal maturation of sympathoadrenal 
transmitter systems (Nankova et al, 2003). 

The protein activities are compromised by the LET increase (Tasat et al., 
2012). It has been clarified that alpha-radiation causes great loss of the enzyme 
activity (Available at: ASRC website). Consequently, key metabolic pathways 
can be targeted, as well as the cell oxidative metabolism.  

As cells are more distant from the blood vessel, the oxygen diffusion limit 
increases (Menendez and Lupu, 2007). Random and irregular tissue damage 
and repair changes oxygen diffusion limit and proliferating cells change their 
metabolic phenotype from glycolytic to lipogenic. About 25 enzymes are 
involved in the metabolism of glucose to fatty acids (Menendez and Lupu, 
2007). 

In line with our findings (starting from Zunic, 1993, up to now), we 
proposed a model of biological effects of DU particles that can be found in the 
circulation, or in tissues, obtaining higher penetration power if they are micro- 
or nano-sized (Figure 17).  

Busby (2013) argues that ionization is uniform across tissue. Under these 
circumstances, it is only a matter of probability whether a cell is intercepted by 
a track or not. For internal exposures (as we presented in Figure 17), the 
probability of interception of the track is clearly a function of the distance of 
the nuclide from DNA. In addition, internal exposures may be exposures to α 
tracks that carry significantly more ionization density. The range of most α 
tracks (which carry about of 5 MeV energy) is about 4 cell diameters (see 
Figure 17) and so, theoretically, the track dose to the cell from one decay is in 
the region of 500 mSv (Busby, 2013).  



 
Figure 17. Schematic presentation of the interaction of , , and  - radiation emitted by DU particle with tissue: A range of local 

energies (local dose) has little effect (A), a genetic effect (B) or a killing effect (C) on the tissue exposed to embedded DU particle. 
According to: Busby, C., 2013. Random and irregular tissue damage and repair changes oxygen diffusion limit and proliferating 
cells change their metabolic phenotype from glycolytic to lipogenic. According to: Menendez and Lupu (2007).  
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This is in the case of uranium. Linear energy transfer is one of the 
parameters to describe the ionization density, defined as energy deposited 
from radiation to materials per uint length or the radiation track (keV/μm). 
Higher LET radiation caused much severe DNA damage. Typical LET values 
are for γ-rays and β-particles, 0.02 keV/μm and for α-particle, 120 keV/μm 
(Available at: http://asrc.jaea.go.jp/ soshiki/gr/eng/mysite6/sub2.html). 
Uranium and DU are alpha emitters with high chemical affinity for DNA 
(Busby and Morgan, 2006).  

This study cited the model that was established by Hohenemser and 
coworkers in 1986 in relation to the Chernobyl accident. The problem with the 
hot particle issue is that there will be a range of local energies (local dose) 
which will have either little effect (A), a genetic effect (B) or a killing effect 
(C) (Busby, 2013) (schematically presented at the tissue level in Figures 17 
and 18). This may be the key point for understanding why low-radiation doses 
may induce a disproportionate cytotoxic effect. By observing (A), (B) and (C) 
fields that correspond to DU emitted corpuscular and electromagnetic 
radiation, it is apparent that random striking of high energy particle, or  wave, 
with cells induce superposing effects if happened in lose vicinity. This means 
that cells which would be normal (A) or mutated (B) may be influenced by 
neighboring targeted or mutated cells. Due to superposition of (A), (B) and (C) 
fields around close targeted cells, much more lesions arise in surrounding 
tissue per volume, than in case of high doses of radiation. 

DU emitted alpha particles induce enormous ionization, spending their 
huge energy along the short track in tissues (Figure 17). As a result, death of 
cells can be achieved. If pulmonary tissue is considered, alveolar macrophages 
are main phagocytes of tissue debris and remnants of dead or damaged cells. 
Tissue may repair this defect with normal or mutated cell. Due to the 
bystander effect, normal cells can be transformed into mutated ones. Some of 
these cells undergo apoptosis.  

Smoking and lung cancer are associated with the increase of apoptotic 
rate; apoptotic clearance by AMs was significantly decreased in patients with 
NSCLC in comparison with nonsmokers and smokers (p < 0.05) (Table 9). 
After cell death, the remnants can be removed by AMs phagocytosis.  

