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Preface

Cellular lesions are related to macromolecular synthetic processes including the
hierarchical flow of genetic information. Heavy metals generate oxidizing radicals
through the Fenton and Haber-Weiss reactions leading to metal-induced carcino-
genesis mediated primarily by the elevated levels of reactive oxygen species. Heavy
metal-induced oxidative stress can lead to different types of cellular damages as a
consequence of incomplete reduction of oxygen. Oxidative damage causes changes
in DNA structure, the long term effects of which can lead to multiple mutations and
malignant transformation. The detection of oxidative damages involves chromato-
graphic, biochemical and immunochemical approaches. Early detection of cytotox-
icity at structural and functional level of DNA combined with high sensitivity are
the expected benefits of the approaches suggested in this book. The advantages of
using cell cultures to measure the cellular toxicity of heavy metals are: controlled
cell growth, known concentrations and time of exposure to metal ions.

The book summarizes the cellular effects of metals including in alphabetical
order: Ag, As, Cd, Cr, Cu, Hg, Ni, Pb, Ta, U, W, Zn with respect to their impact on
microbial, plant, yeast, insect and mammalian cells. Cellular effects of heavy met-
als involve: accumulation, mutagenesis, chromosomal changes, gene expression,
activation of signal transduction pathways, apoptosis, transporters, protein binding,
folding and degradation. These cellular changes affect not only the fate of cells but
also our everyday life. The special website provides vivid performance of cellular
movements of individual cells, cell divison and how cellular etology is influenced
by the presence of heavy metals.

Cells have evolved sophisticated defense mechanisms to protect themselves
agains heavy metal toxicity. At the genomic level many genes and regulatory path-
ways have been identified, but their implications on the higher order structure of the
genetic material have not been investigated. To better define the impact of heavy
metals on chromatin structure the effects of cadmium, nickel, chromium and silver
in mammalian cells have been examined and compared with earlier studies on mer-
cury and lead. Accumulating data suggest that the chemical properties of metal ions
are the primary determinants in their biological effects. The three dimensional struc-
tures of heavy metal ions seem to influence their uptake by tranporters into cells and
their oxidation potential, mutagenicity and carcinogenicity. As these last two main
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properties are different, the genotoxic effects of heavy metal ions are also variable
and characteristic to individual metals. To distinguish among morphological chang-
es, data of heavy metal treatments have been converted to graphical presentations
allowing the detection of normal behavior, apoptotic or necrotic cell death.

The wealth of information provided in the book and the additional information
in the website provide information for a wide spectrum of audience. Besides the
experts, universities, schools and students, scientists involved in chemistry and bi-
ology, particularly in DNA reserach including cell biology, genetics, biochemistry,
molecular biology will find new information in this book, which is expected to have
an intellectually stimulating impact on their future research. The book does not go
into details regarding the effect of heavy metals on organisms with the notable ex-
ceptions of blood lead levels and heavy metal-induced carcinogenicity caused by
depleted uranium and heavy-metal tungsten alloy in human and animal populations.
The long-term low-grade toxicity is in most of the cases more damaging on the long-
term leading to chronic illnes than a single acute heavy metal exposure which is rare.
Due to the increasing concern of heavy metals pollutions world-wide, health service
employees and non-professional readers will be equally attracted by the book.

Special Website

The reader will find a special Springer website; http://extras.springer.com/ entitled:
“Long-term scanning system to visualize the cellular toxicity of heavy metals” or-
chestrated by Gabor Nagy, Melinda Turani, Kinga Ujvarosi and Gaspar Banfalvi.
This site deals with cellular ethology, and follows the fate of individual cells upon
heavy metal treatment. The heavy metal induced cellular changes have been com-
pared with the cellular movement of normal healthy cells.
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Chapter 1
Heavy Metals, Trace Elements and Their
Cellular Effects

Gaspar Banfalvi

Abstract The book starts with the brief review of chapters. In this chapter heavy
metals have been redefined as those trace elements that have >3 g/cm® densities
and may cause harmful biological effects. The chapter arrived to this definition by
clarifying first the light elements on the basis of their electronic configurations and
compatibility with those of bioelements (CHNOPS group) in constructing biomol-
ecules. As compatibility criteria the chemical bond formation between s—p electrons
and p—p electrons were taken, allowing the tetrahedral three dimensional construction
of biological compounds with four bonding partners. The compatibility range ended
at 18?2s?2p®3s?3p®4s? electronic configuration corresponding to calcium, which is the
20th element in the periodic table. From element 21 (Sc) the wide range of redox
behavior, high reactivity, rich coordination chemistry and complex formation of tran-
sition metals is due to the outher d and f'electron subshells and explain their important
catalytic role in enzyme reactions and toxicity at higher cellular concentrations. The
chapter describes the most important cellular effects of heavy metals. The advantages
of changing from in vivo to in vitro cellular systems have been pointed out. The
methods for the detection and determination of heavy metals in cells are summarized.

Introduction

Why Another Book on Heavy Metals?

The short answer to this question is that cellular and subcellular functions of heavy
metals have neither been described in any detail nor summarized in a book. To the
contrary the effect of heavy metals on organs and organisms has been intensively

G. Banfalvi (<)

Department of Microbial Biotechnology and Cell Biology, University of Debrecen, 1 Egyetem
Square, 4010 Debrecen, Hungary
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studied. This is indicated by a fast search in PubMed by entering the words “heavy
metals” and getting more than 338,000 publications (as of January 2011). After jus-
tifying the requirement of a book dealing with the cellular effects of heavy metals
one can omit lengthy discussions of general toxic effects, comprehensive reviews
of heavy metals dealing with the physiology, including nutrition, intestinal absorp-
tion, heavy metal poisoning, excretion, homeostasis and their role in the function of
different organs (heart, muscle, liver, lung, brain, kidney etc.).

Brief Review of Chapters

Before going into the details of Chap. 1, a brief outline of Chaps. 2—-16 is given.

Chapter 2. The aim of this chapter is the biotechnological evaluation of data
accumulated in the last decade on the molecular background of the toxic metal/
metalloid tolerance of fungi.

Chapter 3 describes that although, Cr(VI) reduction itself may proceed outside
the cell, it is now generally accepted that Cr(VI)-induced DNA damage and geno-
toxicity takes place intracellularly. The extracellular reduction of Cr(VI) to Cr(II)
is regarded as a detoxification process, as Cr(IIl) crosses the cell membrane at a
much slower rate than Cr(VI). There are certain Cr(V) and Cr(II) complexes gener-
ated extracellularly that have high permeabilities and consequently may penetrate
into the cell and cause intracellular damage. The reduction of Cr(VI) to Cr(Ill) with
different antioxidants is not only a detoxification reaction, but also increases the
viability of the budding yeast Saccharomyces ceravisiae.

Chapter 4. The arsenic tolerance mechanism of yeast cells is elucidated by re-
viewing the molecular biology of arsenic tolerance in budding yeast, focusing on
arsenic sensing, signalling and detoxification mechanisms and how these pathways
are regulated.

Chapter 5. Heavy metal toxicity of methyl-HgCl, HgCl, and CdCl, in the Aedes
albopictus insect cell line is discussed. Short treatment of Aedes albopictus cells
with sublethal doses of CdCl, and HgCl, induced abnormal microtubular polym-
erization giving the cells a neuron-like appearance, while MeHgClI was not able to
induce such neurite-like processes. Viability and proliferation assays showed clear
distinction among the toxicities of Cd, Hg and MeHg reflecting differences of their
mechanisms of action.

Chapters 6-9. The effect of heavy metal ions (Cd?*, Ni**, Cr®", Ag") on chroma-
tin structure was a neglected field so far. Chromatin distorsions are visualized in
these chapters. These chapters confirm the notion that cells similarly to organisms
die in many ways and the genotoxic cell death is dependent on the heavy metal or
other toxic agent.

Chapter 6. Oxidative DNA damages of Cd have apoptotic biochemical and
morphological consequences. Low concentrations of CdCl, (0.5-5 uM) cause bio-
chemical (strand breaks, carcinogenic indicator, DNA replication, DNA repair) and
morphological (chromatin) changes in CHO and murine preB cells.
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In Chap. 7 chromatotoxicity was visualized by time-lapse video microscopy
designed to follow the motility of single cells under physiological and genotoxic
conditions. Ni-treated cells moved faster than control cells, but this motion was less
intense than the so called “apoptotic dance” preceding cell death observed recently
after Pb-treatment of HaCaT cells.

Chapter 8. With regard to carcinogenicity two heavy metals, chromium(VI) and
arsenic(IIl) are considered human carcinogens sharing common properties. That
chromium ions, especially Cr(VI) interfere with the chromatin structure and cel-
lular functions of Schisosaccharomyces pombe are discussed in Chap. 8. Results
show that subtoxic levels of Cr(VI) (<1 uM) did not cause significant chroma-
tin changes in S. pombe cells. Early signs of apoptotic cytotoxicity were observed
at 10 uM Cr(VI)concentration. Nuclear changes caused by 10 and 50 uM Cr(VI)
were characterized by apoptosis seen as broken nuclei and apoptotic bodies. High
concentration of Cr(VI) ions (75-200 uM) initiated necrotic nuclear changes.
MIC,, values of Cr(VI) and Cr(III) show that Cr(VI) is ~15-times more toxic than
Cr(I1D).

Chapter 9. The most typical chromatin change upon AgNO, treatment of Ha-
CaT and K562 cells was chromatin tail formation that could be accounted for by
a decrease in chromatin supercoiling related to a dose dependent reduction of ATP
content.

Chapter 10. In this chapter, two of the more recent additions to the weapons
arena, depleted uranium and heavy metal tungsten-induced genotoxic and carcino-
genic properties are detailed. The toxicological and genotoxic properties derived
from in vitro and in vivo studies and the health effects of known human exposures
are discussed.

Chapter 11. The possible role of oxidative damage in metal-induced carcino-
genesis is reviewed in this chapter presenting evidence of the possible mechanistic
involvement of oxidative DNA and protein damage in metal-induced carcinogene-
sis. The strongest association of oxidative damage with carcinogenesis comes from
the mutagenicity of DNA. Oxidative damage to nuclear proteins affects chroma-
tin structure, gene expression, whereas damage to regulatory proteins disturbs cell
cycle and induces apoptosis.

Chapter 12. Proteins as targets of heavy metals and metalloids are discussed in
this chapter. The interference of heavy metal ions (Cd**, Hg?>" and Pb*"), metalloid
arsenic(IIl) species inhibit the refolding of denatured proteins and may lead to the
formation of proteotoxic aggregates of misfolded proteins.

Chapter 13 describes that ubiquitin ligases play a key role in the cadmium in-
duced stress response. Murine embryonic fibroblast cells exposed to cadmium,
methylmercury and arsenic induce oxidative stress, disrupt the ubiquitin protea-
somal system, cell cycle regulation and may affect key cell stress pathways.

Chapter 14. The heavy metal-induced disruption of ubiquitin proteasomal sys-
tem plays a critical role in cellular mechanisms such as cell cycle regulation and
apoptosis.

Chapter 15: As far as the cellular effect of heavy metals is concerned lead poi-
soning is known to cause the formation of small red blood cells. As a consequence



6 G. Banfalvi

of lead poisoning megaloblastic anemia/pernicious anemia may occur inducing el-
evated serum iron level. Blood level-Pb is regarded as a biological marker to envi-
ronmental lead exposure.

Chapter 16: The best known way to inactivate heavy metals is by chelation, with-
out removing them from the environment. The last chapter of the book provides a
solution for the removal of heavy metals as their highly insoluble sulfides and the
oxidation of toxic contaminants.

Definition of Heavy Metals

The term heavy metals has been generally used by referring to a group of metals and
metalloids (semimetals), and to their contamination that is often causing toxicity and
ecological problems. The available lists of heavy metals significantly differ from
one another raising the question how heavy metals could be more precisely defined.
Since there is no such clear definition, let us define first the light metals. Looking
at the periodic table we see a gradual increase in the atomic number of elements
starting from hydrogen. But which element should be the upper limit of the light
elements. The electronic configurations is a reasonable orientation point. The basic
principle is to go as far in the electronic configuration of elements as possible with-
out disturbing the compatibility of the bioelements known as the CHNOPS group.
In the mnemonic CHNOPS the letters stand for the symbols of carbon, hydrogen,
nitrogen, oxygen, phosphorus and sulfur. Worthwhile to notice that the elements
of the CHNOPS group belong to the first three periods and these elements contain
exclusively s and p electrons, but no d or felectrons (Table 1.1). The s sublevel can
hold two electrons, so 1s in the first period is filled at helium (1s2). The p sublevel in
the second and third periods can hold six electrons, in the d-block the atoms of the
elements have between 1 and 10 d electrons and the f'sublevel 14 electrons. Periods
four and five can hold 18, period six can hold 32 and period seven 16 elements.
Although, there are more than 30 elements that can be found in cells, the ele-
ments of the CHNOPS group are the most abundant. These six bioelements make
up nearly 98% of humans. Although, calcium is not among the bioelements, it con-
tributes to 1.5% body weight at least in humans. Most of the calcium is present as
bones where Ca is in homeostatic equilibrium with the calcium level of the blood.
In Table 1.1 the first 20 elements are indeed light, as their density is less than 3 g/
cm’. The 21st element in the periodic table is scandium (Sc) with a density of nearly
3 g/cm? and an electron configuration of 1s?2s?2p%3s?3p%4s23d!. Its properties are
intermediate between those of Al and Y, which are other eka-boron elements (lying
under boron in the periodic table), similarly to the properties of Ca which is inter-
mediate between those of Mg and Sr. There is also a diagonal relationship between
Mg and Sc, just as there is between Be and Al. Scandium is not only a transition
element, but also a rare earth element. The atoms of transition metals have incom-
plete d-sub-shells or can give rise to cations with incomplete d-sub-shells. Groups
3 through 12 of the periodic table are called “transition metals” with valence elec-
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Table. 1.1 Electronic configuration of the light elements of the periodic table
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trons, or the electrons they use to combine with other elements, present in more than
one shell. The three noteworthy elements in the transition metals family are iron,
cobalt, and nickel, which are able to produce a magnetic field. Of the 38 transition
elements here only those are mentioned which also belong to the microelements i.e.
they have been found in cells or are frequently mentioned among toxic agents: Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Mo, Ag, Cd, Hg, B. Post-transition metals are:
Zn, Cd, Hg and UUD of group 12. The 30 rare earth elements that are special transi-
tion metals at the bottom of the periodic table belong to the lanthanide and actinide
series found in group 3 of the periodic table and in the 6th and 7th periods. Some of
the trans-uranium elements have been synthesized by man. Sixteen of the rare earth
elements are not as rare as their name would suggest. They are found in nature in
much higher quantities than the precious metals gold or platinum with a yearly rare
earth element production of nearly 150,000 t. Actinides are all radioactive including
the best known and most dangerous actinides of uranium (U), thorium (Th), neptu-
nium (Np) and the transuranium plutonium (Pu, artificial). Environmental radioac-
tivity and pollution is not limited solely to actinides. There are non-actinides such
as radium (Ra) and radon (Rn) which is the radioactive daughter from the decay of
uranium or cobalt-60 (Co%’) and strontium-90 (Sr*°).

Due to the number of properties shared by the transition elements it is reasonable
to classify them as heavy metals. But is it right to draw the dividing line between
light and heavy metals at ~3 g/cm3? The term heavy metals was regarded as mean-
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ingless as scientists were unable to come up with a consensus. Moreover, the term
heavy metal has never been defined by IUPAC, thus it was suggested that any idea
of defining heavy metals on the basis of density should be abandoned as it was
yielding nothing but confusion (Duffus 2002). This conclusion came from defini-
tions modified by various authors classifying heavy metals with different specific
gravity values (Bjerrum 1936; Van Nostrand 1964; Grant and Grant 1987; Parker
1989; Lozet and Mathieu 1991; Morris 1992; Streit 1994; Thornton 1995; Falbe and
Regitz 1996; Srivastava and Majumder 2008). The general tendency in these earlier
definitions was that the elemental specific gravity values of heavy metals decreased
from >7 to >3.5 g/cm?® between 1936 and 1996. Heavy metal is meaningless in the
sense that metals are available to plant and animal cells in solution and once such
a chemical compound is formed the density of the metal is of less importance (Ap-
penroth 2010). The main reason why the name “heavy metal” cannot be abandoned
is that the term is associated with elements that have harmful biological effects or
are expected to be toxic. In plant science, the term heavy metal is so widely accept-
ed that it would be difficult to eliminate it (Appenroth 2010). As a typical example
the accumulation of heavy metals in plants is mentioned. There is a significant dif-
ference in heavy metal accumulation in plant roots versus shoots between accumu-
lator and nonaccumulator plants indicating that metal accumulation and tolerance
is a complex trait, requiring the coordinated expression of specific metal transport-
related genes in different cell types (Klein et al. 2008). Specific metal tolerance
found at cellular level in hyperaccumulating plants reflected specific adaptations
to heavy metals (Ni, Zn, Cd) not only in the whole plant but also in cells (Marques
et al. 2004). The metal/metalloid tolerance in fungi is discussed in the next chapter.

As we can neither abandon the use of “heavy metals” nor wait till this term be-
comes obsolete, it is better to redefine it. It is suggested to set the boundary between
light and heavy metals at the lowest specific gravity value (>3 g/cm?). The most
important heavy metals include (in alphabetic order): antimony (Sb, atomic number
51), arsenic (As, 33), barium (Ba, 56), bismuth (Bi, 83), cadmium (Cd, 48), cerium
(Ce, 58), chromium (Cr, 24), cobalt (Co, 27), copper (Cu, 29), gallium (Ga, 31),
germanium (Ge, 32), gold (Au, 79), iron (Fe, 26), lead (Pb, 82), manganese (Mn,
25), mercury (Hg, 80), nickel (Ni, 28), platinum (Pt, 78), rubidium (Rb, 37) silver
(Ag, 47), strontium (Sr, 38), tellurium (Te, 52), thallium (Th, 81), tin (Sn, 50), tita-
nium (Ti, 22), uranium (U, 92), vanadium (V, 23), zinc (Zn, 30), zirconium (Zr, 40).

At 3 g/cm? and higher density values the chemical properties of transition or
d-metals have several features in common: most transition metals have variable va-
lences, with more than one possible oxidation- or valence-state causing significant
incompatibility with bioelements. The covalent bonding of bioelements requires the
consideration of valence shell atomic orbitals. For second period elements such as
carbon, nitrogen and oxygen, these orbitals have been designated 2s, 2p , 2p, and
2p,. The spatial distribution of electrons occupying each of these orbitals is shown
in the diagram below reflecting the axial symmetry of single bond formation be-
tween electrons and the tetrahedral geometry of s—p and p—p bond formation with
a tetrahedral bond angel of 109.5° with four bonding partners (Fig. 1.1), trigonal
configuration (120°) with three and linear arrangement (180°) with two bonding
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Fig. 1.1 Atomic orbitals for

y y y y
the s electrons of the 1-4 z z z z
period elements and tetrahe-
dral orientation of p electrons X X X b
of the second and third period
elements 1 1

1s, 2s, 3s, 4s 2p and 3p

partners. The bond angles of water (H,0, 104.5°) and ammonia (NH,, 107.3°) are
somewhat distorted relative to the tetrahedral bond angel and make these molecules
polar.

Due to the presence of d electrons the atoms of transition metals can form nine
sp3d hybrid bond orbitals either as neutral atoms (Co, Rh, Ir) or after taking up an
electron (Fe, Ru, Os). To demonstrate how much such structures differ from the
tetrahedral building blocks of the CHNOPS group, the involvement of enneaco-
valence (formation of nine covalent bonds) is taken as an example. In enneaco-
valent structures with nine hydrogens, these atoms lie at the corners of a trigonal
prism with three lateral caps (Abrahams et al. 1964). Enneacovalence of iron can be
achieved by transferring an electron to the iron atom. Enneacovalent iron and cobalt
structures are compatible with the electroneutrality principle of covalent bonds, but
their molecular shape is quite different. The electroneutrality principle states that
the resultant electric charge on each atom is close to zero (in the range of +1).

If we would not consider their biological impact and would take only the specific
gravity to define heavy metals, then all metals above 3 g/cm? would belong to the
heavy metals. To come closer to an acceptable definition we have to make a selec-
tion and specify that heavy metals have higher than 3 g/cm? densities, have biologi-
cal effects at low concentrations and are toxic when present in cells at higher than
the tolerable physiological level.

Trace Metal Elements

Here only the analytical and biochemical meaning of trace metal elements is dealt
with, while the geochemical composition of trace metals is neglected. To denote the
relative proportions, a trace metal element is present in a sample of less than 100
parts per million (ppm, 107°) i.e. less than 100 pg/g. Such minute quantities of trace
metals are needed for the proper growth, development, and physiology of the cell
or organism (Bowen 1976). Trace metal elements in nutrition are also referred to as
micronutrients. Major criteria for a micronutrient trace element are: (a) its presence
in healthy tissues, (b) appearance in fetus and newborns, (¢) homeostatic control of
uptake in the blood, (d) control of excretion, (¢) known biological function. The es-
sential microelements that meet all these criteria include cobalt (Co, atomic number
27), copper (Cu, 29), chromium (Cr, 24), fluorine (F, 9), iron (Fe, 26), iodine (I, 53),
manganese (Mn, 25), molybdenum (Mo, 42), selenium (Se, 34) and zinc (Zn, 30).
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Fig. 1.2 Trace elements of the periodic table. These include elements from the 2nd to the 6th
periods: Li, B, F, Mg, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr,
Mo, Ag, Cd, Sn, I, Ba, Au, Hg, Pb, Bi (boxed and indicated by asterisk in the periodic table). The
staircase-shaped dividing line between metalloids from boron to astatine is indicated by the white
dotted line. In periods 1-4 only the noble gases (He, Ne, Ar, Kr) and scandium (Sc) have no known
biological function

Less stringent criteria would allow the additional incorporation of nickel (Ni, 28),
tin (Sn, 50), vanadium (V, 23), silicon (Si, 14), boron (B, 5) as important micronu-
trients, whereas aluminum (Al, 13), arsenic (As, 33), barium (Ba, 56), bismuth (Bi,
83), bromine (Br, 35), cadmium (Cd, 48), germanium (Ge, 32), gold (Au, 79), lead
(Pb, 82), lithium (L1, 3), magnesium (Mg, 12), mercury (Hg, 80), rubidium (Rb, 37),
silver (Ag, 47), strontium (Sr, 38), titanium (Ti, 22) and zirconium (Zr, 40) have
been found in plant and animal tissues (Fig. 1.2), but their biological importance is
still to be clarified. The comparison of heavy metals with trace elements shows that
most of the heavy metals are trace elements some of them with known, others with
unknown biological function. Trace elements which are not heavy metals i.e. their
density is less than 3 g/cm? are: Li, B, Mg, Al and Si. Trace amounts of lithium are
present in the oceans and in some marine organisms, without apparent vital bio-
logical function. Lithium, despite of its simple structure, has numerous biological
effects. It was reported to have a therapeutic effect in the prophylactic treatment of
manic depression (Shastry 2005). Boron is a plant nutrient, its lack causes boron
deficiency, whereas high soil boron concentration is toxic to plants. It is regarded as
an ultratrace element at least for rats, without known biological function. Magne-
sium ions play an important role in the chemical reactions of biological phosphate
compounds such as ATP, DNA, and RNA. Many enzymes require magnesium ions
in order to function. Magnesium is the metallic ion at the center of chlorophyll. Alu-
minum has no known biological function, but may play a role in pathology. Silicium
is ingested with tap water as silicon. Silicon present in the body as silicic acid may
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have a role in protection against aluminium toxicity (Parry et al. 1998). Looking at
the periodic table we can see that in periods 1—4 only the noble gases (He, Ne, Ar,
Kr) and scandium (Sc) have no biological function. In the right side of periods 5
and 6 we find primarily heavy metals belonging to transition metals (Ag, Au), post-
transition metals (Cd and Hg), metals belonging to main group elements (Rb, Sr,
Ba, Sn, Pb, Bi) and the metalloids along the stair-step line that distinguishes metals
from non-metals drawn from between boron and aluminum to the border between
polonium and astatine (Sb, Te, Po).
After reviewing briefly the trace elements, one can define heavy metals as:

1. metals that have >3 g/cm? density,

2. those trace metal elements that are found in cells and are known as microele-
ments: including elements from the 2nd to the 6th periods: Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Zr, Mo, Sn, I, Ba, Pb, Bi, with the excep-
tion of those trace elements which are not heavy, i.e. their density is less than 3 g/
cm’: Li, B, Mg, Al and Si,

3. trace elements that may form amphoteric oxides (Al, Ga, In, Tl, Sn, Pb, Sb,
Po), include metalloids (Ge, As, Te), that are transition metals (Ag, Au), post-
transition metals (Al, Ga, In, Sn, Th, Pb, Bi), rare earth element (Sc),

4. transition metals mentioned among the trace elements.

As a conclusion of the introduction heavy metals are defined as trace elements with
>3 g/cm? densities, have some biological functions at low concentration and cause
toxic effects at higher than physiological concentrations.

Cellular Effects of Heavy Metals

Biological toxicity may originate from inorganic (metals, metalloids, non-metal
compounds) and organic (phosphorus, nitrogen, aldehyde containing) compounds,
drugs, biological venoms, toxins, poisonous food, plant, fungi. Here only the cel-
lular effects of inorganic compounds particularly those exerted by metals and metal-
loids will be dealt with. Minerals occurring in small quantities in cells are important
for normal biological function. Minerals play a homeostatic role in organisms con-
trolling nerve function, muscle contraction and metabolism, regulate electrolyte and
hormone production. Among the heavy metals trace amounts of cobalt, copper, iron,
manganese, molybdenum, vanadium, strontium, selenium and zinc are essential for
cells.

Cobalt: The reactive C—Co bond of vitamin B12 (cyanocobalamin) participates
in enzyme catalyzed reactions (Voet and Voet 1995).

Copper is found in the copper centers of cytochrome c oxidase, in the Cu—Zn
containing enzyme superoxide dismutase and in the oxygen carrying pigment he-
mocyanin. More than a dozen enzymes have been found to contain copper.
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Iron has two vital functions in the cells of all mammals: (1) hemoglobin is lim-
ited to oxygen transport in erythrocytes where it is in ferrous state (Fe?"), and (2)
the other cellular function of iron is mitochondrial oxidation where it is involved in
iron-cytochrome-c reductase catalysing the chemical oxydoreduction of:

ferrocytochrome ¢ 4 Fe**= ferricytochrome ¢ 4 Fe?*
Cyanide is poisoning the cytochrome function, forming a stable complex with an-
other cytochrome, namely the ferric form of cytochrome oxidase. This enzyme pro-
motes the transfer of electrons in the mitochondria of cells during the synthesis of
ATP. Without cytochrome oxidase function, cells cannot utilize the oxygen present
in the blood, resulting in cytotoxic hypoxia or cellular asphyxiation, respiratory ar-
rest and death.

Manganese is necessary for energy production, bone and blood formation, nerve
function, protein, lipid, and glucose metabolism Mn is involved in the production
of cholesterol in the metabolism of lipids and glucose.

Molybdenum as a trace element helps to regulate the iron stores and is involved
in the carbohydrate, lipid and urine metabolism. Mo plays a crucial role in the
catalytic activation of xanthine oxidase (uric acid synthesis) aldehyde and sulfite
oxidation.

Vanadium seems to be essential to growth and is involved in lipid metabolism. Its
deficiency may increase blood cholesterol and triglyceride levels.

Stroncium is promoting calcium uptake into bones at moderate supplementation,
but contributes to rachitis at higher Sr levels (Nielsen 2004).

Selenium containing enzymes are involved in the hormonal effects of thyroid
hormones (T, T,) and are efficient antioxidant peroxidases and in combination with
antioxidant vitamins (vitamin C, E) help the production of antibodies, aid the func-
tion of pancreas and provide defence against oxidation. Over 70 metalloenzymes
are known to require zinc for their functions. (http://www.diagnose-me.com/cond/
C15891.html#G368).

Non-essential Harmful Heavy Metals

These metals include cadmium, antimony, chromium, mercury, lead, and arsenic,
the last three of them being the most toxic. The toxicity of metals on multicellular
organisms is not the subject of this book. Signs and symptoms of heavy metal poi-
soning are only mentioned but not discussed as they belong to the organismal level
of toxicity. Heavy metals (Fe, Mn, Cd, Cu, Hg) originating from dental amalgams
are suspicious of being implicated in the development of Parkinson’s disease. Toxic
exposure to heavy metals generating high blood and brain levels, is believed to play
a role in the development of Alzheimer’s disease. Heavy metals such as mercury,
cadmium, lead and thallium poison the glucose metabolism resulting in hypogly-
cemia manifested as lack of concentration, hyperactivity, impulsive, unpredictable
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or depressive behavior. Arsenic and lead may cause neuritis accompanied by nerve
pain (neuralgia).

Cellular Toxicity of Heavy Metals

As far as the cellular effects of heavy metals are concerned lead poisoning is known
to cause the formation of small red blood cells. As a consequence of lead poisoning
megaloblastic anemia/pernicious anemia may occur inducing elevated serum iron
level. Blood level-Pb as a biological marker to environmental lead exposure will be
detailed in Chap. 15.

At the cellular level the wide range of redox behavior, higher reactivity and com-
plex formation of transition metals is based on the outer d electron subshell and
explains their important catalytic role in enzyme reactions. It has been recently de-
scribed that such pluridentate protein—metal complexes interfere severely with the
formation of the native protein conformation (Sharma et al. 2008; Ramadan et al.
2009). That heavy metal ions (e.g. Cd**, Hg?" and Pb*") and metalloid arsenic(I1I)
species efficiently inhibit the refolding of chemically denatured proteins will be
discussed in Chap. 12.

Cell injury is likely to be initiated by the formation of stable complex with a
protein, receptor, cofactor, or via the formation of highly reactive species (Bridges
et al. 2006). All ionic heavy metals significantly contribute to the production of
free radicals. A free radical is an atom or a compound which has an odd number
of electrons in its outer orbital, living this electron unpaired and reactive. Cells
constantly encounter low levels of free radicals. These reactive species indiscrimi-
nately pick up electrons from other atoms in their neighborhood and convert those
into secondary free radicals setting up a chain reaction causing random biological
damage in the cell. This process is now considered a major cause of aging. One of
the most reactive transition metal ions is iron, present at low levels in biological
systems that catalyzes the Haber—Weiss reaction generating hydroxyl (*OH) and
superoxide (°0,") radicals. Iron catalyzed by hydrogen peroxide generates the pro-
duction of hydroxy (OH") ions and hydroxyl radical (*OH) known as the Fenton’s
reaction. The Haber—Weiss reaction and the following Fenton reaction have been
widely postulated to account for the in vivo generation of hydroxyl radical, known
as the most reactive oxygen species (Haber and Weiss 1932; Kehrer 2000; Kop-
penol 2001).

Fe** +°0,” — Fe*™ + 0, Haber —Weiss reaction

Fe’* + H,0, — Fe’* + *OH + OH™ Fenton reaction

The reason why heavy metals entering cells multiply free radicals from thousand
to million times is that when free radicals collide with toxic metals many new free
radicals are generated initiating a chain-reaction. Environmental agents significant-
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ly contribute to an increase of free radicals. Among them lead, cadmium, pesticides,
ionizing radiation, alcohol and cigarette smoking initiate most frequently free radi-
cals. Chapter 11 presents and discusses evidence of the involvement of oxidative
DNA and protein damage in metal-induced carcinogenesis.

Detoxification of Heavy Metals

Known means in heavy metal detoxification include garlic and cilantro (coriander
leaves), vegetables, fruits and their juices. Vegetable juice is an important source of
raw food and has the advantage that it does not raise insulin levels like fruit juice.
The loaded sugar content is a significant drawback to drinking soda and is even
worse than fruit juicing resulting in weight gain. Antioxidants (e.g. vitamin C, vita-
min E, beta carotene, coenzyme Q10) are able to prevent the formation of reactive
oxygen species, but do not eliminate metals from cells. The best known way to re-
move toxic heavy metals is chelation using N-acetyl-cystein or EDTA. The removal
of heavy metals from water as sulfides and toxic contaminants will be described in
the last chapter of this book.

There are specific enzymes adapted to catalyze the detoxification of superoxide
radicals to oxygen and peroxide. These superoxide dismutases provide an effective
antioxidant defense mechanism in most of the cells exposed to molecular oxygen.
The general chemical reactions catalyzed by dismutases:

M®*+D+ _ SOD + *0,” — M™" — SOD + O,
M™ —SOD + °0,” + 2H" — M®*D* _ SOD + H,0,

where M is the metal (Cu, n=1; Mn, n=2; Fe, n=2; Ni, n=2), *O, " is the superox-
ide radical and SOD stands for superoxide dismutase.

Detection of Cellular Toxicity of Heavy Metals

Replacing In Vivo Animal Studies with In Vitro Systems

The classical approach to determine the toxicity of a compound aimed to predict
whether a chemical could be harmful to man was done by using different animal
species and increasing doses in short-term (acute) and long-term (chronic) toxicity
tests. Long-term animal studies served as conclusive evidence for the carcinoge-
neity of a chemical. The lowest short-term toxic dose of a potential drug in the
most sensitive animal was regarded as the highest applicable dose to be given to
man. This approach has been abandoned as such a theoretical external dose could
have significantly differed from the internal level measured in the blood or specific
target organs due to adsorption, distribution, metabolization or elimination in the
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organism. To bypass most of these possible influences it is advised to monitor toxic
changes in vitro as in such contained systems it is easier to follow cellular and meta-
bolic alterations. After this recognition many in vitro systems have been developed
for testing purposes.

