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Biological Effects of Uranium and Its Decay
Products on Soil Microbes, Plants,
and Humans

Chanda Siddoo-Atwal

Abstract In this atomic age, exposure to toxins in the environment ranges from
radioactive heavy metals to chemical pesticides, and detoxification has become an
issue of considerable importance. Recently, many parts of the world have been
contaminated with radioactive waste from depleted uranium bombs and projectiles
including the Arabian Gulf, Iraq, Syria, Bosnia, Serbia, and Afghanistan. In addition,
other areas of the globe have been contaminated by nuclear testing sites and
accidents at nuclear power plants involving radioactive uranium and its decay
products. There are three naturally occurring uranium isotopes that are of major
significance with regard to mining of this element and the nuclear industry. These
include uranium-238 (U-238), which comprises the majority of this element in the
Earth’s crust, uranium-235 (U-235), and uranium-234 (U-234), which together
comprise a much smaller portion. The half-lives of these isotopes are approximately
4500 million years, 703 million years, and 246,000 years, respectively. The transfer
of radionuclides of the uranium decay series through the environment is important
for assessing the impact of nuclear weapons use, nuclear power plant leaks, and the
mining and milling of uranium ores. The pathway from soil through plants to
humans contributes significantly to the overall radiation dose. The transfer of
mobilized radionuclides within the environment is determined by weathering rate,
which, in turn, depends on particle composition and chemical conditions such as pH
of the soil after deposition. Specific geographical sites that have been contaminated
with uranium attract specific bacterial species that display resistance to the metal.
Moreover, various plant species exhibit substantial differences in the soil-plant
transfer factor for uranium and other related radionuclides. The biological effects
of environmental radionuclides in humans (particularly depleted uranium) have been
documented as part of the Gulf War syndrome and Balkan syndrome and comprise a
complex set of seemingly unrelated symptoms. Some of these include incapacitating
fatigue, musculoskeletal and joint pains, headaches, neuropsychiatric disorders,
confusion, visual problems, changes of gait, loss of memory, lymphadenopathies,
respiratory impairment, impotence, and urinary tract morphological and functional
alterations. Moreover, the overall incidence of breast and lung cancer, leukemia, and
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lymphoma has doubled or tripled in certain areas of Iraq contaminated with depleted
uranium during the Gulf War. An association with lung cancer has also been found
in uranium miners. Thus, soil remediation, plant selection, phytoremediation, and
human detoxification are the main issues to be considered in relation to environ-
mental contamination with uranium and its decay products.

17.1 Introduction

In this atomic age, exposure to toxins in the environment ranges from radioactive
heavy metals to chemical pesticides, and detoxification has become an issue of
considerable importance. It is something of note particularly for official governmen-
tal agencies dealing with the cleanup of environmental pollution and setting regula-
tory health standards for such hazards in the surrounding environment. Recently,
many parts of the world have been contaminated with radioactive waste from
depleted uranium bombs and projectiles including the Arabian Gulf, Iraq, Bosnia
and Serbia, Afghanistan, and Syria (Durakovic 2001, 2003; Obralic et al. 2004;
Briner 2006; Middle East Eye). Depleted uranium (DU) is a by-product of the
uranium enrichment process employed in nuclear reactors. It has been used to
make depleted uranium bombs and to coat bullets, which are effective armor-
piercing projectiles, since the 1990s. Other areas of the globe have also been
contaminated by nuclear testing, such as Nevada and the Bikini Islands, and
accidents at nuclear power plants, such as Three Mile Island, Chernobyl, and
Fukushima. Heavy metal exposure can occur in humans potentially through the
air, water, and soil via food chain (Figs. 17.1, 17.2, and 17.3). However, depleted
uranium exposure is most likely to occur via inhalation (Bleise et al. 2003).

Natural uranium consists of three isotopes that are of significance with regard to
mining of this element and the nuclear industry. These include uranium-238
(U-238), which comprises approximately 99.3% of this element by mass; uranium-
235 (U-235), which comprises 0.72% by mass; and uranium-234 (U-234), which
comprises 0.006% by mass. The half-life of U-238 is approximately 4.5 billion
years, while those of U-235 and U-234 are estimated at 703 million and
246,000 years, respectively (Priest 2001). U-235 is fissile, and, therefore, it is used
to trigger nuclear fission in atomic bombs and to power steam turbines which
generate electricity at nuclear power plants (World Nuclear Association 2017).
The process of uranium enrichment alters the relative percentages of the three
isotopes to produce more U-235, and depleted uranium with a higher percentage
of U-238 is a by-product. The decay products of U-238 form the “uranium-radium
decay chain” and include uranium, protactinium, thorium, actinium, radium, fran-
cium, radon, astatine, polonium, bismuth, lead, and thallium. The decay products of
U-235 form the similar, but distinct, “actinium decay chain.” Lead (Pb) is the end
product for both the uranium and actinium decay chains (Pb-206 and Pb-207,
respectively) (Thoennessen 2016).
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The transfer of radionuclides of the uranium decay series through the environ-
ment is important for assessing the impact of nuclear weapons use, nuclear power
plant leaks, and the mining and milling of uranium ores. The pathway from soil
through plants to humans contributes significantly to the overall radiation dose
received (Sheppard and Evenden 1988). Size distribution pattern, radionuclide and
matrix composition, morphology, and structure are all important factors in studying
weathering, mobilization, and biological uptake of radionuclides when radioactive
particles are released into the environment. The particle characteristics are dependent
on the radiation source which will determine release, dispersion, and deposition. For
example, high-temperature releases like Chernobyl can result in varying

Fig. 17.1 Bosnia-Herzegovina is an example of a country that has been bombed with depleted
uranium (DU) weapons (photo of Trebinje, Bosnia and Herzegovina)

Fig. 17.2 It is quite possible that the soil in Bosnia is contaminated with radioactive uranium
isotopes and these may accumulate in plants (photo of an olive and olive tree in Trebinje, Bosnia)
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composition, morphology, and structure of uranium fuel particles, while
low-temperature releases like Windscale may result in flake-like uranium fuel
particles that are significantly different. In fact, the release of radioactive particles
from nuclear sources occurs more frequently than expected. In order to predict
transport, ecosystem transfer, and radiation dose, experimental information is also
required with respect to factors such as radionuclide speciation and association with
other particles and colloids that influence mobility and biological uptake (Salbu and
Krekling 1998).