We clearly illustrated an apoptotic clearance by alveolar macrophages’ 
phagocytosis. What about alveolar macrophages?  

There was a significant decrease of percentage of AMs in NSCLC in 
comparison with nonsmokers (p < 0.01) and control smokers (p < 0.01) (Table 
11 and Table 12).  
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We also documented a remarkable increase of iron in AMs of patients 
with NSCLC in comparison with control groups of nonsmokers (Table 11).  

Accordingly, we postulate that ferroptosis could be a mechanism for iron-
dependent form of non-apoptotic cell death of AMs in lung cancer (Figure 18). 

Ferroptosis is an iron-dependent form of non-apoptotic cell death. Cellular 
energy depletion is not observed in ferroptosis.  

AMs possess iron centers in their enzymes. During the prolonged tissue 
damage and inflammation, AMs gather iron, which can itself contribute to the 
process of cell damage, taking the role of molecular antennas. Then an 
electromagnetic field can interfere with biofrequencies leading to further 
damage of cellular integrity. 

The Petkau effect was potentiated.  
Other white cells are recruited from the circulation to remove damaged 

cells and tissue debris. Due to enormous phagocytosis, some of these cells 
acquire the appearance of the Lupus Erythematosus cells. Inflammatory 
reaction and mediators of inflammation, together with ROS, trigger circulus 
viciosus, resulting in the neoplastic transformation of tissue, based on mutated 
cells and time-dependent metabolic and ionic changes in pulmonary tissue 
(according to Figures 17 and 18).  

The recognizing and quantification of biological changes at cellular or 
molecular levels in the living media may be more appropriate procedure for 
evaluation of low-dose radiation, than measurement by dosimetry techniques 
(Gatti and Montanari. 2004; Zunic, 2013; Zunic, 2013-1; Zunic and Rakic, 
2015; Azimian et al., 2015). One of the reasons is that physical dosimeters are 
not capable to assess unplanned or accidental exposures from occupational, 
therapeutic or environmental sources (Azimian et al., 2015); the second one is 
the lack of appropriate method for exact measuring of internal doses (Gatti and 
Montanari. 2004). In the study with low doses of ionizing radiation (0.05 Gy 
and 0.5 Gy), the bystander cells demonstrate initiation of the apoptotic cascade 
by the up-regulation of p53, Bax, Bcl-2, initiator caspase 2 and effector 
caspase 6. Due to down-regulation of the effector caspases 3 and 7 in their 
gene expression levels at 0.05 Gy and 0.5 Gy, cell death may not be executed 
to the final stages in spite of the up-regulation of pro-apoptotic and initiator 
genes (Furlong, 2013). 
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Figure 18. DU induced tissue response. A range of local energies (local dose) has little 
effect (A), a genetic effect (B) or a killing effect (C) on the tissue exposed to 
embedded DU particle. After cell death, the remnants can be removed by alveolar 
macrophages’ phagocytosis. During the prolonged tissue damage and inflammation, 
alveolar macrophages phagocytize tissue debris, gather iron and undergo ferroptosis. 
Other white cells are recruited from the circulation to remove damaged cells and tissue 
debris. Some of these cells acquire the appearance of the Lupus Erythematosus cells 
(LEC). According to Busby, C., 2013. and Zunic, S., (2013-1).  

The members of the Bcl-2 gene family are included in regulation of the 
cell response to radiation and regulation of apoptosis. Ionizing-radiation–
induced apoptosis involves the Bcl-2 gene family and is mediated by extrinsic 
and intrinsic pathways, whereas the latter is the principal cause of apoptosis 
(Azimian et al., 2015). The Bcl-2 family contains pro-apoptotic members  
Bid, Bax, and Bak, which trigger protein release from mitochondria, and 
antiapoptotic members, Bcl-2 and Bcl-xL, which inhibit protein release 
(Kuwana et al., 2002, Furlong, 2013). Bax and Bak are crucial executioners of 
the intrinsic pathway of apoptosis. Miyashita and Reed (1995) concluded that 
the p53 gene was an inducer of apoptosis by transactivating expression of the 
Bax gene. 