Bacterial, Fungal and Mammalian In Vitro Systems

The biological end points of in vitro systems for the assesment of the genotoxic po-
tential of a compound include: induction of mutation, DNA damage, chromosomal
and chromatin alterations. Mutations are detected mainly as phenotypic changes
and structural alterations of DNA (deletion, insertion, substitution, frameshift,
translocation). To measure such mutational changes bacteria and fungi turned out
to be the most sensitive and easy to handle test organisms (Dunkel 2006). The best
known and most widely accepted gene assay is the Aimes test that uses Salmo-
nella typhimurium to assess the mutagenic potential of a chemical (Ames 1971).
As bacteria do not contain cytochromes, they are unable to metabolize and eventu-
ally convert procarcinogenic compounds to carcinogens, thus this test was comple-
mented by the inclusion of an exogeneous mammalian metabolic activation system
containing liver microsomal fraction (Ames et al. 1973). The microsomal fraction
contains artifactual vesicles formed from the endoplasmic reticulum when cells are
disrupted.

The problem with other less frequently used microbial systems utilizing Esch-
erichia coli, Bacillus subtilis, Saccharomyces cerevisiae and Neurospora crassa
is the impermeability of the cell wall preventing the entry of chemicals into these
cells. Moreover, fungi require higher concentrations of mutagens than bacteria due
to their more effective detoxification capability and repair systems (Dunkel 2006).
The more effective detoxification and repair systems of mammalian cells is reflect-
ed by their mechanisms of recovery during early molecular changes before irrevers-
ible changes including cell death would occur (Bridges et al. 2006).

Mammalian Cell Cultures

When the toxic effects of heavy metals are studied in mammalian cells, cell cul-
tures might be useful. In such cell culture systems cell viability and cellular growth
data should be supported by additional metabolic parameters reflecting toxicity (De
Ruiter et al. 1985). During the screening of toxic compounds including heavy met-
als in mammalian cell cultures, it turned out that most agents (~80%) had a similar
toxicity in vitro and in vivo. This observation suggested an interference in man with
basal functions common to all specialized human tissues as well as cultured cells.
In vitro tests can be used: (a) to screen an unlimited number of chemicals and their
extracts for potential basal cytotoxicity, (b) to supplement animal tests in acute tox-
icity examinations and (c) to study the mechanism of cytotoxicity of a wide variety



16 G. Banfalvi

of chemicals (Ekwall 1983). However, this does not mean that the results of cyto-
toxicity tests are sufficient by themselves. They should be compared with toxicity
data in vivo to evaluate the systemic cytotoxicity of chemicals (Ekwall 1980).

Permeability Changes Caused by Heavy Metals

Early observations of studies related to the cellular toxicity of heavy metals were re-
ported back in 1936 and 1938. These experiments have shown that some heavy met-
als caused the loss of potassium from rabbit erythrocytes (Henriques and Orskov
1936; Davson and Danielli 1938). The slow exchange of K* between erythrocytes
and the surrounding fluid was demonstrated with radioactive tracer experiments
(Mullins et al. 1941). Heavy metals caused a net loss of K* from rabbit erythrocytes
in the order of Pb?">Au*>Hg?" (Joyce et al. 1954). Passow and Rothstein found
that Hg?* treatment led to the complete loss of K* and that the mercury induced loss
of K* from yeast cells was an all-or-none effect. Cu?" caused loss of K* from baker’s
yeast, but similar concentration of Pb?" or Zn?>* did not have any effect (Passow and
Rothstein 1960). The comparison of heavy metal toxicity in an insect cell line (4e-
des albopictus) made a further distinction among three metal species (organomer-
curial, mercury and cadmium chlorides) tested and decreased viability to different
extents (MeHgCl>HgCl,>CdCl,). Low concentrations of methylmercury chloride
caused both cell death and inhibition of cell proliferation; HgCl, primarily disrupted
the plasma membrane, whereas the primary effect of CdCl, was exerted on cell
proliferation (Braeckman et al. 1997). Heavy metal toxicity of methyl-HgCl, HgCl,
and CdCl, in the Aedes albopictus insect cell line will be the subject of Chap. 5.

In 1965 McBrien and Hassall studied the toxic effects of copper on respira-
tion, photosynthesis and growth of the single-celled green alga, Chlorella vulgaris
belonging to the Chlorella genus and the phylum Chlorophyta. They found that
potassium normally low of permeability was released by the graded response of
the barrier, due to increasing concentration of bound copper (McBrien and Hassal
1965). This increase of permeability of the cells was considered to be the primary
toxic effect of copper. Potassium-depleted cells remained viable if subsequently
transferred to a copper-free medium. This experiment can be regarded as one of the
early attempts to reversibly permeabilize cells. With plant cells not only the loss of
K", but also the abolition of photosynthesis are among the known results of heavy
metal poisoning (Overnell 1975). Reversible permeabilization is a technique for the
introduction of nucleotides (Banfalvi et al. 1984) and oligonucleotides into cells
(Lesh et al. 1995) or to induce nuclear reprogramming (Miyamoto et al. 2008).

In animal cells the rapid interaction of mercury or copper with the membrane
could be followed by the penetration into the interior of the muscle cell (Demis and
Rothstein 1955). A physiological function associated with the action of heavy met-
als on the membrane is the uptake of glucose (Passow and Rothstein 1960). Another
function associated with the interior of the cell is respiration. It is likely that in dif-
ferent animal cells a similar sequence of events occurs. Some of the effects on mem-
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brane function include: changes in the permeability to glycerol generated by cop-
per (Jacobs 1950) and by mercury (Wilbrandt 1941); losses of K* from red blood
cells produced by lead, mercury, gold, and silver (Joyce et al. 1954); inhibition of
surface-bound invertase in the yeast cell by silver and mercury (Myrbédck 1957) and
inhibitory effects on absorptive activities of kidney cells with organic mercurials.
Effects of metals might include the inhibition of metabolic activities (respiration
and glycolysis) and the block of cell division (Passow and Rothstein 1960). Mer-
cury, cadmium, lead and thallium are known to poison glucose metabolism in cells.

Oxidative Damages Caused by Heavy Metals

Heavy metals generate oxidizing radicals through Fenton chemistry and by the
Haber—Weiss reaction leading to the conclusion that metal carcinogenesis is medi-
ated primarily by the elevated level of free radicals (Kasprzak 1995). When cells
were exposed to mercury a sequence of interactions was observed starting at the
cell membrane and proceeding inward. The first reaction was between the metal
and the ligands of the cell membrane for which the metal possesses chemical affin-
ity. In addition the metal passed through the membrane into the cytoplasm reacting
with subcellular constituents the kinetics of which is governed by the rate of entry,
mixing and chemical reactions (Passow and Rothstein 1960). The possible role of
oxidative damage in metal-induced carcinogenesis will be reviewed in Chap. 11.
That ubiquitin ligases play a key role in the cadmium induced stress response will
be discussed in Chap. 13. The heavy metal-induced disruption of ubiquitin protea-
somal system plays a critical role in cellular mechanisms such as cell cycle regula-
tion and apoptosis (Chap. 14).

Lipid Peroxidation

Cell membranes made of unsaturated lipids are particularly susceptible to free radi-
cals also referred to as reactive oxygen species (ROS) initiate uncontrolled chain
reactions in cells. The oxidative damage by lipid peroxidation causes the hardening
of lipids constituting the cell membrane. The damaged cell membrane changes the
uptake of nutrients, the cell signaling system and many other cellular functions.
Inside the cell informational macromolecules (DNA, RNA, proteins) are also sus-
ceptible to oxidative damage.

Oxidative DNA Damage

The most susceptible macromolecule in the eukaryotic cell is mitochondrial DNA.
In mitochondria the citric acid cycle converts the energy of fuel carbon atoms of
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acetate to CO, and reducing equivalents (3 NADH+H" and 1 FADH,) by hydro-
lytic oxidation using two molecules of water (Banfalvi 1991). In turn the increased
reducing power represented by the reducing power is released in the mitochondrial
respiratory chain producing water and ATP. As in the terminal oxidation of hydro-
gen to water in the presence of molecular oxygen (O,) many steps are involved it is
unavoidable to generate radicals. The other reason why most of the radicals affect
mitochondrial DNA is that the mitochondrial DNA has no repair system. To the
contrary cellular (nuclear) DNA damages are effectively removed. Oxidative DNA
damages with apoptotic biochemical and morphological consequences induced by
cadmium are dealt with in Chap. 6

Estimation of Toxic Effects of Heavy Metals

Tumorigenic Potential of Heavy Metals

With regard to carcinogenicity two heavy metals, chromium(VI) and arsenic(III)
are considered human carcinogens sharing common properties. That chromium
ions, especially Cr(VI) interfere with the cellular functions and chromatin structure
of Schisosaccharomyces pombe are discussed in Chaps. 3 and 8. The arsenic toler-
ance mechanism of yeast cells will be elucidated in Chap. 4.

To estimate the tumorigenic potential of heavy metals, the ''FDG glucose analog
uptake and the expression of facilitative glucose transporters have been suggested
(Rastogi et al. 2007). Of the estimated twelve GLUT transporters the GLUT-1 and
GLUT-3 take up more "®FDG than other GLUT transporters, suggesting that SFDG
uptake of cultured tumor cells is governed by GLUT expression, and is a distinct
characteristic of the neoplastic process (Waki et al. 1998). Several lines of studies
indicate that malignant cells with increased uptake of '8FDG have overexpressed
GLUT-1 and/or GLUT-3 (Yamamoto et al. 1990; Nishioka et al. 1992; Brown and
Wahl 1993; Waki et al. 1998; Rastogi et al. 2007). Increased expression of GLUT-
1 and GLUT-3 has been reported in rat tumor cancers and is associated with poor
survival (Trencsenyi et al. 2010). The heavy metal-induced toxicological changes
depleted uranium and heavy metal tungsten-induced genotoxic and carcinogenic
properties will be detailed in Chap. 10.

Metabolic Parameters

To support basal cytotoxicity data such as cell viability, growth and different stain-
ing methods have been developed. Biochemical changes in cells caused by the loss
of total protein content can be measured by lactate dehydrogenase leakage, lowered
lysosomal activity and succinate dehydrogenase activity. The production of nitric
oxide (NO) plays multiple roles in defence reactions under abiotic stresses, includ-
ing heavy metal load.
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Beside the loss of ions and proteins heavy metal ions such as Cd?*, Hg?" and Pb**
as well as metalloid arsenic(IIl) species inhibit efficiently the refolding of chemi-
cally denatured proteins. Proteins as targets of heavy metals and metalloids will be
discussed in Chap. 12.

Cytoskeletal and Nucleoskelatal Changes

For the detection of the toxic effects of heavy metals on the cytoskeleton, fluores-
cein isothiocyanate (FITC)-labelled phalloidin is regularly used for staining F-actin,
whereas conjugated monoclonal anti-tubulin antibody could be applied to stain tu-
bulin.

Genotoxicity. There are two major cytogenetic endpoints applied for genotoxic-
ity studies and biomonitoring purposes: chromosome aberrations and micronuclei
(Mateuca et al. 2006). If the process of cell division is disturbed the distribution
of the genetic material can be affected and DNA is not incorporated into a new
nucleus but may form a small nucleus (“micronucleus”), visible under microscope.
However, we have observed many times in different mammalian cells that during
regular chromatin condensation the extruded chromatin turns around itself forming
the head portion (micronucleus) seen during early S phase when chromatin struc-
tures are succeeded by linearly arranged, distinguishable chromosomes. Based on
these observations the micronucleus is regarded as a regularly occurring element of
chromatin condensation (Banfalvi, unpublished results).

Age related cytotoxicity of stannic chloride (SnCl,) affected mitotic index, dam-
aged cells, caused chromosome aberration, and micronuclei formation as endpoints
(Ganguly 1993). Less attention has been paid to chromosomal changes taking place
in the early stages of chromosome condensation in interphase nuclei of eukaryotic
cells. Such chromatin changes will be visualized after Cd(II), Ni(Il), Cr(VI) and
Ag(I) treatment in Chaps. 6-9.

Chromosomal and Chromatin Changes Induced by Heavy Metals

Human lymphocytes treated for 3 h with lead, cadmium, and zinc acetate separately
and in combinations of two or three metal salts between 1073 and 107 M was fol-
lowed by chromosome analysis and revealed higher incidences of chromatid-type
aberrations and gaps only for cultures exclusively treated with cadmium (Gasiorek
and Bauchinger 1981). The heavy metal load of small rodents increased the fre-
quency of chromosomal aberrations and pathological changes in erythrocytes has
shown that mercury is a strong damaging factor for chromosomes and red blood cell
apparatus (Topashka-Ancheva et al. 2003).

Due to its diagnostic significance we have started to systematize the chroma-
tin changes of toxic agents including heavy metals (Banfalvi 2009). The most
characteristic changes caused by cadmium were large extensive disruptions and
holes in the nuclear membrane, sticky and incompletely folded chromosomes
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at the end of the S phase (Banfalvi et al. 2005, 2007). These alterations are in
agreement with chromatid-type aberrations observed by others (Gasiorek and
Bauchinger 1981).

Cellular changes of mercuric ions were characterized by their properties of caus-
ing reduced cellular motility (10-50 uM), and complete lack of cellular movement
at higher concentrations (100—-1,000 uM). In K562 erythroleukemia cells upon low
concentration of mercuric acetate (<1 WM): (a) chromatin changes were the earliest
signs of cytotoxicity, (b) highly condensed supercoiled and decondensed veil-like
chromatin appeared, (c) decondensed chromosomes were rejected as clustered puffs
and (d) often the nuclear material was broken down to apoptotic bodies. In the con-
centration range between 10 and 50 UM of Hg(II) acetate chromatin changes were
characterized by apoptosis seen as broken nuclei and apoptotic bodies. High con-
centration of Hg?* ions (100 M) initiated necrotic nuclear changes, with enlarged
leaky or opened nuclei (Farkas et al. 2010).

Detection of Apoptotic and Necrogenic Chromatin Changes

Such changes can be detected by cytotoxic assays, staining methods, in situ end
labeling, flow cytometry, light scattering flow cytometry, fluorescence activated
cell sorting (FACS), TUNEL assay, comet assay, immunological detection of low
molecular weight DNA, detection of mono- and oligonucleosomes, apoptotic pro-
teins and enzymes (Banfalvi 2009).

Detection and Determination of Heavy Metals in Cells

Several instrumental methods have been used to determine heavy metals in aqueous
samples, some of which needed preconcentration when the sensitivity of direct anal-
ysis was insufficient. For the selective solvent extraction of heavy metals (e.g. Ag,
Cu, Hg) macrocyclic extractants have been applied. The separated heavy metals have
been determined either by means of atomic absorption spectrometry, spectrometry,
X-ray fluorescence analysis, thin layer chromatography in combination with visual
or densitometric determination, protein based biosensors, isotope-labelled chelates,
X-ray fluorescence, inductively coupled plasma atomic emission spectroscopy, indi-
rect detection of heavy metals as unithiol complexes, disposable cuvette test.

Spectroscopy, Spectrometry

Atomic Absorption Spectrophotometry

The organic matter in samples can be digested by wet, dry or microwave diges-
tion and the heavy metals (As, Cd, Pb, Hg) determined by using graphite furnace
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atomic absorption spectrophotometer (GF-AAS) and flow injection analysis sys-
tem-atomic absorption spectrophotometer (FIAS-AAS) (http://www.aseansec.org/
MRA-Cosmetic/Doc-3.pdf).

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

This turned out to be one of the most reliable analytical techniques for the determi-
nation of heavy metal (Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, and Zn) concentrations
in plants after digestion in a closed microwave system using HNO,, and ICP-AES
was applicable to different environmental samples (Kos et al. 1996).

X-ray Fluorescence

Small amounts of heavy metals have been determined by the technique of X-ray
fluorescence (XRF) in natural waters and pure salts (Eksperiandova et al. 1998).

Backscatter Electron (BSE) Imaging and Energy Dispersive Spectroscopy

Backscatter electron (BSE) imaging (20 kV) was used to discern metal particles
within tissues. Energy dispersive spectroscopy (EDS) (15 kV) verified the specific
elements present. This allowed for the spatial characterization of the nanoparticles
within the tissues but quantification of the amount of metal was not possible (Ayers
et al. 2007).

Amperometric Detection of Unithiol Complexes of Heavy Metals

Pb(II), Cd(II), Hg(II), Ni(II), Co(II), and Cu(II) were indirectly determined as their
unithiol complexes by amperometric detection under static and HPLC conditions
(Osipova et al. 2000).

Isotope Techniques

Isotope Dilution Mass Spectrometric Method (IDMS)

IDMS has been developed for the simultaneous determination of the complexes of
heavy metals (Ag, Cd, Cu, Mo, Ni, Pb, T1, U, W, Zn and Zr) by coupling high pres-
sure liquid chromatography (HPLC) with inductively coupled plasma mass spec-
troscopy (ICP-MS) and applying the on-line isotope dilution technique (Vogl and
Heumann 1997).
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Tritium-Labelled Chelates

Such compounds have been used for the radiometric determination of Pb, Cd and
Hg (Zolotov et al. 1987).

Whole-Cell-Sensing Systems

Protein Based Bisosensors

These biosensors have been applied to detect femtomolar (10°!° M) levels of heavy
metal ions. Heavy metal binding proteins were overexpressed in Escherichia coli,
purified, and immobilized to a self-assembled thiol layer on a gold electrode placed
as the working electrode in a potentiostatic arrangement in a flow analysis system
(Bontidean et al. 1998).

Construction of Metal Detection Circuits in E. coli

Bacterial whole-cell biosensors are useful for toxicity measurements of various
samples. Simple bacterial biosensors were constructed for the quantitative and rap-
id measurements of arsenite and arsenate in potable water. These bisosensors are
based on the natural resistance of E. coli against arsenite and arsenate, and on three
reporter proteins: bacterial luciferase, beta-galactosidase and green fluorescent pro-
tein (GFP) (Stocker et al. 2003). The introduction of new reporter genes and refined
detection equipment, could lead to the extensive use of stress-responsive biosensors
for toxicity estimations (Serensen et al. 2000).

Luminescence-Based Whole-Cell-Sensing Systems using Genetically
Engineered Bacteria

Genetically engineered cells, tailored to respond by a dose-dependent signal to
the presence of toxic chemicals, are useful tools for the environmental monitor-
ing of toxic substances (Elad et al. 2008). Biosensing cells can be classified into
two groups in terms of their biosensing mechanisms—constitutive expression and
stress- or chemical-specific inducible expression (Gu et al. 2004). For the detection
of heavy metals inducible gene promoters have been utilized. Systems respond-
ing to cadmium and lead ions have been designed and developed using genetically
engineered bacteria. These systems take advantage of the ability of certain bacteria
to survive in polluted environments. In Escherichia coli harboring two plasmids
(pYSC1 and pYS2/pYSG1) the expression of the reporters beta-galactosidase and
red-shifted green fluorescent protein (rs-GFP) was controlled by CadC, the regula-
tory protein of the cad operon. This heavy metal sensing bacterial systems responds
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to cadmium, lead, and zinc ions, but has no significant response to nickel, copper,
manganese, and cobalt (Shetty et al. 2003). A genetically engineered bacterial sys-
tem was developed for the electrochemical sensing of antimonite and arsenite (Scott
et al. 1997). Of the five cysteinyl residues of the cadCA operon in Staphylococcus
aureus three (Cys-7, Cys-58, and Cys-60) are involved in sensing Pb(II), Cd(Il),
and Zn(II) by the plasmid pI258 CadC repressor and could be used for the detection
of these soft metals (Sun et al. 2001).

Whole-Cell Heavy Metal Detecting Yeast System using Cadmium-Inducible
Gene Promoter

The acquisition of metals (e.g. iron, copper, and zinc) by yeasts is tightly regulated.
High affinity uptake systems are induced under metal-limiting conditions to main-
tain an adequate supply of these essential nutrients (Waters and Eide 2002). Met-
al-responsive transcription factors exist in yeast to modulate expression of genes
that encode proteins involved in cellular uptake of iron, copper and zinc. These
signal transduction pathways are involved in the homeostasis of the intracellular
concentration of free metal ions. A second component of the equilibrium is the
regulation of metal-ion binding through protein-mediated metallation (Winge et al.
1998). Fungi detect changes in metal ion levels using unique metallo-regulatory
factors whose activity is responsive to the cellular metal ion status (Bird 2008).
The genome-wide gene expression profiling of the methylotrophic yeast Hansenula
polymorpha exposed to cadmium (Cd) allowed the identification of novel genes
responsive to Cd treatment. The HpSEO! promoter of H. polymorpha as a bioele-
ment in whole-cell biosensors is expected to monitor heavy metal contamination,
particularly Cd (Park et al. 2007).

The detection of three heavy metals has been reported recently by the team
KU_Seoul successfully applied metal detection circuits in E. coli and constructed
a heavy metal detecting machine. Such machines are now commercially available.
In the KU_Seoul instrument the integrated Zn detecting promoter used red fluores-
cence protein (RFP) as a reporter and worked at the range of 1~2 mM concentra-
tion. The arsenic detector applied green fluorescent protein (GFP) as a reporter and
worked at the range of 0.15~1 mM concentration. Their cadmium detector utilized
aryl acylamidase (AMD) as a reporter and worked in the range of 0.2—-0.4 mM con-
centration (Ko et al. 2009).

Heavy Metal Toxicity Detected by Cardiac Cell-Based Biosensor

Among the many types of whole-cell bacterial biosensors that have been developed
using recombinant DNA technology cardiac cell-based biosensors turned out to be
of clinical importance (Yagi 2007). A novel biosensor for monitoring electrophysi-
ological activity was developed by light-addressable potentiometric sensor (LAPS).
After exposing cardiomyocytes to 10 UM concentration of different heavy metal



24 G. Banfalvi

ions (Hg, Pb, Cd, Fe, Cu, Zn) for 15 min the characteristic changes in beating fre-
quency, amplitude and duration suggested that with physiological monitoring acute
and chronic toxicities induced by heavy metals can be studied in a non-invasive way
(Liu et al. 2007).

Antibody-Based Sensors for Heavy Metal Ions

Competitive immunoassays for Cd(II), Co(II), Pb(Il) and U(VI) were developed
using two different assay formats, a competitive microwell format and an immuno-
sensor format (Blake et al. 2001).

Porphyrin Test

To measure mercury that was absorbed into the cells the Porphyrin Analysis test re-
quires urine samples that are subjected to laboratory analysis. If Coproporphyria III
is high, this indicates that mercury is present. Altered porphyrin metabolism is a
biomarker of mercury exposure and toxicity (Woods 1996).

Disposable Cuvette Test for the Enzymatic Determination of Heavy Metals

An optical cuvette test for the determination of total heavy metals was reported.
The test is based on the inhibition of the enzyme urease by metals ions including
silver(I), mercury(Il), copper(Il), nickel(II), cobalt(Il), and cadmium(II) (Wolfbeis
and Preininger 1995).
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Chapter 2
Toxic Metal/Metalloid Tolerance
in Fungi—A Biotechnology-Oriented Approach

Istvan Pocsi

Abstract This review aims at the biotechnological evaluation of the wealth of
data accumulated in the last decade on the molecular background of the toxic
metal/metalloid tolerance of fungi. Yeast-based models are highly applicable when
metal/metalloid transport and compartmentalization processes are mapped in other
fungal species or higher eukaryotes but this approach has limitations, which neces-
sitates further fungal models evolutionarily closer to heavy metal exposed fun-
gal taxons. In terms of biotechnology, the most promising targets in the genetic
engineering of metal/metalloid tolerant fungi include (i) increased secretion of
extracellular metal chelators, (ii) elimination of metal transporters facilitating the
uptake of toxic metals/metalloids, (iii) overexpression of transporters pumping
metals and/or their complexes out of the cells or into cellular organelles, (iv) over-
production of intracellular metal chelators, (v) overproduction of elements of the
antioxidative defense system, (vi) genetic modification of the regulatory network
of metal/metalloid stress defense, and (vii) interfering with the metal/metalloid-
dependent initialization of apoptotic cell death. Owing to the wide-spread appli-
cation of robust ‘-omics’ technologies, the biotechnologically exploitable data
including potential future targets for genetic manipulation are accumulating fast.
In contrast, today’s genetic modifications often result in unforeseeable or even
paradox phenotypes in this field, which clearly indicates that a deeper understand-
ing of the underlying molecular mechanisms of fungal toxic metal/metalloid tol-
erance is needed to improve the biotechnological performance of the genetically
modified strains.
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Introduction

Metal pollutants are released into the environment in many ways at potentially
harmful levels (Avery 2001). In addition to vast industrial and agricultural dis-
charges, different metal compounds are also used to treat severe human diseases
like promyelocytic leukemia {As(Ill)} and leishmaniasis {Sb(V)} (Tamas et al.
2005). In some areas, the origin of the heavy metals and/or metalloids appearing
in the food chain is geological rather than anthropogenic (like the As contamina-
tion of drinking water). Because some toxic metals and metalloids are widely dis-
tributed in nature microorganisms developed (and are developing!) quite effective
strategies to cope with the harmful consequences of metal/metalloid exposures
(Tamas et al. 2005).

Today’s knowledge on the molecular background of metal/metalloid toxicity in
cukaryotes arises in great part from extensive genome, transcriptome, deletome,
proteome, interactome and metabolome analyses having been done in baker’s yeast
cultures. Saccharomyces cerevisiae is an excellent model organism to address im-
portant biological questions because the available molecular biological, genetic and
bioinformatic tools are unprecedently sophisticated and versatile with this hemias-
comycete. As shown by numerous examples, knowledge obtained from yeast-based
models, e.g. on the mechanism of action of and the tolerance against toxic met-
als, can be transferred with high efficiency to higher eukaryotes including humans
(Tamas et al. 2005; Wysocki and Tamas 2010).

On the other hand, the wide evolutionary distances between hemiascomyctes and
other major fungal taxons warn us that the applicability of yeast-based models to
map metabolic and regulatory pathways in other fungi (even in ascomycetes!) may
have some limitations (Miskei et al. 2009). In fact, some well-characterized metal/
metalloid stress response pathways in baker’s yeast, e.g. the Yap8p-dependent regu-
lation of As(III) stress response, seem to be clearly hemiascomycete specific and,
therefore, are not exploitable in other fungi (Wysocki and Tamas 2010). Suitable
molecular tools and coordinated community efforts are eagerly needed to set up
additional fungal models evolutionarily closer to the heavy metal exposed fungal
taxons like the mycorrhizal species (Hildebrandt et al. 2007; Gonzalez-Guerrero
et al. 2009).

Considering the wealth of information accumulated on the toxic metal/metal-
loid tolerances of yeasts and filamentous fungi in the last decade, an applied mi-
crobiology/biotechnology-oriented researcher may feel a bit puzzled when she/he
aims at the production of fungal strains with a significantly augmented toxic metal/
metalloid tolerance and/or with enhanced metal/metalloid biosorption and bioac-
cumulation properties. For example, the overlap between the genome-wide screens
for genes contributing to toxic metal/metalloid tolerance may be as low as 10-20%
although the gene groups coming from different laboratories and surveys comple-
ment nicely each other in terms of physiological functions (Thorsen et al. 2009).
Because excellent reviews are available in this field, which are summarizing today’s
yeast-based knowledge on toxic metals and metalloids in an easy-to-read and easy-
to-understand way (Tamas et al. 2005; Wysocki and Tamas 2010), the focus of this
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review is placed on the possible future targets of the genetic engineering of toxic
metal/metalloid tolerant fungi. Moreover, the chapter incorporates the most relevant
physiological and genetic data gained in toxic metal/metalloid exposed filamentous
fungi as well as in yeast and filamentous fungus cultures exposed to essential mi-
cronutrient metals like Fe, Cu or Zn.

It is the hope of the author that a biotechnology-oriented evaluation and system-
atization of our current understanding of fungal metal/metalloid tolerance would
help us to develop new, environmentally friendly and economically feasible tech-
nologies in the remediation of heavy metal contaminated soil (Gadd 2000, 2010;
Schiitzendiibel and Polle 2002; Gaur and Adholeya 2004; Khan 2005; Lebeau et al.
2008; Marques et al. 2009; Bothe et al. 2010; Hong-Bo et al. 2010; Purakayastha
and Chhonkar 2010; Wu et al. 2010) and water (Baldrian 2003; Agrawal et al. 2006;
Swami and Buddhi 2006; Wang and Chen 2006; Pan et al. 2009, More et al. 2010;
Sankaran et al. 2010), in bioleaching of heavy metals from preservative-treated
wood (Mai et al. 2004; Sierra-Alvarez 2007, 2009), and in the mining and recovery
of metals (Mulligan et al. 2004; Fujii and Fukunaga 2008; Kuroda and Ueda 2010;
Simate et al. 2010). Fungal toxic metal/metalloid resistance genes heterologously
expressed in plants (Mejare and Biilow 2001; Song et al. 2003; Wawrzynski et al.
2006; Guo et al. 2008) may enhance the efficiency of the available phytoremedia-
tion or phytomining technologies (Lasat 2002; Chaney et al. 2007; Sheoran et al.
2009).

Considering the structure of this review, after the presentation and discussion
of the major elements of fungal metal/metalloid stress defense systems, readers’
attention is called to some promising future targets and genetic tools to increase the
metal/metalloid tolerance of fungi.

First Line of Defense: Extracellular Chelation and Binding
to Cell Wall Constituents

Metal chelation by small molecular mass metabolites, peptides and proteins is a
crucially important element of almost all metal/metalloid detoxification process-
es (Tamas et al. 2005; Gonzalez-Guerrero et al. 2009; Wysocki and Tamas 2010)
and, hence, the significance of extracellular and cytosolic chelation reactions can-
not be overestimated. Glutathione (GSH) secretion is a very important element of
the GSH-homeostasis in yeast under different environmental conditions (Perrone
et al. 2005), and it is sensible that yeast cells intensify GSH-secretion under As(III)-
exposures to relieve the intracellular detoxification pathways (Wysocki and Tamas
2010).

Oxalate secretion is well-documented in both brown-rot and white-rot fungi, and
this process seems to be stimulated under Cu(Il) and Cd(II) stress (Clausen and
Green 2003; Jarosz-Wilkotazka et al. 2006). The bulk formation of water-insoluble
metal-oxalate crystals is undoubtedly an efficient way to prevent toxic metal ions
entering fungal cells (Jarosz-Wilkotazka and Gadd 2003). In addition, oxalate is
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primarily important to maintain the lignolytic system of white rot basidimycetes
(Schlosser and Hofer 2002).

A wide rage of fungi has been reported to produce extracellular mucilaginous
materials (ECMM or “emulsifier”) with excellent toxic metal binding capabilities.
As demonstrated by Paraszkiewicz et al. (2007, 2009, 2010), Ni(Il) {unlike Cu(Il),
Pb(II) and Zn(I1)} did not trigger ECMM production by Curvularia lunata. These
authors reported the saturation of cellular fatty acids, which is clearly attributable
to Ni(Il)-initiated lipid peroxidation processes. Importantly, the pullulan production
by Aureobasidium pullulans was positively affected by Ni(Il) and Cd(II) exposures
(Breierova et al. 2004), and pullulan increased the Cd(II) tolerance of this indus-
trially important species (Certik et al. 2005). Vesentini et al. (2006) also reported
elevated ratio of ECMM in the biomass in Cu(Il) exposed Trametes versicolor and
Gloeophyllum trabeum cultures.

Isolates of the arbuscular mycorrhizal fungi Glomus and Gigaspora species pro-
duce a soil glycoprotein called glomalin (Wright et al. 1996), which possesses a
remarkable capability to sequester Cu(Il) (Gonzalez-Chavez et al. 2004; Cornejo
et al. 2008; Ferrol et al. 2009). Glomalin is located mainly in the cell wall (Purin
and Rilling 2008; Ferrol et al. 2009). Besides glomalin, other cell wall polymers
like chitin and melanin can also take part in metal biosorption (Gonzalez-Guerrero
et al. 2009). As demonstrated by Lanfranco et al. (2002a, 2004), Zn(II) exposures
affected chitin synthase gene expression patterns and chitin deposition in an ericoid
mycorrhizal fungus.

Although decreasing the bioavailability of the toxic metals/metalloids through
extracellular complexation, precipitation, and binding to cell wall constituents rep-
resents a reasonable and straightforward strategy in strain developments the genetic
tools to approach this aim are still in a premature stage. The lack of yeast systems
suitably modeling extracellular toxic metal/metalloid detoxification pathways obvi-
ously represents a major handicap especially when it is compared to the abundance
of models and information available on the organization and regulation of intracel-
lular detoxification pathways.

Second Line of Defense: Transport, Intracellular Chelation
and Compartmentalization

Heavy metals enter cells through channels and transporters, which normally facili-
tate the uptake of essential transition metal micronutrients like Fe, Mn and Zn, an-
ions including phosphate and sulphate as well as sugars (glucose) and sugar deriva-
tives (glycerol) (Tamas et al. 2005; Wysocki and Tamas 2010). In theory, one of the
most simple and most effective way to keep off toxic metals/metalloids outside the
cell is to eliminate the channel or transporter responsible for the uptake of a given
toxic metal/metalloid ion. Unfortunately, these ions may be channeled through mul-
tiple transporters into the cytoplasm and, aggravating the situation, the absence of
even one of these transport routes may disturb the normal metabolism of the cells.
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The elimination of the following plasma membrane channels and transporters has
been demonstrated to confer metal tolerance to metal/metalloid exposed S. cerevi-
siae cells (Tamas et al. 2005; Wysocki and Tamas 2010):

* As(V): Pho84p high-affinity and Pho87p low-affinity phosphate transporters
(Bun-ya et al. 1996),

» As(III) and Sb(II): Fpslp aquaglyceroporin channel (Wysocki et al. 2001),

o Cd(Il): Zrtlp Zn(Il) and Smflp and Smf2p Mn(Il) transporters (Gomes et al.
2002; Gitan et al. 2003; Ruotolo et al. 2008),

e Cr(VI) and Se(VI): Sullp and Sul2p sulphate transporters (Cherest et al. 1997).

Importantly, yeast cells lacking either Pho86p, which is required in trafficking
Pho84p from the ER to the cytoplasma membrane, or Gtrlp, a cytoplasmic GTP
binding protein, a regulator of phosphate transport through Pho84p, displayed
As(V)-tolerant phenotypes (Bun-ya et al. 1992, 1996; Yompakdee et al. 1996). Fur-
thermore, the elimination of BSD2 encoding an ER protein trafficking Smflp and
Smf2p transporters to the vacuoles for degradation resulted in Cd(II) and Cu(II)
hypersensitivities (Liu et al. 1997; Liu and Culotta 1999). All these observations
suggest that intracellular protein trafficking systems represent relevant and promis-
ing targets for engineering new fungal strains with an altered toxic metal/metalloid
tolerance.