The transfer of mobilized radionuclides within the environment is determined by
weathering rate, which, in turn, depends on particle composition and chemical
conditions such as pH of the soil after deposition. It has been found that soil pH is
highly linearly correlated with log sorption ratios as a probable consequence of
different uranium chemical complexes as a function of soil pH. For example, there is
such a great difference in sorption behavior between uranium carbonate complexes
that other effects of soil properties on uranium sorption are hidden (Echevarria et al.
2001).

Prokaryotes and eukaryotes contribute actively to geological phenomena includ-
ing the transformation of metals. Microbes have a variety of properties that can effect
changes in metal speciation, toxicity, and mobility, as well as mineral formation or
deterioration. Such mechanisms are important components of natural biogeochem-
ical cycles for metals as well as associated elements. Bacteria and fungi are the most
important organisms for reclamation, immobilization, or detoxification of metallic
and radionuclide pollutants (Gadd 2010).

Fig. 17.3 The water sources in Bosnia may also be contaminated with uranium, and these may
affect the local wildlife (photo of waterfowl in Trebinje, Bosnia)
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Geographical sites that have been contaminated with uranium attract specific
bacterial species that display resistance to the metal. This may manifest as radiation
resistance as in the case of Deinococcus radiodurans, the most radioresistant
organism known, or chemical resistance as in the case of Arthrobacter. As an
example, one acidic uranium-contaminated site was found to contain heterotrophic
Arthrobacter species. These included gram-positive bacteria, one of which was
closely related to Arthrobacter ilicis. It accumulated uranium intracellularly as
precipitates associated with polyphosphate granules. The authors interpreted this
as a biochemical detoxification mechanism. However, D. radiodurans was vulner-
able to uranium chemical toxicity under the same conditions in this particular
environment (Suzuki and Banfield 2004). In fact, certain experiments have shown
that an Arthrobacter strain (G975) is the fastest growing and most uranium-tolerant
strain, which removes up to 90% of the uranium from growth media. Various
Arthrobacter strains, including this one, have been isolated from Hanford site soil
(Katsenovich et al. 2013).

Element-specific concentration ratios (CR) are used to model the impact of
radionuclides like uranium on the environment. These CR values decrease signifi-
cantly as the corresponding soil concentrations increase. Interestingly, CR values
can differ significantly among some soil and plant types (Sheppard and Evenden
1988). Moreover, various plant species exhibit substantial differences in the soil-
plant transfer factor for certain radionuclides. For example, Indian mustard has the
smallest root/shoot (R/S) ratio for both radium-226 and thorium-232, while clover
has the smallest R/S ratio for uranium-238, when grown on soils from southeastern
China contaminated with uranium mine tailings. Chinese mustard also has a low
uranium-238 uptake (Chen et al. 2005).

The biological effects of environmental radionuclides in humans via inhalation
(particularly depleted uranium), skin contact, and potential ingestion via the food
chain including drinking water (for natural uranium) have been noted. The effects of
DU have been described as part of the Gulf War and Balkan syndromes, and both
comprise a complex set of seemingly unrelated symptoms. Some of these include
incapacitating fatigue, musculoskeletal and joint pains, headaches, neuropsychiatric
disorders, confusion, visual problems, change of gait, loss of memory, lymphade-
nopathies, respiratory impairment, impotence, and urinary tract morphological and
functional alterations (Durakovic 2001, 2003). In addition, there have been reports
of an increased incidence of birth defects in Iraq (Alaani et al. 2011). The overall
incidence of breast and lung cancer, leukemia, and lymphoma has doubled or tripled
in certain areas of Iraq contaminated with DU during the Gulf War (Fathi et al. 2013;
Busby et al. 2010). An association with lung cancer has also been found in uranium
miners (Grosche et al. 2006). It is strongly linked to exposure with radon that is one
of the decay products of natural uranium. Miners are at risk as a result of exposure to
radioactive alpha, beta, and gamma emissions from uranium, which may act as a
carcinogen or cocarcinogen, as well (National Academies Press 2012).

Thus, soil remediation, plant selection and phytoremediation, and human detox-
ification are the main issues to be considered in relation to environmental contam-
ination with uranium.
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17.2 Soil Remediation and Soil Conservation

The remediation of uranium and other radionuclide-contaminated soils is a complex
and expensive undertaking that depends on a variety of factors. These include the
quantitative and qualitative aspects of the contaminant present, the structure and
dynamics of the indigenous microbial community, and the geological and chemical
conditions at the contaminated site. Bioremediation with microorganisms appears to
be one of the most cost-effective and ecologically appealing strategies available.
Bacteria, specifically, utilize various mechanisms to sequester uranium including
biosorption at the cell surface, intracellular accumulation, bioprecipitation or bio-
mineralization, and redox transformations (oxidation/reduction) (Merroun and
Selenska-Pobell 2008).

In order to analyze native microbial populations in any given contaminated
environment, PCR-based cloning techniques can be useful for assessing their density
and structure. Using this technology, it has been determined that microbial diversity
decreases with increasing uranium-associated nitrate and aluminum groundwater
contamination when compared with control samples and favors bacteria metaboli-
cally adapted to the particular contaminant that is most abundant (Fields et al. 2005).
Nitrate-reducing bacteria including phylotypes related to Proteobacteria (Alpha-,
Beta-, Delta-, and Gammaproteobacteria), Bacteroidetes, Actinobacteria,
Firmicutes, and Planctomycetes have been found to be the most metabolically active
microbial communities in uranium-contaminated subsurface sediments using
DNA/RNA amplification techniques (Akob et al. 2007). Sulfate-reducing bacteria
such as Desulfobacterales and Desulfovibrionales, which can cause the reductive
transformation of metals like uranium into more insoluble forms or form metal
sulfides, have also been detected in a former uranium-mining area (Sitte et al. 2010).