A study by Azimian et al., (2015) evaluated the dose-dependent and time-
dependent patterns for Bcl-2 and BAX gene expression. Low doses of gamma 
radiation can induce early (after 4 h) down-regulation of the BAX 
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proapoptotic gene in freshly isolated human peripheral blood mononucleated 
cells. These changes were restored to near normal levels after 168 hours 
(Azimian et al., 2015).  

The intrinsic pathway of apoptosis by adjusting the release  
of mitochondrial proteins controls the occurrence of apoptosis  
(Azimian et al., 2015). Recent data of Große and coworkers (2016) showed 
that during apoptosis, Bax translocates to the mitochondria and mediates the 
permeabilization of the outer membrane, thereby facilitating the release of pro-
apoptotic proteins. The authors used super-resolution data, obtained by STED 
nanoscopy, to provide direct evidence that large Bax-delineated pores in the 
mitochondrial outer membrane are crucial for Bax-mediated mitochondrial 
outer membrane permeability in cells. This process includes clustering of 
activated Bax molecules, and also assembling with other proteins, including 
Bak, into ring-like structures in the mitochondrial outer membrane. The 
authors explained that both, Bax and Bak, are essential for mitochondria-
mediated apoptosis. In healthy cells, Bax and Bak are constantly shuttled 
between the mitochondria and the cytosol. Because of different rates for the 
retrotranslocation from the mitochondria to the cytosol, Bak resides 
predominantly in the mitochondrial outer membrane, whereas the majority of 
the Bax molecules are in the cytosol. The Bax activation blocks shuttling into 
the cytosol during apoptosis, and consequently Bax accumulates on the 
mitochondria, and in a form of oligomers inserts into the outer membrane. 
Large “Bax clusters” on the mitochondria develop at later stages of apoptosis. 
Bax induced outer mitochondrial membrane pores enable release of 
cytochrome c as well as larger molecules. There is a possibility that activation 
of Bax and Bak may result in membrane bending and the formation of lipidic 
pores, allowing protein instead of forming defined channels or pores allowing 
protein (Große and coworkers, 2016).  

Results of Kuwana et al, (2002) showed that translocation of large 
mitochondrial proteins during apoptosis require cardiolipin. Supramolecular 
openings in the outer mitochondrial membrane are promoted by 
BH3/Bax/lipid interaction. Spatial organization of Bax in apoptotic cells using 
dual-color single-molecule localization-based super-resolution microscopy 
showed that active Bax clustered into a broad distribution of distinct 
architectures, including full rings, as well as linear and arc-shaped oligomeric 
assemblies that localized in discrete foci along mitochondria. These rings and 
arcs assemblies of Bax perforated the membrane, as revealed by atomic force 
microscopy in lipid bilayers. 
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All these mechanisms may be summarized as follows: although high doses 
of gamma radiation can cause apoptosis, low doses of gamma radiation cause 
reduction of lymphocyte radio-sensitivity which relates to the increase of the 
Bcl-2/BAX ratio. According to Azimian et al., (2015), the up-regulated 
expression of Bcl-2 is the proposed mechanism for the radioresistance effects 
of low dose exposure.  

Ionizing radiation induces an apoptotic process which involves 
disorganization of outer mitochondrial membrane, resulting in its increased 
permeability for some of protein molecules, constituents of electron transport 
chain. Consequently, the integrity of transmission of electrons through the 
respiratory chain was damaged, as well as proton and electrochemical 
gradients, for which maintenance the integrity of mitochondrial membranes 
and inter-membrane space were required. Damage at the level of electron 
transport chain, or oxidative phosphorylation, is resulting in energy depletion, 
or less ATP was produced.  

Together with mitochondria, other cell organelles, including the 
endoplasmic reticulum, lysosomes, and the Golgi are integrated into pro-
apoptotic signaling (Rajiv, 2014). 