The heavy metal influx through micronutrient metal transporters can be blocked
by supplementing the culture media with high concentrations of the essential ions
like Zn(II), which leads to the elimination of the zinc-transporter Zrtlp (Gitan et al.
1998, 2003). In the biotechnologist’s point of view, the variation of the metal con-
tent of the culture media to hinder toxic metal/metalloid uptake is always an at-
tractive alternative to any kind of genetic manipulations of the transport processes
themselves.

Nevertheless, overexpression of transporters pumping toxic metals/metalloids
and/or their chelates out of the cells or into subcellular organelles (primarily into
the vacuoles) may represent a distinguished tool in the genetic engineering of metal
resistant fungal strains. Potential targets include:

o As(IIl): Acr3p plasma membrane transporter (Wysocki et al. 1997) and, some-
what paradoxically, Fps1p aquaglyceroporin channel, which is likely to perform
As(IIT) and Sb(III) export as well (Maciaszczyk-Dziubinska et al. 2010),

* Cd(II) and Cu(Il): Pcalp plasma membrane P-type ATPase (Adle et al. 2007),

*  Co(II), Rh(IT) and Zn(II): Cotlp vacuolar Zn(II) transporter (Conklin et al. 1992;
MacDiarmid et al. 2000),

* Fe(Il) and Mn(II): Ccclp vacuolar transporter (Li et al. 2001),

* Se(IV): Ssulp plasma membrane sulphite pump (Pinson et al. 2000),

» Zn(Il) and Co(Il): Zrclp vacuolar membrane Zn(II) transporter (Conklin et al.
1994),

* GSH complexes of Cd(II), As(IIT), Hg(II), Pb(II): Ycflp ATP-binding cassette
family vacuolar GSH S-conjugate transporter, a strong induction of which can
be achieved by overexpressing Yaplp, the master regulator transcription factor
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of oxidative stress response (Wemmie et al. 1994; Sharma et al. 2002; Song et al.
2003); Yorlp plasma membrane ABC transporter (Nagy et al. 2000),

» phytochelatin complexes of Cd(II): HMT1 vacuolar membrane transporter of
ATP-binding cassette-type (S. pompe; Ortiz et al. 1995), although HMT1 is like-
ly to be a GSH S-conjugate transporter in S. pombe according to most recent data
published by Prévéral et al. (2009).

Importantly, vacuolar Zn(Il) (GintZnT1; Gonzalez-Guerrero et al. 2005) and
Cd(II)/Cu(Il) (GintABC1; Gonzalez-Guerrero et al. 2009, 2010a) transporters have
been characterized in the endomycorrhizal fungus Glomus intraradices with high
homology and functional orthology to well-characterized baker’s yeast proteins,
which clearly demonstrates the applicability of yeast-based heavy metal seques-
tration models in this case. Not surprisingly, the expression of GintABCI was up-
regulated when the fungus was exposed to Cd(Il) and Cu(Il) (Gonzélez-Guerrero
etal. 2010a).

In terms of biotechnology, overexpression of fungal metal/metalloid transport-
ers in transgenic plants is a viable option when new-type phytoremediators with
increased metal/metalloid bioaccumulation and tolerance are engineered. A notable
example comes from the work published by Song et al. (2003) when the Ycflp
transporter of S. pombe was heterologously expressed in Arabidopsis thaliana re-
sulting in increased Cd(II) and Pb(II) tolerances.

One may tackle the cytosolic metal toxicity problem solely by increasing the
biosynthesis of metal chelators. GSH is a key player in both heavy metal tolerance
and oxidative stress defense (Wu and Moye-Rowley 1994; Stephen and Jamieson
1997; Westwater et al. 2002; Pdcsi et al. 2004; Mendoza-Cdzatl et al. 2005; Tamas
et al. 2005; Hegedts et al. 2007; Wysocki and Tamas 2010), and its overexpres-
sion increases the toxic metal/metalloid tolerance. When yeast y-glutamylcysteine
synthetase GSHI and garlic phytochelatin synthase AsPCS! were expressed either
alone or simultaneously in Arabidopsis thaliana the transgenic plants accumulated
and tolerated Cd and As remarkably well (Guo et al. 2008). Moreover, transgen-
ic tobacco (Nicotiana tabacum cv. LA Burley 21) plants harboring E. coli serine
acetyltransferase (Cys biosynthesis), E. coli y-glutamylcysteine synthetase (GSH
biosynthesis) and S. pombe phytochelatin synthase genes showed an increased non-
protein thiol production and an elevated Cd(II) accumulation in the roots but not
in the shoots (Wawrzynski et al. 2006). It is worth noting that recombinant GSH-
overproducing yeast strains have also been engineered using self-cloning modules
containing the GSH1 gene (S. cerevisiae; Wang et al. 2007, 2009) or an intracellular
expression vector with GSHI and GSH?2 biosynthesis genes (Pichia pastoris; Fei
et al. 2009). Intracellular GSH levels can also be elevated considerably in baker’s
yeast by overexpressing the Hgtlp GSH-transporter (Srikanth et al. 2005) but re-
sulted in some GSH-induced cell toxicity (Srikanth et al. 2005), indicating the limi-
tation of this approach.

Considering GSH turnover, vacuolar y-glutamyltranspeptidase and aminopep-
tidase are needed to recycle GSH-derived amino acids into the cytoplasm (Pocsi
et al. 2004). Interestingly, a yeast strain with LAP4 mutation accumulated three
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times more Cd(II) than the control strain with an unexpected decrease in the Cd(II)-
elicited oxidative stress (Adamis et al. 2009)—an observation with the potential of
biotechnological application.

Overexpression of phytochelatins or even implant the phytochelatin biosynthetic
pathway into fungi without any capability to synthesize this kind of highly efficient
chelating molecules could improve profoundly the metal/metalloid tolerance of the
recipient fungal strains. In fact, heterologous expression of either S. pombe, plant,
red alga or nematode phytochelatin synthases conferred Cd(Il), Cu(Il), As(III) and
Sb(III) resistance to the yeast S. cerevisiae (Clemens et al. 1999; Vatamaniuk et al.
2001; Wysocki et al. 2003; Rea et al. 2004; Ramos et al. 2007; Osaki et al. 2008)
It were definitely worth seeing the heavy metal tolerance of good GSH-producer
ectomycorrhizal fungi like Paxillus involutus (Ott et al. 2002; Courbot et al. 2004;
Hegedds et al. 2007) after the phytochelatin synthase biosynthetic capability had
been implanted!

Interestingly, S. pombe deposits Cd(II) in the form of vacuolar high molecular
mass phytochelatin-Cd(II) aggregates with CdS crystallites in their cores (Dameron
et al. 1989; Mendoza-Cozatl et al. 2005). These semiconductor nanoparticles can be
used in the fabrication of diodes (Kowshik et al. 2002), and genetically engineered
E. coli cell lines (Kang et al. 2008; Chen et al. 2009) as well as Lactobacillus sp. and
S. cerevisiae based systems (Prasad and Jha 2010) are now also available to produce
CdS nanocrystals. In terms of metal/metalloid detoxification, S -overproduction
seems to be beneficial in yeast in general. This can be achieved in several ways
including the construction of MET2 (encoding homoserine O-acetyltransferase) or
METI17/MET15/MET25 (encoding O-acetylserine and O-acetylhomoserine sulfhy-
drylase) mutations (Ono et al. 1991). Alternatively, via the ubiquitination of the
Metdp transcriptional regulator by overexpressed Cdc34p ubiquitin-conjugating
enzyme could results in a reduced expression of MET17/MET15/MET25 (Hwang
et al. 2007).

Metallothioneins are low molecular mass metal chelator proteins with high af-
finity towards Cu(Il), Zn(Il) and Cd(II) (Ecker et al. 1986; Borrelly et al. 2002;
Zhang et al. 2003; Kumar et al. 2005; Wysocki and Tamas 2010). S. cerevisiae may
contain tandem repeats of the CUPI metallothionein gene, and the number of the
gene copies correlates with the Cu(Il) and Zn(II) binding capacities and the Cu(Il)-
tolerance of the yeast cells (Stroobants et al. 2009). Heterologously expressed
yeast metallothionein Cuplp promoted successfully the uptake of Cu(Il) from con-
taminated soils by transgenic tobacco plants (Thomas et al. 2003). Furthermore,
metallothionein PIMT1 found in P. involutus complemented the Cu(II) and Cd(II)
hypersensitivity of metallothionein deficient yeast strains and even increased the
Cu(II) tolerance of the ectomycorrhizal fungus Hebeloma cylindrosporum (Bellion
et al. 2007). Most recently, the functional characterization of H. cylindrosporum
metallothioneins HCMT1 and HcMT2 took place (Ramesh et al. 2009). Consider-
ing the fact that metallothioneins of taxonomically distant arbuscular mycorrhizal
fungi, e.g. GmarMT1 (Gigaspora margarita; Lanfranco et al. 2002b) and GintMT1
(G. intraradices; Gonzalez-Guerrero et al. 2007), share common features with yeast
metallothioneins, e.g. Cu(Il) and Cd(II) sequestering capabilities, we can conclude
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that yeast-based metal tolerance models are highly applicable for taxonomically
distant fungal species in this case.

Intriguingly, one of the centerpieces of the antioxidative defense systems of
fungi, Cu,Zn-superoxide dismutase (Cu/Zn-SOD), may also play a pivotal role in
buffering intracellular Cu(II) concentrations via incorporating superfluous (and
redox active!) free Cu(Il) under both aerobic and anaerobic conditions (Culotta
et al. 1995; Avery 2001). Genetic engineers may take advantage of the Cu(Il) {and
Zn(I)?} binding potential of Cu,Zn-superoxide dismutases in the future when
Cu(Il) and Zn(II) tolerant fungal strains are required for different technological
purposes like in water or soil bioremediation programs (Vallino et al. 2009; Vil-
legas et al. 2009).

Similar to copper, the redox active iron is also an essential metal and needs a
proper uptake, intracellular transport and storage to avoid the deleterious conse-
quences of the appearance of free iron in either the cytosol or the cell organelles. In
filamentous fungi, intracellular siderophores like ferricrocin and hydroxyferricrocin
have been reported to keep excess iron in a thermodynamically inert state (Eisendle
etal. 2003, 2006; Schrettl et al. 2007, 2008; Johnson 2008). The iron regulon includ-
ing the siderophore biosynthetic pathways are tightly and negatively regulated by
the GATA factor SreA in Aspergillus fumigatus (Schrettl et al. 2008). The complex
forming ability of hexadentate hydroxamate fungal siderophores with heavy metals
other than Fe(III) is relatively weak (Enyedy et al. 2004; Farkas et al. 2008) and, as
a consequence, their potential in heavy metal detoxification technologies does not
seems to be significant. On the other hand, these Fe(Ill)-complexing compounds re-
duce the free Fe-dependent steps in the pathogenesis of atherosclerosis in vitro and
one of them, desferricoprogen is absorbed effectively in the gastrointestinal tract
of rats (Pocsi et al. 2008). These observations point to a novel role of fungal iron
chelators, e.g. in the field of food biotechnology in the development of functional
foods and food additives (Pdcsi et al. 2008; Toth et al. 2009).

In baker’s yeast, iron homeostasis is balanced by the Aftlp and Aft2p transcrip-
tional activators (Yamaguchi-Iwai et al. 1995; Blaiseau et al. 2001; Johnson 2008).
The yeast frataxin Ythlp may play a crucial role in the coordination of mitochon-
drial iron use in basically important mitochondrial metabolic processes like heme
biosynthesis and [Fe-S] cluster assembly and stabilization. Yeast strains defective
in frataxin synthesis represent applicable models of a well-known human iron meta-
bolic disorder called Friedreich’s ataxia (De Freitas et al. 2003). The self-assembly
of yeast frataxin is iron-dependent and is leading to multimers (up to 60 subunits),
which can sequester >3,000 atoms of iron (Adamec et al. 2000). In addition, it is
highly reasonable to assume that Yfhlp is an iron chaperone with primary function
in mitochondrial iron detoxification (Bulteau et al. 2004; Gakh et al. 2006, 2008).
In good accordance with this, the expression of the human iron storage protein fer-
ritin in frataxin-deficient yeast cells rescued the majority of the mitochondrial func-
tions deteriorated in the absence of Yfhlp and extended the lifespan of the mutant
(Campanella et al. 2004; Desmyter et al. 2008). However, frataxin overexpression
in yeast affected iron-dependent metabolic processes ambiguously (increased heme
synthesis vs. defective [Fe-S] cluster assembly/stability; Seguin et al. 2009), but did
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not alter the soluble-to-insoluble iron ratio in mitochondria (Seguin et al. 2010).
These observations necessitate further studies to clarify the exact physiological
functions of these important mitochondrial proteins, and their potential biotechno-
logical application.

Vacuoles represent the primary sites of intracellular metal/metalloid sequestra-
tion and storage in fungi (Tamas et al. 2005; Wysocki and Tamas 2010). It is note-
worthy that under the depletion of essential metals vacuolar metal deposits can be
mobilized including Zn(Il) (Zrt3p, MacDiarmid et al. 2000), Cu(Il) (Ctr2p, Rees
et al. 2004) and Fe(Il) (Smf3p; Portnoy et al. 2000; Fet5p-Fthlp complex, Ur-
banowski and Piper 1999). Due to the high turnover of redox active essential met-
als, the redox milieu of the vacuoles has to be fairly stable to avoid the generation
of highly fragmented and damaged organelles (Corson et al. 1999).

As discussed by Ferrol et al. (2009), the vacuolar metal binding activity shows an
uneven distribution in arbuscular mycorrhizal fungi mycelia with clear-cut maxima
in the intraradical vesicles and extraradical spores (Weiersbye et al. 1999; Gonzalez-
Guerrero et al. 2008; Ortowska et al. 2008). In a spectacular study performed by
Gonzalez-Guerrero et al. (2008), high Cu(Il)-accumulating vacuoles were clearly
concentrated in the blue-green colored spores of G. intraradices.

Third Line of Defense: The Antioxidative Defense System

Fungi exposed to toxic metal/metalloid stress commonly face oxidative cell injuries
caused by reactive oxygen species (Avery 2001). Fungal cells possess a wide array
of antioxidants to cope with different kinds of oxidative stress. For example, GSH-
independent and GSH-dependent enzyme activities are able to neutralize reactive
oxygen species with remarkable efficiency (Pocsi et al. 2004).

As mentioned above, Cu/Zn-superoxide dismutases buffer redox active Cu(Il)
levels within the cytosol (Culotta et al. 1995) but also catalyze superoxide — per-
oxide+0, conversions. The elimination of this type of enzyme results in a metal
sensitive phenotype in fungi (Sumner et al. 2005), elevation in the intracellular
“free iron”concentrations (Srinivasan et al. 2000), fragmenting vacuoles (Corson
et al. 1999) and, as a consequence, reorganization of the iron metabolic network
(De Freitas et al. 2000). As demonstrated by Gonzalez-Guerrero et al. (2010b), the
endomycorrhizal fungus G. intraradices also has a Cu(Il)-inducible Cu,Zn-super-
oxide dismutase (GintSOD1). Interestingly, the Zn(II)-tolerant ericoid mycorrhizal
fungus Oidiodendron maius Zn releases a Cu,ZnSOD into the extracellular envi-
ronment, which may contribute to the metal tolerance of the plant symbiont as well
(Vallino et al. 2009). It is reasonable to assume that the overexpression of Cu/Zn-
superoxide dismutase in fungal cells would provide them with an improved metal
and oxidative stress tolerance. But increased oxidative stress tolerance and chrono-
logical life span were only observable in yeast cells when Sod1p was co-expressed
with the Cu(Il)-chaperone Ccslp (Brown et al. 2004) and the culture medium was
supplemented with high Cu(Il) concentrations (Harris et al. 2005). In the absence of
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either Ccs1p overexpression or high-dose Cu(Il)-supplementation the cells showed
the symptoms of emerging oxidative stress and a shortened chronological life span
(Harris et al. 2005).

For the biotechnologist, one of the most attractive options to improve the per-
formance of Cu/Zn-superoxide dismutases in any engineered fungi is the replace-
ment of the wild-type enzyme with a Cu/Zn-superoxide dismutase with superior
enzymological parameters. For example, the Cu/Zn-superoxide dismutase cloned
and characterized in the deep-see yeast Cryptococcus liquefaciens strain N6 pos-
sessed four-fold higher activity than baker’s yeast’s Sod1p and was functional in S.
cerevisiae (Kanamasa et al. 2007).

The overexpression of the mitochondrial flavohemoglobin 2, which has a role
in nitric oxide detoxification, resulted in an unexpected H,O,-hypersensitive phe-
notype in Aspergillus orizae (Zhou et al. 2010). This observation warns us that the
overproduction of any antioxidants in fungal cells may turn up unforeseeable or
even disadvantageous physiological consequences especially when the antioxidants
are not well-characterized or when their overproduction is not controlled satisfac-
torily.

Paradoxically, a tight control of glutathione reductase activity may result in a
Cr(VI)-tolerant phenotype in fungi because this central element of the GHS-depen-
dent antioxidative defense system catalyzes Cr(VI) — Cr(V) conversion giving rise
to harmful redox species and cycling reactions in yeasts (Pesti et al. 2002; Gazdag
et al. 2003; Kodsz et al. 2008; Poljsak et al. 2010).

It is worth mentioning that heterologous expression of E. coli GSH biosynthetic
enzymes in Indian mustard (Brassica juncea L.) plants increased the toxic metal/
metalloid tolerance of the plant (Zhu et al. 1999a, b; Reisinger et al. 2008)—a prom-
ising strategy, which might be exploitable in fungi as well.

Antioxidants, such as ascorbic acid can reduce transition metals giving these
compounds a pro-oxidant character (Poljsak et al. 2005). Therefore any overload
of fungal cells with antioxidants (e.g. Tempol, Trolox, melatonin) might exacer-
bate oxidative cell damages in the presence of redox active metals/metalloids (Le-
winska and Bartosz 2007). In accordance with these observations, deletion of sul-
phite reductases (MET10 and METS) in the sulphate assimilation pathway, which
is basically important in the de novo synthesis of S-containing amino acids and the
antioxidant GSH, prevents Te(IIl) - Te(0) conversion and results in an enhanced
metalloid tolerance in baker’s yeast (Wysocki and Tamas 2010). All these observa-
tions indicate that any modulation of the antioxidative defense systems of fungi to
increase metal/metalloid tolerance should be done by extreme care because of the
unforeseeable impacts on the pro-oxidant/antioxidant status of the cells.

Another option to gain metal/metalloid tolerant fungal strains is the overexpres-
sion of elements of the signal transduction and regulatory pathways, which are nor-
mally operating in metal/metalloid stress exposed wild-type strains (Avery 2001;
Haugen et al. 2004; Tamas et al. 2005; Rodrigues-Pousada et al. 2010; Wysocki and
Tamas 2010).

The master regulator, which orchestrates metal/metalloid stress responses
in baker’s yeast {e.g. under Cd(II), As(IIl), Sb(III), Se(Ill) and Hg exposures;
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(Wysocki and Tamas 2010)} is the bZIP-typ transcriptional factor Yaplp. As dem-
onstrated by Wemmie et al. (1994), wild type yeast cells harboring multiple copies
of YAPI possessed an increased Cd(II)-tolerance. Another bZIP-type factor, Yap2p,
suppressed the Cd(II)-sensitive phenotype of a YAP! disruptant although the Y4AP2
disruptant itself was not characterized with any increased Cd(Il)-sensitivity (Hirata
etal. 1994). According to Azevedo et al. (2007), Yap1p and Yap2p transcription fac-
tors share a common Cd(II)-sensing domain. Considering other bZIPs, Yap5p is in-
volved in the regulation of the Fe-homeostasis via the regulation of CCC/ encoding
the vacuolar iron transporter Ccclp (Li et al. 2008), and Yap8p plays a pivotal role
in the regulation of As(IlI)-detoxification (Haugen et al. 2004; Wysocki et al. 2004).

The appearance of high quantities of damaged, non-functional, mistranslated
or even aggregated proteins is a common symptom of metal/metalloid toxicity
(Holland et al. 2007; Medicherla and Goldberg 2008). Proteasomes are in the first
line of the removal and degradation of such proteins, and this activity is regulated
positively by the transcriptional factor Rpndp (Haugen et al. 2004; Thorsen et al.
2007, 2009; Medicherla and Goldberg 2008). One may speculate that a constitu-
tively high-level expression or even the overexpression of Rpn4p would lead to the
development of metal/metalloid tolerant fungal strains but, again, the outcome of
such genetic modifications may be quite different. As demonstrated by Wang et al.
(2010), both the availability and the proteasomal degradation of Rpn4p are equally
important factors to maintain cell viability under various types of stress conditions!

The mitogen-activated protein kinase Hoglp also plays an indispensable role
in metal/metalloid stress defense in yeasts (Wysocki and Tamas 2010). The Hoglp
of S. cerevisiae downregulates As(IIl) transport activity via Fpslp (Thorsen et al.
2006; Dilda et al. 2008), controls cell cycle progression (Migdal et al. 2008) mean-
while the orthologous S. pombe (Sty1/Spcl) and C. albicans (Ca-Hogl) kinases are
transported to the nuclei upon Cd(II) and As(IIT) exposures and reprogram global
transcription (Enjalbert et al. 2006; Kennedy et al. 2008). On the other hand, the
hyperactivation of Hoglp is deleterious for yeasts (Wurgler-Murphy et al. 1997,
Warmka et al. 2001).

Not surprisingly, the major nutrient-responsive signal transduction pathways
TOR (target of rapamycin) and PKA (protein kinase A) also contribute to the regu-
lation of general stress responses in yeast (Wysocki and Tamas 2010). Under nu-
trient abundance, these pathways stimulate physiological processes maintaining a
high growth rate including the down-regulation of stress defense systems. Under
nutrient limitation or toxic metal/metalloid exposures, Msn2p/Msn4p transcription
factors are activated and they stimulate the expression of a wide array of antioxidant
enzymes (Gasch et al. 2000; Hosiner et al. 2009). Interestingly, the elimination of
MSN2 and MSN+4 resulted in an As(III)-tolerant phenotype in S. cerevisiae, which
might be indicative of an exaggerated expression of stress-defense genes (Hosin-
er et al. 2009). Another transcription factor, Sfplp is removed from DNA when
TOR activity is inhibited by metal/metalloid stress and this detachment leads to the
downregulation of ribosomal protein synthesis (Marion et al. 2004; Hosiner et al.
2009). Unexpectedly, deletion of SFPI resulted in an increased As(III)-tolerance
(Hosiner et al. 2009).
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Metal/metalloid stress response regulatory elements do not work independently
of each other (Salin et al. 2008). For example, Yaplp (redox homeostasis), Rpn4p
(protein degradation), Hsflp (protein folding), Pdrlp, Pdr3p, Yrrlp (multidrug re-
sistance), Aft2 (iron homeostasis) and Cin5p (osmotic stress tolerance) transcription
factors join in a highly interconnected regulatory network including transcriptional
loops to orchestrate Se(IIl) stress response in the most efficient way (Salin et al.
2008). Obviously, the elimination or modification of any element of the network
may trigger unpredictable physiological changes and the appearance of unforesee-
able phenotypes, which makes the genetic engineering of the regulatory network
itself to develop metal/metalloid tolerant mutants risky, and still largely empirical
with some unexpected consequences.

Screening for Future Targets to Engineer Heavy Metal
Tolerant Fungi

Genome, transcriptome, deletome, proteome, metabolome and interactome analy-
ses have been performed and are in progress to learn how different fungi respond
to versatile toxic metal/metalloid exposures. To become familiar with the elements
and the regulation of the metal/metalloid stress response networks may provide us
with suitable tools to augment the metal/metalloid tolerance of selected fungi with
potential applications in a wide spectrum of environmental technologies. This sub-
chapter summarizes the most promising pieces of information extracted from the
abundant experimental data having been generated in the last decade using robust
“-omics” techniques.

In their substantial work, Jin et al. (2008) compared the transcriptome profiles
of baker’s yeast exposed to Ag(I), As(III), Cd(IT), Cr(VI), Co(II), Hg(IT) and Zn(II),
and they found that the chemical properties of the metals/metalloids basically de-
termined the pattern of the genome-level transcriptional response. Not surprisingly,
principal component analysis and hierarchical clustering of the expression data by
treatment conditions grouped Ag(I)-Zn(II), Cd(II)-Hg(II) and As(IIT)-Cu(II) metal/
metalloid pairs close together meanwhile Cr(VI) was separated from other metals—
a valuable piece of information when fungal strains with multiple metal resistances
should be developed. Jin et al. (2008) managed to identify the group of CRM (Com-
mon Metal Responsive) genes, which may provide us with the possibility to con-
struct fungal strains with a general metal/metalloid tolerance! Overexpressions of
genes encoding e.g. polyamine and iron transporters, proteins maintaining ion ho-
meostasis and iron transport as well as elements of the antioxidant defense system,
or elimination of genes encoding e.g. protein kinase subunits and transition metal
and carbohydrate transporters (Jin et al. 2008) can be among the most promising tar-
gets of future genetic engineering technologies. On the other hand, deletome analy-
sis performed concomitantly by Jin et al. (2008) indicated that the metal-resistance
and metal-sensitivity genes were basically metal-specific. As a consequence, the
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metal/metalloid-responsive transcriptome and deletome datasets shared as few as
22 genes in overlapping regions including CYS3 {cystathionine y-lyase; essential
for survival in the presence of As(IIl), Cd(IT) and Cu(Il)}, ADHI {alcohol dehy-
drogenase; important in As(III) and Cu(II) tolerances} and RNR! {ribonucleotide-
diphosphate reductase; with pivotal importance in Cd(II) and Cr(IV) tolerances}.
Furthermore, sulphur amino acid transport and biosynthesis were essential under
As(IIT), Cd(II), Cr(VI) and Cu(II) stress conditions.

In accordance with and partly supplementary to the observations of Jin et al.
(2008), Ruotolo et al. (2008) demonstrated by deletome and interactome analy-
ses that tolerance against both Cd(I) and Ni(II) exposures relied on the concerted
action of several functional subnetworks including proteasome, vacuolar fusion,
cell wall integrity pathway, v-ATPase assembly/regulation, essential ion homeo-
stasis, ERG pathway, nuclear pore complex, Ccrdp and other mRNA processing
enzymes and chromatin remodeling. Another yeast deletome analysis performed by
Thorsen et al. (2009) with As(IIT) and Cd(Il) indicated that metal/metalloid toler-
ance required sulphur and glutathione biosynthesis, environmental sensing, mRNA
synthesis and transcription as well as vacuolar/endosomal transport and sorting.
The importance of the sulphur assimilation pathway in Cd(Il)-exposed S. cerevi-
siae cells was also emphasized by several other authors performing transcriptome
(Momose and Iwahashi 2001; Haugen et al. 2004) and proteome (Vido et al. 2001)
studies. Sulphur starvation caused by Cr(VI) exposures was also demonstrated in
baker’s yeast by Pereira et al. (2008) at transcriptome level, and the channeling of
sulphur towards GSH synthesis by stimulating the transcription of sulphur-poor
isoenzymes (the sulphur-sparing response) was shown in S. cerevisiae treated with
Cd(II) and Cr(VI) (Fauchon et al. 2002; Pereira et al. 2008). Overlapping oxidative
stress responses were also recorded in the yeast Hansenula polymorpha exposed to
Cu(II) or V(V) (Mannazzu et al. 2000).

Further interesting metal-specific stress-responsive cell biological, metabolic
and regulatory pathways, which are necessary to gain metal/metalloid tolerance
in S. cerevisiae, are also presented here, and the data are grouped according to the
toxic metals/metalloids:

» AI(II): retrograde endosome-to-Golgi vesicle transport, signal transduction
(Pkclp, cell integrity signaling serine/threonine protein kinase), protein man-
nosylation (cell wall architecture) (deletome, Kakimoto et al. 2005),

» As(III): shikimate and serine, threonine, glutamate biosynthesis (deletome; Hau-
gen et al. 2004), cytoskeleton, DNA repair, secretory pathway and vacuole func-
tion, osmoregulation (deletome; Dilda et al. 2008), cell cycle regulation, spindle
body and microtubule formation, mitochondrion biogenesis and function, lipid
and fatty acid metabolism, cytoskeleton (deletome; Thorsen et al. 2009),

* Cd(II): DNA repair and replication (R4AD27 and DNA2, deletome, Serero et al.
2008), ESCRT and retromer complexes in the carboxypeptidase Y (CPY) Golgi-
to-vacuole transport route, DNA repair (deletome, interactome; Ruotolo et al.
2008), ion homeostasis and transport, sugar/carbohydrate metabolism (deletome;
Thorsen et al. 2009), ER stress response (transcriptome; Gardarin et al. 2010),
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* Co(I): iron regulon (transcriptome; Stadler and Schweyen 2002),

* Cu(Il): metallothionein production, iron transport (transcriptome; Gross et al.
2000), transportation into the late endosomes via the carboxypeptidase Y Golgi-
to-vacuole transport route (CPY, deletome; Jo et al. 2008), tryptophan biosyn-
thetic pathway (deletome; Jo et al. 2008), metallothionein production, lipid, fatty
acid metabolism, methionine metabolism (transcriptome; Yasokawa et al. 2008),

» Fe(Il): transportation into the vacuoles through the alkaline phosphatase Golgi-
to-vacuole transport route (ALP, deletome; Jo et al. 2008),

» Ni(II): transportation into the vacuoles through the alkaline phosphatase Golgi-
to-vacuole transport route, nucleocytoplasmic transport (ALP, deletome, interac-
tome; Ruotolo et al. 2008),

» Se(Ill): iron deprivation, oxidative stress and protein degradation responses
(transcriptome; Salin et al. 2008),

* Zn(Il): low-oxygen response, iron metabolism (transcriptome; Lyons et al.
2004), vacuolar assembling and biogenesis, chaperones for protein folding and
targeting, some components of the iron regulon (deletome; Pagani et al. 2007).

Deprivation of essential metals like Zn and Fe, may also lead to the reorganization
of the metabolic networks in yeasts, and these processes are well-characterized by
transcriptome analyses (Lyons et al. 2000, 2004; Shakoury-Elizeh et al. 2004, 2010;
Dainty et al. 2008; Wu et al. 2008). Importantly, iron-deficiency stimulates ribofla-
vin overproduction in Pichia guilliermondii, which may possess biotechnological
significance (Boretsky et al. 2007; Pynyaha et al. 2010).

Cd(II)-stress related “-omics” studies performed with S. pombe (Chen et al.
2003; Bae and Chen 2004; Kennedy et al. 2008), C. albicans (Enjalbert et al. 2006),
Blastocladiella emersonii (Georg and Gomes 2007), Ganoderma lucidum (Chuang
et al. 2009) and Cadophora finlandica (Gorfer et al. 2009) also provided a wealth
of information on the organization and regulation of fungal metal stress defense sys-
tems. Cd(II) stress responses of different fungi share many common features. None-
theless, the same studies revealed some species-specific responses as well, e.g. de-
letome analysis of S. pombe by Kennedy et al. (2008) pointed to the important role
of ubiquinone (coenzyme Q10) biosynthesis in the Cd(II)-tolerance. In addition, fis-
sion yeast but not budding yeast harbors CNT5, encoding a member of the centaurin
ADP ribosylation factor GTPase activating protein family, which may contribute
to As(IIT)/Cd(II) tolerance through the maintenance of membrane integrity and the
modulation of membrane trafficking (Vashisht et al. 2009), and a Cd(II)-regulated
centaurin-type protein was also identified in the genome of C. finlandica (Gorfer
et al. 2009). In the aquatic fungi B. emersonii (Georg and Gomes 2007), transcrip-
tome analysis revealed six glutathione S-transferases and six metacaspases, which
were induced by Cd(II) exposures. In the ectomycorrhizal basidiomycete Suillus
luteus, the production of heat shock proteins, a metal transporter, a hydrophobin
and proteins with function in ubiquitin-dependent proteolysis were related to Zn(II)
detoxification and tolerance (Muller et al. 2007). Mycorrhizal symbioses with Suil-
lus spp. is considered now as a suitable tool to cultivate pine trees on Cd(II), Cu(II)
and Zn(IT) contaminated soils (Adriaensen et al. 2005, 2006; Krznaric et al. 2009).
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It is worth noting that Aspergillus spp. possess a robust and delicately regu-
lated stress defense system (Pdcsi et al. 2005; Miskei et al. 2009), and data on the
molecular background of the high heavy metal tolerance of this genus are also
accumulating (Fraser et al. 2002; Céanovas et al. 2003, 2004, 2007; Buckova et al.
2005; Oddon et al. 2007; Todorova et al. 2008; Mukherjee et al. 2010). Consider-
ing the remarkably wide array of molecular genetic tools available for the genetic
engineering of this genus it is reasonable to assume that genetically modified As-
pergillus strains will appear in the future in versatile metal removal technologies.
It is remarkable that the number of publications on Aspergillus-based water and
soil remediation technologies is already rocketing up owing to the abundance of
biotechnological experience with this group of fungi (e.g. Price et al. 2001; Ra-
jendran et al. 2002; Katsifas et al. 2004; Mulligan et al. 2004; Deepa et al. 2006;
Sandana Mala et al. 2006; Srivastava and Thakur 2006; Fukuda et al. 2008; Core-
flo-Alonso et al. 2009; Maheswari and Murugesan 2009; Ren et al. 2009; Sharma
et al. 2009; Sun et al. 2010; Tastan et al. 2010). In addition, further spectacular
technological progress is clearly foreseeable, e.g. in aspergilli-based nanocrystal
producing technologies (Bhainsa and D’Souza 2006; Binupriya et al. 2010; Verma
et al. 2010).