Moreover, various Arthrobacter strains including Arthrobacter strain (G975)
have been isolated from Hanford site soil and may be metabolically suited for use
in the remediation of such uranium-contaminated sites. In fact, in laboratory tests,
Arthrobacter strain (G975) is the fastest growing and most uranium-tolerant strain,
which removes up to 90% of the uranium from growth media. In other experiments,
Bacillus and Rahnella bacterial strains exhibiting phosphatase-positive phenotypes
indicative of constitutive phosphatase activity were found to liberate sufficient
phosphate to precipitate 73% and 95% of total soluble uranium added as uranyl
acetate, respectively (Martinez et al. 2007). Another potential methodology for the
remediation of uranium-contaminated soils involves a three-step process including
extraction with citric acid, biodegradation of several metal-citrate complexes with
Pseudomonas fluorescens resulting in the bioprecipitation and recovery of other
toxic metals, and photodegradation of uranyl citrate upon exposure to light since it is
resistant to biodegradation (Francis and Dodge 1998). This technique might be well
suited to a site with mixed contamination. Another approach exploits the decrease in
solubility following the reduction of U (VI) to U (IV), which produces the insoluble
mineral uraninite. A variety of bacteria exhibit this reductive capacity via uranium
reductases and may be suitable for bioremediation (Wall and Krumholz 2006). In
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fact, through a concerted program of biostimulation of bioreducing bacteria, organ-
isms belonging to genera known as U (VI) reducers including Desulfovibrio,
Geobacter, Anaeromyxobacter, Desulfosporosinus, and Acidovorax spp. were
detected in sediments from a highly uranium-contaminated site (Cardenas et al.
2008).

At the same time, microorganisms are difficult to control and can mutate rela-
tively easily. There is also a possibility that uranium may be mutagenic in bacteria
according to the Ames test (Hudcová et al. 2013). Conceivably, a monumental health
hazard could be created by adopting such a bioremediation practice at contaminated
sites over too wide an area, especially if these bacteria were to outcompete plants,
animals, and humans. Currently, a vast swathe of Eurasia may be contaminated with
uranium or its decay products due to wars and nuclear accidents, so a degree of
caution should be exercised in making recommendations. Thus, bioremediation with
microorganisms may be a strategy best reserved for specialized use for large areas of
soil and water contaminated with low concentrations of uranium and is not appro-
priate for every situation (Li and Zhang 2012).

Soil remediation should aim to remove the contaminant from the substratum or
reduce the risk posed by the contaminant by diluting exposure. Although there are
many remediation techniques available for contaminated soils, relatively few are
applicable to heavy metal contamination. In some cases, a combination of more than
one technique may be applied effectively. For example, soil amendments may be
combined with phytostabilization, which involves the selection of tolerant plant
species and genotypes, to decrease soil metal bioavailability (Vassilev et al. 2004).
In practice, an integrated set of modern remediation methods should be utilized to
remove uranium from contaminated environments thoroughly and efficiently with
the objective of avoiding the production of secondary pollution and causing least
disturbance to the ecosystem (Li and Zhang 2012).

Some of the conventional methods that have been used in the past for the
treatment of uranium-contaminated soils include removal of a top soil layer or soil
excavation and transfer to designated repositories, encapsulation, size separation,
soil washing, leaching with chelating agents, electrokinetics, and ion exchange
(Dushenkov 2003). Such methods result in the generation of solid and liquid wastes
and can damage the local ecosystem by reducing soil quality. Soil components like
soil microorganisms and nutrients that are essential for plant growth may also be
removed in the process (Malaviya and Singh 2012).

Soil amendments convert soluble and pre-existing high-soluble solid phase forms
to more stable solid phases resulting in reduced bioavailability and plant toxicity of
heavy metals. Commonly used amendments include liming agents, phosphates,
metal oxyhydroxides, and organic compounds such as sludge or compost. Synthetics
like ammonium thiocyanate and natural zeolites have also yielded promising results
(Prasad and Freitas 2003). A combination of metal immobilization and subsequent
phytostabilization, which involves the use of metal-tolerant plants and/or plants
tolerant to the growing conditions of a given site, can be effective. For example,
grasses and fast-growing plants that are easy to care for can provide complete surface
coverage and a large network of shallow roots to stabilize soil and take up soil water.
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The main objectives for successful heavy metal remediation are to change the trace
element speciation of the soil, to stabilize the vegetation cover and limit trace
element uptake by crops, to reduce direct exposure of living organisms, and to
enhance biodiversity. However, there is no standardized system for classifying the
effectiveness of soil treatment, and the remedial strategy must be evaluated on a case
to case basis (Vassilev et al. 2004).

Phosphate fertilizers are another major source of uranium contamination of
agricultural land largely due to impurities in the phosphate rock used for fertilizer
manufacture. Fertilizers contaminated with uranium (U) can significantly elevate the
uranium content of fertilized soils. For example, in Germany, the cumulative use of
phosphate fertilizers from 1951 to 2011 has led to an average distribution of
approximately 1 kg of uranium per hectare (Schnug and Lottermoser 2013). Several
German mineral waters also have a tendency toward higher than average uranium
concentrations. This could be due to leaching from natural deposits, or it may be
related to the extensive use of phosphate fertilizers in the region (Schnug et al. 2005).
As a result, the Federal Ministry of Food, Agriculture and Consumer Protection
asked its scientific advisory panel (UBA) on soil conservation matters to make
recommendations in this regard. Labelling for phosphate fertilizers containing
20 mg or more of uranium per kilogram of phosphate and a limit value of 50 mg
per kg of phosphate is now recommended (European Commission Brussels 2016).
Thus, imposing such a regulatory control may serve to dilute pre-existing uranium
contamination and limit future contamination of agricultural soil and groundwater
proving to be an important initiative in environmental conservation. If labelling is
not available, in certain soils, it is possible to estimate the average concentration of
uranium in superphosphate fertilizers between samplings using this formula (Taylor
2007):