Deregulated redox signaling, or mitochondrial dysfunction induced by 
ionizing radiation, may induce autophagic cellular response. Autophagy 
process relates to the degradation of cytoplasmic components within 
lysosomes (Mizushima, 2007). Autophagy can be related to hormetic tissue 
response to low doses of stressors, including ionizing radiation (Szumiel, 
2012). We showed the existence of in vivo hormetic response to low-dose 
radiation, which was estimated by apoptotic parameters (Figure 15) (Zunic et 
al., 2007; Zunic, 2015). We mentioned above that alveolar macrophages’ 
metabolic, ionic and enzyme properties were changed, as well as apoptotic 
markers. In our studies, apoptosis was considered together with apoptotic 
clearance by alveolar macrophages’ phagocytosis (Zunic et al., 2007; Zunic, 
2015). As inhaled air is the main source of internal contamination, further 
research on this topic is valuable, especially in terms of overcoming inter-
individual variability. We proposed a simple model based on apoptotic 
parameters and artificial network method for individualized estimation of 
tissue response to low-dose & tobacco exposure (Figure 15).  

A balance between the signaling functions and damaging effects of ROS 
seems to be the most important factor that decides the fate of the mammalian 
cell after exposure to ionizing radiation (Szumiel, 2012). Apoptosis and 
autophagy are two types of programmed cell death. 
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Apoptotic cell death, which is a non-inflammatory cell response, and 
necrotic cell death, which may be inflammatory, are two extremes, with 
overlap between them. When a cell dies by a typical apoptotic process, usually 
there occurs a late-phase necrosis. The plasma membrane integrity is not 
maintained in necrosis; the necrotic cell disintegrates and releases its cellular 
content, including lysosomal enzymes, into the extracellular space, which is a 
trigger for an inflammatory response. Although lower intracellular ATP level 
favors necrosis over apoptosis, as apoptosis needs energy, regulated necrosis 
can occur with high intracellular ATP levels (Rajiv, 2014).  

According to Rajiv, (2014), ionizing radiation can induce cell necrosis 
directly, by damaging influences to the cell. Primary necrosis is triggered 
through unregulated processes of membrane and cytosolic destruction under 
extreme conditions (inadequate secretions of cytokines, nitric oxide and 
reactive oxygen species and calcium cytotoxicity). Secondary necrosis occurs 
in late apoptotic cells which fail to be engulfed by macrophages. Cells are not 
phagocytosed and thus lose membrane integrity, cease to be metabolically 
active and release their cytoplasmic content out into the extracellular matrix. 

Cell necrosis is based on multi-organelle dysfunction related to 
mitochondrial dysfunction (which results in ATP depletion) and dysfunction 
of ER and calcium homeostasis (which resulted in increased ROS level, 
further damage of membranes, profound ATP deprivation, finally leading to 
necrosis). The type and intensity of noxious signals, ATP concentration, cell 
type, and other factors determine how cell death occurs (Rajiv, 2014). 

Finally, there is a wide spectrum of cellular events which can be evoked 
by radiation. According to our results referring to in vivo cell processes, we 
look into at least three ways cells can die. Our model assumes interaction of 
alveolar macrophages with other white cells in bronchoalveolar lavage 
specimens. We presented immunological and metabolic competence of 
alveolar macrophages that encounter and fight with incoming noxious agent. 
Apoptosis, ferroptosis and necrosis (with coexistent inflammatory response in 
the tissue) are main destinies of a cell which is exposed to environmental 
noxious agents, including external and internal sources of ionizing radiation. 
The response of the cell or tissue to low-dose radiation depends on dose and 
duration of exposure. Not all cells in tissue with deposed DU particles are 
exposed equally. The processes of apoptosis, necrosis and coexistent 
inflammation may overlap and their demarcation could not be possible (Figure 
17, Figure 18). 

We discussed the results of pulmonary response to low-dose radiation 
induced by DU. Having in mind high internal penetrability of uranium micro- 
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or nano-particles, we achieve similar response in other tissues. Apoptosis is a 
process included in tissue remodeling. Consecutive necrosis/apoptosis/ 
inflammation processes may be followed by proliferation/metabolic 
changes/metaplasia/neoplasia, according to Menendez and Lupu (2007) 
(Figure 17).  