Fungi can undergo metal/metalloid induced/controlled apoptosis (Borghouts
et al. 2001; Georg and Gomes 2007; Liang and Zhou 2007; Nargund et al. 2008;
Azevedo et al. 2009; Chatterjee and Luo 2010). Exposures to toxic metals change
the morphology and physiology of mitochondria (Yang and Pon 2003; Liang and
Zhou 2007) and, as a consequence, may lead to the initialization of cell death pro-
grams (Eisenberg et al. 2007). It is worth mentioning that mitochondria, besides
many important cellular functions, play a pivotal role in the control of the iron
homeostasis of the cells (Foury and Talibi 2001). Mitochondrial and cellular in-
tegrity (and life-span!) can be engineered now by the construction of longevity
mutants as demonstrated in Podospora anserina, e.g. by the overexpression of
O-methyltransferase, carotenoid biosynthesis enzymes, misfolded-protein-degrad-
ing mitochondrial protease, or by the deletion of the “dynamin-related protein 17,
which regulates mitochondrial division (Scheckhuber et al. 2009). It remains to be
seen whether or not such mutations would give the fungal cells an increased resis-
tance against the metal/metalloid-initiated apoptosis as well. Importantly, deletion
of PaMTH1 encoding O-methyltransferase resulted in a decreased Cu(II)-tolerance
(Kunstmann and Osiewacz 2009).

Finally it remains to be mentioned that “-omics” data are also accumulating on
both the plant and the fungus sides of plant-mycorrhizal associations under toxic
metal exposures (Ouziad et al. 2005; Aloui et al. 2009), leading to a deeper un-
derstanding of the combined plant-fungus metal/metalloid stress responses (Schiit-
zendiibel and Polle 2002). Undoubtedly, this is the prerequisite of the development
of new end effective biotechnologies to combat the increasing toxic metal load of
our environment.
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Chapter 3
Interference of Chromium with Cellular
Functions

Borut Poljsak, Istvan Pocsi and Miklos Pesti

Abstract Cr(VI) reduction may proceed outside the cell, but most of the Cr(VI)-
induced genotoxic and membrane damages are accounted for by the reductive
metabolism taking place intracellularly. The uptake of chromium ions by fungi is a
biphasic process. The first step is known as biosorption, a metabolic energy-inde-
pendent process that takes only a few minutes, but hinges on cellular parameters.
The second, bioaccumulation step is much slower, also a metabolism-dependent
process depending among others on pH, temperature, the ratio of the initial metal
ion concentration and the presence of metabolic inhibitors. The bioaccumulation of
heavy metals provided a useful means to remove heavy metal pollutants from water.
Noticeable differences in absorption activity of different yeast species initiated fur-
ther investigations to optimize relevant parameters for Cr biosorption. These studies
focused on the transport of Cr(VI) and Cr(IIl) through non-selective and selective
ion channels and yeast chromium mutants that are able to take up very low concen-
trations of chromium. This uptake-reduction model helps to explain the generation
of reactive oxygen species (ROS), which are primarily responsible for the cyto-,
genotoxicity and explain mutagenic and cancerogenic effect of Cr(VI).

Introduction

Chromium and Environment

Chromium (Cr) is abundant in the environment, occurring naturally in soils, rocks
and living organisms. Cr exists primarily in either two valent (Cr(Il)), trivalent
(Cr(I1I)) and hexavalent (Cr(VI)) states, the latter being primarily produced by an-
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trophogenic sources (O’Brien et al. 2003). Cr(III) and Cr(VI) are generated by many
different industries including welding, chrome plating, chrome pigmenting, ferro-
chrome industry and leather tanning (Fishbein 1981). Because of its wide industrial
use, environmental contamination is an additional source of human exposure to this
metal. It is estimated that several thousand workers are potentially exposed to high
levels of Cr(VI) (IARC 1997). Occupational exposure to Cr (Cr(II), Cr(VI)) by in-
halation depends on the job function and type of industry, but can reach several hun-
dred micrograms per cubic meter (IARC 1997). These estimated exposures have
been significantly lowered in the past few decades as industrial hygiene practices
and worker protection have been implemented. Non-occupational exposure to Cr
results from automobile emissions and cigarette smoke. It has been estimated by the
International Agency for Research on Cancer (IARC) that on the average, cigarettes
produced in United States contain 0.24-6.3 mg Cr/kg (IARC 1997). In the environ-
ment, elevated levels of Cr have been reported in areas near landfills, hazardous
waste disposal sites, chromate industries and highways (O’Brien et al. 2003).

It is estimated that the atmospheric concentration of particulate chromates in
rural or residential areas of the US ranges from 0.2 to 9 ng/m? (O’Brien et al. 2003).
In urban areas, especially in the vicinity of ferrochrome industries, Cr concentra-
tions can easily be 10-100 times higher (O’Brien et al. 2003). If we assume that
an urban dweller in a city with a ferrochrome production receives an inhalation of
20 m? of 90 ng/m> Cr per day, then the daily lung intake is 1.8 ug per day. As previ-
ously mentioned, this dose of particulates is not distributed evenly throughout the
lungs but concentrates at major bifurcations (O’Brien et al. 2003). Although, much
more information of public health significance of environmental Cr(VI) exposure
is needed, the possibility exists that adverse health effects are not exclusively re-
stricted to occupational Cr(VI) exposure. Since chromium is still a significant envi-
ronmental pollutant with potential impact on human health, this chapter will review
basic chromium chemistry; the uptake of chromium by yeast and fungi- as models
to investigate and explain the ROS generation and chromium induced cito-, geno-
and carcinogenic effects; chromium human health risk assessment versus chromium
essentiality; as well as strategies to prevent or repair Cr-induced damage.

Many mammalian cell line studies have already been used to investigate chro-
mium induced toxicity. On the other hand, we would like to review the significance
and applicability of yeast-based models to map the molecular background of Cr(VI)
toxicity because it is important in many aspects, also in relation to human risk as-
sessment due to chromium exposure. Yeasts are relatively simple, genetically and
biochemically well characterized and easy-to-handle microorganisms. Yeasts have
been favorite eukaryotic organisms in the past years due to wide range of genetic
approaches available. Yeast cells have remarkable similarities to mammalian cells
at the macromolecular and organelle level, and a number of yeast proteins have
been shown to be functionally interchangeable with highly homologous human pro-
teins. Thus, it is not surprising that yeast cells were used as model organisms with
relevant contribution to understand the molecular mechanisms underlying oxidative
stress resistance (Costa and Moradas-Ferreira 2001). The application of yeasts as
model organisms has shed considerable light on the mechanisms by which higher
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eukaryotes cope with Cr(VI) toxicity, in consequence of high degree of functional
conservation among Saccharomyces cerevisiae, Schizosaccharomyces pombe and
human oxidative stress protection gene products (Hohmann and Mager 2003),
allowing the results to be extrapolated to humans. Additionally, tumour cells, which
are frequently used in toxicological studies, generally exhibit an abnormal redox
balance and are prone to both ROS production and apoptotic cell death (Jackson and
Loeb 2001), which may lead to misleading results when any kind of oxidative stress
is being studied. Additionally, genes from higher eukaryotes can be functionally
expressed in yeasts, suggesting that structural and functional conservation during
evolution has occurred. For this reasons, experiments involving the use of yeasts as
model organisms could have important advantages. Much of what we learned from
the oxidative stress induced responses of microbes will undoubtedly have an im-
portant influence on our understanding of the mechanisms by which mammals and
other higher eukaryotes cope with oxidative stress and oxidative damage. However,
there are also differences between yeast and higher eukaryotes, especially when it
comes to cell envelope. Yeast cells are surrounded by a thick cell wall built from
glucans, chitin and mannoproteins (Klis et al. 2002; Lipke and Ovalle 1998). It
serves to maintain cell shape and integrity (Cid et al. 1995) but it can pose problems
when yeasts are used for research because data obtained on yeast cells cannot be
simply extrapolated on higher eukaryotes since cell wall can influence the intracel-
lular transport of investigated compounds.

Extracellular Reduction of Chromate

The reduction of Cr(VI) by sulphate-reducing bacteria has been reported (Smith
2001; Shakoori and Makhdoom 2000; Schmieman et al. 2000; Rahman et al. 2000,
2007). Various other research groups (Wang et al. 1989; Kvasuikova et al. 1984;
Ishibishi et al. 1990; Fude and Shigui 1992) have demonstrated that bacterial strains
such as Pseudomonas sp., Enterobacter sp. and Desulfovibrio sp. also have the
ability to transform Cr(VI) to Cr(IIl). Acevedo-Aguilar et al. (2000) studied the
reduction of Cr(VI) by a Cr(VI)-resistant strain of the filamentous fungus Ed8 (an
Aspergillus sp.), indigenous to contaminated industrial wastes. This strain has the
capability to reduce Cr(VI) present in the growth medium without accumulating it
in the biomass, but the reduced Cr end-products have not been characterized.

The central tenet of Cr(VI)-induced DNA damage and genotoxicity is that a
reductive metabolism must take place intracellularly (EPA 1998; Katz and Salem
1994; Kirpnick-Sobol et al. 2006). However, Cr(VI) reduction may also proceed
outside the cell. The extracellular reduction of Cr(VI) to Cr(Ill) is regarded as a
detoxification process because Cr(III) crosses the cell membrane at a much slower
rate than Cr(VI). However, certain Cr(V) and Cr(IIl) complexes generated extracel-
lularly may have high permeabilities and consequently may penetrate into the cell
and cause intracellular damage. The possible incorporation of such species from the
environment and their genotoxicity have been analysed by means of the SOS test
in Salmonella typhimurium (Nakamura et al. 1987). The SOS test is based on the
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ability of genotoxic chemicals to induce umu gene expression in the tester strain of
S. typhimurium TA 1535/pSK1002, in which an umuC-lacZ fusion gene has been
introduced. Thus the potentials of chemicals to induce SOS response and, hence,
their genotoxicity can be quantified by measuring B-galactosidase activity spec-
trophotometrically. However, the extracellular reduction of Cr(VI) with different
antioxidants did not increase the [3-galactosidase activity, which led to the conclu-
sion that reduction of Cr(VI) to Cr(IIT) with different antioxidants is a detoxification
reaction (Poljsak et al. 2005). Similarly, the extracellular reduction of Cr(VI) with
antioxidants increased the viability of S. cerevisiae (Poljsak 2004).

Metal Ion Uptake by Yeasts and Fungi

The uptake of metal ions by fungi is in general a biphasic process. The first step,
frequently referred to as biosorption, is a metabolism-, and metabolic energy-inde-
pendent process that requires only a few minutes, but depends considerably on pa-
rameters such as pH, temperature, the ratio of the initial metal ion and the initial bio-
mass concentrations, the culturing conditions, and the presence of various ligands
and competitive metal ions in solution. The microbial cell wall, the outer surface of
the plasma membrane and, sometimes, extracellular polymers are involved in this
process, via interactions with functional groups situated on the surface of the cells,
such as carboxyl, phosphate, hydroxy, amino, thio, thiolo, etc. The processes of pas-
sive biosorption involve coordination, complexation, physical adsorption (e.g. elec-
trostatic or London-van der Waals forces), ion-exchange, inorganic precipitation
and redox reactions. The second step, bioaccumulation, is a slower, metabolism-
dependent process that hinges on the temperature and the presence of metabolism
inhibitors. However, the two steps of uptake cannot be exactly separated from each
other in in vivo experiments (for reviews, see Wang and Chen 2006; Blackwell et al.
1995; White and Gadd 1995; Rosen 2002).

Biosorption of Chromium

Bacterial and fungal biosorption is a technique that can be used for removal of
metal pollutants from water (see for reviews Kapoor and Viraraghavan 1995; Wang
and Chen 2006; Viraraghavan and Yun 2008). The biosorption of Cr(VI) by dif-
ferently dehydrated yeast species displays noticeable differences. Candida utilis
demonstrates the highest biosorption activity, with the intact cells exhibiting less
activity in sorption. The kinetics of the process depends on the temperature and
the initial concentration of Cr(VI). The initial, rapid biosorption step takes place
within 10 min (Pesti et al. 2000). This step is similar in S. pombe Cr(VI)-tolerant
and parental mutant strains, but 4 times more Cr(VI) is taken up by the Cr(VI)-
sensitive mutant, which reveals the difficulty in separating the biosorption and
bioaccumulation processes in living cells (Czako-Vér et al. 1999). A combination
of Pb(II) or Cu(Il) and CrO,*" displays a synergistic effect for Cr(VI) sorption,
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whereas Cd(II) and Zn(II) inhibit Cr(VI) sorption by C. utilis cells (Mutter et al.
2002). The distribution of Cr(VI) between the cell wall and the spheroplast ofa 12 h
culture of Candida intermedia was 4.3+0.6 (ug g' dry cell mass) and 14.9+3.0
(ng g! dry cell mass), respectively, demonstrating the bioabsorption capacity of
actively growing intact cells (Pas et al. 2004). The effect of pH on biosorption has
been investigated in detail in tests on a variety of different types of biomasses. The
optimum removal of Cr(VI) was reported at pH 2.0 and 1.0 for Rhizopus nigri-
cans and S. cerevisiae, respectively (Ozer and Ozer 2003). Yeast cells modified by
a cationic surfactant achieved maximum Cr(VI) removal at pH 5.5 (Bingol et al.
2004). Mapoleno and Torto (2004) demonstrated that the optimum pH for Cr(III)
removal with budding yeast is 5.2. The temperature influences biosorption via the
ion-exchange mechanism, but the results related to the biosorption of Cr(VI) in S.
cerevisiae are controversial. Ozer and Ozer (2003) reported the optimum tempera-
ture to be 25°C, whereas Goyal et al. (2003) found that Cr(VI) sorption increased
with increasing temperature in the range between 25 and 45°C. The results with
dead fungal biomass (Aspergillus niger, Rhizopus oryzae, Penicillium chrysogenum
and S. cerevisiae) suggested that the mechanism of Cr(VI) removal involved a re-
dox reaction (Park et al. 2005; Sag and Kutsal 1996). The biosorption of Cr(VI) by
Mucor hiemalis biomass has been reported to follow pseudo-second-order kinetics
(Tewari et al. 2005).

These findings clearly demonstrate that it is highly desirable to investigate and
optimize all relevant parameters related to the available fungal biomass when its
application for Cr biosorption is considered.

Bioaccumulation of Chromium

Biological membranes are practically impermeable for Cr(III). On the other hand,
Cr(IIT) readily forms complexes in aqueous solution with most biologically relevant
ligand molecules, and these complexes may be taken up by cells. Cr(IIl) within
cells participates in DNA-DNA cross-linking (Snow and Xu 1989), DNA—protein
cross-linking (Kortenkamp et al. 1992), DNA condensation, and decreases DNA
replication fidelity (Bridgewater et al. 1994). Cr(II) species have low toxicity, in
part because their bioavailability is limited by their low solubility and by the ten-
dency of dissolved Cr(Ill) to be adsorbed by organic carbon (Cohen et al. 1993;
Batic and Raspor 1998). Cr(VI) exists mainly as the tetrahedral CrO,>, analogous
to physiological anions such as SO,*” and PO,*". They enter cells through the same
non-selective and oxidative state-sensitive anion channel via facilitated diffusion
(Borst-Pauwells 1981). Not surprisingly, sulphate transport mutants of Neurospora
crassa exhibit Cr(VI) resistance, and Cr(VI) toxicity against Candida and Saccha-
romyces species is modulated by inorganic and organic sulphur species (Marzluf
1970; Pepi and Baldi 1992). Recently, Pereira et al. (2008) found that chromate en-
ters the cells mainly through sulfate transporters and competitively inhibits sulfate
uptake in yeast S. cerevisiae. Also consistent with a competition between the two
substrates, sulfate supplementation relieves chromate toxicity. Additionally, authors
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show that chromate causes a strong decrease of sulfate assimilation and sulfur me-
tabolite pools suggesting that cells experience sulfur starvation. As a consequence,
nearly all enzymes of the sulfur pathway are highly induced as well as enzymes of
the sulfur-sparing response.

Cr(VI) is rapidly reduced to Cr(III) inside cells (Corbett et al. 1998; Arslan et al.
1987) and the concentration of Cr in the Cr(VI) oxidation state will therefore never
be equal on the two sides of a plasma membrane (as long as the cells have a satisfac-
tory reducing capacity). Practically all Cr(VI) anions will be taken up by the cells
from their surroundings (Kortenkamp et al. 1992; Mutter et al. 2001; Ksheminska
et al. 2005), that explains why even a very low Cr(VI) concentration can cause the
death of a cell population (Czako6-Vér et al. 2004), and why Cr-containing media
cannot be used for the direct selection of chromium mutants and transformants at
a single cell level (Koosz et al. 2008). Consequently, the reduction capacity of the
cells is the main power of Cr(VI) bioaccumulation.

The uptake-reduction model was proposed by Wetterhahn and Hamilton (1989)
to explain Cr(VI) carcinogenicity. After entering cell, Cr(VI) is reduced to Cr(II)
by antioxidative enzymes and small molecular mass antioxidants such as GSH,
ascorbate, vitamin E, cysteine, NADPH, saccharides, hydroxylic acids, efc., with
the concomitant formation of Cr(V/VI) complexes and various organic radicals, all
of which are potentially DNA-damaging agents (Cieslak-Golonka 1995). A number
of in vitro experiments have demonstrated that the reactive intermediates Cr(V) and
Cr(IV), and also Cr(IIl), can generate harmful ROS quite effectively during their
re-oxidation processes through the Fenton and Haber—Weiss reactions. The reaction
products include H,O,, superoxide anion (0,*") and hydroxyl radical (*OH), which
are primarily responsible for the cyto- and genotoxicity of Cr(VI). These processes
proved to be valid for all living cell types (O’Brien and Kortenkamp 1996; Cieslak-
Golonka and Daszkiewicz 2005, Codd et al. 2001; Shi et al. 1998, 1999). Cr(VI)
accumulates mainly in the cytosolic compartment of cells (Ksheminska et al. 2005;
Ghaireb and Gadd 1998) and causes morphological changes in the cell surface
(Mutter et al. 2001). As far as the genomic responses to the oxidative stress gener-
ated by Cr(VI) are concerned, the consequences are not known.

Cellular Interactions of Chromium

Interactions of Chromium with Plasma Membrane

Plasma membrane damage is one of the key factors in metal ion cytotoxicity. It
generally involves a sudden alteration of membrane biophysical parameters (e.g.
order parameter, phase transition temperature, etc.), increase in membrane perme-
ability, resulting in a rapid loss of intracellular ions or, just the opposite, an en-
hanced accumulation of extracellular ions. Loss of building blocks of macromol-
ecules (e.g. amino acids, nucleic acid basis etc.) or even intracellular enzymes can
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be detected (Pesti et al. 2000). Membrane damages may also arise from changes
in the activities of important membrane-bound enzymes, these activities being
markedly dependent on their membrane-lipid environments (Pesti et al. 1981). The
peroxidation of polyunsaturated fatty acids and the oxidation of membrane compo-
nents (e.g. ergosterol, and proteins) may also contribute to the increased membrane
permeability and by this way to the cytotoxicity of heavy metal ions. All these
alterations may induce an array of signal transduction pathways (Cieslak-Golonka
and Daszkiewicz 2005). However, the mechanism of action of the metal ion in
question depends essentially on its chemical nature, the pH alteration caused by the
metal ion, the membrane composition of the tested organism, and the experimental
conditions employed.

In aqueous solution and at physiological pH (~7.4), Cr(VI) exists predominant-
ly (~96%) as its tetrahedral anion CrO,*". Before Cr(VI) enters cells, it is partly
reduced by the biomolecules of the cell wall (e.g. polysaccharides and manno-
proteins) and the plasma membrane (e.g. S-containing organic ligands) (Cieslak-
Golonka and Daszkiewicz 2005). It has been proven in in vitro experiments that, un-
like Cr(III), Cr(VI) does not form complexes with biologically relevant molecules
(Corbett et al. 1998). The biosorption of Cr(VI) in yeasts and fungi by the cell wall
and surface molecules of the plasma membrane may also be accompanied by the
reduction of Cr(VI). Membrane-associated Cr(VI) reductase has been identified in
Bacillus megaterium, Pseudomonas putida, and Esherichia coli (Cheung and Gu
2007), but corresponding data are not available for yeasts or fungi.

The effects of Cr(VI) on the plasma membrane have been investigated by electron
paramagnetic resonance (EPR) spectroscopy in Cr-sensitive and -tolerant mutants
of S. pombe. In all cases, treatment of the cell wall-free protoplast membranes with
Cr(VI) increased the rotation mobility of the spin labels and decreased the phase-
transition temperatures of the structural changes, clearly indicating an increased
membrane fluidity in the strains studied. 5-Doxylstearic acid (5-SASL) and 3-dox-
ylbutyric acid (HO-185) spin probes were used to label the membranes. A more
pronounced effect of Cr(VI) was detected on HO—185-1abelled membranes than
on 5-SASL-labelled membranes. This observation furnished evidence that Cr(VI)-
elicited membrane perturbations are mostly localized at the lipid—water interfaces.
Although, the primary target of Cr(VI) and its reduced derivatives is the plasma
membrane in yeasts, the interactions between the Cr and membrane constituents are
not determinative in Cr toxicity processes (Belagyi et al. 1999; Farkas et al. 2003).

Importantly, Cr(III) significantly increased the fluidity of spin-labelled mem-
branes of a Candida albicans ergosterol-producing (33erg™) strain and its ergos-
terol-deficient (erg-2) mutant, but the increased fluidity did not result in any vis-
ible changes in the plasma membrane structure, as revealed by freeze-etch elec-
tron microscopy (Pesti et al. 2000). It seems that the Cr(III) cation has preferred
localization in the negatively charged regions of the membranes, and tends to
create bridges between the phospholipids molecules and the side-chains of nega-
tively charged amino acid residues. These interactions reduce the stability of the
head group regions of the membranes, decrease rotational energy barriers for spin
probes, and possibly affect the bound layer of phospholipids around the mem-
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brane proteins. The absence of ergosterol in the erg-2 mutant led to significantly
increased levels of polyunsaturated fatty acids (16:3 and 18:3) (Pesti et al. 1985).
This way, the heavy metal stress-induced lipid peroxidation might contribute to
both the fluidification and the decreased membrane barrier function in Cr(III)-
treated cells, which is in accord with the findings of Howlett and Avery (1997).
Cr(III) treatment at the minimal inhibitory concentration (MIC=100 mM) caused
a loss of metabolites absorbing at 260 nm, which amounted to 40 and 60% in the
33erg™ and erg-2 strains, respectively. This decryptification process may be the
main cause of growth inhibition and cell killing by Cr(IIl) ions in C. albicans
(Pesti et al. 2000).

In general, the rapid and metabolism-independent biosorption step of chromate
ion uptake by fungi is associated with the generation of reactive Cr(V) and Cr(IV)
intermediates and complex-forming Cr(IIl) ions. Cr(V) and Cr(IV) species and
Cr(IIT) complexes induce lipid peroxidation, and also effective and irreversible in-
hibition of the enzymes localized in the plasma membrane (e.g. Ca?>"-ATPase and
phosphatase). All these physiological changes together will lead to fluidization of
the plasma membrane, loss of the plasma membrane barrier function and/or cell
death (Al-Asheh and Duvjak 1995; Blackwell et al. 1995; Rapaport and Muter
1995; Moreira et al. 2005; Wang and Chen 2000).

ROS Formation During Intracellular Cr(VI) Metabolism

The chemistry of intracellular reduction of chromium and the role of oxygen spe-
cies have been the subjects of intense debates for over 20 years (reviewed by
O’Brien and Kortenkamp 1996). Cr(VI) compounds are highly toxic and carcino-
genic compared to Cr(III) because Cr(VI), in contrast to Cr(III) (octahedral form),
can cross cellular membranes via nonspecific anion carriers, such as SO,*" and
PO,*" (Wenbo et al. 2000). The chromate anion (CrO,*") (which is the form of
tetrahedral chromate anion) is structurally similar to the sulfate (SO,*") and hy-
drogen phosphate (HPO,’") anions, which are actively transported through cell
membranes. Due to this similarity, chromate can easily penetrate the plasma mem-
brane by normal cell anion transport system. Cr(III) ions can cross the membranes
only very slowly via simple diffusion or phagocytosis. As already mentioned, once
Cr(VI) enters the cell, it is reduced by certain molecules such as ascorbic acid
(Connett and Wetterhahn 1983; Goodgame and Joy 1988), glutathione (Cupo and
Wetterhahn 1985; O’Brien et al. 1985; Shi and Dalal 1988; Kitagawa et al. 1988),
cysteine (Kitagawa et al. 1988), hydrogen peroxide (Kawanishi et al. 1986), ri-
boflavine (Sugiyama et al. 1989), and flavoenzymes (De Flora et al. 1985; Banks
and Cooke 1986) such as glutathione reductase (Koutras et al. 1964, 1965; Shi
and Dalal 1989), to generate Cr(V). During this reduction process, molecular oxy-
gen is reduced to superoxide (O,*"), which generates hydrogen peroxide (H,0,)
via dismutation (Stearns and Wetterhahn 1994). The resultant Cr(V) reacts with
H,0, to generate the hydroxyl radical (OH®) via the Fenton-like reaction (Shi and
Dalal 1990a, b). Among chromium species inside cells the Cr(V) species have been
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shown to be long-lived reactive intermediates (Goodgame and Joy 1988; Jennette
1982) and to cause DNA breaks (Kawanishi et al. 1986; Rodney et al. 1989) in
vitro as well as mutation in bacterial cells (Kawanishi et al. 1986). Thus, during
the stepwise one-electron reduction of Cr(VI) to the final stable product Cr(IIl), a
whole spectrum of reactive oxygen species (ROS) is generated. Any of these spe-
cies could potentially target the DNA molecule. Through ROS-mediated reactions,
Cr(V]) is able to cause oxidative damage to the DNA molecule. Many types of
DNA damage caused by Cr(VI) have been observed in vivo and in vitro, including
interstrand cross-links, DNA—protein cross-links (Borges and Wetterhahn 1989;
Zhitkovich et al. 1996), single strand breaks (Kortenkamp et al. 1992, Aiyar et al.
1990), Cr-DNA adducts (Klein et al. 1998), and radical DNA adducts, most notably
8-hydroxydeoxy-guanosine (8-OHdG) (Tsou et al. 1996). This wide spectrum of
DNA damage suggests that multiple mechanisms are necessary to adequately ac-
count for all of the observed lesions. The “ultimate” lesion, or lesions, responsible
for the initiation or promotion of cancer by this metal is likewise unknown, and
selection of one specific mechanism over another has primarily been researcher-
dependent. The determination of a mechanistic pathway of cancer by Cr(VI) has
been further complicated by multiple ROS generated during intracellular metabo-
lism (reduction) of the metal complex.

Mechanisms of Chromium Sensitivity and Resistance

All cell types have the ability to respond to undesirable environmental changes
in the concentrations of toxic metal ions which induce stress response. These re-
sponses involve sensing and signal transduction, leading to adaptation of the cells
to adjustments of the gene expression profile, metabolic activities and other features
(Hohmann and Mager 2003; Chen and Shi 2002; Harris and Shi 2003). Significant
differences can be observed between naturally-occurring yeast species belonging in
various taxonomic groups as regards their sensitivity and resistance (or tolerance) to
Cr(VI), Cr(IIT) and other metal ions. This can be explained in terms of the diversity
in genetic background during evolution. Organisms have devised two major strate-
gies to protect themselves against heavy metal ion toxicity. The first one is avoid-
ance, by restricting metal ion entry into the cell, either by a reduced uptake/active
efflux or by the formation of complexes outside the cells. The second strategy is
sequestration, to reduce the levels of free ions in the cytosol, either by the synthesis
of ligands to achieve intracellular chelation/reduction or by compartmentalization
into vacuoles (Ksheminska et al. 2005; Nies 1992; Tomsett 1993; Ksheminska et al.
2006). A number of genes, gene products and metabolites, and also regulatory pro-
cesses, have already been identified and described in detail for various heavy met-
als, including Cd, Cu, efc. (for reviews, see Pocsi et al. 2004; Liu and Thiele 1997,
Perego and Howell 1997; Chen et al. 2003; Mendoza-Cdzatl et al. 2005; Hildebrand
etal. 2007).

To investigate the mode of action of metal ions and their detoxification process-
es, mutants with altered metal ion sensitivity have been generated and widely used.
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The first Cr-resistant mutants of the fungus Neurospora crassa were obtained by
induced mutagenesis. Mutants resistant to Cr(VI) displayed deficiencies in sulphate
transport and parallel losses in Cr(VI) uptake (Marzluf 1970; Roberts and Marzluf
1971). Slightly reduced rates of Cr(VI) uptake were also detected in Cr(VI)-resis-
tant mutants of S. cerevisiae by Ono and Weng (1982). The Baldi group selected
Candida sp. and Rhodosporidium toruloides strains from Cr-contaminated indus-
trial wastes (Baldi et al. 1990). Three Cr(VI)-resistant strains exhibited significantly
reduced bioaccumulation of Cr(VI) but their resistance was modified by the facilita-
tion of sulphate transport (Pepi and Baldi 1992, 1995; Baldi et al. 1990). Increased
Cr(VI), selenite and tellurite sensitivities were detected in vacuole mutants of S.
cerevisiae, emphasizing the importance of functionally active vacuoles in heavy
metal resistance (Ghaireb and Gadd 1998).

Cr(VI)-tolerant (chri-66T) and -sensitive (chr-51S) mutants of S. pombe hetero-
thallic strains (h*, h™) have been obtained by induced mutagenesis. In contrast with
earlier findings, these mutants demonstrated various patterns of cross-sensitivity
to Cd*", Cu*", Ni* and VO,*. The rapid transport of >'Cr(VI) and high bioaccu-
mulation ability of chromium with a dry biomass of 810 pg g™! after 30 min were
detected in the sensitive chr-51S mutant, in contrast with its parental chr6” strain
and the tolerant chrl-66T mutant (Czakd-Vér et al. 1999, 2004). The chromate tol-
erant chri-66T mutant was sensitive to oxidative stress-generating agents such as
H,0,, menadione, fert-butyl hydroperoxide and Cd**. Both the Cr(VI) tolerance
and the oxidative stress sensitivity were attributed to decreased specific glutathione
reductase (GR) and mitochondrial superoxide dismutase (Mn-SOD) activities (Pesti
etal. 2002; Gazdag et al. 2003). As expected, the mutant cells were characterized by
significantly decreased GSH and elevated intracellular superoxide concentrations.
When the chromium tolerant chr1-66T mutant was transformed with a GR-express-
ing non-integrative vector the chromium tolerance was lost (Kodsz et al. 2008).
No difference was detected in the sequences of the pgrl* that codes the enzyme
GR (Lee et al. 1997) and pap1™, a transcriptional regulatory gene of GR (Ikner and
Shiozaki 2005) genes in comparison with the parental strain chr6*. These observa-
tions indicate that downregulation of the GR activity in the Cr(VI)-tolerant mutant
might be a consequence of a mutation in the mitogen-activated protein kinase signal
transduction system (Koodsz et al. 2008).

In spite of the decreased GSH concentration, the Cr(VI)-sensitive chr-51S mu-
tant exhibited an elevated Cr(V)-reducing activity together with increased intracel-
lular superoxide and peroxide concentrations, suggesting that its Cr(VI) sensitivity
was a consequence of an increased Cr(VI) uptake catalysed by an enhanced GR
activity and, hence, an increased OH-producing ability (Pesti et al. 2002).

It is reasonable to assume that the Cr(VI) sensitivity/resistance (tolerance) of
a given strain would be changed if the genes responsible for Cr(VI) uptake, GSH
metabolism or intracellular peroxide and superoxide production are altered, where-
by the oxido-reduction system of the cell will be overbalanced (Pesti et al. 2000,
2002; Gazdag et al. 2003; Pdcsi et al. 2004). A global “uptake-reduction” model
has been established by Wetterhahn et al. (1989), that is a generally accepted de-
scription of chromate transport into cells and induction of DNA damage. Recently,
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a single, novel pathway mediating the toxicity of chromate was elucidated. Hol-
land et al. (2007) demonstrated that mRNA mistranslation is a primary cause of
cellular Cr toxicity of yeast mutants. Results of their study indicate that protea-
somal (protein degradation) activity is crucial for cellular chromium (Cr) resis-
tance. Further investigations showed that Cr causes the accumulation of insoluble
and toxic protein aggregates, which predominantly arise from proteins synthesized
during Cr exposure. A protein-synthesis defect provoked by Cr was identified as
mRNA mistranslation, which was oxygen-dependent. Additionally, it was con-
firmed that Cr-induced S starvation is the cause of mRNA mistranslation (Holland
etal. 2010).

The ability of Cr(VI) to oxidize biomolecules with the formation of Cr(III) com-
plexes is believed to be responsible for the mutagenicity and carcinogenicity of
Cr(VI) (Lay and Levina 1998). However, neither Cr(VI) nor Cr(IIl) alone cause
significant DNA damage (which is a necessary but not a sufficient first step en
route to cancer (Lay and Levina 1998). Wetterhahn and co-workers were the first to
propose that reactive Cr(V) and Cr(IV) intermediates, formed during the course of
Cr(VI) reactions with intracellular reductants, may be the DNA-damaging species
(Connett and Wetterhahn 1983). Indeed, treatments of isolated DNA with Cr(VI)
in the presence of reductants (ascorbic acid and GSH) led to various kinds of DNA
damage. Liu and Thiele (1997) showed that Cr(V) complexes were generated in liv-
ing organisms exposed to Cr(VI), supporting the hypothesis about the role of Cr(V)
and possibly Cr(IV) intermediates in Cr(VI)-induced genotoxicities (Lay and Lavi-
na 1998). One of the experimental evidences that favours the idea that molecular
oxygen plays a role in Cr-induced genotoxicity was the finding that Cr(VI) induced
mutations in certain strains of Salmonella only in the presence of O, (Sugden et al.
1990). Kortenkamp et al. (1996; Lay and Levina 1998) have shown that the absence
of O, (or the presence of catalase) strongly reduces the in vitro DNA damage in-
duced by the Cr(VI)+ascorbic acid or GSH system. Zhang and Lay (1996) and Lay
and Levina (1998) provided electron paramagnetic resonance (EPR) spectroscopic
evidence for the formation of Cr(V)-peroxo and peroxo-ascorbato complexes dur-
ing the Cr(VI) reduction by ascorbic acid in aerated aqueous media. Maximal con-
centrations of Cr(V) peroxo species correlated with the conditions of maximal DNA
damage in vitro in Cr(VI)+ascorbic acid system. Contrary to all these develop-
ments, the oxidation state of chromium and the radical species responsible for the
formation of DNA damage upon reduction is unknown (Sugden and Stearns 2000).
The elucidation of these mechanisms and species responsible for the formation of
oxidative DNA lesions upon Cr(VI) treatment remains to be solved.