c ¼ iAdp=f

where

c ¼ concentration of U in fertilizer in μg g�1

i ¼ average annual increase in U in soil in μg g�1

A ¼ area of 1 ha in m
d ¼ sample depth in m
ρ ¼ bulk density in total m3

f ¼ annual fertilizer application to 1 ha in kg

17.3 Plant Selection and Phytoremediation

Uranium is known to be highly toxic to plants. Plants experience oxidative stress in
response to heavy metals resulting in cellular damage and disruption of cellular
homeostasis similar to animals and humans. As a result, they have evolved
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detoxification mechanisms mainly involving chelation and subcellular compartmen-
talization to minimize the toxic effects of heavy metal exposure. Phytochelatins
(PCs) are an important class of heavy metal chelators in plants which are synthesized
from reduced glutathione (GSH) in a transpeptidation reaction catalyzed by the
enzyme phytochelatin synthase (PCS). So, glutathione availability is essential for
heavy metal detoxification in plants (Singh et al. 2011). Organic acids also play a key
role in the metal tolerance of plants. In a process of metal detoxification, organic
acids can form complexes with metals (Prasad and Freitas 2003).

Phytoremediation is the use of green plants to remove pollutants from the
environment or to deactivate them and is based on exploiting the metabolic diversity
of plants. This technology has been applied to a number of radionuclide-
contaminated sites around the world. There are four main aspects of radionuclide
phytoremediation including phytoextraction, rhizofiltration, phytovolatilization, and
phytostabilization. Phytoextraction involves using high-biomass radionuclide-accu-
mulating plants to transport and concentrate radionuclides from the soil into shoots
above the ground; rhizofiltration involves using plant roots to precipitate and
concentrate radionuclides from polluted effluents; phytovolatilization involves
using plants to extract volatile radionuclides from soil and volatilize them from the
foliage; and phytostabilization involves using plants to stabilize radionuclides in
soils by metabolizing them (Dushenkov 2003). However, more basic research is
required in this emerging new field to maximize the metabolic differences between
detoxification pathways in plants and to understand the complex interactions of
metals, soil, plant roots, and soil microbes such as bacteria and mycorrhizal and
non-mycorrhizal fungi for decontaminating metalliferous substrates in the environ-
ment. There are significant interactions between metals and mycorrhizal fungi and
macrofungi that may result in the amelioration of plant phytotoxicity and metal
accumulation. Some of the mechanisms of metal fungitoxicity include extracellular
precipitation and complexation, binding to cell walls, metal-binding proteins and
peptides, vacuolar compartmentation, and metal transformations such as
organometalloid synthesis (Gadd 1993).

Currently, up to 400 plants that hyperaccumulate metals have been reported. Most
notably different genera of Brassicaceae are known to accumulate metals, such as
Indian mustard, which is effective in the removal of heavy metals including cad-
mium, chromium, and lead. Sunflower has been found to be effective for the removal
of uranium, cesium, and other radionuclides in hydroponic solutions. Plants can be
raised hydroponically for transplantation into polluted water or soil where they can
absorb and concentrate metals in unexposed parts like their roots for rhizofiltration.
As the plant roots become saturated with metal contaminants, roots or whole plants
are harvested for disposal. Alternatively, synthetic cross-linked polyacrylates or
hydrogels can protect plant roots from heavy metal toxicity by preventing the
entry of toxic metals into the roots during phytoextraction. Then, after sufficient
plant growth and metal accumulation, the above-ground portions of the plant are
harvested and removed resulting in permanent removal of metals from the site.
Certain aquatic plant species also have the ability to remove heavy metals from
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water including water hyacinth, pennywort, and duckweed (Prasad and Freitas
2003).

It should be noted that phytostabilization is not a technology for cleaning up
contaminated soil but a management strategy for stabilizing or inactivating poten-
tially toxic trace elements, possibly as a follow-up to rhizofiltration and/or
phytoextraction. Thus, along with soil amendments, the plant cover can provide
pollution control and stability to the soil. Phytostabilization may be adapted to
different metal contaminants and soil types by the careful selection of plants
displaying maximum uptake of the contaminant in most abundance and adopting
specific cropping schemes (Vassilev et al. 2004).

Plants that have been used in the phytoremediation of uranium-contaminated soils
include Chinese cabbage, Swiss chard, and maize among various other species
(Malaviya and Singh 2012). Uranium accumulates mainly in the roots of plant
species, and uranium remediation of soils by plants can be largely influenced by
soil type. For example, plant performance is affected by uranium contamination
rates, particularly in calcareous soils. Plant roots grown in soils with high carbonate-
uranium content accumulate the most uranium, while the lowest plant accumulation
occurs in clayey acid soils with high iron, manganese, and organic uranium content
(Shahandeh and Hossner 2002).

Conversely, crops grown on partially remediated sites should be simultaneously
selected for minimum radionuclide uptake since vegetable and fruit plants can
accumulate uranium. As an example, Indian mustard displays low accumulation
for both radium-226 and thorium-232, while clover has low accumulation of
uranium-238, when grown on soils from southeastern China contaminated with
uranium mine tailings. Chinese mustard also has a low uranium-238 uptake (Chen
et al. 2005). Therefore, Chinese mustard and clover would be two good crop choices
in a uranium-contaminated area following a degree of remediation to reduce uranium
levels to nontoxic levels according to international standards such as those currently
being set in Germany. Similarly, Indian mustard would be suitable for soils contam-
inated with uranium decay products, radium, and thorium.