Multisystem and multisymptom occurrence referring to Gulf War 
syndrome or Balkan syndrome may be a result of the excess of cell death, or 
enhanced apoptosis which is a pathogenic mechanism in many diseases: 
cardiovascular (ischemia, myocardial infarction, heart failure, stroke), 
respiratory (asthma, COPD, infection, ARDS, interstitial fibrosis), 
neurodegenerative (Alzheimer disease, Parkinson disease), endocrine (diabetes 
mellitus, type 1 and 2), infective (HIV) and sepsis. Diminished apoptosis is 
one of key pathogenic mechanisms in the development of cancer, 
autoimmunity, persistent infections (Rayiv, 2014). 

 
 
 





 
 
 
 
 
 

Chapter 8 

 
 
 

ARE THE HEALTH EFFECTS OF DEPLETED 

URANIUM RECOGNIZABLE  

AND PREVENTABLE? 
 
 
The explanation related to the limited effects of -emitting nuclear 

weapons, including DU, was based to some extent on the fact that alpha 
particles have a short track in air. This paradigm has changed with the 
realization that nano- and micro-sized particles of DU could have a global 
atmospheric movement (Zunic and Rakic, 2015). The idea about spreading of 
uranium particles through air masses across the globe, arose from the results of 
measurement of air pollution (Busby and Morgan, 2006). The authors revealed 
a statistically significant increase in uranium in all the filters observed in the 
UK, beginning at the start of the Second Gulf War and ending when it ended.  

Due to a global spreading of contaminated air masses, the inhalatory path 
of internal contamination is the most achievable. The lag time in 
understanding of biological effects, their extensiveness and health effects is a 
consequence of demanding procedure for exact detection of DU in the tissue 
(Bleise, Danesi, and Burkart, 2003). Later on, Gatti and Montanari (2004) 
concluded that the presence of DU particle in the tissue was not obligatory to 
determine whether a person was exposed. The lung can serve as a location of 
interactions between alpha particles and the lung immunocytes, where 
autoreactive T cells become reactivated and gain the competence to enter the 
CNS. The lung could therefore contribute to the activation of potentially 
autoaggressive T-cells and their transition to a migratory mode, as a 
prerequisite for entering their target tissues and inducing autoimmune disease 
(Odoardi et al., 2012). This fact makes a step forward towards understanding 
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the multisystem involvement and multipathologies expression in case of DU 
contamination.  

According to Priest (2001), in man, for chronic irradiation from an 
internally deposited radionuclide, the latency periods would typically lie in the 
range of 10 years to several decades. He concluded that “in view of this 
latency, tumors in individuals exposed for shorter periods – e.g., in servicemen 
exposed to depleted uranium in the former Yugoslavia within the past decade, 
cannot be attributed to radiation from depleted uranium”. In this case, lag time 
was about 5 years (considering the bombing of Bosnia and Herzegovina in 
1994/5, and later, the bombing of Serbia and Montenegro, 1999). 
Nevertheless, if we take into consideration a possibility that military 
personnel, as well as civilian population, in the former Yugoslavia have been 
exposed to air pollution containing DU from the Persian Gulf since 1990, then 
possibility of cancer induced by DU may be a real elucidation. Due to long 
pulmonary retention of 1,470 days, which is expected in the case of inhalation 
of uranium oxides, as Durakovic reported in 1999, a wide range of clinical 
manifestations can occur, depending on the individual predispositions of the 
exposed persons (Zunic, 2013-1, Zunic and Rakic, 2015). Experimental 
exposure to DU led to impaired coordination and movement performance in 
rats with multisystem damage including the brain (Seidemann et al., 2011). 
Zunic, (2013-1) discussed the possible pathogenesis of a multisystem and time 
dependent expression of signs and symptoms describing Gulf and Balkan 
syndrome. Gulf/Balkan War Syndrome was explained as a multicausal disease 
with multisystem involvement and time-dependent expression of symptoms 
from no cancerous diseases, to cancers in later phases, affecting soldiers, as 
well as overall civilian population (for more details on this hypothesis see 
conceptual map, Figure 10) (Zunic, 2013-1). Gulf or Balkan syndrome is the 
term describing the same medical entity. Repeated exposure to low doses of 
alpha radiation originating from the decay of internally deposed DU particles 
was understood as a main contributing factor to the onset of Gulf/Balkan 
syndrome. 