At physiological pH level, Cr(VI) reduction is controlled kinetically rather than
thermodynamically. In general, there are two pathways for Cr(VI) reduction. First,
a series of one electron reductions may occur, predominately at rather low relative
levels of reductants, producing the intermediate Cr(V) and Cr(IV) species and, ul-
timately, Cr(III) (Stearns et al. 1995a). In contrast, when the intracellular reductant
level is higher than that of Cr(VI), the initial step involves a two electron reduc-
tion to Cr(IV), followed by one electron reduction to Cr(III). During the reductive
metabolism of Cr(VI), the oxidation of reductants can lead to ROS and produce
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secondary toxicological effects (e.g. DNA strand breakage, DNA adducts) (Stearns
et al. 1994, 1995a).

In contrast to Cr(VI) classified as a toxic element, some compounds of chromium
are essential micronutrients (Mertz 1969; Katz and Salem 1993). Dietary deficiency
of chromium has been associated with impaired growth and fertility, a diabetic-like
state connected to impaired glucose tolerance, hyperinsulinemia, hypercholesterol-
emia and enhanced atherogenesis (Katz and Salem 1993). In experimental animals,
chromium deficiency decreased their life-spans (Katz and Salem 1993).

Interactions of Chromium with Biomolecules

Cr in its hexavalent state (Cr(VI)) exhibits very little biological activity (i.e. interac-
tion with cellular macromolecules) in toxicologically relevant concentrations. The
interactions of Cr in different oxidation states with metabolites (biological reduc-
tants) and biopolymers (proteins, nucleic acids) were studied in numerous in vitro
and in vivo systems (reviewed by Codd et al. 2001). At physiological pH, Cr(VI)
interacts with GSH, normally present in eukaryotic cells in millimolar concentra-
tions (Codd et al. 2001; Pdcsi et al. 2004). GSH is regarded as an intramolecular
stabilizer of Cr(VI) via the formation of thiolate esters in a rapid equilibrium step,
followed by a slow reduction of Cr(VI) to highly reactive Cr(V) species (Connett
and Wetterhahn 1983; Borges et al. 1991). Cr(VI) may also form thiolate esters
with other low molecular mass thiols, including y-glutamylcysteine, N-acetylcyste-
ine and L-cysteine (Brauer et al. 1996). Additionally, a wide range of other biomol-
ecules are capable of reducing Cr(VI).

The oxidation state of Cr(V), Cr(V)-diolato bindings between Cr(V) species and
the cis-diolato group of ribose in single ribonucleotides (e.g. NAD(P)H) are of bio-
logical relevance in stabilizing the highly reactive Cr(V) species under physiologi-
cal conditions (Goodgame and Joy 1986; Liu and Thiele 1997).

Whereas our knowledge on possible interactions of Cr(IV) species with biomol-
ecules is rather limited (Codd et al. 2001), there is an increasing body of evidence
related to the bulk formation of reductant-Cr(III)-DNA and amino acid-Cr(III)-
DNA adducts during the intracellular reduction of Cr(VI) species (Kortenkamp
et al. 1991, 1992; Zhitkovich et al. 1996; Quievryn et al. 2001).

Mechanism of Chromium Toxicity

Many lines of research have suggested the involvement of ROS and, in particular,
the hydroxyl radical in the DNA damage promoted by Cr(VI) reduction. Much of
the evidence for ROS-induced intracellular DNA damage is based on either (1)
formation of oxidized DNA products, (2) in vitro formation of ROS during Cr(VI)
reduction with a cellular reductant and hydrogen peroxide, and (3) formation of
cellular oxidative stress as measured by oxidant-sensitive intracellular dyes and
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activation of oxidative damage inducible genes (Sugden and Stearns 2000). While
there is a significant body of evidence for ROS formation during Cr(VI) reduction,
an alternative to this radical mediated process of oxidative DNA damage is a metal-
mediated mechanism. For example, the intracellular dye used to define intracellu-
lar ROS formation 2,7-dichlorofluorescin can be directly oxidized by high valent
chromium complexes such as Cr(V) in vitro (Martin et al. 1998). On the other hand
ROS associated oxidative damage may be incidental rather than a cause of toxic-
ity (Avery 2001), and the principal causes of most metal toxicities remain to be
resolved unequivocally (Holland and Avery 2009). Transport of chromate anions
into cells is known to occur via plasma membrane sulfate transporters (Alexander
and Aaseth 1995; Pereira et al. 2008). Resultant competition between chromate and
sulfate for uptake can lead to sulfur starvation in yeast (Pereira et al. 2008). Thus,
sulfur starvation would represent a ROS independent mechanism of Cr toxicity,
alternative to DNA damage. Additionally, recent work of Holland and Avery (2009)
on yeasts showed that actin-mediated endocytosis is required to limit intracellular
Cr accumulation and to help resist Cr toxicity during chromate stress.

Risk Assessment in Human Exposure to Cr(VI)

Risk assessment is the process for the identification and quantification of the risk
resulting from a specific use or occurrence of a chemical, taking into account pos-
sible harmful effects on individual people or society of using the chemical in the
amount and manner proposed and all the possible routes of exposure. In the estima-
tion of the risks, three or more steps are involved, including hazard identification,
dose-response analysis, exposure quantification. Toxicity tests are integrated in risk
estimation and are mainly obtained with experimental animals and in vitro models
(e.g. acute test (LC-50 or LD-50), short-term test, semi-chronic test, chronic test
(N.E.L. or N.O.E.L.), tests on special effects: eye and skin irritation, sensibiliza-
tion, reproduction, teratogenicity, mutagenicity and carcinogenicity. Problems arise
from extrapolating results from experimental animals or cell lines to humans, and/
or from high to lower doses. In addition, the differences between individuals due to
genetics or other factors mean that the hazard may be higher for particular groups,
called susceptible populations. For this reason, safety factors are considered, typi-
cally a factor of 10 for each unknown step. There are many chromium toxicity tests
reported on different test organisms but such detailed information would exceed the
scope of this chapter.

The general population is exposed to total chromium (generally chromium (III))
by eating food, drinking water, and inhaling air that contains the chemical. Re-
garding the scope of risk assessment, oral ingestion via drinking water is the main
source of chromium(VI) intake; provided a 1 L/day of water consumption of chil-
dren (15 kg b.w.) and 2 L/day water consumption of adults (60 kg b.w.).

While Cr(VI) is classified as a toxic element, some compounds of chromium
are believed to be essential micronutrients (Mertz 1969 cited by Katz and Salem
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1993). Chromium(VI) is widely known to cause allergic dermatitis as well as toxic
and carcinogenic effects in animals and humans. Although, chromium(V) has been
identified as an ultimate carcinogen, investigators have demonstrated that Cr(V)
complexes, produced in the reduction of Cr(VI) by cellular reductants, generate
hydroxyl radicals and cause DNA damage (Zafra-Stone 2007).

The biological effects associated with Cr exposure are diverse and depend upon
metal speciation. Exposure to only certain Cr(VI)-containing compounds is associ-
ated with an increased risk of lung cancer. IARC classifies Cr(VI)-containing com-
pounds as Group 1 human carcinogens as they are encountered in certain occupa-
tional settings (IARC 1997). Nevertheless, not all Cr(VI)-containing compounds
are carcinogenic. As early as in the middle of the 20th century some epidemiologists
noted that the relatively insoluble hexavalent Cr compounds presented the great-
est carcinogenic risk (Machle and Gregorius 1948 cited by O’Brien et al. 2003).
Levy et al. (1986) found that the most soluble chromates (i.e. potassium chromate
(K,CrO,) and the most insoluble chromates (i.e. PbCrO,) were the least carcino-
genic, whereas chromates with intermediate solubility (i.e. ZnCrO,) were the most
carcinogenic. The majority of in vitro carcinogenesis experiments with soluble
chromates show a negative outcome which has been attributed to the vast extracel-
lular reducing capacity of Cr(VI) in mammals (O’Brien et al. 2003). In contrast, low
solubility particles adhere to lung epithelial cells and slowly release high concentra-
tions of Cr(VI) on the cell surface. Thus, it is generally accepted that Cr is specifi-
cally a respiratory tract carcinogen when particulate forms are inhaled at relatively
high doses for long periods of time.

The toxicity of Cr(VI) via the inhalation and ingestion are the main routes of
exposure and have been examined in several species, including humans with occu-
pational, accidental or suicidal exposures (WHO 1997; Paustenbach 2002).

Inhalation

There might be an increased risk associated to Cr(VI) exposure through inhalation.
This relates to neutral pH and limited reduction capacity of the mucous and lung
fluids (EPA 1998).

Following inhalation exposure, animal studies have shown that 20-30% of the
administered Cr(VI) is absorbed via the respiratory tract. Contrary to ingestion, in-
halation route has low capacity defense mechanisms to protect the lung from Cr(VI)
toxicity.

According to EPA (1998) a number of factors can influence the absorption of
chromium following inhalation, including the size, oxidation state, and solubility
of the chromium particles, the activity of alveolar macrophages and the interac-
tion of chromium with biomolecules following deposition in the lung. Absorption
of inhaled chromium following occupational exposure has been demonstrated by
measurement of chromium in the serum, urine, and hair of workers in the chromium
industry (EPA 1998).
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Also when inhaled, a significant difference between Cr(VI) and Cr(Ill) toxic-
ity is observed. When rats were exposed to potassium dichromate (VI) and Cr(III)
trichloride by inhalation, Cr(VI) was absorbed more efficiently than Cr(IIl) (EPA
1998).

Another possible root of exposure is exposure to airborne aerosols produced
from contaminated ground water. Finley et al. (1997, in Paustenbach 2002) made
shower air measurement to evaluate the significance of Cr(VI) aerosol exposures
during showering activities. Beside showers other usage of contaminated water in
certain air conditioners, spray irrigation or washing activities and cooling towers is
possible root of chromium intake via inhalation. Finley found that there is a linear
relationship between Cr(VI) concentration in shower water and shower air. Shower
air concentration in ng/m? corresponded to 28 x Cr(VI) water concentration in mg/L
(Paustenbach 2002).

Dermal Absorption

There is little evidence to suggest that dermal absorption contributes in any signifi-
cant way to total body burden of Cr, especially as a result of environmental expo-
sure. In vitro studies of Mali et al. (1966) indicated that none of the Cr compounds
diffused passively through the intact, isolated epidermal membranes. Only limited
dermal absorption took place through the intact skin, with 1-4% Cr(VI) from an
aqueous solution crossing the skin in guinea pig studies. The skin is also a barrier
against Cr(VI) uptake that limits the toxicity via dermal contact.

Oral Intake

The vast majority of chromium intake in the household comes from water, ingestion
is by orders of magnitude higher in comparison to potential inhalation of Cr(VI) in
aerosols or dermal penetration of Cr(VI). The acid—base chemistry of the gastroin-
testinal tract (GI), as well as the reductive capacity of the blood, creates a substan-
tial barrier to absorption of Cr(VI) species beyond the stomach.

The amount of chromium absorbed from the GI tract depends on its valence
state. Highly water-soluble Cr(VI) is poorly absorbed via the gastrointestinal tract
(only 2-9% of the dose was absorbed in human studies) due to reduction to the
relatively poorly absorbed Cr(III). Studies by Donaldson and Barreras (EPA 1998)
in humans and rats indicate that the normal absorption of Cr(III) or Cr(VI) by the
GI tract is low but is increased when Cr is administered directly to the intestines,
bypassing the gastric juices.

The ingestion studies demonstrated that exposure to soluble chromates in drink-
ing water at concentrations of 1,000 to 5,000 ppb are not well absorbed in nor-
mal adults and are probably absorbed into blood stream almost entirely in trivalent
forms. Exposures in this range were not toxic following acute or subchronic ad-
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ministration to normal adults. Further, it appears that steady-state conditions are
reached rapidly for an individual upon drinking 2 L per day of 2,000 ppb Cr(VI)
in water (Paustenbach et al. 1996), which suggests that long term exposures are
unlikely to result in Cr(VI) accumulation in tissues.

Considering the conclusions from human risk assessment studies, the WHO (2006)
guideline value is 0.05 mg/L for total chromium. The same values have been set by
the European Council Directive 98/83/EC to secure the quality of water intended for
human consumption (Council Directive 98/83/EC). Since 1991 EPA raised the fed-
eral maximum contaminant levels for total chromium in drinking water to 0.1 mg/L,
California maintained the 0.05 mg/L level (California department of public health
2007). There is inadequate evidence whether or not ingestion of Cr(VI) at the current
U.S. EPA MCL of 100 ppb poses cancer or non cancer hazard to humans.

Kinetics and Metabolism

According to DeFlora et al. (in EPA 1998) ingested hexavalent chromium is ef-
ficiently reduced to the trivalent form by the gastric juices. Hexavalent chromium
can also be reduced to the trivalent form in the epithelial lining fluid of the lungs by
ascorbate and glutathione. Once absorbed into the bloodstream, hexavalent chromi-
um readily enters red blood cells through the phosphate and sulfate anion-exchange
carrier pathway, though a portion may remain in plasma for an extended period.
Different hexavalent chromium studies, published in the Toxicological Review of
EPA (1998) explain chromium metabolism.

Cr(IIT) travels in the bloodstream largely bound to amino acids, other organic
acids, and plasma proteins such as globulins. The complexes of Cr(IIl) formed with
lower molecular weight ligands are most likely to be able to pass cell membranes.
Studies summarized in the Toxicological Review of Chromium (EPA 1998) show a
significant amount of absorbed chromium in the bone, concentrated in tissues of the
liver, kidney, and spleen.

Based on human and animals studies from 2 to 10% of orally administered dose
of Cr(VI) is absorbed. Most of the Cr(VI) which is not sequestered in the blood cells
is subsequently transferred to other organs, with the greatest retention by the liver,
spleen, and bone marrow.

At physiological pH level, Cr(VI) reduction is controlled kinetically rather than
thermodynamically. As already referred to it above, there are two pathways for
Cr(VI) reduction. First, a series of one electron reductions may occur, predomi-
nately at rather low relative levels of reductants, producing the intermediate Cr(V)
and Cr(IV) species and, ultimately, Cr(III) (Stearns et al. 1995a). In contrast, when
intracellular reductant levels are present in gross excess over Cr(VI), the initial step
involves a two electron reduction to Cr(IV), followed by one electron reduction to
Cr(III). During the reductive metabolism of Cr(VI), the oxidation of reductants can
lead to the ROS (reactive oxygen species) and produce secondary toxicological ef-
fects (i.e. DNA strand breakage, DNA adducts) (Stearns et al. 1995a).
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Excretion

The main routes for the excretion of chromium are via the kidneys/urine and the
bile/feces; minor routes include milk, sweat, hair, and nails. Studies in humans and/
or animals have shown that chromium administered orally or intravenously is ex-
creted principally in the urine, whereas chromium administered by inhalation or
intratracheal injection is excreted in both the urine and the feces (RAIS 1992).

Nutritional Practices and Assessment of Risk Involved in Human
Exposure to Chromium(I11)

In the previous sections chromium was regarded mostly as a toxic compound. How-
ever, Cr(III) is classified also as an essential trace element for humans, since it par-
ticipates in the metabolism of glucose and lipids (Anderson 1997; Vincent 2004).
On the other hand, Cr seems not to be required by microorganisms (Wong and
Trevors 1988) or plants (Shanker et al. 2004). At the extracellular level, Cr(III) is
relatively innocuous as a consequence of its insolubility and subsequent inability to
cross cell membranes (Wong and Trevors 1988; Katz and Salem 1993). Consider-
ing that trivalent chromium molecules are scarcely able to penetrate nuclear mem-
branes, only when the reduction is near the genetic material, potential interaction of
chromium with DNA could occur (Jones 1990).

Dietary deficiency of chromium has been associated with impaired growth and
fertility, a diabetic-like state connected to impaired glucose tolerance, hyperinsu-
linemia, hypercholesterolemia and enhanced atherogenesis (Katz and Salem 1993).
In experimental animals, chromium deficiency decreased their life-spans (Schro-
eder et al. 1963 cited by Katz and Salem 1993).

In 1954, the first suggestion that chromium(III) may be biologically active
emerged when it was reported that chromium enhanced the synthesis of cholesterol
and fatty acids from acetate in rat liver (Curran 1954). In 1959, trivalent chromium
was reported to be the glucose tolerance factor (GTF) (Nielsen 2007) that alleviated
the 1955 discovery of impaired glucose tolerance in rats fed torula yeast-sucrose
diets (Mertz and Schwarz 1955; Schwarz and Mertz 1959). Several reports claiming
that chromium as GTF normalized insulin responses and improved glucose toler-
ance in some individuals with impaired glucose tolerance or mild diabetes appeared
in the period between 1960 and 1970 (Nielsen 2007).

An estimated safe and adequate daily dietary intake (ESADDI) for chromium
by the Food and Nutrition Board in 1980 was established. Later the nutritional es-
sentiality of chromium was questioned anew when it was found that chromium
analyses before 1980 were not valid and repeated efforts to definitively character-
ize a chromium-containing GTF were unsuccessful, which raised doubts about its
existence (Nielsen 2007). In 1989 it was reported that chromium in the form of
chromium picolinate increased lean muscle mass and decreased body fat in young
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men participating in a weight-training program (Evans 1989). Chromium picolinate
(CrPic) is one of the most commonly used chromium dietary supplements available
in the United States, and it has been marketed to consumers for use in weight loss,
increasing muscle mass, and lowering serum cholesterol. Chromium picolinate is
a synthetic compound that provides a bioavailable form of Cr(IIl) that is claimed
to be absorbed better than dietary chromium. In general, the knowledge about the
toxicological profile of chromium picolinate is rather limited and the data that do
exist are contradictory, especially when it comes to the potential genotoxicity of the
compound. Ozawa and Hanaki (1990) demonstrated that Cr(IIl) can be reduced to
Cr(IT) by the biological reductants L-cysteine and NADH, and the newly formed
Cr(Il) reacts with hydrogen peroxide to generate hydroxyl radicals, which can be
detected by erythrocyte sedimentation rate (ESR) and high performance liquid chro-
matography (HPLC). Inside the cell Cr(III) may generate toxic effects by its ability
to cause ROS formation and DNA damage (Kortenkamp et al. 1991; Bridgewater
et al. 1994; Plaper et al. 2002). Jenko-Brinovec et al. (unpublished results) found
that Cr(IIT) compounds also take part in a redox cycle where in the presence of
H,0, they generate OH® radicals and DNA damages. In the case of CrPic there are
several reports that it can have adverse effects, the major concern about the toxicity
of CrPic has been its potential genotoxicity (Whittaker et al. 2005; Stearns et al.
1995b, 2002; Bagchi et al. 1997; Speetjens et al. 1999; Hepburn et al. 2003a, b).
In other studies, CrPic has been reported to be without any genotoxic effects (Mc-
Carty 1996; Esber and Moreno 1997) or only under non-physiological conditions
(Andersson et al. 2007). There are many mechanistic aspects of CrPic genotoxicity
that remain to be understood, including what individual contributions the metal
center and the picolinate ligand make to cytotoxicity and DNA damage in cells, and
whether or not the observed DNA damage is mutagenic (Stearns et al. 2002). It has
been shown to cause single strand breaks in plasmid DNA in vitro in the presence of
ascorbic acid or hydrogen peroxide, presumably by a Fenton mechanism in which
reactive oxygen species are produced as chromium cycles between oxidation states
of Cr(II), Cr(IIT), and Cr(IV) (Speetjens et al. 1999).

Major controversies surround the proposed role of Cr(IIl) as an essential micro-
nutrient, as well as its use in nutritional supplements (Levina et al. 2007). Such con-
troversies are partially caused by the lack of a clear understanding of the chemical
mechanisms by which Cr(Ill) acts as an anti-diabetic agent and due to limited epi-
demiological studies on humans. Whether a specific biochemical function for chro-
mium has been identified is still questioned, as a clear set of consistent deficiency
signs has not been established for higher animals or humans (Levina et al. 2007).
Chromium picolinate is neither approved as a food additive nor listed as Generally
Recognized as Safe (GRAS) by the food and Drug Administration (FDA). The FDA
has established a Reference Daily Intake (RDI) for chromium of 120 pg to assist con-
sumers in understanding the nutritional significance of the levels of this nutrient in
the context of the total daily diet. As recommended by the Food and Nutrition Board
of the National Research Council, the best assurance of adequate and safe chromium
intake is consumption of a varied diet balanced with other essential nutrients (Food
and Nutrition Board, Institute of Medicine 2002). Additionally, CrPic is available
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over-the-counter and can be bought at health food stores, supermarkets, pharmacies
and mail order companies in a variety of forms including pills, sport drinks, nutrition
bars and chewing gums (Speetjens et al. 1999; Vincent 2001), thus a great number of
individuals in the population are exposed to these type of compounds. There is also
growing evidence of the involvement of Cr(IIl) in Cr(VI)-induced cancers (Stearns
2000; Zhitkovich et al. 2001). Therefore, till further epidemiologic studies will pro-
vide the answer regarding chromium(III) toxicity, caution against taking excessive
doses of chromium picolinate for long periods of time is advised.

Prevention and Repair of Chromium-Induced Damage

Chromium(VI) is a strong oxidizing agent. Against oxidative stress cells possess
three lines of endogenous antioxidant defense: enzymatic, non-enzymatic antioxi-
dants and repair processes. If antioxidants fail to prevent oxidative damage there
is still the third line of defense, including protein and DNA repair systems, which
remove the damaged biomolecules before they can accumulate and before their
presence result in altered cell metabolism or viability. These mechanisms mainly
involve the induced expression of components of the DNA repair machinery, and
systems related to the homeostasis of iron and sulphur (Ozawa and Hanaki 1990).
Oxidatively damaged nucleic acids are repaired by specific enzymes, oxidized pro-
teins are removed by proteolytic systems and oxidized lipids are repaired by phos-
pholipases, peroxidases and acyl transferases.

Although, the contribution of Cr(III) to the genotoxicity of Cr(VI) has not been
well-established, the formation and significance of stable DNA—Cr(III)—protein and
DNA-Cr(IIT)-DNA adducts has been discussed (Codd et al. 2001). Cr(III) is capa-
ble of binding to the phosphate moieties of the sugar—phosphate backbone in DNA
(Kortenkamp et al. 1991; Bridgewater et al. 1994; Plaper et al. 2002). Not surpris-
ingly, Cr(VI) has long been known to induce the Escherichia coli SOS DNA-repair
system that protects DNA from oxidative damage (Llagostera et al. 1986). We have
observed a lower degree of 8-OHdG formation in cells exposed to 0.1 mM Cr(VI)
than in cells treated with 1 mM ascorbic acid (Poljsak et al. 2005). Obviously, the
increased 8-OHdG concentrations in the ascorbic acid-treated cells were likely to
trigger the induction of the yeast DNA-repair system (Cooke et al. 1998). Indeed,
the exposure to the mild stress induced by ascorbic acid pretreatment evoked an im-
proved resistance to the more severe stress induced by Cr(VI) (Poljsak et al. 2005).
Pro-oxidative reactions induced by antioxidants could paradoxically exert a pro-
tective effect against DNA damage in yeast in vivo by intensifying the formation
of 8-OHdG, which triggers an increased DNA-repair activity and enhanced anti-
oxidant defense (Poljsak et al. 2005; Halliwell 1999). One reason why eukaryotic
organisms have compartmentalized DNA in the nucleus well away from the sites
of redox cycling reactions may be to avoid or minimize oxidative DNA damage.
Indeed, when the concentrations of Cr are sufficient to saturate the reducing capac-
ity of the cell, the harmful products of these redox reactions may reach the DNA.
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Two comprehensive sets of metal-responsive genomic profiles were gener-
ated following exposure to equi-toxic concentrations of metal. One that provides
information on the transcriptional changes associated with metal exposure (tran-
scriptome), and a second that provides information on the relationship between the
expression of approximately 4,700 non-essential genes and sensitivity to metal ex-
posure (deletome). Approximately 22% of the genome was affected by exposure to
chromium (Jin et al. 2008).

Pretreatment of S. cerevisiae cells with exogenous antioxidants such as ascorbic
acid (vitamin C) or Trolox (a water-soluble analogue of vitamin E) demonstrated
the positive effect of the increased reduction capacity of the cytosol on the modula-
tion of Cr(V) formation, the accumulation of Cr, and the ability of the cells to scav-
enge superoxide anions and hydrogen peroxide. As a consequence, the pretreatment
of yeast cells with reductants resulted in a decreased cytotoxicity and genotoxicity
of Cr(VI) (Poljsak et al. 2005; Poljsak et al. 2006). O’Brien and Kortenkamp (1996)
observed that the intracellular reduction of Cr(VI) has a toxifying effect, and the
rate of Cr(VI) reduction influences the kinetics and extent of cellular damage. In
general, the slower the reduction of Cr(VI), the more ROS are formed and, conse-
quently, the greater the DNA damage (Kortenkamp and O’Brien 1994). When in-
tracellular reductants are present in excess over Cr(VI), the initial reduction step in-
volves a two-electron transfer to Cr(VI), which results in the generation of Cr(IV).
In the next step, Cr(IV) is subjected to a one-electron reduction to Cr(III) (O’Brien
et al. 2003). Thus, an increased cellular reduction capacity is expected to diminish
the concentration of the highly reactive and long-lived Cr(V) intermediate. As a re-
sult, less Cr(V) can react directly with DNA or with H,O, in a Fenton-like reaction
leading to the formation of deleterious *OH radicals.

Conclusions

The fact that chromium is both, a chemical carcinogen, and an essential micronutri-
ent, appears to be a paradox. Resolution to this paradox was provided by Katz and
Salem (1993). These authors claimed that the paradox lies with the chemical specia-
tion of chromium. The essentiality of chromium is associated with the glucose toler-
ance factor, a complex of trivalent chromium. The carcinogenicity of chromium, on
the other hand, appears to reside with some of the hexavalent chromium compounds
of limited solubility.

The essentiality of chromium is associated with the glucose tolerance factor,
a complex of trivalent chromium. The carcinogenicity of chromium, on the other
hand, appears to reside with some of the hexavalent chromium compounds of lim-
ited solubility. However, Jenko-Brinovec et al. (unpublished results) found that also
Cr(II) compounds take part in a redox cycle and in the presence of H,O, produce
OH* and DNA damage. Any long-term impact of Cr exposure in organisms requires
a full understanding of Cr biochemistry. In this aspect, chromium remains an inter-
esting metal for further research regarding its toxicity and essentiality.
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Chapter 4
Saccharomyces cerevisiae as a Model Organism
for Elucidating Arsenic Tolerance Mechanisms

Robert Wysocki and Markus J. Tamas

Abstract The budding yeast Saccharomyces cerevisiae is a powerful eukaryotic
model organism for elucidating arsenic detoxification and tolerance acquisition
mechanisms. The discovery of key yeast proteins involved in arsenite accumulation
and efflux, arsenate reduction, and the use of complementation assays where a yeast
protein is replaced by a homologous protein from another organism, has accelerated
the identification of arsenic tolerance genes in fungi, plants, animals, and humans.
In this chapter, we review the molecular biology of arsenic tolerance in budding
yeast, focusing on arsenic sensing, signalling and detoxification mechanisms, how
these pathways are regulated, and on the importance of yeast as a model for under-
standing fundamental aspects of arsenic tolerance in eukaryotes.

Introduction

The impact of arsenic on living organisms has for long been a scope of scientific
studies because of its toxic and carcinogenic properties, its prevalence in the envi-
ronment, and also because of a long history of usage as a therapeutic agent. About
a decade ago, when the first reports showing a remarkable efficacy of arsenic triox-
ide in the treatment of acute promyelocytic leukaemia were published (Chen et al.
1997; Shen et al. 1997; Soignet et al. 1998), knowledge of arsenic tolerance mecha-
nisms in eukaryotes was very limited. In contrast, pathways for arsenic detoxifica-
tion had been thoroughly characterized in bacteria thanks to extensive studies on the
ars operon originated in the lab of Barry Rosen (Xu et al. 1998; Rosen 1999, 2002).
However, homologues of prokaryotic resistance determinants were not known in
eukaryotes and specific eukaryotic tolerance pathways remained unknown for a
long time. Since Bobrowicz et al. (1997) reported the isolation of the first arsenic
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tolerance genes in Saccharomyces cerevisiae (budding yeast), a significant progress
has been made in understanding tolerance mechanisms in eukaryotes, and budding
yeast has turned out to be a powerful model system to study this phenomenon. This
chapter describes our current understanding of arsenic tolerance in budding yeast.
It includes the latest advances on arsenic sensing and signalling, on the regulation
of detoxification pathways, and on the role of S. cerevisiae in elucidating tolerance
mechanisms in eukaryotic species.

Impact of Arsenic on Yeast Cells

In nature, organisms are usually exposed to either pentavalent arsenate [AsO,*" or
As(V)] or trivalent arsenite [As(OH), or As(Ill)]. High toxicity of arsenic is of-
ten attributed to induction of oxidative stress, enzyme inhibition, impairment of
DNA repair, and disruption of the function of key proteins regulating fundamen-
tal processes including growth, cell cycle progression, apoptosis, or differentiation
(Stohs and Bagchi 1995; Ercal et al. 2001; Chen and Shi 2002; Harris and Shi
2003; Beyersmann and Hartwig 2008). The arsenate oxyanion resembles phosphate
and is able to interfere with phosphate transport as well as with metabolic and sig-
nalling pathways that depend on phosphate or phoshorylated intermediates. Many
mitochondrial processes are targeted by arsenicals (Vujcic et al. 2007; Ralph 2008;
Thorsen et al. 2009) and As(V) inhibits ATP synthesis in yeast mitochondria (Cortes
et al. 2000). As(III) is considered more toxic and it affects protein structure and/
or function either by direct binding to sulphhydryl groups or indirectly by causing
oxidative modifications (Aposhian and Aposhian 2006; Kitchin and Wallace 2008).
For example, As(III) disrupts the actin and tubulin cytoskeleton in yeast, and prob-
ably interferes with folding of de novo synthesised actin and tubulin monomers
(Thorsen et al. 2009). As(IIl) also affects major signalling pathways in yeast; it
inhibits the rapamycin-sensitive TORC1 (TOR complex 1) protein kinase (Hosiner
et al. 2009), and it activates the MAP (mitogen-activated protein) kinase Hoglp
(Sotelo and Rodriguez-Gabriel 2006; Thorsen et al. 2006). The toxicity of As(III)
is often associated with increased production of reactive oxygen species (ROS),
especially in mammals (Liu et al. 2001). Enhanced ROS production and lipid per-
oxidation can be detected in As(IIl)-exposed yeast mutants lacking detoxification
systems, indicating that As(III) can stimulate ROS production also in yeast (Menez-
es et al. 2008). Finally, As(III) is believed to induce DNA damage indirectly by trig-
gering accumulation of toxic levels of ROS or by inhibiting DNA repair proteins,
especially in mammalian systems (Shi et al. 2004; Beyersmann and Hartwig 2008).
However, yeast cells lacking DNA damage response proteins are not sensitive to
As(IIT) (Haugen et al. 2004; Thorsen et al. 2009) and DNA double strand brakes
do not increase in yeast upon As(IIl) treatment (Jo et al. 2009). Thus, the effect of
arsenic on genomic stability in yeast requires further investigation. To sum up, arse-
nic is known to affect a wide array of cellular targets but the molecular mechanisms
through which it triggers toxicity remain largely elusive.
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Arsenic Uptake Routes in Yeast

Arsenic, like many other toxic metals and metalloids, enter cells through proteins de-
veloped for accumulation of essential metals and other nutrients. Interestingly, cells
utilize several mechanisms to prevent influx of toxic metals/metalloids and actively
acquire tolerance. Studies on arsenic influx in yeast provided basic insights into
metalloid uptake pathways and their regulation. In turn, this knowledge proved to be
crucial for understanding this phenomenon in other eukaryotes, including humans.

Arsenate Uptake

The As(V) oxyanion structurally resembles inorganic phosphate and is probably
accumulated via phosphate transporters in all organism (Fig. 4.1). S. cerevisiae has
two high-affinity (Pho84p and Pho89p) and two low-affinity (Pho87p and Pho90p)
phosphate permeases (Persson et al. 1999; Wykoff and O’Shea 2001). As(V) uptake

As(OH); As(V)

=

As(OH),0™ As(OH),0~ «—— As(lll) As(lll)
+
Vacuole GSH
As(GS)3 l
As(GS);

Fig. 4.1 Routes for arsenic uptake and detoxification in the yeast Saccharomyces cerevisiae. Pen-
tavalent arsenic [As(V)] enters the yeast cell via phosphate transporters (Pho84p and Pho87p). In
the cytoplasm As(V) is reduced to trivalent arsenic [As(III)], which is the only form of arsenic
recognized by the detoxification systems. As(I1l) is taken up by the aquaglyceroporin Fpslp or by
hexose permeases (Hxt1p-Hxt17p). As(IlI) is removed from the cytoplasm through export by the
arsenite permease Acr3p or through transport into the vacuole by the ABC transporter Ycflp as
glutathione conjugates [As(GS),]. As(III) can also be extruded via Fpslp down the concentration
gradient. In addition, the yeast cell actively exports glutathione to inactivate As(III) outside the
cell and to prevent its accumulation. Fpslp recognizes arsenic in form of As(OH), while Acr3p
probably recognizes As(OH),0"
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involves at least Pho84p and Pho87p, as deletion of PHOS84 or PHOS7 leads to
As(V) tolerance (Bun-ya et al. 1996; Yompakdee et al. 1996b). As(V) influx into
yeast cells can also be inhibited by disruption of PHOS6 or GTR1; PHOS86 encodes
an endoplasmatic reticulum-localized protein involved in trafficking of Pho84p
to the plasma membrane, and GTR/ encodes a cytoplasmic GTPase regulating
Pho84p-dependent phosphate transport (Bun-Ya et al. 1992, 1996; Yompakdee
et al. 1996a; Lau et al. 2000). Hence, Pho84p and Pho87p are likely to mediate
As(V) influx into yeast. Whether yeast can downregulate the phosphate transport
systems to limit As(V) accumulation remains to be established.