Quite recently, a very interesting use has been made of transgenic plants, which
detoxify/accumulate cadmium, lead, mercury, arsenic, and selenium, for the pur-
poses of phytoremediation (Eapen and D’Souza 2004). Similarly, specific plants
could be genetically engineered to selectively uptake uranium and its decay products
like radium and thorium in order to remediate polluted environments.
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17.4 Human Cancer Risk and the Potential for Uranium
Detoxification

17.4.1 Biochemical Detoxification of Uranium

No unique biochemical pathways have been elucidated for uranium detoxification in
mammals, and the existing data is limited. In rats, hydrogen sulfide has been
demonstrated to attenuate uranium-induced acute nephrotoxicity through oxidative
stress and the inflammatory response via the Nrf2 and NF-κB pathways. Sodium
hydrosulfide administration restores glutathione levels and antioxidant enzyme
activities like superoxide dismutase, catalase, glutathione peroxidase, and glutathi-
one S-transferase in rat kidneys (Zheng et al. 2015). These results may indicate that
uranium toxicity is ameliorated in mammals through the induction of antioxidant
defense following an initial reduction in activity similar to that observed in certain
fish species (Barillet et al. 2007). Interestingly, different patterns of antioxidant
activity have been observed for depleted uranium (DU) and enriched uranium
(EU) in the cerebral cortex of rats. Lipid peroxidation increased significantly after
EU exposure, but not after DU exposure. The gene expression or activity of
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)
increased significantly after chronic DU exposure in drinking water, while oral EU
administration induced a decrease in these antioxidant enzymes (Lestaevel et al.
2009). Experiments have also shown that uranium can alter xenobiotic-metabolizing
enzymes such as CYP3A (cytochrome P450, family 3, subfamily A) in the rat liver or
kidneys after either acute or chronic exposure causing high gene expression for
several months (Gueguen et al. 2014). In addition, uranium administration has been
associated in several studies with decreases in creatinine clearance congruent with an
increase in the plasma concentration of creatinine and blood ureic nitrogen indicat-
ing a reduction in glomerular filtration rate (GFR). Moreover, it has been demon-
strated that several species undergo some degree of renal damage in a dose-
dependent and route-independent manner following uranium exposure (Vicente-
Vicente et al. 2010).

In humans, nephrotoxicity has been studied the most extensively. Acute uranium
intoxication appears to affect the reabsorption of filtered solutes and the excretion of
other solutes leading to kidney impairment of varying degrees depending on the
initial dose (Vicente-Vicente et al. 2010). Reduced creatinine clearance, increased
serum nonprotein nitrogen, and a higher rate of uranium excretion have been
observed in humans. Increases in the urinary excretion of proteins (Friberg et al.
1986; Lu and Zhao 1990), amino acids (Lu and Zhao 1990), and urinary catalase
(Bassett et al. 1948; Friberg et al. 1986) have also been noted. Thus, in both humans
and animals, acute intoxication with uranium leads to nephrotoxicity in a dose-
dependent manner suggesting that the kidneys are a major site for biochemical
detoxification. However, the potential role of route of exposure remains largely
unexplored for these findings in humans.
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17.4.2 Biochemical Mechanisms of Uranium Toxicity

Uranium (U) mainly exists in the U (+IV) or U (+VI) oxidation states in water
systems depending on their reduction-oxidation potential. Uranium is present in the
soil primarily in the U (+VI) state as the uranyl cation. This is the most mobile form
of uranium, and it is highly soluble in this state, while U (+IV) is much less soluble.
In both soil and water, uranium can form complexes with sulfate, phosphate,
carbonate, and hydroxide. These complexes also increase the total solubility of
uranium. However, the linear uranyl oxycation and carbonate complexes of uranium
are the dominant species in solution. In body fluids, uranium is dissolved as the
uranyl ion, an ionic form that may react with biological molecules (Shahandeh and
Hossner 2002). Absorption of DU into the blood and deposition in tissues and
organs depend mostly on particle size and solubility of the uranium-containing
particle. Solubility determines the rate of absorption from the lungs. Soluble chem-
ical forms of uranium are absorbed within days, while insoluble forms can take from
months to years. Insoluble particles deposited in the lung and lymph nodes and
retained for extended periods of time are more likely to be associated with the
radiation effects of uranium, while more soluble forms are associated with toxic
chemical effects. In the blood, uranium can form a complex with bicarbonate and
bind to plasma proteins or erythrocytes, and up to 90% of the dissolved uranium is
excreted in urine within the first few days of exposure. The remaining 10% is
deposited in the bones, kidneys, and other organs from where it is mobilized over
a longer period of time (Malaviya and Singh 2012). Long-lived isotopic U is not well
absorbed from the gastrointestinal (GI) tract in humans, and uranium oxide absorp-
tion is estimated at 1–2% with the bulk passing through the GI tract in feces (Wrenn
et al. 1985; Lawrence et al. 2014). However, in rats, U-233 absorption from the GI
tract takes place in the small intestine, probably via a transcellular pathway
(Dublineau et al. 2005). The chemical speciation of uranium may play a role in
this process.

It appears that different isotopic compositions of uranium like many other heavy
metals can penetrate to the subcellular level resulting in bioaccumulation and
initiation of oxidative stress in zebrafish tissues (Barillet et al. 2007). At subtoxic
concentrations (>100 μm), depleted uranium precipitates mainly in the nucleus of
the human kidney, liver, and neuronal cell lines (Rouas et al. 2010). Chemically,
uranium can activate oxygen species in the course of redox reactions via the redox
chemistry of transition metals (Yazzie et al. 2003) and enhance free radical produc-
tion via the ionization phenomenon induced by alpha particle emissions to produce
DNA damage in the form of double-strand breaks (Miller et al. 2002a; National
Academies Press 2012). Although uranium can emit alpha, beta, and gamma radi-
ation, alpha particle emissions are of the greatest relevance in relation to depleted
uranium (Hon et al. 2015). Thus, uranium is capable of initiating chemotoxicity and
radiotoxicity (Ng et al. 2015) via the generation of free oxygen species and possibly
via other more direct mechanisms in cells. Both biochemical pathways can stimulate
cell death or apoptosis, which has been linked to carcinogenesis in various cancer
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models. The loss of equilibrium between cell proliferation and cell death in a tissue
may play a crucial role in tumor formation (Siddoo-Atwal 2009; Siddoo-Atwal
2017a).