All tissues with oxidative metabolism were targeted, particularly kidney 
and bone. DU causes electrical changes in the hippocampus of the brain, the 
area of memory and learning. Neurological/psychiatric manifestations of the 
disease are in part the consequence of demyelination, and together with other 
diseases with multisystem involvement are not rare. Psychiatric disorders are 
more frequent in the Gulf War veterans than in any other population, but 
without precise cause and effect relationship (Li et al, 2011).  
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During IPPNW conference in Belgrade (2015), studies by Kaatsch et al., 
(2008) related to leukemia incidence in children in the nuclear plant vicinity, 
and a study by Mathews and coworkers (2013) on medical exposure to 
radiation during CT, were emphasized as the examples of the health effects of 
chronic ionizing low-level radiation in civil circumstances. The overall risk is 
about 0.125 cancers per Sievert [of exposure for medical purposes. Hand 
(2013) emphasized the importance of exposure to low-dose (medical) radiation 
during adolescence or childhood, which contributes to the increased risk of 
later cancer development.  

The LEC phenomenon in BAL was understood as a radioprotective/ 
radioadaptive tissue response (Zunic, 2013-1). The tissue opposes long-lasting 
inflammation as well as diminished apoptotic clearance by AM by different 
adaptive mechanisms including the LEC phenotype expression. The finding of 
LEC+ pneumonitis in these two newborns we understand as possible evidence 
of early response of pulmonary tissue to DU particles’ contamination which 
was transferred across the placenta from mother’s circulation into a fetus. 
Interpretation of the presence of LEC in native BAL specimens changes one of 
the longstanding medical paradigms that LEC is mainly an in vitro 
phenomenon, which can be observed in patients with the diagnosis of 
autoimmune diseases (Zunic et al., 1996; Zunic, 2013; Zunic, 2013-1).  

According to Sousa’s (2016) report, prenatal stress, or excess exogenous 
glucocorticoid exposure, have been consistently linked to adverse health 
outcomes including low birth weight, neuroendocrine dysfunction and 
increased risk of infectious, cardiometabolic and psychiatric diseases in later 
life. An uncommon and little-studied type of cell in the lungs has been found 
to act like a sensor, linking the pulmonary and central nervous systems to 
regulate immune response in reaction to environmental cues (Branchfield et 
al., 2016). These two very recent publications shed new light on mass-
catastrophic accidents, climate and weather extremes, wars… Not only 
different neuronal pathways are included in the transmission of heating and 
cooling signals to higher brain regions (Florence and Reiser, 2015)! Stressful 
stimuli in healthy subjects give rise to a consistent and reproducible activation 
of a set of brain regions (Sousa, 2016). “Neurosensorial-matrix” implies that 
the nature of the stressor determines the sensorial pathway that is initially 
recruited. According to Sousa’s (2016) paper, if the stressor is of physical 
nature (for example, a painful stimuli, hypovolemia, exposure to inflammatory 
cytokines, hypoglycemia), activation of the brain stem nuclei, or of 
circumventricular organs, takes place. These will, via ascending projections, 
ultimately activate corticotropin-releasing hormone and arginine vasopressin 
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releasing neurons in the paraventricular nucleus of the hypothalamus that 
control the release of adrenocorticotropin hormone in the anterior pituitary 
and, in turn, the release of corticosteroids in the adrenal cortex. If the stressor 
is a psychosocial stimulus, activation may occur in the amygdala, 
hippocampus and/or frontal cortex, among other limbic brain structures that 
modulate the activity of distinct nuclei in the bed nucleus of the stria 
terminalis or of the nucleus of the solitary tract, dorsomedial hypothalamic 
nucleus, arcuate nucleus or peri-paraventricular nucleus zone and, 
subsequently, the activity of the paraventricular nucleus (Sousa, 2016). These 
facts provide better insight into DU role as a neuroendocrine disruptor acting 
at all levels of integrative regulatory pathways in the body. 