Arsenite Uptake

While pathways of As(III) detoxification were well-known in bacteria and later also
in yeast (see further), the routes for trivalent metalloid uptake escaped identification
for a long time. Using random mutagenesis with the transposon TnphoA, Rosen
and coworkers isolated a single Escherichia coli mutant with high-level tolerance
to antimonite [Sb(OH), or Sb(III)]. The transposon insertion was mapped to the
glpF’ gene encoding an aquaglyceroporin involved in glycerol uptake. Based on
this genetic data, it was proposed that GIpF serves as an uptake route for Sb(III)
and that inactivation of the g/pF’ gene results in Sb(III) tolerance due to reduced
Sb(III) accumulation (Sanders et al. 1997). Later, direct transport assays confirmed
that GIpF indeed mediates uptake of the related metalloids As(III) and Sb(III) into
E. coli (Meng et al. 2004).

E. coli GIpF is homologous to the yeast aquaglyceroporin Fps1p which is a gat-
ed glycerol channel with an important role in osmoregulation (Luyten et al. 1995;
Tamas et al. 1999). Since both proteins belong to the aquaporin (AQP) superfamily,
we speculated that aqua(glycerol)porins may in fact be the long-sought As(III) up-
take pathway. To test this hypothesis, we examined tolerance of the FPS/ deletion
mutant (fpsIA) towards As(IIl) and Sb(IIT) (Wysocki et al. 2001). Indeed, fpsiA
cells showed high-level tolerance to both As(III) and Sb(III), and accumulated less
As(I1I) than wild type cells. In addition, expression of a hyperactive FPS/ allele
with high transport activity resulted in increased sensitivity to both metalloids and
higher intracellular content of As(IIl). Finally, increasing the osmolarity of the
growth medium, a condition that inactivates Fps1p, rendered yeast cells more toler-
ant to As(I1I) and Sb(III) (Wysocki et al. 2001). These results clearly established the
role of Fpslp in As(III) and Sb(III) transport, and was the first demonstration of a
metalloid entry route in a eukaryotic organism (Fig. 4.1). Interestingly, AQPs are
bidirectional channels and they may also mediate As(IIl) and Sb(IIl) efflux under
certain conditions (see further). Importantly, the identification of Fpslp as a metal-
loid influx pathway paved the way for identifying and characterizing As(IIl)- and
Sb(II)-transporting AQPs of plant and mammalian origin (Liu et al. 2002; Bienert
et al. 2008; Isayenkov and Maathuis 2008). The findings that AQPs mediate As(III)
and Sb(III) transport raised the question of how these metalloids are recognized as
substrates. It was proposed that GIpF recognizes Sb(III) in the form of Sb(OH),,
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which seems to be the dominant form of this metalloid at neutral pH (Sanders et al.
1997). It was later demonstrated that the main form of As(I1II) in solution is As(OH),
(Ramirez-Solis et al. 2004) and that As(OH), and Sb(OH), are structurally very
similar to glycerol as well as to each other (Porquet and Filella 2007). Hence, AQPs
are likely to recognize As(OH), and Sb(OH), as glycerol analogues.

Hexose permeases constitute a second pathway of As(II) accumulation in yeast
(Liu et al. 2004) (Fig. 4.1). It was noticed that cells lacking Fps1p accumulated sig-
nificant amounts of As(IIl) in the absence of glucose, a condition that favours ex-
pression of many of the hexose permeases. A strain that lacks all hexose permeases
accumulate less As(Ill) and is more tolerant than the wild type. Moreover, As(III)
transport through individual hexose transporters is inhibited by glucose and vice
versa, the presence of As(IIT) reduces sugar transport. The form of arsenic that is rec-
ognized by hexose transporters is not known but it was hypothesized that it may be a
six-membered ring-structure consisting of three As(OH), molecules mimicking hex-
ose sugars (Liu et al. 2004). Since the natural habitat of yeast mostly contains sugars,
a condition that leads to repression of hexose permeases, Fpslp is probably the most
relevant As(III)/Sb(IIT) entry pathway under physiological conditions. Importantly,
the mammalian glucose permease GLUTI catalyzes transport of As(OH), and a
methylated form of arsenic (methylarsonous acid) when expressed in yeast or Xeno-
pus laevis oocytes (Liu et al. 2006). The physiological relevance of this transport and
whether GLUT1 has a role in arsenic-related diseases remains to be clarified.

One way for cells to avoid toxicity is to prevent uptake of the harmful agent.
Yeast has been shown to acquire metal/metalloid tolerance by downregulating
transporter activity or by removing transporter(s) from the plasma membrane by
ubiquitin-mediated endocytosis followed by vacuolar degradation (reviewed in:
(Wysocki and Tamas 2010)). Interestingly, Fpslp regulation involves both mecha-
nisms depending on the condition that the cell encounters. In the presence of acetic
acid, which also enters cells through Fpslp, Fpslp is rapidly removed from the
plasma membrane and degraded to prevent influx and toxicity of this acid (Mol-
lapour and Piper 2007). In contrast, in the presence of As(IIT)/Sb(III) Fps1p is regu-
lated both at the level of transcription and transport activity but not at the level of
degradation (Wysocki et al. 2001; Thorsen et al. 2006; Maciaszczyk-Dziubinska
et al. 2010). First, transcription of FPS/ rapidly decreases in response to As(III)
and Sb(III), probably as a means to reduce metalloid influx and toxicity (Wysocki
et al. 2001). Secondly, we demonstrated that Fps1p is phosphorylated on Thr231 by
the MAP kinase Hoglp and that this modification reduces As(IIl) uptake through
Fpslp (Thorsen et al. 2006) (Fig. 4.2). Phosphorylation of Thr231 may change the
conformation of the cytosolic N-terminal tail that is important for Fps1p gating and
transport activity (Tamas et al. 1999, 2003; Thorsen et al. 2006). Consequently,
deletion of the N-terminal tail, changing Thr231 into Ala, or lack of Hoglp (hoglA)
result in increased As(IIl) influx and metalloid sensitivity (Wysocki et al. 2001;
Thorsen et al. 2006). Hoglp may also downregulate Fpslp activity indirectly by
phosphorylating the pleckstrin homology (PH) domain proteins Rgclp and Rge2p,
which are positive modulators of Fpslp (Beese et al. 2009). Interestingly, Rgc2p
is phoshorylated in response to As(IIl), while disruption of RGC! and/or RGC2
results in high-level As(IIl) tolerance (Beese et al. 2009), probably due to inhibi-
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tion of As(Ill) influx via Fpslp (Fig. 4.2). Importantly, Hoglp itself is activated
by As(IIT) and Sb(II) and it contributes to metalloid tolerance through additional
targets besides Fpslp (see further).

Arsenic Detoxification Systems in Yeast

ACR Gene Cluster—A Major Determinant of Arsenic Tolerance in Yeast

When studies on arsenic tolerance in S. cerevisiae were initiated in the Ulaszewski
lab in 1996, knowledge of this phenomenon in eukaryotes was very limited. At
that time, it was known that overexpression of the human ABC transporter MRP1
in HeLa cells enhanced their tolerance to anticancer drugs and also to As(V) and
As(II), suggesting that MRP1 mediates efflux of arsenic in mammals (Cole et al.
1994). Moreover, the amplification of an at that time unknown efflux system was
shown to confer high-level As(Ill) tolerance in Leishmania tarentolae (Dey et al.
1994). To isolate arsenic tolerance genes, Ulaszewski and coworkers took a clas-
sical genetic approach and screened a yeast genomic library for genes conferring
hyper-tolerance to arsenic as a result of gene-copy amplification (Bobrowicz et al.
1997). Surprisingly, all arsenic tolerant clones contained multiple copies of three
adjacent open reading frames of unknown function. Subsequent analyses revealed
that each gene in this cluster is required for arsenic tolerance, and they were named
ACRI (Arsenical Compound Resistance), ACR2 and ACR3 (Fig. 4.3). Based on the
bacterial mode of metalloid tolerance, in silico analysis, and initial genetic char-
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acterization of the ACR gene cluster, it was proposed that arsenic detoxification
in yeast involves activation of the putative transcription factor Acrlp followed by
Acrlp-dependent induction of ACR2 and ACR3 gene expression. Acr2p was pro-
posed to reduce As(V) to As(III), and Acr3p was suggested to act as a plasma mem-
brane As(III) export protein (Bobrowicz et al. 1997). Later, this model was con-
firmed by several research teams (see below).

As(III)-responsive Transcription Factor Yap8p/Acrlp

Acrlp, later called Yap8p or Arrlp, belongs to the fungal family of AP-1 like tran-
scription factors of which Yaplp is the best characterized member (see further).
These proteins contain a conserved basic leucine-zipper (bZIP) DNA-binding do-
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main and conserved cysteine residues, and they activate gene expression under vari-
ous environmental stress conditions (Fernandes et al. 1997; Toone and Jones 1999;
Tan et al. 2008). Yap8p is indispensable for induced expression of ACR2 and ACR3
in response to arsenic and antimony (Fig. 4.3). In fact, ACR2 and ACR3 appear to
be the sole gene-targets of Yap8p (Bobrowicz and Ulaszewski 1998; Wysocki et al.
2004; Ilina et al. 2008). Deletion of YAPS sensitizes cells to As(V) and As(III) to the
same level as deletion of the genes encoding the arsenate reductase Acr2p and the
arsenite permease Acr3p, respectively (Bobrowicz et al. 1997; Wysocki et al. 1997).
Overexpression of YAPS§ by itself does not confer high-level metalloid tolerance,
instead overexpression of the whole YAP8(ACRI)-ACR2-ACR3 gene cluster is re-
quired to reach maximum level of tolerance (Bobrowicz et al. 1997). An interesting
feature of the ACR gene cluster is that ACR2 and ACR3 share a common promoter
(Bobrowicz et al. 1997; Bobrowicz and Ulaszewski 1998; Wysocki et al. 2004).
This promoter contains an extended pseudopalindromic TGATTAA/TTAATCA
sequence (Wysocki et al. 2004; Ilina et al. 2008), which differs from the canoni-
cal Yaplp-response element (YRE) with the TT/GAC/GTTA consensus sequence
(Fernandes et al. 1997). We have shown that the TGATTAA/TTAATCA element
is recognized by Yap8p and not by Yaplp, and that mutation of this pseudopalin-
dromic sequence results in loss of As(IlI)-induced ACR2 and ACR3 expression and
metalloid sensitivity (Wysocki et al. 2004; Ilina et al. 2008) (Fig. 4.3).

How Yap8p senses and is regulated by metalloids is not fully understood. YAPS§
is not regulated at the level of transcription; instead Yap8p is controlled at the level
of protein stability (Wysocki et al. 2004; Di and Tamas 2007). In unexposed cells,
Yap8p levels are low due to degradation via the ubiquitin-proteasome system. In
response to As(IIl), Yap8p is stabilized and the protein level significantly increas-
es. However, the purpose of this regulation is unclear since a dramatic increase in
Yap8p protein levels only moderately enhances ACR3 expression (Di and Tamas
2007). Yap8p resides in the nucleus where it binds to the ACR2-ACR3 promoter as a
homodimer, both in the absence as well as in the presence of As(III) (Wysocki et al.
2004; Di and Tamas 2007). Neither the presence of As(IIl), nor mutation of specific
cysteines required for Yap8p activation (see below) affect its nuclear localization
(Wysocki et al. 2004) or DNA binding-affinity (Yang and Rosen unpublished data).
Importantly, three cysteine residues, Cys132, Cys137 and Cys274, which are con-
served in all fungal AP-1 proteins, are required both for As(Ill)-induced YapS8p sta-
bilization and for Yap8p-dependent induction of ACR2 and ACR3 gene expression
(Menezes et al. 2004; Wysocki et al. 2004; Di and Tamas 2007). Based on these re-
sults, we hypothesized that Yap8p might sense As(III) by direct binding through the
Cys132, Cys137 and Cys274 residues triggering Yap8p stabilization and activation
of arsenic detoxification genes (Wysocki et al. 2004; Di and Tamas 2007). Indeed,
analysis with X-ray spectroscopy revealed that As(III) binds to purified Yap8p with
high affinity in an S, site pointing to the involvement of three cysteine residues.
A Yap8p mutant lacking Cys132 and Cys274 shows dramatically reduced As(III)
binding ability indicating that these are two of the three cysteines comprising the
three-coordinate binding site (Yang and Rosen unpublished data). Hence, Yap8p
seems to efficiently couple As(IIl) sensing to activation of detoxification systems.
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However, how As(II)-binding alters the activity of Yap8p and how this in turn trig-
gers induced gene expression remains to be elucidated.

Arsenate Reductase Acr2p

An arsenate reductase function for Acr2p was first inferred from the observation
that the ACR2 gene confers As(V) tolerance when co-amplified with the arsenite
permease-encoding ACR3 gene, assuming that As(V) needs to be reduced to As(III)
before extrusion out of the cell (Bobrowicz et al. 1997) (Fig. 4.1). This function was
later confirmed; ACR2 deletion sensitizes cells only to As(V) (and not to As(IIl))
and purified Acr2p catalyzes the reduction of As(V) to As(IIl) with glutathione and
glutaredoxin as electron donors (Mukhopadhyay and Rosen 1998; Mukhopadhyay
et al. 2000). Interestingly, Acr2p uses a conserved protein tyrosine phosphatase sig-
nature HisCys(X)Arg motif as the catalytic centre for As(V) reduction (Mukhopad-
hyay and Rosen 2001). The phosphatase origin of Acr2p arsenate reductase is fur-
ther supported by the evidence that Acr2p can acquire phosphatase activity by just
three amino acid substitutions (Mukhopadhyay et al. 2003). Moreover, LmACR2
from Leishmania major displays both arsenate reductase and protein tyrosine phos-
phatase activities (Zhou et al. 20006). Similarly, the catalytic domains of the human
protein tyrosine phosphatases Cdc25B and Cdc25C expressed and purified from
E. coli also possess ability to reduce As(V) (Bhattacharjee et al. 2010). Importantly,
characterization of yeast Acr2p as an arsenate reductase allowed the identification
of similar enzymes in several plant species based on homology searches and com-
plementation assays of the yeast acr2A mutant (Dhankher et al. 2002; Duan et al
2005, 2007).

Arsenite Permease Acr3p

Acr3p is a plasma membrane protein that catalyzes As(IIl) export out of S. cerevi-
siae cells (Fig. 4.1). This protein is a major detoxification pathway not only in bud-
ding yeast (Wysocki et al. 1997; Ghosh et al. 1999) but also in several prokaryotic
and fungal species (Aaltonen and Silow 2008; Fu et al. 2009). Acr3p-like proteins
have 10 transmembrane domains (Aaltonen and Silow 2008; Fu et al. 2009) and
constitute the arsenical resistance-3 (Acr3) family of transporters, which belongs to
the bile/arsenite/riboflavin transporter (BART) superfamily (Mansour et al. 2007).
Members of the Acr3 family are commonly present in prokaryotes and fungi, with so
far few examples in lower plants (Physcomitrella patens, Selaginella moellendorf-
fii, Pteris vittata) and one member in the animal kingdom (Danio rerio) (Wysocki
et al. 1997; Maciaszczyk et al. 2004; Mansour et al. 2007). ACR3 overexpression
confers high-level As(Ill) tolerance whereas deletion of ACR3 renders yeast cells
highly sensitive due to impaired As(IIl) export (Bobrowicz et al. 1997; Wysocki
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et al. 1997; Ghosh et al. 1999; Thorsen et al. 2006). These findings establish Acr3p
as an arsenite export protein mediating tolerance. However, little is known about
the mechanisms of As(IIl) extrusion via Acr3p and how this transporter is regu-
lated. In analogy to the unrelated bacterial arsenite transporter ArsB (Rosen 1999),
it has been hypothesized that Acr3p may facilitate transport of the arsenic anion
As(OH),0" coupled to the membrane potential and thus be classified as a uniporter
(Fu et al. 2009). Interestingly, transport of As(III) through Acr3p probably involves
thiol chemistry as mutated versions of Acr3 from Alkaliphilus metalliredigens,
Corynebacterium glutamicum and S. cerevisiae lacking highly conserved cysteine
residue in the fourth membrane-spanning helix are neither able to mediate As(III)
export nor to confer metalloid tolerance (Fu et al. 2009); Maciaszczyk-Dziubinska,
Sloma, Wysocki unpublished data). Regulation of Acr3p is well described at the
transcriptional level and involves a robust Yap8p-dependent production of ACR3
mRNA in response to metalloids (Bobrowicz and Ulaszewski 1998; Wysocki et al.
2004; Ilina et al. 2008). Whether Acr3p activity is regulated by other mechanisms
remains to be determined.

Role of Fpslp in As(I111) Efflux

Acr3p was initially thought to be the only way yeast could extrude As(III) (Wysocki
et al. 1997; Ghosh et al. 1999). Paradoxically, we recently found that overexpres-
sion of the FPSI gene improved As(II) and Sb(III) tolerance, suggesting that it
mediates both uptake and efflux of these metalloids (Maciaszczyk-Dziubinska et al.
2010) (Fig. 4.1). In line with this notion, we showed that the double acr3A fpsiA
mutant is incapable of As(IIl) export while acr3A cells eventually decrease intra-
cellular arsenic levels after prolonged exposure. Prolonged As(IIl) exposure trig-
gers enhanced FPS! mRNA levels and more importantly, overexpression of FPS/
reduces As(IIl) accumulation as a result of elevated efflux. The role of Fpslp in
As(IIT) efflux is particularly evident during exposure to As(V) as fpsIA cells are
more sensitive to As(V) than the wild type (Maciaszczyk-Dziubinska et al. 2010).
This dual role of Fpslp in As(III) toxicity and detoxification can be explained by
the following model; immediately upon As(IIl) exposure, FPSI transcription and
Fpslp transport activity are downregulated to reduce As(IIl) influx. During pro-
longed exposure, Fpslp is upregulated at the level of transcription and perhaps also
at the level of activity, and the cell starts to release As(III) via Fpslp. Since Fpslp
is a channel, it can only transport its substrates down a concentration gradient. We
have found that yeast actively exports glutathione to form an arsenic-glutathione
complex outside of cells during prolonged As(IIl) exposure (Thorsen, Jacobson,
Vooijs, Schat and Tamas unpublished data). Formation of such arsenic-glutathione
complexes would decrease the amount of free As(IIl) in the extracellular environ-
ment allowing diffusion of As(OH), out of cells via Fps1p down the concentration
gradient. Similarly, when As(V) is reduced to As(III) by Acr2p, arsenic in the form
of As(OH), may diffuse out of the cell via Fpslp down the concentration gradient,
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while the As(OH),O™ anion is actively exported by Acr3p. Interestingly, AQPs from
several organisms have been implicated in metalloid efflux and tolerance (Yang
et al. 2005; Bienert et al. 2008; Carbrey et al. 2009; McDermott et al. 2010; Zhao
et al. 2010). For instance, AqpS from the legume symbiont Sinorhizobium meliloti
is present in an arsenic-resistance operon, and it functions as an efflux channel
for As(IT) that is generated by reduction of As(V) (Yang et al. 2005). Similarly, a
number of plant aquaporins have been shown to be bidirectional channels mediating
As(IIT) efflux from roots (Zhao et al. 2010), or conferring tolerance to As(V) when
expressed in yeast (Bienert et al. 2008). Just recently, an important role for arse-
nic tolerance has been reported for the mammalian aquaglyceroporin Aqp9; human
Aqp9 expressed in Xenopus leavis oocytes mediates export of methylated arsenic
species (McDermott et al. 2010), and knockout mice lacking AQP9 shows increased
sensitivity to As(III) due to impaired arsenic clearance into feces and urine (Carbrey
et al. 2009). Thus, in addition to the well-established role in As(IIT) accumulation,
aquaglyceroporins may also contribute to As(III) tolerance.

Vacuolar Sequestration of Metalloids

Transport of metals/metalloids into vacuoles or other internal organelles is a com-
mon detoxification mechanism in eukaryotes, and Ycflp plays a central role in this
process in yeast (reviewed in: (Paumi et al. 2009)). The YCF!I gene (Yeast Cad-
mium Factor 1) was isolated in a screen for genes conferring cadmium tolerance to
yeast cells when overexpressed (Szczypka et al. 1994). Ycflp shares a high degree
of sequence similarity with the multidrug-associated protein MRP1, and it cata-
lyzes ATP-dependent transport of endogenously produced toxins and of a range of
glutathione-conjugated metals and xenobiotics into the vacuole (reviewed in Paumi
et al. 2009). Ycflp has been shown to contribute to the detoxification of As(IIl),
Sb(III) and several other metals (Ghosh et al. 1999; Wysocki et al. 2001; Paumi
et al. 2009). Cells lacking YCFI (ycf1A) are sensitive to As(III) and Sb(III) (Ghosh
et al. 1999; Wysocki et al. 2001), Ycf1p catalyzes active transport of As(GS), into
vacuoles in vitro, and Sb(III) inhibits Ycflp-mediated transport of GSH conjugates
(Ghosh et al. 1999; Gueldry et al. 2003). Together, these data establish the role
of Ycflp-mediated transport of metalloid-GSH conjugates for As(II1)/Sb(III) toler-
ance (Fig. 4.1). Hence, Acr3p and Ycflp represent two distinct and parallel yeast
metalloid detoxification pathways with different specificities.

How Ycflp is regulated by metals/metalloids is not well-understood. Expression
of the YCFI gene is not induced to any large extent in wild type cells exposed to
As(IIT) or Sb(III) (Wysocki et al. 2004). However, YCF'I expression can be stimulated
by overexpression of the transcriptional regulator Yap1p (Wemmie et al. 1994; Shar-
ma et al. 2002) or in mutants that hyperaccumulate As(III) in the cytosol (Wysocki
et al. 2004). In contrast, Ycflp appears to be regulated at the level of proteolytic pro-
cessing, intracellular trafficking, and phoshorylation (Mason and Michaelis 2002;
Mason et al. 2003; Eraso et al. 2004; Paumi et al. 2008). Ycflp transport activity is
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positively affected by phosphorylation of Ser908 and Thr911, and by the guanine
exchange factor Tus1lp. However, mutation of these phosphorylated residues or de-
leting TUS! have only moderate effects on Ycflp transport activity (Szczypka et al.
1994; Eraso et al. 2004; Paumi et al. 2007). Phosphorylation of Ser251 has a nega-
tive effect on transport since mutation of Ser251 increases Ycflp transport activity
in vitro and enhances cadmium tolerance in vivo (Paumi et al. 2008). Recently, two
kinases, Ckalp and Hal5p, were shown to interact with Ycflp in an integrated mem-
brane yeast two-hybrid screen (Paumi et al. 2008), but whether these kinases act as
negative regulators of Ycflp is not known. Further studies are required to establish
how Ycflp activity is modulated by As(III) and other metal(loid)s.

Glutathione Biosynthesis and the Role of Met4p

Glutathione (GSH) is a low-molecular-weight thiol molecule that is essential for
viability of yeast and mammals. GSH is considered the main redox buffer of the
cell, it serves as an electron donor for many enzymes, and is a key factor in the
defence against oxidative stress and metal toxicity. GSH biosynthesis in S. cerevi-
siae involves sulphur uptake, reduction through the sulphur assimilation pathway
and incorporation into the sulphur-containing amino acids methionine and cysteine,
or into the low-molecular-weight thiol molecules S-adenosylmethionine and GSH.
GSH contributes to metal/metalloid detoxification in several ways. First, it can bind
to metals and the resulting complex is a substrate for proteins that mediate vacu-
olar sequestration (see above). Secondly, GSH protects cells against metal-induced
oxidation. Thirdly, GSH may bind to reactive sulphhydryl groups on proteins (pro-
tein glutathionylation) thereby shielding them from irreversible metal binding and/
or oxidative damage (Thomas and Surdin-Kerjan 1997; Grant 2001; Pompella et al.
2003). The first two mechanisms contribute to As(II) tolerance whereas the role
of protein glutathionylation has not been investigated. As(IIl) exposed yeast cells
strongly increase GSH biosynthesis and accumulate high levels of GSH in the cy-
tosol (Thorsen et al. 2007). This is achieved by enhanced expression of basically all
the genes in the sulphate assimilation and GSH biosynthesis pathways, as well as by
elevated levels of the corresponding enzymes. Cells also boost sulphur metabolite
pools, the GSH synthesis rate, as well as the flux in the GSH pathway. Interestingly,
cells appear to redirect sulphur metabolism in response to As(IIl) by channelling a
large part of the assimilated sulphur into GSH biosynthesis at the expense of sulphur
incorporation into proteins (Thorsen et al. 2007). A similar response of the sulphur/
GSH pathway occurs in cadmium-exposed cells (Momose and Iwahashi 2001; Vido
et al. 2001; Fauchon et al. 2002; Lafaye et al. 2005). The importance of the sulphur
assimilation/GSH biosynthesis pathways for As(III) tolerance is underscored by the
fact that mutants lacking components or regulators of these pathways display As(III)
sensitivity (Thorsen et al. 2007, 2009). An often cited mechanism of As(III) toxic-
ity is GSH depletion (e.g. (Stohs and Bagchi 1995)). The observation that cytosolic
GSH levels strongly increase in response to As(III) would argue against GSH deple-
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tion as a major As(IIl) toxicity mechanism, at least in S. cerevisiae (Lafaye et al.
2005; Thorsen et al. 2007). We recently discovered a novel detoxification function
for GSH involving extracellular chelation of As(III). During prolonged As(III) expo-
sure, yeast cells export significant amounts of GSH to form a complex with As(III)
outside cells. This complex does not readily enter cells; consequently, cells that pro-
duce and export GSH accumulate less arsenic in the cytosol and show improved
tolerance (Thorsen, Jacobson, Vooijs, Schat and Tamas unpublished data) (Fig. 4.1).

The main regulator of the sulphur assimilation and GSH biosynthesis pathways
is the bZIP transcriptional activator Met4p. The activity of Metdp is regulated by
variations in the intracellular pool of an organic sulphur compound, possibly cyste-
ine (Thomas and Surdin-Kerjan 1997; Hansen and Johannsen 2000; Menant et al.
2006) and by metal(loid)s like As(IIT) and cadmium (Fauchon et al. 2002, Yen et al.
2005, Thorsen et al. 2007). Met4p cannot bind to DNA itself but is recruited to tar-
get promoters by the DNA-binding proteins Met31p, Met32p and Cbflp. Another
co-factor, Met28p, stabilizes the DNA-bound Met4p-containing complexes (Thom-
as and Surdin-Kerjan 1997; Lee et al. 2009). Met4p regulation involves Met30p, the
F-subunit of the SCFMet30 (Skp1/Cullin/F-box protein, where Met30p is the F-box
protein) ubiquitin ligase complex that targets Met4p for ubiquitylation and inactiva-
tion. Interestingly, ubiquitylated Metdp can either be targeted by the 26S protea-
some for degradation or it can be maintained in an oligo-ubiquitylated (one to four
ubiquitin moieties) form without degradation (Kaiser et al. 2000; Rouillon et al.
2000; Kuras et al. 2002; Chandrasekaran et al. 2006; Flick et al. 2006). Cadmium
has been shown to inhibit SCFMe30 activity by triggering dissociation of Met30p
from the ubiquitin ligase complex. This is followed by a deubiquitylation step that
removes ubiquitin moieties from Met4p, thereby fully restoring Met4p activity and
expression of Met4p-dependent genes (Barbey et al. 2005; Yen et al. 2005). Similar
effects on Met4p ubiquitylation have been observed with As(II) (Yen et al. 2005),
which is consistent with the importance of Met4p for As(Ill)-induced expression of
sulphur/GSH genes and As(III) tolerance (Thorsen et al. 2007) (Fig. 4.2). However,
it is not known how cadmium and As(III) trigger dissociation of Met30p from the
ubiquitin ligase complex, nor is the identity of the deubiquitylating enzyme that
acts on Metdp known. Interestingly, fully activated Metdp triggers a cell cycle ar-
rest (Patton et al. 2000; Su et al. 2005). The observations that As(III)-treated cells
activate Metdp (Yen et al. 2005; Thorsen et al. 2007), enhance sulphur/GSH me-
tabolism (Thorsen et al. 2007), and arrest cell cycle progression (Migdal et al. 2008)
suggest a link between sulphur metabolism and cell cycle regulation, and a possible
role for Met30p-Met4p in this control.

Oxidative Stress Defence and Yaplp

As(IIT) can induce enhanced ROS production leading to oxidative damage of pro-
teins and other macromolecules (Liu et al. 2001; Menezes et al. 2008). In line with
this, cells induce expression of genes and proteins with antioxidant functions in
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response to As(III) exposure (Haugen et al. 2004; Thorsen et al. 2007). Yaplp, one
of eight S. cerevisiae AP-1-like transcription factors (Yaplp to Yap8p), plays a cen-
tral role in oxidative stress defence and metal tolerance. Yap1p regulates expression
of genes encoding proteins that maintain a favourable redox balance in the cell,
enzymes involved in detoxification of ROS, and proteins conferring metal and drug
resistance (Lee et al. 1999; Gasch et al. 2000; Haugen et al. 2004; Thorsen et al.
2007). Cells lacking YAPI (yaplIA) fail to properly induce expression of its gene-
targets and display sensitivity to various oxidants and metals including As(III) and
Sb(III) (Wysocki et al. 2004; Thorsen et al. 2007). Yaplp binds to the so-called
Yaplp recognition element (YRE) with the consensus sequence TT/GAC/GTAA
(Kuge and Jones 1994; Wu and Moye-Rowley 1994; Fernandes et al. 1997; Har-
bison et al. 2004; Tan et al. 2008), but it may also trigger gene expression through
alternative YRE sequences (He and Fassler 2005).

Yaplp is activated by a broad range of stress agents including many oxidants,
metals and the metalloids As(IIT) and Sb(IIl) (reviewed in: (Tamas et al. 2005;
D’Autreaux and Toledano 2007)). Importantly, all these agents control Yaplp
through regulated nuclear export by stress-induced post-translational modifica-
tions. Yaplp is mainly localized to the cytosol in the absence of stress due to rapid
nuclear export mediated by the nuclear export receptor Crml1p that interacts with
a nuclear export signal (NES) within Yaplp (Kuge et al. 1997, 1998; Yan et al.
1998) (Fig. 4.3). Exposure to stress signals triggers redox- or chemical-dependent
modifications of Yap1p cysteines, loss of the Yap1p-Crm1p interaction, and nuclear
accumulation of Yap1p (Kuge et al. 1998; Yan et al. 1998). In response to H,0O,, di-
sulphide bonds are formed between conserved N- and C-terminal cysteines (Delau-
nay et al. 2000; Wood et al. 2003). This disulphide linkage triggers a conformational
change within Yap1p which masks the NES and results in its nuclear accumulation.
Conversely, reduction of these disulphide bonds causes structural modifications that
lead to NES exposure and redistribution of Yap1p to the cytosol (Wood et al. 2004).
Yap1p activation by H,O, involves Gpx3p that acts as the actual H,O, sensor (De-
launay et al. 2002; Paulsen and Carroll 2009) and a second protein Ybplp (Veal
et al. 2003; Gulshan et al. 2004) whose function is not understood. The Gpx3p-
Yaplp H,O, sensor operates as a cysteine-redox relay where Gpx3p senses the
H,0, signal and transduces this signal to Yap1p (Delaunay et al. 2002; D’ Autreaux
and Toledano 2007; Paulsen and Carroll 2009). Metals and chemicals also activate
Yaplp by regulating its nuclear export, but sensing of these compounds does not
involve disulphide linkage between N- and C-terminal cysteines or Gpx3p (Kuge
et al. 1997; Delaunay et al. 2000; Azevedo et al. 2003; Veal et al. 2003; Gulshan
et al. 2004). For example, the electrophile N-ethylmaleimide activates Yaplp by
covalent modification of C-terminal cysteines (Azevedo et al. 2003) whilst Yaplp
activation by diamide involves formation of disulphide bonds between either one
of the C-terminal cysteines Cys598, Cys620 and Cys629 (Kuge et al. 2001). How
Yaplp senses As(IIl) is not completely understood. Yaplp mutants with modi-
fied C-terminal cysteines or N-terminal cysteines together with modified Cys620
displayed perturbed nuclear retention and reduced ability to confer As(IIl) toler-
ance (Wysocki et al. 2004). Whether these cysteines directly interact with As(III),
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whether As(III) activates Yap1p through oxidative modifications, and whether those
modifications disrupt the Yap1p-Crmlp interaction, remain to be revealed.