17.4.3 Cancer Risk Assessment

Although the cancer data on depleted uranium alone is still sparse, it is possible to
analyze the combined carcinogenic potential of uranium isotopes based on the
existing data according to a new method of cancer risk assessment that relies on
epidemiology, animal data, and cell studies. Recently, it has become apparent that
the pathogenesis of cancer is closely connected with aberrantly regulated apoptotic
cell death and the resulting deregulation of cell proliferation (Denmeade AND Isaacs
1996; Martin 2006). In fact, the initiation of uncontrolled apoptosis in a tissue can
serve as the trigger for carcinogenesis (Siddoo-Atwal 2017b, 2019).

A distinct biological effect on wildlife has been observed for various isotopes of
uranium. An irregular distribution of U-234 and U-238 has been found in the tissues
of marine birds from the Polish area of the southern Baltic Sea. The highest
accumulation occurs in the liver and other organs along with the feathers, while
the smallest accumulation occurs in the skin and muscles with apparent interspecies
differences (Boryko et al. 2010). Depleted uranium can cause adverse reproductive
effects in terrestrial animals, and the likelihood of this occurring can range from
0.1% to 44% between various species (Fan et al. 2005).

Epidemiologically, there have been reports of an increased incidence of birth
defects and, possibly, infant mortality in Iraq since the advent of the Gulf War
(Alaani et al. 2011). In addition, an increased incidence of congenital anomalies and
perinatal mortality has been reported in Kuwaiti newborns, and birth defects have
been reported in the newborns of Gulf War veterans (Araneta et al. 1997, 2000,
2003; Doyle et al. 2004). A statistically significant relationship was also found
between birth defects and the mother’s proximity to uranium tailings among Native
American Navajo in a uranium-mining area of the United States (Shields et al. 1992).

Some studies with US Gulf War veterans have reported cancers of the upper
aerodigestive tract, lymphoma, and leukemia as health consequences of DU expo-
sure (Bertell 1999; McDiarmid et al. 2000; Cannova 1998). WHO statistics for the
years 1998–2000 suggest an elevation in lymphoma and leukemia incidence for the
Eastern Mediterranean region affected by the Gulf War (Shawky 2003). The overall
incidence of breast and lung cancer, leukemia, and lymphoma has doubled or tripled
in certain areas of Iraq contaminated with DU during the Gulf War (Fathi et al. 2013;
Busby et al. 2010). Interestingly, according to WHO, there also appears to be an
elevated incidence in cancers of the trachea, bronchi, and lungs in Europe during the
years 1998–2000 possibly due to other regional wars (Shawky 2003). DU weapons
were deployed in Bosnia and Serbia, as well.

In addition, an association with lung cancer has been found in uranium miners
(Grosche et al. 2006). It is strongly linked to exposure with radon, which is one of the
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decay products of natural uranium. Miners are also at risk as a result of exposure to
radioactive alpha, beta, and gamma emissions from uranium, which may act as a
carcinogen or cocarcinogen in this model (National Academies Press 2012).

Moreover, in South Carolina, it has been found that regions with elevated
groundwater uranium and more groundwater use may have an increased incidence
of certain cancers, including kidney, breast, colorectal, and prostate (Wagner et al.
2011).

In animal studies, reproductive toxicity and teratogenicity have been observed in
mice following maternal uranium exposure at different gestation periods (Domingo
2001). Like other heavy metals, depleted uranium in drinking water has estrogenic
activity and acts like estrogen in the reproductive tract of female mice leading to an
increased risk of fertility problems (Raymond-Whish et al. 2007). In addition, DU
exposure of wild-type and metallothionein-deficient mice has been shown to result in
ROS production and cell apoptosis in the kidney. The MT-deficient mice were more
susceptible to both effects suggesting a protective role for metallothionein in DU
nephrotoxicity (Hao et al. 2015). Implantation of DU metal fragments in rats led to
the development of soft tissue sarcomas (Hahn 2002).

In cell studies, depleted uranium-uranyl chloride has been found to induce
apoptosis in mouse J774 macrophages (Kalinich et al. 2002). In rat lung epithelial
cells, uranium induces significant oxidative stress followed by a decrease in antiox-
idant potential of the cells and a decreased proliferation rate (Periyakaruppan et al.
2007). Mitochondrial membrane collapse, mitochondrial swelling, and cytochrome c
release associated with apoptosis have been observed following uranyl acetate
treatment of isolated rat kidney mitochondria (Shaki et al. 2012). Studies with
human osteosarcoma cells (HOS) demonstrate that DU exposure results in genomic
instability manifested as delayed reproductive death and micronuclei formation
(Miller et al. 2003). DU exposure also causes neoplastic transformation of immor-
talized HOS cells (Miller et al. 2002b). Particulate DU is cytotoxic and clastogenic in
human bronchial fibroblasts (Wise et al. 2007). In human kidney cells (HK-2),
pre-treatment with zinc significantly inhibits DU-induced apoptosis. It does this by
reducing reactive oxygen species (ROS) production in cells and increasing catalase
(CAT) and glutathione (GSH) concentrations, suppressing the DU-induced soluble
FAS receptor and FAS ligand overexpression, suppressing caspase activation, and
suppressing the release of cytochrome c and apoptosis-inducing factor (AIF) trans-
location from mitochondria to cytoplasm and nucleus, respectively. AIF is involved
in the caspase-independent apoptotic pathway and can act directly to cause chroma-
tin condensation and DNA breaks. In fact, all these events inhibited by zinc are
linked to biochemical pathways for triggering cellular apoptosis via caspase-
dependent or caspase-independent mechanisms (Hao et al. 2014).
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17.4.4 Heavy Metal Chelation Therapy

In the 1940s, animal studies found that citrate salts like sodium citrate administered
intravenously or orally provided significant protection from uranium poisoning.
Subsequently, it was reported that uranium can be precipitated with citric acid by
forming a metal-citrate complex (uranyl citrate) under certain chemical conditions.
This may still be the most practical treatment to employ in conflict areas where DU
weapons have been used and metal chelation therapy is not available. Citric acid
and/or citrate consumption could be recommended to individuals exposed to the
easily inhaled uranium oxide aerosols resulting from DU penetrators since it seems
to be effective even when taken orally (Lawrence et al. 2014).