We have already mentioned a reciprocal relationship between low-dose 
rates of ionizing radiation and their harmful effects on the cell. Biological 
effects are extensive and unpredictable, because of their complex regulation 
and the fact that they are dependent on exposition, as well as on genetic 
predisposition, health, age and other individual factors (Zunic and Rakic, 
2015).  

Literature data showed that the effects of insoluble plutonium dioxide 
(239PuO2) aerosols (α-particles emitter), which were inhaled in experimental 
conditions, resulted in primary no carcinogenic changes (lymphopenia, 
atrophy and fibrosis of the thoracic lymph nodes, radiation pneumonitis and 
pulmonary fibrosis), which preceded delayed cancer lesions (Muggenburg et 
al., 2008). This study highlighted the importance of distribution of inhaled -
emitting radionuclides. A more uniform distribution of α-particle dose within 
the lung poses a greater risk of neoplasia, than less uniform distributions of α-
particle dose. 

As cancer was detected earlier, patient’s survival would be longer 
(Midthun and Jett, 2009). The authors speculated that for aggressive cancer 
starting from a single cell, death may be achieved in 5 years, and symptoms 
may be detected very late, in year 4. Screening prolongs survival. The chest 
radiograph is a routine procedure, easy to perform, and well accepted by 
patients, but it is not sensitive enough as computerized tomography (CT) scan 
(Midthun and Jett, 2009). This study summarized a prevalence of nodules and 
cancers detected in a prospective, single-arm observational low-dose spiral CT 
screening of ten studies. Out of 53,399 subjects included, 628 cases of lung 
cancers were detected, out of which 510.25 in surgical stage I A/B.  

In consonance with the slogan - every life counts, the use of CT scan as a 
screening tool is highly rational! But, a study by Mathews and coworkers 
(2013) explained that the overall cancer incidence was 24% greater for 
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exposed than for unexposed people. The mean duration of follow-up was 9.5 
years after exposure. 

One more reason which contributes to the misunderstanding of DU radio-
genotoxic and overall biohazard is the high incidence of lung cancer in 
cigarette smokers. There have been 20 million tobacco-related deaths since 
1964 (CDC, 2008). After embedding into the tissue, DU micro or 
nanoparticles exert the heavy metal toxic effects, as well as the radiogenotoxic 
effects of mixed, alpha, beta and gamma radiation. Nanoparticles can produce 
irreversible damage to cells by oxidative stress or/and organelle injury, 
preceding tissue inflammation and altered cell death mechanisms. The 
carcinogenic effect of tobacco smoke may act synergically with tobacco-
containing radionuclides, which are mostly alpha-emitters which induce 
cumulative doses at bifurcations (Martel, 1983). No matter whether lung 
cancer developed as a result of smoking habit, or due to internal contamination 
with radionuclides from the environment or from tobacco, the disease may 
occur many years after the intake, because of the lag period between the 
damage of sensitive cells and the appearance of recognizable tumors (Priest, 
2001)… 

Our results (Zunic et al., 2007) are in relation with a publication authored 
by Smith et al., (2015), who proposed that lung cancer screening procedure 
should be performed with heavy smokers and ex-smokers (within 15 years 
after smoking cessation). In our pilot study, all patients with lung cancer were 
heavy smokers with smoking history >30 pack-years. This is the reason why 
we believe that all smokers who undergo bronchology unit should be included 
in the fast screening procedure, which we presented in this study as an initial 
step in clinical examination. Simplicity and low cost are advantages of this 
method (Zunic, 2015).  

A study authored by Mihailovic and coworkers (2013), showed the 
increasing trends in both overall cancer incidence and mortality rates which 
were identified for Serbia (Figure 19).  

According to published data (Mihailovic et al., 2013), in men, lung cancer 
showed the highest incidence, followed by colorectal, prostate and bladder 
cancer. Breast cancer was the most common form of cancer in women, 
followed by cervical, colorectal and lung cancer. Prostate and colorectal 
cancer incidence has been significantly increasing over the last years in men, 
while this was also observed for breast cancer incidence and lung cancer 
mortality in women.  
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Figure 19. The overall cancer incidence and mortality in Serbia - trends (1999–2009) 
and predictions (2010–2014).  
Legend: The red bold line – incidence, men. The red regular line – incidence, women. 
The black bold line – mortality, men. The black regular line - mortality, women. All 
dotted lines continuous to these are depicting predictions. From: Mihailovic, J; 
Pechlivanoglou, P; Miladinov-Mikov, M; Živković, S; Postma, MJ. Cancer incidence 
and mortality in Serbia 1999–2009. BMC Cancer, 2013;13:18. DOI: 10.1186/1471-
2407-13-18. This article is published under the license of BioMed Central Ltd. This is 
an Open Access article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided that the 
original work is properly cited. 