Hoglp and Cell Cycle Regulation in Response to As(I1l) Exposure

The p38 MAP kinase is a major stress-responsive signal transduction pathway in
mammalian cells that is activated by As(II) (Cuenda and Rousseau 2007). As(I1I)-
induced activation of p38 results in cell cycle arrest, differentiation, or induction
of mitochondrial apoptotic cell death. In agreement with these findings, suppres-
sion of p38 activity attenuates growth inhibition and apoptosis of several malignant
cell lines treated with As(IIl) (Kim et al. 2002; Li and Yang 2007). On the other
hand, p38 shows a survival function in leukaemia cells by downregulating As(I1I)-
induced apoptosis and increased activation of p38 is observed in As(III)-resistant
myeloma cells (Wen et al. 2008). Hence, pharmacological inhibition of p38 greatly
sensitizes leukaemia cells to As(IT) treatment (Elbirt et al. 1998; Verma et al. 2002;
Giafis et al. 2006). Similarly, the yeast p38 homologue Hoglp is also activated
by As(III), while deletion of HOGI results in metalloid sensitivity (Thorsen et al.
2006) (Fig. 4.2). Importantly, under mild osmotic stress, Hoglp delays cell cycle
progression by negatively regulating the activity of cyclin-dependent kinase com-
plexes through a number of different mechanisms (Escoté et al. 2004; Clotet et al.
2006; Yaakov et al. 2009). Having established that Hoglp contributes to metalloid
tolerance in yeast (Thorsen et al. 2006), we decided to examine the kinetics of yeast
cell cycle progression and a possible role of Hoglp in regulating cell cycle check-
points during As(III) stress (Migdal et al. 2008). Wild type cells exposed to As(III)
display a transient growth delay in all phases of the cell cycle, indicating activation
of cell cycle checkpoints followed by growth resumption. In contrast, hog/A cells
permanently arrest in the G, phase suggesting that Hoglp promotes recovery from
As(IlT)-induced cell cycle delay in G,. We found that the observed cell cycle arrest
in G, is associated with accumulation of Siclp, an inhibitor of S phase cyclin-de-
pendent kinase complexes. Moreover, the cell cycle defect of hog/A is fully sup-
pressed by deleting the SICI gene. Thus, Hoglp has a G -specific adaptation role by
targeting Siclp for degradation to allow entry into S phase after As(IIl)-induced cell
cycle arrest (Migdal et al. 2008) (Fig. 4.2). However, the molecular mechanism of
Hog1p-dependent degradation of Siclp during As(III) stress remains to be revealed.

Other Detoxification and Tolerance Systems

Global Analysis of Tolerance Factors in Yeast

Recent screenings of genome-wide yeast knock-out mutant collections revealed
a wide array of cellular functions that contribute to arsenic tolerance. Processes
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required for tolerance acquisition include sulphur and GSH metabolism, environ-
mental sensing and signalling, transcriptional regulation, and the cytoskeleton. Im-
portantly, many of the arsenic-sensitive yeast genes have human orthologues and
similar processes are associated with arsenic toxicity in various mammalian systems
(Haugen et al. 2004; Dilda and Hogg 2007; Vujcic et al. 2007; Dilda et al. 2008; Jin
et al. 2008; Jo et al. 2008; Ralph 2008; Thorsen et al. 2009). Hence, similar systems
may act in yeast and humans to prevent arsenic toxicity. However, although many
gene-products are associated with arsenic tolerance, the mechanisms by which they
mediate tolerance acquisition are largely unknown.

Proteasomal Degradation of Damaged Proteins

As(IIT) interferes with enzyme/protein folding and activity (Aposhian and Aposhian
2006; Kitchin and Wallace 2008), and exposure may lead to accumulation of dam-
aged proteins. The ubiquitin-proteasome pathway provides a mechanism to remove
damaged or non-functional proteins (Goldberg 2003) and expression of proteasom-
al genes is induced by As(III). Enhanced expression of proteasomal genes requires
the transcription factor Rpn4p, and cells lacking RPN4 are highly As(III)-sensitive
(Haugen et al. 2004; Thorsen et al. 2007, 2009) (Fig. 4.2). These data suggest that
cells may increase the number of proteasomes and/or proteasome activity, and that
enhanced protein degradation is important for As(IIl) tolerance. The latter is sup-
ported by the observation that mutants defective in the ubiquitin-proteasome path-
way display severe As(Il)-sensitivity (Di and Tamas 2007). Hence, As(III)-treated
cells may accumulate damaged proteins that need to be removed for optimal toler-
ance.

TOR- and PKA-Pathway: Regulation of General Stress Responses
and Ribosomal Proteins

Recent findings implicate two nutrient sensing and signalling pathways, the TOR
(target of rapamycin) and PKA (Protein Kinase A) pathways (Santangelo 2006;
Wallschleger et al. 2006; Soulard et al. 2009), in As(III) tolerance by modulating
expression of genes involved in stress protection and protein biosynthesis (Hosiner
et al. 2009) (Fig. 4.2). As(III) inhibits the TORC1 (TOR complex 1) protein kinase
causing down-regulation of ribosomal protein-gene expression due to deactivation
and nuclear exit of the TOR-regulated transcription factor Sfp1p. As(III) also trig-
gers translocation of the redundant ‘general stress responsive’ transcription factors
Msn2p and Msndp from the cytosol to the nucleus leading to stimulation of target-
gene expression (Hosiner et al. 2009). The activity of Msn2p/Msn4p is regulated by
growth conditions and the nutritional status of cells, and involves the PKA and TOR
pathways (Gorner et al. 1998; Beck and Hall 1999). Interestingly, deletion of both
MSN2 and MSN4 (msn2A msn4A) results in increased As(III) tolerance whereas
their overexpression enhances sensitivity (Hosiner et al. 2009). Based on these data,
it was suggested that As(III) toxicity might be a consequence of chronic activation
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of stress responsive genes via Msn2p/Msndp (Hosiner et al. 2009). In line with
this notion, hyperactivation of these proteins has a negative effect on cell growth
(Durchschlag et al. 2004). Curiously, while forIA cells are As(Ill) sensitive, SFPI
deletion results in enhanced As(I1I) tolerance. Moreover, SFP/ overexpression sen-
sitizes cells to As(IIl) (Hosiner et al. 2009). Currently, it is not completely clear
how these apparently contradictory views on the role of Sfplp and TORCI can be
reconciled into a coherent model.

Yeast as a Model System for Elucidating the Molecular Biology
of Arsenic Toxicity and Tolerance

There are many examples of the power of yeast as a model to elucidate fundamental
biological mechanisms. The examples below illustrate and underscore the impact
that research on yeast has had for advancing our understanding of the molecular
details of arsenic toxicity and tolerance in eukaryotic cells.

Aquaporins, Metalloid Transport and Human Health

Arsenic trioxide (As,O,) is currently used as a treatment for acute promyelocytic
leukaemia, and arsenic- and antimony-containing drugs are used to treat diseases
caused by the protozoan parasites Leishmania and Trypanosoma. To understand
the action of these drugs, it is important to elucidate the pathways of drug uptake,
factors that modulate their uptake, as well as regulation of drug uptake pathways
(reviewed in Bhattacharjee et al. 2009). The finding that Fpslp mediates As(III)/
Sb(I1I) uptake into yeast cells (Wysocki et al. 2001) has been important for identify-
ing metalloid transporting aqua(glycerol)porins of mammalian and plant origin. For
example, heterologous expression of rat rAQP9 and several plant AQPs in yeast
lacking influx and detoxification pathways (acr3A ycfIA fpsiA) reversed metalloid
resistance and restored As(III) uptake in those cells (Liu et al. 2002; Bienert et al.
2008; Isayenkov and Maathuis 2008). Additional studies in bacteria, Leishmania
and crop plants (e.g. rice) have confirmed that AQPs are metalloid entry pathways
in probably most organisms (Gourbal et al. 2004; Meng et al. 2004; Ma et al. 2008).
Importantly, this knowledge has been instrumental for exploring toxicity mecha-
nisms and drug action. First, overexpression of specific AQPs sensitizes human
leukaemia cells to metalloids due to increased accumulation (Bhattacharjee et al.
2004) and As,O, sensitivity has been found to be proportional to AQP9 expression
in leukemia cells (Leung et al. 2007). Similarly, Leishmania major takes up As(I11)
and Sb(III) through LmAQP1 and this aquaporin appears to play a major role in
drug resistance (Gourbal et al. 2004). Secondly, our finding that phosphorylation
of the aquaglyceroporin Fpslp by the p38-like MAP kinase Hoglp reduces uptake
of As(IIl) and Sb(III) into yeast cells (Thorsen et al. 2006) suggests that down-
regulation of MAP kinase activity may be an effective way to sensitize cells by
increasing metalloid influx. In this way, malignant cell growth may be inhibited or
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drug resistance may be reversed. Finally, As(III) uptake into crop plants, especially
into rice, may be a major route for human exposure to this toxic agent. Hence, iden-
tification of As(II)-transporting plant aquaporins (Bienert et al. 2008; Isayenkov
and Maathuis 2008; Ma et al. 2008) opens the way for modulating their activity and
potentially reducing As(IIl) accumulation in crop plants.

ACR-Proteins in Plants

The prospect of using plants to clean contaminated soils (phytoremediation) as well
as the development of ‘safe crops’ that do not accumulate arsenic, has recently at-
tracted considerable attention. Nevertheless, to develop safe crop plants and plants
for phytoremediation requires detailed understanding of arsenic toxicity and detoxi-
fication processes (Tripathi et al. 2007; Zhu and Rosen 2009). The identification of
Acr2p and Acr3p homologues in Pteris vittata (Chinese brake fern) indicates that
arsenic detoxification involving enzymatic reduction of As(V) to As(IlI) followed
by As(III) export is conserved from bacteria to plants (Ellis et al. 2006; Salt and
Norton 2008). Importantly, P. vittata is capable of hyperaccumulating arsenic in the
fronds without toxicity and can therefore potentially be used for phytoremediation
of contaminated soils (Ma et al. 2001). The exact role of P. vittata Acr2p and Acr3p
in this process remains to be revealed.

Conclusions

It is clear that yeast is a very valuable tool and model system for elucidating As(III)
toxicity and tolerance mechanisms. Indeed, from what was first learned in S. cerevi-
siae, we now know that metalloid uptake involves aqua(glycerol)porins probably in
all organisms, and that several yeast detoxification systems also exist in higher eu-
karyotes. Nevertheless, although many systems appear to be conserved from yeast
to man, more research is needed before we fully appreciate their roles in human
health and diseases.
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Chapter 5

Heavy Metal Toxicity in an Insect Cell Line
(Methyl-HgCl, HgCl,, CdCl, and CuSO,)

Bart P. Braeckman

Abstract We have analyzed the toxicity, uptake and intracellular effects of CdCl,,
HgCl,, MeHgCl and CuSO, in a cell line of the Asian tiger mosquito Aedes albopic-
tus. Cell proliferation was drastically inhibited by CdCl, and MeHgClI while HgCl,
showed only a moderate effect. Acute toxicity tests showed that membrane integ-
rity was severely affected in cells treated with low doses of HgCl, and MeHgCl.
Uptake of both mercury species occurred via simple diffusion while cadmium
entered the cells through mediated transport. CdCl,, HgCl, and CuSO,, but not
MeHgCl induced microtubulesupported neurite-like extensions in the dedes cells.
The metals induced some general intracellular pathologies such as mitochondrial
alterations, nuclear deformation and increased lysosomal profiles. Mitochondrial
swelling and severe RER dilatation by proteinaceous material was most pronounced
in cadmium-treated cells. These morphological features were accompanied by lac-
tate production and induction of a 78-kDa protein (possibly Grp78/BiP). The latter
may represent a stress defense system that leads to a positive shift of the cell viabil-
ity curve. Unlike other treatments, CuSO -treated cells showed massive apoptosis
characterized by nuclear chromatin condensation and DNA laddering.

Introduction

Many insect species accumulate heavy metals from the environment in their body.
Therefore, their role in food webs as well as their potential to serve as bioindicators
have been widely studied (McGeoch 1998). However, less is known about the fate
of the heavy metals at the cellular level in insects. A major advantage of using insect
cell cultures for this purpose is that this method allows for controlled exposure of
cells to precise metal concentrations for a specific amount of time. In this chapter,
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we will describe the general toxicity, uptake kinetics, subcellular distribution and
physiological effects of several heavy metals in a cell line of the Asian tiger mos-
quito Aedes albopictus.

In a series of dye exclusion tests and cell proliferation assays on mercury-, meth-
ylmercury-, and cadmium-treated cells, we found that they showed widely different
toxicity patterns. Sublethal doses of the tested heavy metals showed a profound
effect on general cell morphology: long, neurite-like, microtubule-supported ex-
tensions were induced (except for MeHgCl-treated cells). At the subcellular lev-
el, many general, stress-related pathologies were found, such as nuclear chroma-
tin clumping, indentation and dilatation of the perinuclear cisternae, increase of
ribosomal density, and lysosomal and RER volume. Cd-treated cells specifically
showed clear mitochondrial condensation and swelling, suggesting impairment of
aerobic function which was confirmed by increased lactic acid levels in the culture
medium. Proteinaceous substance that we found in the dilated RER cisternae may
represent the ER stress protein Grp78/BiP. Cells exposed to MeHgCl showed par-
ticular cytoplasmic tube-like structures of unknown function and the appearance of
blebs suggested microtubular disorganization. Autometallographical silverstaining
allowed us to localize mercury accumulation in the lysosomes. The uptake of both
HgCl, and MeHgCl is mainly by simple diffusion. CdCl, was taken up through
mediated transport (partly by Ca?" channels) and did not require metabolic energy.
In a separate study, it was found that acute toxicity of CuSO, was much lower than
that of CdCl,, HgCl, and MeHgCl. Although Cu?* also induced the typical micro-
tubule-supported neurite-like extensions, it caused massive apoptosis that was not
observed for any of the other metals tested.

Materials

Cell Culture

For our experiments we used a cell line of the Asian tiger mosquito Aedes albopictus
(Diptera: Culicidae). The cells used in this study were derived from the C6/36 clone
isolated by Igarashi (1978) from a mixed embryonic cell culture (Singh 1967). The
cells were grown in monolayers in Modified Kitamura (MK) medium (132 mM
NaCl, 8 mM KCl, 0.82 mM CaCl,, 0.86 mM KH,PO,, 24 mM b-glucose, 0.77%
lactalbumin hydrolysate, 0.57% yeast extract (YE), 5% fetal calf serum (FCS) and
50 pg/ml gentamicin), as described by Kitamura (1966). Lactalbumin hydrolysate,
FCS, and gentamicin were from Gibco BRL (Paisley, Schotland), YE was from Ox-
oid (Unipath Ltd., Basingstoke, UK), and all other chemicals were purchased from
Merck. All culture recipients were from Nunclon (Roskilde, Denmark). The pH of
the medium was adjusted to 6.8 and cell cultures were kept in the dark under ambi-
ent atmosphere and at 27°C. Cultures were usually seeded at a density of 103 cells/
ml. Under these conditions, cell population doubling time was approximately 30 h.
Experiments were carried out on 7-day-old cultures.
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Metal Exposure

HgCl, and MeHgCl were purchased from Merck (Darmstadt, Germany) and CdCl,
and CuSO,-5H,0 were from Janssen Chimica (Geel, Belgium). MeHgCl is volatile
and extremely toxic; it should be handled in a fume hood with care. The metal stock
solutions were prepared daily in MK medium without FCS. This solution was filter
sterilized and 5% FCS was added if necessary.

Viability and Proliferation Assays

Propidium iodide and Hoechst 33258 were purchased from Molecular Probes (Eugene,
Oregon). These fluorescent probes bind to double stranded DNA and are carcinogenic.
Fluorescence was quantified in 96-well plates with a Cytofluor 2350 (Millipore).

Light and Electron Microscopy

Cells were fixed by adding an equal volume of 2x fixation buffer containing 4%
paraformaldehyde (Sigma, St. Louis, Missouri) and 4% glutaraldehyde in cacodyl-
ate buffer (100 mM (CHj,),AsO,Na-3H,0, 60 mM sucrose and 0.05% CaCl,, pH
7.2). Glutaraldehyde, cacodylic acid, osmium tetroxide, lead acetate, uranyl acetate
and cytochalasin B were products from Fluka (Buchs, Switzerland). Cells were
observed with a Reichert-Jung Polyvar microscope equipped for Nomarski DIC.
During fluorescent staining procedures, cells were washed with phosphate-buffered
saline (PBS: 137 mM NaCl, 1.47 mM KH,PO,, 2.68 mM KClI, 8.10 mM Na,HPO,,
pH 7.2). PBSAT was made by adding 5% BSA and 1.75% Triton X-100 to the PBS.
BODIPY®-phalloidin was purchased at Molecular Probes (Eugene, Oregon) and
the FITC-labeled rabbit anti-mouse antibody and the fluorescein-conjugated swine
anti rabbit immunoglobulins were obtained from DAKO (Santa Barbara, Califor-
nia). Vectashield was a product from Vector Laboratories Inc. (Burlingame, Califor-
nia). Nomarski DIC and fluorescence pictures were taken on AGFA APX 100ASA
black-and-white film and KODAK TMAX TMY 400ASA black-and-white film,
respectively. Digitized pictures were analyzed by an image analysis system (IBAS
Kontron). Digital images were printed with a Sony Video Graphic Printer UP850.

The epoxy resin kit was purchased from Agar Scientific Ltd. (Stansted, UK) and
DePeX was a product from BDH (Poole, UK). For ultrastructural analysis, thin and
ultrathin sections of embedded cells were made with a Reichert-Jung Ultracut E and
the ultrathin sections were post-stained with a Reichert-Jung Ultrostainer. Electron
micrographs were made with a JEOL 1200 EX II transmission electron microscope.

The autometallographical developer for mercury localization consists of 60 ml
gum Arabic, 10 ml citrate buffer (1.2 M citric acid monohydrate and 0.8 M triso-
dium citric acid dehydrate), and 30 ml of 0.5 M hydroquinone. Immediately before
use, 0.5 ml of AgNO, (0.75 M) was added to this mixture.
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Atomic Absorption and Fluorescence Spectrometry

Intracellular Cd concentrations were quantified with atomic absorption spectrom-
etry (Perkin-Elmer 4100 ZL) while mercury was quantified with a Merlin mercury
detector (Model PS Analytical 10023). The EGTA (ethylene glycol-O,O’-bis(2-
aminoethyl)-N,N,N’,N’-tetraacetic acid), SnCl,-2H,0 and HNO, (<0.0000005%
Hg) used for the cadmium or mercury preparations were purchased from Fluka (Bu-
chs, Switzerland). The cadmium atomic absorption standard solution was a product
from Sigma (St. Louis, Missouri).

Biochemical Assays

2,4-Dinitrophenol (DNP) was obtained from BDH (Poole, UK) and the ATP Bio-
luminescence Assay Kit CLS II was from Boehringer Mannheim (Mannheim, Ger-
many). The SDS-gelelectrophoresis low- and high-molecular weight protein stan-
dard ladder and Lactate Diagnostics kit were from Sigma (St. Louis, Missouri).
The protein sample buffer for SDS-PAGE consisted of 100 mM Tris—HCI, pH 8.8,
1% mercaptoethanol, 3% SDS, bromophenol blue, and 10% glycerol (final con-
centrations). Medium acidification was quantified with a Consort P600 pH meter
and NADH was measured in a Shimadzu UV2401PC spectrophotometer. The lysis
buffer used for analyzing DNA laddering contained 50 mM Tris—HCI (pH 8.75),
100 mM Na,EDTA, 0.2 M NaCl, 1% SDS, 1.67 mg/ml proteinase K. TBE buffer
consisted of 50 mM Tris, 45 mM boric acid, and 0.5 mM EDTA.

Methods

Viability Assays

Cell viability was assessed by a propidium iodide exclusion assay (Nieminen et al.
1992) adapted for Aedes albopictus cells and automated measurement during a 24-h
period. This method is basically a test for membrane integrity as the fluorochrome
propidium iodide, that specifically binds to DNA, is excluded from living cells. Due
to its high DNA content, yeast extract was omitted from the medium (designated
MK-YE) during the viability test. The background fluorescence of the other medium
components was negligible. The viability tests were performed in a climatized room
at 27°C. As the FCS may have a detoxifying effect by binding heavy metal ions, tests
were performed with and without the addition of 5% FCS to the MK-YE medium.
The viability test was initiated by changing the MK medium to MK-YE in a 7-day-
old cell culture. In each well of a 96-well microtiterplate 50 pl propidium iodide solu-
tion (60 uM in MK-YE) was added to 50 pl cell suspension. After a 10-min staining
period, the initial background staining (A4) representing 100% viability was measured
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in the fluorimeter. Propidium fluorescence was measured using 530 nm (25 nm BP)
excitation and 620 nm (40 nm BP) emission filters. Next, 100 pl of each metal so-
lution (in MK-YE) was added per well and changes in fluorescence were recorded
hourly over a 24-h time span (X, X,,...X,,). Finally, 100 ul of digitonin (375 uM in
MK-YE) was added to each well and, after cell permeation, a final reading gave the
value for 0% viability (B). Viability percentages were calculated as 100(B—X)/(B—A)
after correction for the blanks. Although in theory, these values cannot exceed 100%,
due to quenching or dilution effects of digitonin, the values may slightly exceed the
0-100% interval. Viability curves show averages of two experiments, each contain-
ing eight technical replicates. LD values were calculated by linear intrapolation or by
using a four-parameter logistic function for best fit (Y={(a—d)/[1+(x/c)"b}+d) in
which X, Y, a, b, c, and d represent the metal concentration, expected viability, upper
viability limit, slope, point of inflection, and lower viability limit, respectively.

Growth Assays

Inhibition of cell proliferation by heavy metals was followed over an 18-day period
by quantifying DNA content of the metal-treated cultures with the fluorescent dye
Hoechst 33258 (Labarca and Paigen 1980). Cells were seeded in flat-sided test tubes
at a density of 4x103 cells/ml in MK medium, supplemented with 5% FCS, and
treated with the appropriate metal concentration. To estimate the cell density after
a given incubation time, a subseries of growing cultures were sacrificed for DNA
quantification. These tubes were vortexed and cells were pelletted by centrifugation
after which the MK medium was replaced by distilled water. The cells were soni-
cated for 2 min at 100 W. Fifty pl of 0.1% Hoechst 33258 was added to 25 ml of
a concentrated salt solution (final concentration: 2 M NaCl, 50 uM NaPO,, pH 7.4
and stored at 55°C to prevent crystallization). The high salt concentration was used
to eliminate DNA-bound proteins to improve fluorochrome accessibility. The fluo-
rescence intensity of 100 pl cell sonicate and 100 pl Hoechst 33258 salt solution was
measured using a 360 nm (40 nm BP) excitation and 460 nm (40 nm BP) emission
filter. Calibration curves showed a linear relation between cell concentration and
Hoechst fluorescence for cell concentrations not exceeding 5% 10° cells/ml. Samples
were taken on days 0, 1,2, 3,4,5,7,9, 12, 15, and 18. Regression coefficients of
each proliferation curve were calculated and expressed relative to the untreated con-
trol. The results are averages of two experiments with eight technical replicates each.

Light Microscopy and Cytoskeleton Staining

For light microscopy, cells were seeded (1.6x10° cells/well) on round coverslips
(Assistent) in 4-well culture plates and allowed to settle for 24 h. They were treated
with metal and inhibitors or MK medium as a control. All test solutions were added
successively to the wells without any washing steps to prevent disturbance or dis-
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lodgement of the cells. After treatment, double concentrated fixation buffer was
added and cells were fixed for 1 h at room temperature. Consequently, the cover-
slips were mounted upside down with glycerin on a glass slide and evaluated by
Normarski DIC microscopy.

For actin staining, cells were fixed as described in the materials section and
washed with PBS. Cells were permeated with 0.1% Triton X-100 for 30 min and
washed again with PBS. F-actin was stained for 2 h on ice with BODIPY®-phalloidin
(66 uM) followed by five washing steps in PBS to remove unbound stain. All prepa-
rations were carried out in the dark to prevent photobleaching.

For microtubule staining, cells were fixed in methanol at —20°C and rinsed in
PBS. Next, they were permeated with PBSAT for 30 min, followed by a triple PBS
rinse (15 min each). A 1/100 dilution of Anti-a-tubulin antibody (TAT, Woods et al.
1989) was added for 30 min and this was followed by another triple rinse with PBS.
Consequently, the cells were incubated with FITC-labeled anti-mouse antibodies
(1/50) for another 30 min. After an additional PBS rinse, the coverslips containing
the cells were mounted with Vectashield. The slides were observed with epifluo-
rescence microscopy using a G1 filter for BODIPY® (exc. BP 546+ 12 nm/em. LP
590 nm) and a B1 filter for FITC (exc. BP 450—490 nm/em. LP 520 nm).

Cu-induced apoptosis was quantified by pelletting the cells (5 min at 800 rpm)
and medium was replaced by MK-FCS to which (1:1) methanol/acetic acid (1:20)
and 15 ul/ml propidium iodide (1 mM) were added. Discrimination between apop-
totic (apoptotic and secondary necrotic) and non-apoptotic nuclei (necrotic and live
cells) was based on chromatin morphology using epifluorescence microscopy (exc.
BP 546 nm=+ 12 nm/em. LP 590 nm).

Electron Microscopy

Cells were fixed for 1 h at room temperature in fixation buffer and successively
pelletted. Post-fixation was done by treating the cells with OsO, (1% in cacodylate
buffer) for 1 h. During the dehydration steps, cells were stained ‘en bloc’ with 2%
uranyl acetate in 50% ethanol and secondly in saturated lead acetate in ethanol-ace-
tone (1:1), both for 1 h (Kushida 1966). The cell pellets were embedded in Araldite.
Ultrathin sections were post-stained with a Reichert-Jung Ultrostainer programmed
for 30 min uranyl acetate (40°C) and 3 min lead citrate (20°C) staining.

Autometallography

Aedes cells were treated with HgCl, and MeHgCl and prior to fixation, the MeH-
gCl-exposed cells were treated for 40 min with a 40 pg/ml Na,SeO,-5H,0 solu-
tion to obtain Hg—Se complexes that can initiate the autometallographical reaction
(Baatrup and Danscher 1987). Samples were fixed for 1 h at room temperature with
fixation buffer and pelletted. Next, the fixative was replaced by autometallographi-
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cal developer in the dark room. After a 1-h developing time, the cells were washed
twice with distilled water and prepared for light or electron microscopy.

Atomic Absorption and Fluorescence Spectrometry

Cd-treated cells were washed twice with 2 mM EGTA in MK-YE to remove most
of the extracellular and non-specifically bound Cd (Blazka and Shaikh 1991). To
prevent chemical matrix interference, the EGTA was removed in a final wash with
MK-YE. Next, the cells were transferred to 1% HNO, and Cd was quantified in an
atomic absorption spectrometer.

Mercury-treated cells were also washed twice with 2 mM EGTA in MK-YE fol-
lowed by a final wash with MK-YE to remove the remaining EGTA. The cell pellet
was decomposed with 0.9 ml HNO, to which 0.1 ml BrCl (approx. 50 mM) was
added. The BrCl is the reaction product of 33.3 mM KBr and 16.7 mM KBrO; in
2.4 M HCI, stored at 4°C, protected from light. BrCl was used for the demethylation
of MeHg" (overnight at room temperature). Next, reduction of Hg?* to metallic mer-
cury vapor Hg? was carried out in a reduction flask containing 15 ml of water and
1 ml of freshly prepared stannous chloride solution (1.33 M SnCl,-2H,0 in 1.2 M
HCI, aerated with N, for at least 1 h). During a 5-min reduction period, the reduc-
tion flask was aerated with mercury-free argon gas. The mercury vapor was passed
along a strong alkaline solution (mixture of equal volumes of 20% SnCl,-2H,0
and 20% KOH, boiled, and filtered) to neutralize acidic vapors. Mercury was pre-
concentrated by amalgamation on gold-coated sand (gold trap) and subsequently
thermally released for 1 min with a heat spiral. The mercury was then recollected
on a standardized gold trap, released during 30 s, and finally detected and quantified
with an atomic fluorescence spectrometer. The results show the average of two to
three experimental replicates each consisting of three technical replicates.

Biochemical Assays

Lactate concentration in the culture medium was assayed in a 1-ml sample that was
deproteinized with 2 ml perchloric acid (8%, w/v). This mixture was vortexed for
30 s, cooled on ice for 5 min and centrifuged at 1,500 g. Of the supernatant, 33 ul
was added to 966 pl of a cocktail consisting of 4 ml NAD (2.5 mg/ml), 2 ml gly-
cine buffer (0.6 M glycine, hydrazine, pH 9.2), and 0.1 ml lactate dehydrogenase
(1,000 U/ml). After a 15-min incubation period at 37°C, the NADH content (which is
a measure of lactate in the sample) was determined spectrofotometrically at 340 nm.

Metal-induced proteins were analysed by SDS-polyacridamide gel electrophore-
sis. Total protein content was determined according to the Bradford method (Brad-
ford 1976) using BSA as a standard. Cell samples to be submitted for electropho-
resis were mixed with protein sample buffer and the proteins were separated on a
15 cmx 15 cm native polyacrylamide gradient gel (7-14%), run at 200 V and silver
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stained according to Blum et al. (1987). In all lanes equal amounts of proteins were
loaded and one lane was loaded with low- and high-molecular-weight protein stan-
dard series. Relative quantification of the proteins on the gel was done by image
analysis (Ibas Kontron).

For analysis of Cu-induced DNA fragmentation, DNA was isolated using the
SDS-proteinase K method: the cells were washed with PBS and lysed with 1 ml of
lysis buffer at 55°C for 3 h. After extracting the samples with phenol and phenol/
chloroform/isoamylalcohol (25:24:1), approximately 700 ul of the aqueous phase
was transferred to a new tube and 70 ul 3 M NaAc and 750 pl isopropanol were
added. After incubation at —20°C for at least 1 h, precipitated nucleic acid was pel-
letted at 1,000 rpm for 5 min, washed twice with 75% EtOH, dried and redissolved
in 0.5x TBE buffer. RNA was completely degraded by incubation with DNase-free
RNase A (1 mg/ml) for 1 h at 30°C. DNA fragmentation was analyzed by electro-
phoresis on 1% agarose gels.

Results and Discussion

Viability Tests

We used the Aedes albopictus C6/36 cell line to study the uptake, intracellular dis-
tribution and morphological and biochemical effects of cadium and mercury in in-
sect cells. Although this cell line has been used frequently in virological studies, its
sensitivity to heavy metals was not investigated yet. Hence, we initiated this study
by characterizing the acute and chronic toxicity of CdCl,, HgCl,, MeHgCl, and
CuSO0, in these cells. Short-term toxicity was assessed with the propidium iodide
dye-exclusion method. As FCS in the medium may protect the cells from heavy
metal toxicity by binding of metal ions to free thiol groups of the serum proteins
(Fang and Fallin 1976; Corrigan and Huang 1981), these tests were carried out with
and without 5% FCS in the medium. The toxicity of CdCl,, HgCl, and MeHgCl was
assessed in parallel while CuSO, toxicity was tested separately under slightly dif-
ferent conditions (2.5% FCS). For cadmium and both mercury species, a time and
concentration-dependent decrease in viability was observed, but toxicity kinetics
and lethal concentrations differed considerably among the metal species (Fig. 5.1).
The protective effect of FCS in the MK medium is evident in the three metal species
although the extent to which it decreased toxicity was widely different (Table 5.1).
This effect was very strong in HgCl,-treated cultures, fairly obvious in case of Me-
HgCl and almost negligible for CdCl,. Fang and Fallin (1976) found that the as-
sociation constant for Hg?* to bovine serum albumin is higher than that of MeHg",
which is in accordance to the effects of FCS on mercury toxicity described here.
Both mercury species disrupted membrane integrity at low concentrations while
cadmium was less toxic (MeHgCl>HgCl,>CdCl,)), regardless of the presence of
FCS in the medium. This is consistent with the findings of Nakada et al. (1978)
that, in contrast to Hg?>" and MeHg", Cd** does not readily permeate liposomes.
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Fig. 5.1 The effect of CdCl, (a, b), HgCl, (¢, d), and MeHgClI (e, ) on cell viability in dedes
albopictus C6/36 cultures. Toxicity was assayed in the absence (a, ¢, e) and presence (b, d, f)
of FCS in the medium. Mean standard deviations were 3.0, 6.7, 5.0, 5.7, 9.8, and 11.2% for a—f,
respectively. (Reproduced from Braeckman et al. 1997a with permission from Kluwer Academic
Publishers)
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Table 5.1 Lethal doses (LD) and inhibitory concentrations (IC) of heavy metals in the Aedes
albopictus C6/36 cell line

CdcCl, HgCl, MeHgCl CuSO,,
FCS in the medium 0 5 0 5 0 5 2.5
(%)
Cell viability: LDy, 140.20 149.71 2.51 11.19 2.08 5.47 1030.00
FCS protection 1.07 4.46 2.63 ND
factor®
Cell proliferation: 13.83 27.70 2.08 ND
ICI()()
Cell proliferation: 1.75 18.34 0.97 ND
Gy,

2 All values in pM
" The FCS protection factor was calculated as LD, ¢S /LD, *FCS

A separate test on CuSO, toxicity indicated that this metal is far less able to damage
the membrane integrity compared to the other metals (Table 5.1). From our experi-
ments, we cannot distinguish whether the disturbance of membrane integrity is a
primary or secondary effect.

In most cases, we found classical sigmoid dose—response curves for heavy metal
toxicity. However, one highly reproducible exception occurred: cells that were treat-
ed with CdCl, in serum-free MK medium showed a clear deviation from the expect-
ed sigmoid pattern. At low CdCl, concentrations (up to 32.9 uM), we observed the
onset of a normal sigmoid viability decrease. In the concentration interval between
32.9 and 132.5 uM CdCl,, viability levels were higher than expected from the sig-
moid model, however. This hormesis-like pattern suggests the induction of a defense
system, decreasing Cd toxicity to a considerable extent. Several Cd detoxification
systems maybe responsible such as glutathione, metallothioneins and larger detoxi-
fication molecules of the heat shock protein family (Bauman et al. 1993; Chin and
Templeton 1993; Singhal et al. 1987). More detailed information on this phenome-
non is described in the section “Cadmium-induced molecular defense mechanisms”.