Later, metal chelation agents were tested for their capacity to increase urinary
excretion of the uranyl ion and included tiron, gallic acid, diethylenetriaminepentaacetic
acid (DTPA), p-aminosalicylic acid, sodium citrate, EDTA, 5-aminosalicylic acid, and
ethylenebis(oxyethylenenitrilo)tetraacetic acid (EGTA). These eight substances were
tested as antidotes for acute uranium poisoning in mice and significantly increased
survival rate (Ortega et al. 1989).

EDTA and DMSA have both been used as chelation agents for uranium and other
heavy metal detoxification in humans. EDTA (ethylenediaminetetraacetic acid) is a
synthetic amino acid food preservative that binds to various heavy metals in the body
and removes them through the urine. It is administered intravenously and has been in
use for nearly 50 years to treat heavy metal toxicity (Dean 2018a). Na-Ca-EDTA
chelates are rapidly excreted and, generally, cause greater losses of essential min-
erals from the body than DMSA. EDTA has been found to be most effective in
removal of lead, cadmium, and mercury (Sears 2013). DMSA (meso-2,-3-
dimercaptosuccinic acid) is a sulfhydryl-containing, water-soluble, nontoxic, orally
administered metal chelation agent. It has been used to treat heavy metal toxicity,
particularly lead and mercury poisoning, since the 1950s. The low toxicity and
efficacy of DMSA makes it the primary metal chelator of choice for removal of
mercury and other heavy metals. It is also very safe and causes few side-effects. The
DMSA-metal conjugates are expelled through the urine (Dean 2018b). Oral absorp-
tion of DMSA is approximately 20% with most DMSA in the blood plasma being
bound to protein, mainly albumin (95%). 10–25% of orally administered DMSA is
excreted in the urine, mostly within 24 h of administration. Excretion of trace
elements including zinc, iron, calcium, and magnesium is much less than with
Na-Ca-EDTA. Copper may be an exception (Sears 2013).

However, the individual efficacies of EDTA and DMSA for uranium detoxifica-
tion are not widely documented since they have not been specifically engineered as
uranium chelators. Nevertheless, an approximation of their relative efficiencies may
be gained by considering the results of a case study (in press) in which 90 ug of
uranium was completely cleared from a subject’s body after two metal chelation
treatments with EDTA (1900 mg) and DMSA (500 mg). According to the WHO,
approximately 90 μg of uranium exist in the human body on average from normal
intakes of water, food, and air (https://www.who.int/ionizing_radiation/pub_meet/
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en/DU_Eng.pdf?ua¼1). So, these results are not staggering, especially since the
average body burden of uranium was found to be 100 times greater than the normal
range in urine samples collected from a civilian population in Eastern Afghanistan
following the use of depleted uranium bombs by Allied Forces in 2002 (Durakovic
2005). In some cases, uranium concentrations up to 200 times higher than in the
control population were detected in affected districts (Durakovic 2003).

Moreover, metal chelation therapy is a lengthy, unpleasant, and costly treatment
for patients to undergo. It is inefficient and depletes the body of essential
micronutrients. Therefore, it is necessary to develop more efficient chelating agents
that are specifically engineered for targeting uranium. Some interesting preliminary
experiments in DU-poisoned human renal proximal tubule epithelium (HK-2) cells
with Cu2+-imprinted chitooligosaccharides have shown that these molecules can
selectively chelate DU outside cells and reduce cellular DU accumulation in a dose-
dependent manner. They also significantly reduce loss of cell viability induced by
DU by preventing its cellular internalization. In addition, treatment with these
chitooligosaccharides appears to increase the activity of antioxidant enzymes and
to reduce membrane damage and DNA damage caused by DU oxidant injury as
compared to a control drug (Zhang et al. 2011).

17.4.5 Zinc Supplementation and Metallothionein

Metallothioneins (MTs) are small, cysteine-rich proteins that bind heavy metals and
participate in an array of protective stress responses (Ruttkay-Nedecky et al. 2013).
Inside the cell, the harmful effects of free radicals are balanced by the antioxidant
action of antioxidant enzymes and nonenzymatic antioxidants. MTs are found in
bacteria, plants, invertebrates, and vertebrates. There are four main mammalian MT
isoforms (MT-1–MT-4) with distinct roles in different tissues. Aerobic organisms
are susceptible to damage by reactive oxygen species (ROS) and reactive nitrogen
species (RNS). MT protects cells from exposure to various free radical species like
the hydroxyl, peroxyl, alkoxyl, and superoxide anion radical and the nitric oxide and
nitric dioxide radicals, which react readily with sulfhydryl groups. MT is also
important for the regulation of zinc levels and the distribution of this metal in the
extracellular space. Since zinc cannot pass easily through membranes, zinc-
transporting proteins, ZIPs (Zrt-Irt-like protein or zinc iron permease), and ZnTs
(zinc transporters) help to facilitate this process. The presence of zinc(II) within the
cell causes an increase in the major zinc-binding protein metallothionein, and it
binds to MTs forming a thermodynamically stable complex. MT can be activated by
various stimuli including heavy metal ions, cytokines, growth factors, and oxidative
stress within the cell. Cells that display high MT production are resistant to heavy
metal toxicity by cadmium, whereas cell lines that cannot synthesize MTs are
sensitive to the toxic effects of cadmium (Ruttkay-Nedecky et al. 2013).