Cancer incidence and mortality in Serbia has been generally increasing 
over the 10-year period since the bombing of Serbia and Montenegro. These 
results, reported by Mihailovic et al., (2013), speak in favor of our 
understanding of the early and delayed health effects of DU. Apparently, the 
increasing trend of the overall cancer incidence in Serbia started immediately 
after the bombing of Serbia and nearby territory with DU projectiles. This 
might be a consequence of prolonged (since 1990) exposure to long-lived 
isotopes, which were released into the air in the Persian Gulf and Bosnia and 
Herzegovina (1994/5). Other possibility is that stress in the population, which 
was exhausted by the EU sanctions, bombing, social conflicts, supported the 
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expression of some kind of maladaptation (according to Sousa, 2016), which 
contributed to alarmingly higher cancer incidence and mortality in Serbia than 
in the majority of European regions (Mihailovic et al., 2013).  

The possibility to “measure radiation hormesis” should be one of the key 
strategies in lung cancer screening. The method was based on the hormesis-
threshold model of tissue response to low-dose radiation, especially  
from alpha-emitting radionuclides, which is a step forward in achieving 
individualized screening and lung cancer risk assessment (Zunic, 2015; Zunic 
and Rakic, 2015). The proposed model does not require an exact measuring of 
tissue doses in conditions of exposure to low doses of radiation, especially 
alpha emitting radioisotopes. This method enables a quick orientation 
concerning the extent of damage of complex tissue regulatory mechanisms in 
situ, and indirectly, it may indicate the existence of adaptive, premalignant or 
malignant lesions (Zunic, 2015).  

An additional benefit may be achieved from the analysis of metabolome 
outputs (Zunic, 1993; Zunic et al., 2007). Carracedo, Cantley and Pandolfi, 
(2013) discussed the malfunction of mitochondria as a leading contributing 
factor which triggers the alterations in metabolism. We have already discussed 
in this study the changes of metabolome under low-dose radiation exposure. 
There was detected a causal relationship between cancer genes and metabolic 
alterations, and their potential to be targeted for cancer treatment (Carracedo, 
Cantley and Pandolfi, 2013).  

We propose the estimation of hormetic tissue response to carcinogenic 
stimuli to be the first step in lung cancer screening procedure. The advantage 
of this approach is a delay, or avoiding of potentially unnecessary imaging 
procedures, which are based on radiation impact. The next one may include 
conventional cytogenetic testing methods, as well as comprehensive gene 
expression analysis, with the aim to elaborate the earliest changes induced by 
the noxious agent, intoxicants, and/or irradiation.  

Sousa (2016) has reported that there has been an increasing interest in 
epigenetic mechanisms in the past two decades. Early-life stress events trigger 
a developmental deregulation of epigenetic pathways that result in discrete or 
genome-wide changes in gene expression in various tissues, including the 
brain. These subtle changes may be a subject of research in the field of 
advanced biotechnology. A remarkable variability in the individual response 
and predisposition to the effects of stress has a multifactorial origin,  
but genetic and epigenetic mechanisms are implicated in it. Genetically 
transmitted patterns of reaction to stressors are highly preserved within species 
because they are critical for survival and evolution (Sousa, 2016).  
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Having in mind all these facts, we conclude that radiation has, almost 
since its discovery, about 120 years ago, been used not only to provide energy, 
or for medical purposes. Nowadays, radiation is the most powerful weapon, 
the ideal, invisible killer, which, in case of the military use of depleted 
uranium, as we discussed in this paper, has already irreversibly changed all 
natural resources, contributed to mass migration of population, destruction of 
social relations, and in vivo experimentation with the health of human 
population and the overall living world. 
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