One fascinating study with rats indicated that pre-treatment with zinc has protec-
tive effects against depleted uranium toxicity. Posttreatment with zinc also had a
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protective effect but to a lesser extent. In fact, the pre-treated group had a 60% higher
rate of survival than the untreated group. Blood urea nitrogen, creatinine, and urine
N-acetyl-β-D-glucosaminidase concentrations were significantly decreased. The
gene expression levels of metallothionein (MT) in kidney tissues were significantly
increased, and catalase levels were increased, as well. Thus, the protective mecha-
nism that alleviated DU toxicity appeared to be related to the induction of MT
synthesis and the enhancement of antioxidant function (Hao et al. 2012). It is quite
possible that this result could extend to humans given that these multifunctional
proteins are so well-conserved from nematodes to mammals (Isani and Carpene
2014) and zinc fortification may be worth investigating.

In rats, rice fortified with zinc oxide or zinc carbonate is a feasible vehicle for zinc
absorption, although zinc oxide displays lower bioavailability than zinc carbonate
(Lucia et al. 2014). In young adults, zinc absorption from supplemental zinc citrate is
comparable with that from zinc gluconate but higher than from zinc oxide
(Wegmuller et al. 2014).

17.5 Conclusions

The biochemical detoxification of uranium in humans is still not completely under-
stood. It appears to activate various antioxidant enzyme activities in mammals
including superoxide dismutase, catalase, and glutathione enzymes, although, the
results between treatment with depleted uranium and enriched uranium are not
always comparable and may vary between tissues. Nevertheless, it is known that
depleted uranium/natural uranium chemotoxicity and radiotoxicity can occur
through the generation of free radical species and initiation of DNA damage
(double-strand breaks) within the cell resulting in apoptosis. Apoptotic deregulation
is increasingly viewed as a major mechanism for carcinogenesis.

Epidemiological data suggests that uranium is implicated in the etiology of
lymphoma, leukemia, renal, and respiratory tract cancers. Animal studies indicate
reproductive toxicity and teratogenicity as a result of uranium exposure. DU displays
estrogenic activity leading to an increased risk of fertility problems in mice, and it
can cause cell apoptosis in mouse kidney. Cell studies show that depleted uranium-
uranyl chloride causes apoptosis in mouse macrophages and uranium promotes
oxidative stress in rat lung epithelial cells which can also induce apoptosis. Events
associated with apoptosis have been observed following uranyl acetate treatment of
isolated rat kidney mitochondria. In human osteosarcoma cells, DU exposure results
in genomic instability, and, in human kidney cells, DU induces apoptosis. DU is
cytotoxic and clastogenic in human bronchial fibroblasts. Therefore, according to the
new approach to cancer risk assessment, it is highly likely that certain uranium
isotopes including those of depleted uranium are implicated in respiratory disorders
and lung cancer in humans. DU is also nephrotoxic in nature resulting in various
renal effects such as chronic kidney disease, and it has the potential for causing renal
cancer via the initiation of apoptosis. Additionally, it is probable that uranium can
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cause lymphoma and leukemia. Apoptotic assays should be carried out in human
lymphocytes and other white blood cells to further test the carcinogenic potential of
isotopic uranium in these tissues.

Metal chelation therapy and citrate and zinc supplementation may represent
possible methods of uranium detoxification. There is no published data relating to
the effectiveness or viability of these treatments in patients with 100 or 200 times the
normal body burden of uranium. Since metal chelation depletes the body of
micronutrients, which need to be replenished, and only removes a limited quantity
of toxic elements, which can be redistributed from less accessible to more accessible
body compartments following therapy, such a course of treatment might extend over
a period of several years. Therefore, a more practical solution like the development
of uranium-specific chelating agents is necessary.

Traditional methods of soil remediation are costly and labor-intensive (a typical
project can cost more than $200–300 billion), while phytoremediation represents a
newer, more economic, and environmentally friendly approach to cleaning up heavy
metal and radionuclide contamination. On the downside, the latter has low extraction
efficiency, generates large quantities of contaminated biomass, and requires long
periods to complete the decontamination process. The aim of soil amendments is
mainly metal immobilization and/or inactivation, while the main aim of
phytoremediation is metal hyperaccumulation in various plant parts, and a combi-
nation of these two methods can be effective in the remediation of contaminated
agricultural soils. However, few reports of the application of such combined tech-
niques to cases of uranium contamination appear in the scientific literature
suggesting that it is a relatively new field of research. Therefore, it is not possible
to judge their efficacy for uranium removal as yet. Other biotechnological
approaches that are currently being tested and may be applied to this type of
pollution in the future include biomineralization (mineral synthesis by living organ-
isms or biomaterials), biosorption (via dead microbial and renewable agricultural
biomass), dendroremediation (growing trees in polluted soils), biostimulation (stim-
ulating living microbial populations adapted to accumulating the pollutant),
mycoremediation (stimulating living fungal/mycelial ultrafiltration),
cyanoremediation (stimulating algal mass for remediation), and genoremediation
(stimulating specific genes for remediation through selection or genetic engineering
of transgenic plants) (Mani and Kumar 2014).

Uranium contamination due to the continued use of depleted uranium weapons
and nuclear accidents has potentially far-reaching consequences for humans and
wildlife populations. In fact, DU could prove to be an unprecedented ecological
hazard. Moreover, the remediation of uranium and other related radionuclide con-
tamination is an extremely complex and expensive biological and environmental
problem. Currently, there is limited data available on effective remediation methods
for the removal of uranium in contaminated areas. Furthermore, remediation mea-
sures are of indeterminate efficiency as the ratio of uranium contamination to soil,
uptake by plant species, and the total body burden in humans increases. As a primary
health and ecological measure, it is suggested that an immediate global ban should
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be placed on the use and manufacture of DU weapons. Violators of the ban should be
made to bear all remediation and public health costs.

Acknowledgments I am grateful for discussions with a bright, young geologist, Talya Grewal,
that helped to shape this chapter.
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