Proliferation Assays

We tested long-term toxicity of CdCl,, HgCl, and MeHgCl by monitoring cell pro-
liferation in the presence of these metals. We observed continuous cell proliferation
in the control cultures during the 18-day test period. For the three metal species
tested, inhibition of proliferation was concentration-dependent (Fig. 5.2). Although
membrane integrity tests showed that high cadmium concentrations did not inter-
fere with cell viability (LD,,=150 uM), cell proliferation was extremely sensitive
to CdCl, (IC,,=1.75 uM, Table 5.1). This remarkable discrepancy may be due to
the fact that Cd** may enter the cell without disrupting the membrane. Once inside
the cell, this heavy metal may interfere with several intracellular processes such as
mitosis and Ca?" signaling, resulting in severe inhibition of cell proliferation.
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Fig. 5.2 The effect of CdCl,, 120 e CdCl
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Although the effect of HgCl, and MeHgCl on membrane integrity is fairly simi-
lar (LDsoMe2 =11.2 uM vs. LD, MeHeCI=55 M), their inhibitory effects on cell
proliferation is widely different ([Cs,HeC2 =183 puM vs. IC, MHC1=0.97 uM).
MeHg proved to be potent inhibitor of cell proliferation whereas Hg permitted
proliferation within a large concentration range. Similar effects were described by
Repetto and co-workers (1993) and Thrasher and Adams (1972). Specific inhibition
of cell proliferation by MeHg may arise from its property to disrupt microtubules
in vivo at very low concentrations which in turn inhibits mitotic spindle formation
(Thrasher and Adams 1972; Miura et al. 1978). It was also reported that MeHg can
cause DNA damage and inhibits DNA synthesis (Roy et al. 1991). The relatively
low potency of HgCl, to inhibit cell proliferation was also found by Miura et al.
(1979). It is remarkable that we found that acute membrane disruption by HgCl,
occurred at lower concentrations than proliferation inhibition (LD, s“?=11.2 uM
vs. IC,1e€“2=18.3 uM). This seems odd as dead cells with disrupted membranes
are not able to proliferate anymore. However, in a culture, dead cells and cellular
debris may bind Hg?" very tightly, thereby decreasing the availability of free Hg?*
in such a way that surviving cells may continue to proliferate. In contrast, MeHg"
and Cd?* can readily shift between thiol groups and therefore they may retain their
bioavailability.

In conclusion, the viability and proliferation assays showed that there are clear
differences among the toxicities of Cd, Hg and MeHg which reflect differences of
their mechanisms of action. Hg and MeHg proved to be the most potent membrane-
disrupting agents while MeHg and Cd were the strongest inhibitors of cell prolifera-
tion. We have no comparable data for CuSO,.
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General Cell Morphology (Light Microscopy)

Aedes albopictus C6/36 cells have a similar morphology to insect hemocytes
(Fig. 5.3a). They have a fibroblast-like shape and produce cellular extensions that
rarely exceed the length of a cell body diameter. These extensions seem to be ran-
domly placed and oriented. Also sheet-like lamellipodia with microspikes (short
and stiff protrusions) were observed. When cells were treated with sublethal doses
of CdCl,, HgCl, or CuSO, for a few hours, their morphology changed dramati-
cally, showing long neurite-like extensions. CdCl, and HgCl,-treated cells showed
many of these long processes that were randomly distributed around the cell body
(Fig. 5.3b) while the CuSO,-exposed cells showed mostly uni- or bipolar exten-
sions (Fig. 5.3¢). MeHgCl-treated cells did not show a neuron-like morphology at
all (Fig. 5.3d). The appearance of long slender neurite-like extensions may reflect
a general stress response, rather than a specific effect of the heavy metals as this
particular morphology was also obtained when cells were treated with 20-OH ecy-
dosone (Smagghe et al. 2003) and the F-actin poison cytochalasin B (Fig. 5.3¢).
The formation of these extensions is new to heavy metal literature although similar
extensions have been described in other fields of insect cell research. First, the
observed cellular morphology strikingly matches the effect of 20-OH ecdysone in
Drosophila, Malacosoma and Choristoneura cells (Courgeon 1972; Cherbas et al.
1977, 1980; Berger et al. 1978; Wing 1988; Peel and Milner 1992; Sohi et al. 1995).
Secondly, epidermal feet are known to be induced by oxygen deficiency and they
help to drag tracheoles towards hypoxic regions in the insect body (Wigglesworth
1977). It is plausible that Cd and Hg cause epidermal feet in Aedes albopictus cells
as these metals are known to target the respiratory system (Weinberg et al. 1982;
Reddy and Bhagyalakshmi 1994).

The cytoplasmic feet are supported by microtubules. We studied the cytoskeletal
support of the long extensions induced by CdCl, and HgCl, by treating the cells
with 100 uM colchicin or 10 uM cytochalasin B. Colchicin inhibits the polymeriza-
tion of tubulin by binding specifically on free dimers. Cytochalasin B inhibits actin
polymerization by capping the positive pole of a growing filament. When Aedes
cells were pretreated with colchine and subsequently exposed to CdCl, or HgCl,,
they did not develop the characteristic long extensions, suggesting that these are
supported by microtubules. Once these extensions had been formed by metal treat-
ment, they could not be removed by colchicine post-treatment, suggesting that the
microtubules were stabilized. Microtubular support of the extensions was also con-
firmed by immunostaining (Fig. 5.3f) and electron microscopy (Fig. 5.3g) (Raes
et al. 2000). Cytochalasin B treatment resulted in a severe clustering of cellular
F-actin as shown by BODIPY ®-phalloidin staining (Fig. 5.3h) and the formation of
long processes (Fig. 5.3e), clearly indicating that these long neurite-like structures
were not supported by actin. Cytochalasin B-treated cells had a flatter appearance
and processes were somewhat thicker compared to the metal-stressed cells. Post-
treatment of HgCl, and CdCl,-exposed cells with cytochalasin B did not alter the
shape of the cells.
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Fig. 5.3 a Untreated Aedes albopictus C6/36 cells (MS:microspike). b Outgrowth of long exten-
sions (EX) after a 3 h treatment with 44 uM CdCl,. ¢ Cells treated with 1.5 mM CuSO, for 4 h
show stiff monopolar extensions (arrow). d Multiple short extensions were observed in Aedes
cells treated with 2 uM MeHgCl for 3 h. e Cytochalasin B treatment (10 uM for 3 h) induced long
extensions (EX) as well. f dedes cells, treated with 3.7 uM HgCl, for 3 h and immunostained for
a-tubulin, show high fluorescence in the metal-induced extensions. g Electron micrograph of the
base of a CuSO,-induced extension (0.75 mM for 6 h) which is supported by parallel microtubules
(arrow). h Cytochalasin B treatment (10 uM for 3 h) induced condensation of actin into distinct
foci (FA: F-actin aggregation). i MeHgCl-treated cells (2 uM for 3 h) showed many short F-actin-
supported extensions and some F-actin aggregation (FA) in the cell body. j When MeHgCl-treated
cells (2 uM for 3 h) were post-treated with cytochalasin B (10 uM for 3 h), the cell body flattened
and showed short, radially oriented extensions (EX). Bars are 10 pm (except g: bar is 1 um).
(Reproduced from Braeckman et al. 1997b (a, b, d, e, f, h, i, j) and Raes et al. 2000 (c, g) with
permission from Academic Press and Wiley-Liss, Inc.)
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Interestingly, MeHgCl-treated cells did not show the characteristic long exten-
sions that were induced by all other stressing situations (Fig. 5.3d). However, MeHg
is known to be a strong inhibitor of microtubule polymerization (Imura et al. 1980;
Sager et al. 1983), which easily explains the absence of any microtubule-supported
extensions. MeHgCl treatment induced large numbers of actin-supported filopodia
(Fig. 5.31) the reason of which remains unclear. Post-treatment of MeHg-exposed
cells with cytochalasin B could not induce the long extensions as seen in cells treated
with cytochalasin B alone. This observation shows that the cytochalasin B-induced
processes are probably also supported by microtubules. During post-treatment, the
cytochalasin B kept its cell-flattening effect resulting in round flat cells with short
radial filopdia (Fig. 5.3j).

In conclusion, short 3-h treatment of Aedes albopictus cells with sublethal doses
of CdCl, and HgCl, induced abnormal microtubular polymerization giving the cells
a neuron-like appearance. In accordance with its microtubule-disrupting activity,
MeHgClI was not able to induce such long neurite-like processes. Instead, it gave
rise to many short F-actin-supported filopdia.

Ultrastructural Effects (Electron Microscopy)

After studying Cd and Hg toxicity and the effects of these metals at the light micro-
scopical level, we wanted to gather further information on their subcellular targets
in Aedes albopictus C6/36 cells. Heavy metal treatment was based on the LD, ,,,
values obtained in the membrane integrity tests (Fig. 5.1). Cells were treated for 6
and 24 h with 66 uM CdCl,, 9.3 uM HgCl, or 5.5 uM MeHgCl. In a separate ex-
periment, cells were treated with 750 uM CuSO, (LD, ,,,) to visualize its apoptotic
effect. We will focus on the Cu-induced effects at the end of this section.
Untreated Aedes albopictus cells resembled typical insect hemocytes and showed
phagocytotic properties. Their nucleus had a rounded shape or was slightly irregu-
lar, the chromatin was homogeneously distributed with few chromatin apposed to
the nuclear envelope and the nucleolus was well-developed (Fig. 5.4a). In general,
only few RER profiles could be detected and in some cases they were organized in
concentric whorls. Also some small SER patches were observed but the Golgi sys-
tem was poorly developed. The cytoplasm showed many lysosomes containing my-
elin-like membrane structures. The mitochondria had an electron-dense matrix with
electron-lucent cristae (Fig. 5.4b) and they often showed electron-dense granules.
A 6-h cadmium treatment did not result in any ultrastructural changes while for
both mercury species several morphological alterations could already be observed.
Cells that were treated for 24 h either with cadmium or mercury showed the most
clear-cut intracellular effects. Many of these alterations occurred in all metal-treated
cells, independent of the nature of the heavy metal and thus may represent a gen-
eral stress response. The nuclei often showed irregular indentations (Fig. 5.4c), an
increased nucleolar volume, slight chromatin clumping and appearance of electron-
lucent spaces in the nucleoplasm. Nuclear indentations were also reported in cad-
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Fig. 5.4 Transmission electron micrographs of control and metal-treated Aedes albopictus C6/36
cells. a Untreated cell. b Mitochondrion of a control cell. ¢ Nuclear indentations in a CdCl,-treated
cell (66 uM for 24 h). d CdCl, treatment (66 uM for 24 h) caused mitochondrial condensation.
Metal-treated cells also showed mitochondrial dilatation (e, 9.3 uM HgCl, for 6 h) and severe
swelling of the RER cisternae (f, 9.3 uM HgCl, for 24 h). g MeHgCl-treated cells (5.5 uM for
24 h) typically showed tube-like structures that possibly consist of RER membranes. h HgCl-
treated cell (9.3 uM for 24 h) with expanded lysosomal system and clusters of small vesicles.
i When mercury-treated cells (3 uM HgCl, for 24 h) were stained by autometallography, silver
grains were predominantly found in the lysosomes. j Blebs, devoid of major cell organelles were
observed in MeHgCl-treated Aedes cells (5.5 UM for 24 h). k After a 6-h treatment with 0.75 mM
CuSO,5H,0, Aedes cells were polarized with a vacuome localized at one pole. After 18 h of
copper treatment, cells also showed first signs of chromatin clumping along the nuclear envelope
(arrow), typical for apoptosis (I). m At longer treatment times, cells showed severe chromatin
clumping and nuclear budding (arrow). Bars are 1 um. (Reproduced from Braeckman et al. 1999a
(d), Braeckman and Raes 1999 (a, f, g, j) and Raes et al. 2000 (k, 1, m) with permission from Har-
court Brace & Co. Ltd. and Wiley-Liss Inc.)
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mium- and mercury-treated hepatocytes (Hirano et al. 1991; Bucio et al. 1995). The
mitochondria became pleomorphic: in some cells they were inflated with dense
material while in others there were accumulations of numerous small dividing mi-
tochondria. Some mitochondria showed matrix condensation (Fig. 5.4d) and some-
times the first signs of necrotic degeneration could be observed (Fig. 5.4¢). Mito-
chondrial swelling was most common in Cd-treated cells and only found to a lesser
extent in Hg-treated cells. Mitochondrial pleomorphy is a prenecrotic event due to
the disturbance of respiration and of mitochondrial growth and replication (Trump
et al. 1978). Metal-induced mitochondrial alterations have been reported frequently
before (Hawkins 1980; Seidman et al. 1986; Kawahara et al. 1990; Pawert et al.
1996). In many cases, inflated RER cisternae, filled with a proteinaceous material
occurred (Fig. 5.4f); similar swellings were found in the nuclear envelope. Also
cells with a dark cytoplasm showing increased ribosomal content were observed.
These may be signs of activated protein synthesis and this issue will be dealt with in
more detail in the last section. The number and the diameter of the lysosomes were
increased although their general appearance was similar to that of the control cells
(Fig. 5.4h). A dilated lysosomal system has been described by many authors (Ferri
and Macha 1980; Hawkins 1980; Morselt et al. 1983; Hemelraad et al. 1990) and
may reflect enhanced turnover of intracellular components or enlarged endocytotic
activity. Autometallography is a histochemical technique that visualizes hotspots
of mercury accumulation in cells or tissues. Individual mercury atoms bound to
proteins cannot be visualized with this method. Electron micrographs of mercury-
treated Aedes cells stained with autometallography showed that lysosomes were the
primary accumulation sites in the cell (Fig. 5.41). This confirms earlier observations
in invertebrate animals (Ballan-Dufrancais et al. 1980; Jeantet et al. 1980; Raes and
De Coster 1991; Marigomez et al. 1996) and vertebrate cells and tissues (Baatrup
and Danscher 1987; Danscher et al. 1994; Christensen 1996). Mercury accumula-
tions were also detected near the plasma membrane corroborating the observation
of Endo et al. (1995) that the non-internalized fraction of mercury, bound to the
plasma membrane, is much greater than the internalized fraction. We found a strik-
ing heterogeneity in the amount of mercury accumulation among cells. This cor-
roborates with the heterogeneity found in the ultrastructural pathology discussed
above. Lysosomal accumulation of mercury was already detected after a 30-min
incubation time. We have no data on intracellular Cd storage sites as the autometal-
lographical procedure is not sensitive to cadmium.

Besides these general ultrastructural effects, we also observed a few metal-
specific alterations in the treated Aedes cells. Although mitochondrial dilation was
induced by cadmium as well as mercury, it occurred earlier and more strikingly
in CdCl -treated cells, suggesting that mitochondrial function is very sensitive to
Cd**. HgCl,-treated cells specifically showed typical clusters of small electron-lu-
cent vesicles in the vicinity of a dictyosome, suggesting that these may be primary
lysosomes (Fig. 5.4h). The cells treated with MeHgCl showed blebbing of the plas-
mamembrane (Fig. 5.4j) and nuclear indentation that was generally stronger than
in CdCl,- and HgCl,-treated cells indicating disruption of the cytoskeleton. In the
cytosol of MeHg-treated cells, remarkable tube-like structures were found to which
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many ribosomes were attached (Fig. 5.4g). They are reminiscent to cytoplasmic
inclusions found in the oenocytes of Calpodes ethlius (Locke 1969). The etiology
and significance of these structures remains to be elucidated.

Unlike CdCl,, HgCl, and MeHgCl, CuSO, caused massive apoptosis in the
Aedes cell culture. The only common morphological feature that occurred in the
Cu-treated cells is the formation of long, microtubule-supported neurite-like exten-
sions. However, these were not randomly spread but tend to show a bipolar ori-
entation. None of the aforementioned intracellular alterations occurred in Aedes
cells treated with 750 UM CuSO,. Morphology of the mitochondria, lysosomes, and
endoplasmic reticulum seemed to be unaffected, although clustering of the vacuome
at one side of the cell has been observed (Fig. 5.4k). After 6 h of Cu treatment, some
cells already showed smooth chromatin clumps along the nuclear envelope, which
is a first sign of apoptosis (Fig. 5.41). At longer treatment times, severe chromatin
clumping, nuclear budding and formation of apoptotic bodies occurred (Fig. 5.4m).
The copper-induced apoptosis was confirmed by gel electrophoresis, which showed
the typical laddering pattern caused by inter-nucleosomal DNA cleavage (Fig. 5.5a)
At higher CuSO, concentrations, the proportion of necrotic cells rose while apopto-
sis decreased (Fig. 5.5b). Literature on Cu?*-induced apoptosis is very scarce; this
phenomenon has been described iz vivo in some vertebrates (Haywood et al. 1996;
King and Bremmer 1979; Fuentalba and Haywood 1988) but for invertebrate cells,
no information is available. More recently, Xia et al. (2005) described Zn?*-induced
apoptosis in Spodoptera larval hemocytes. In our mercury-treated cells no apop-
totic cells could be detected. However, in CdCl,-treated cells, a few apoptotic cells

100 - _
Lane 1 2 3 4 —&— % apoptotic cells

5 6 7
£l % 'E é g 80 - —O— % leaky cells

60 -
40 -
| 204
i
0.00 025 050 075 1.00 1.25 1.50
Copper concentration (uM)
a b

Fig. 5.5 a DNA laddering pattern of Aedes cells treated with CuSO,-5H,0. Lanes 1-7 control,
0.25,0.50,0.75, 1.00, 1.25, and 1.50 mM, respectively. b Fraction of apoptotic and leaky cells as a
function of CuSO, concentration in the medium. (Reproduced from Raes et al. 2000 with permis-
sion from Wiley-Liss, Inc.)
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Table 5.2 Overview of the most prominent ultrastructural changes observed in cadmium- and
mercury-treated cells

Ultrastructural effect CdCl, HgCl, MeHgCl
Chromatin condensation Hoksk B *%
Irregular indentations of the nucleus Hok Hok *kk
Dilatation of the perinuclear cisternae Hok ® ®
Dilatation of the RER by proteinaceous material Kok ok w%
Increase of RER-associated ribosomes Hokk ok *%
Increase of free ribosomes Fk * *
Expansion of the Golgi apparatus *

Clusters of small vesicles ok

Expansion of the lysosomal system ok * *
Lipid vacuoles ok

Cytoplasmic tubular structures o
Mitochondrial dilation (osmotic swelling) ok * *
Mitochondrial dilation (due to electron-dense material) ok ok
Condensation of the mitochondrial matrix ook sk ok
Flocculent substance in the mitochondrial matrix * ok w5k
Mitochondrial fission * *
Blebbing of the plasma membrane *%

Asterisks indicate the severity of the morphological effect: ()=no effect, (*)=moderate,
(*¥*)=clear, (***)=strong

could be found. The pronounced apoptotic effect of CuSO, may be related its free
radical-generating properties (Hockenberry et al. 1993; Stohs and Bagchi 1995). An
overview of the most prominent ultrastructural changes in cadmium- and mercury-
treated Aedes cells can be found in Table 5.2.

Metal Uptake

It is very conceivable that heavy metals exert their toxic effects by interaction with
intracellular processes. In order to interact with intracellular components, heavy
metals need to enter the cell by passive diffusion, carrier or channel-mediated up-
take or by endocytosis. We analytically quantified Cd and Hg uptake by atomic
absorption and atomic fluorescence spectrometry, respectively. We followed metal
uptake kinetics and studied the effects of temperature and inhibitors to identify the
routes of intake. The sublethal metal concentrations used in this series of experi-
ments were based on short term viability assays (Table 5.1).

Immediately after administration, metals are readily taken up in the cells and
subsequently, gradual saturation of the intracellular metal concentration occurs
(Fig. 5.6). CdCl, accumulates quickly (T,,=25 min at 131 uM) (Fig. 5.6a) while
the dose-accumulation curve (24 h of CdCl, treatment) showed a hyperbolic rela-
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tion between dosage and intracellular metal accumulation in the sublethal concen-
tration range (Fig. 5.6d). These data indicate that cadmium is taken up by (satiable)
mediated transport, probably through ion channels. Indeed, at least part of the Cd
uptake occurs through verapamil-sensitive Ca®>*-channels (Fig. 5.6j). The role of
Ca®*-channels in Cd uptake has been shown by several authors (Blazka and Shaikh
1991; Borowitz and McLaughlin 1992; Souza et al. 1997). The mitochondrial un-
coupler DNP had no effect on Cd uptake in Aedes cells, showing that this process
is ATP-independent which in turn confirms the importance of facilitated diffusion
(Fig. 5.6k). However, in the literature, conflicting data exists on the energy depen-
dency of cellular cadmium uptake (Roesijadi and Unger 1993; Pigman et al. 1997,
Garty et al. 1986; Endo and Shaikh 1993). We found that both cadmium toxicity and
uptake significantly increase with temperature (Fig. 5.6g) which is in agreement
with the proposed mediated uptake mechanisms.

For both mercury species, dose accumulation curves are linear in the sublethal
dose range (Fig. 5.6e, f) indicating that diffusion maybe the major way of en-
try into the cell. Kinetic experiments show that inorganic mercury (T, ,=130 min
at 0.9 uM) accumulates much more slowly than methylmercury (T,,=18.5 min
at 0.6 uM) (Fig. 5.6b, c). This agrees well with the fact that a lipid bilayer is
not a significant barrier for the lipophilic MeHg (Lakowicz and Anderson 1980;
Nakada and Imura 1982) while it is for inorganic ionic Hg?". Accumulation of
HgCl, increases with temperature while HgCl, toxicity is temperature indepen-
dent (Fig. 5.6h). The latter effect may be explained by the fact that the plasma
membrane is the major target of HgCl, (Passow and Rothstein 1960, Nakada and
Imura 1982; Miura et al. 1984; Aleo et al. 1992; Repetto et al. 1993). If the inor-
ganic mercury would disrupt the plasma membrane by direct attack from outside
the cell, its toxicity (measured as membrane integrity) would be independent of
temperature, uptake rate or intracellular mercury levels. On the other hand, tem-
perature-dependent membrane fluidity may facilitate mercury uptake by passive
diffusion to some extent (Foulkes and Bergman 1993; Endo et al. 1995), explain-
ing increased accumulation at higher temperatures. Furthermore, HgCl, uptake
was found to be insensitive to DNP-pretreatment (Fig. 5.6k), showing that this
process does not require ATP.

Opposite to HgCl,, the toxicity of MeHgCl is temperature dependent while its
uptake is not (Fig. 5.61). Probably, due to its lipophilic character, MeHgCl read-
ily penetrates the plasma membrane, independently from its fluidity, resulting in
a temperature independent accumulation. However, MeHgCl toxicity increases
with temperature, suggesting that MeHgCl interferes with temperature-sensitive
cellular processes. Cell membrane permeation may be a secondary effect caused
by deregulation of these cellular processes. MeHgCl accumulation in Aedes cells
doubled after DNP pretreatment (Fig. 5.6k). This surprising effect may be related
to the unusual uptake kinetics (Fig. 5.6¢). After about 1 h of MeHgCl treatment,
intracellular mercury levels decrease to a plateau level, suggesting that MeHgCl is
actively removed out of the cell. This would explain why DNP-treated cells, that
have low ATP levels and cannot actively pump MeHgCl out of the cell, would ac-
cumulate higher mercury levels. Fujiyama et al. (1994) showed that the efflux of a
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Fig. 5.6 The uptake of CdCl,, HgCl, and MeHgCl in Aedes albopictus C6/36 cells: uptake kinet-
ics of CdCl, (a), HgCl, (b) and MeHgCl (c); dose-dependent uptake of CdCl, (d), HgCl, (e),
MeHgCI (f) after a 24 h treatment. Comparison of metal uptake and toxicity (LC,,,,): CdCI, (g),
HgCl, (h), MeHgCl (i); the following metal concentrations and incubations times were used for
the uptake experiments: CdCl,, 33 uM for 1 h, HgCl, and MeHgCl, 0.6 uM for 2 h. j Inhibition of
cadmium uptake in Aedes cells by a 30 min 500 UM verapamil pre-treatment. Cells were exposed
to CdCl, for 12 h. k The effect of 100 uM DNP on the accumulation of CdCl,, HgCl,, and MeH-
gCl. All metal treatments were 0.6 UM for 2 h. (Reproduced from Braeckman et al. 1998 (b, c, e, f,
h, 1, k), Braeckman et al. 1999b (g, j, k) with permission from Academic Press)
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MeHg—glutathion complex in astrocytes is mediated by an organic acid transporter.
For some of these transporters it was shown that they are ATP-dependent (Steinberg

et al. 1987; Ballatori and Truong 1995).

Mitochondrial Impairment and Anaerobic Metabolism

in Cd-Treated Cells

The ultrastructural pathologies, viability curves and proliferation patterns of cadmi-
um-treated Aedes cells required more detailed investigation. Under normal growth,
we expect a straight correlation between cell proliferation rate and medium acidifi-
cation, i.e. more cells will lead to faster acidification of the medium. We observed
such a pattern in mercury-treated Aedes cells (Fig. 5.7b, c¢) but not in Cd-treated
cells (Fig. 5.7a). In the latter, we found that low cell numbers correlated to strong

Fig. 5.7 Comparison
between metal-induced
inhibition of cell proliferation
(expressed as change in DNA
content per ml medium per
day) and medium acidifica-
tion (expressed as pH change
per day in the medium). a
CdCl,, b HgCl,, ¢ MeHgCl

e—e Cell proliferation (ADNA/day)
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Fig. 5.8 Correlation between 6.80
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medium acidification in the Cd concentration range up to 11 uM. At higher Cd
levels, medium pH remained stable, probably because nearly all cells were dead.
The cadmium-induced medium acidification suggests mitochondrial impairment
and activation of compensatory anaerobic pathways (such as lactate production).
In several vertebrate as well as invertebrate studies, mitochondria were described
as important target organelles for cadmium (Jay et al. 1991; Miccadei and Floridi
1993; Reddy and Bhagyalkshmi 1994). Moreover, in our ultrastructural studies, we
observed mitochondrial swelling in cadmium-treated cells. The Cd-induced switch
to anaerobic pathways was confirmed by the increased lactate levels we found
in the medium of cadmium-treated cultures. Furthermore, medium pH correlated
very well to lactate levels (Fig. 5.8), suggesting that the cadmium-induced medium
acidification was caused by lactate accumulation and mitochondrial impairment.

Cadmium-Induced Molecular Defense Mechanisms

The viability curve of Cd-treated Aedes cell cultured in serum-free medium de-
viated substantially from the standard sigmoid curve (Fig. 5.1a). We wondered
whether this peculiar curve shape would reflect a dose-dependent trigger of a stress
response. Aedes cells were treated for 24 h with a CdCl, gradient (11-175 uM)
after which cell viability and protein analysis was performed. In the range of 33—
110 uM CdCl,, a clear deviation of the sigmoid viability curve occurred which
coincided with a raise of protein density in the culture (Fig. 5.9). Equal amounts
of proteins (10 pg/lane) of a selected number of the Cd-treated and control cul-
tures were loaded on SDS-gel for separation. Cadmium clearly induces a set of
proteins in the 70-kDa range (71, 75 and 78 kDa) of which the 78-kDa protein
is most strongly expressed (Fig. 5.10). Quantification of this protein band over
the cadmium concentration range perfectly matched the viability deviation sug-
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Fig. 5.9 Comparison of the viability (closed circles) and total protein content (open circles) of
Aedes albopictus cells treated with CdCl, for 24 h (the dotted line shows the expected viability
trend according to a logistic model). Inset: comparison of the deviation of viability from the logis-
tic model and the relative intensity of a 78-kDa protein band in CdCl,-treated cells. (Reproduced
from Braeckman et al. 1999b with permission from Academic Press)

gesting a protective role for the 78-kDa protein (Fig. 5.9 inset). This protein was
also highly induced in a heat-stressed sample (30 min 40°C), suggesting that this
may be a member of the HSP family. It has been shown previously that Cd can
induce several HSPs in insect cells (Courgeon et al. 1984; Veldhuizen-Tsoerkan
et al. 1990; Sonoda et al. 2007). Although we could not identify the 78-kDa pro-
tein in this series of experiments, it may represent the insect ortholog of Grp78
(glucose-regulated protein)/BiP (Binding immunoglobulin protein). This stress-
inducible molecular chaperone has an important function in the solubilization of
aggregates of misfolded proteins in the RER (unfolded protein response). This
correlates very well with the heavily loaded and dilated RER cisternae observed in
Cd-treated Aedes cells (Fig. 5.4f). Besides the proteins in the 70-kDa range, some
larger proteins were also induced at the highest Cd concentrations tested (98, 108,
110, and 120 kDa Fig. 5.10). While the 98 kDa protein may represent an ortholog
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Fig. 5.10 Silver-stained kDa
SDS-PAGE of Aedes cells
treated for 24 h with CdCl,
or heat-shock (40°C for

30 min). (Reproduced from
Braeckman et al. 1999b with
permission from Academic
Press)
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to the mammalian Grp94 stress protein (Goering et al. 1993), the others probably
belong to the HSP110 family.

Conclusions

Cadmium and mercury are among the most toxic heavy metals and a threat to all life
forms. As a consequence, these metals have received much attention and numerous
studies have been carried out on vertebrate models. The knowledge about the cellu-
lar toxicity of cadmium and mercury on invertebrates in vivo is fragmentary, but in
vitro, it is almost non-existent. This exploratory study in the Aedes albopictus C6/36
cell line shows that the cellular uptake of, and response to, cadmium, mercury and
copper is widely divergent (Fig. 5.11). Cadmium and methylmercury strongly af-
fected cell proliferation rather than membrane integrity indicating that these metal
species enter the Aedes cells without disrupting the membrane. At high concentra-
tions membrane disruption was found but may be as a secondary effect (Fig. 5.11
numbers 1, 2). For HgCl -treated cells, membrane disruption and inhibition of cell
proliferation was found in the same concentration range, suggesting that the plasma
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Fig. 5.11 Uptake and ultra-
structural effects of CdCl,,
HgCl,, and MeHgCl in the
Aedes albopictus C6/36 cell
line. The numbers in the
diagram are referred to in the
conclusions section

membrane may be a primary target of this metal species (3). The uptake of cadmium
occurred largely through verapamil-sensitive Ca?* channels (4), although at high
concentration a different ATP-independent, temperature-sensitive route became
more important (5). Mercury was taken up by the cells through simple diffusion (8,
9) and the metals accumulated in the lysosomes (6, 7). MeHg was taken up more
quickly than inorganic Hg. Apparently, intracellular MeHg was exteriorized by an
ATP-dependent process (10). The heavy metal-treated cells showed some general
ultrastructural pathologies, usually referred to as prenecrotic alterations: nuclear
indentation (11) with peripheral chromatin condensation (12). Mitochondrial con-
densation (13) indicates a first reversible step towards decreased function while
osmotic dilatation represents a more advanced stage of mitochondrial disruption
(14). Also increased lysosomal profiles were seen in Cd-(15) and Hg-treated (6, 7)
cells. Metal-specific effects were few and they were mostly quantitative rather than
qualitative. Mitochondrial dilatation was most severe in Cd-treated cells. This was
paralleled by increased medium acidification by lactate (16). HgCl,-treated cells
showed typical clusters of small vesicles adjacent to the dictyosome (17) that may
be primary lysosomes. These cells also contained lipid droplets (18). MeHg caused
blebbing of the plasma membrane (19) and nuclear deformation (11) to a greater
extent than Cd and Hg, which indicated disruption of the cytoskeleton. In the cy-
tosol of MeHg-treated cells, we found remarkable tubular structures (20) of which
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the significance remains to be elucidated. The most striking phenomenon of CdCl,,
HgCl, and CuSO,-treated cells was the formation of long, microtubule-supported
extensions (21). This reaction was also seen in other insect cells after application of
a wide range of stressors. These neurite-like processes were absent in MeHg-treated
cells as this metal specifically inhibits microtubule polymerization. MeHg induced
high numbers of short F-actin-supported filopdia (22). Cadmium and mercury-treat-
ment resulted in dilatation of the RER by proteinaceous material (23). This effect
was most noticeable in Cd-treated cells. This observation may indicate RER-stress
and the induction of large amounts of chaperones. Indeed, SDS-PAGE analysis of
Cd-treated Aedes cells revealed the strong induction of a 78-kDa protein (probably
the Aedes ortholog of the RER chaperone Grp78/BiP) and some larger proteins. The
induction pattern overlapped completely with an unusual viability pattern that was
observed in the sublethal cadmium concentration range, indicating the induction of
an efficient cellular defense system.

Contrary to Cd and Hg, CuSO, induced massive apoptosis in 4edes cells as was
shown by chromatin condensation, formation of apoptotic bodies and DNA ladder-
ing. At high Cu concentrations, cells died necrotically.
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Chapter 6
Cellular Changes in Mammalian Cells Induced
by Cadmium

Gaspar Banfalvi

Abstract This chapter describes the cellular effects of low concentrations of CdCl,
(0.5-5 uM) causing biochemical (strand breaks, carcinogenic indicator, DNA rep-
lication, DNA repair) and morphological (chromatin) changes in CHO and murine
preB cells. Low Cd concentration (0.5—1 pM) interferes with both replicative and
repair DNA synthesis. The replicative DNA synthesis is gradually inhibited, but this
inhibition is less than the increment of repair DNA synthesis and the overall rate of
DNA synthesis in damaged cells will be higher than in normal cells. This hormesis-
like effect suggests the induction of an active DNA repair system. A low level of cell
cycle-dependent fluctuation of spontaneous strand breaks was observed in control
cells, which was 10-40-times higher in S phase upon Cd treatment. The oxidative
DNA damage product 8-oxodeoxyguanosine was induced at low (0.5 uM) CdCl,
concentration. Among the interphase chromatin damages the most characteristic
feature was the appearance of holes and disruptions in nuclei which are regarded as
typical diagnostic symptoms of cadmium toxicity.

Introduction

Oxydative DNA Damage Caused by Heavy Metals

Ionic heavy metals all contribute to the formation of free radicals, which are at-
oms or chemical compounds with odd number of electrons in their outer orbital.
Cells are constantly exposed to low levels of free radicals in the process known

G. Banfalvi (<)

Department of Microbial Biotechnology and Cell Biology, University of Debrecen, 1 Egyetem
Square, 4010 Debrecen, Hungary

Tel.: +36-52-512-900

Fax: +36-52-512-925

e-mail: bgaspar@delfin.klte.hu

G. Banfalvi (ed.), Cellular Effects of Heavy Metals, 147
DOI 10.1007/978-94-007-0428-2 6, © Springer Science+Business Media B.V. 2011



148 G. Banfalvi

as aging. Free radicals among them reactive oxygen species (ROS) pick up elec-
trons from other atoms and convert them into secondary free radicals generating
a chain reaction causing random biological damages in the cell. The incomplete
one-electron oxydation of oxygen generates molecules and ions known as rec-
tive oxygen species (ROS). These intermediates include the singlet oxygen (O,),
hydroperoxyl radical (*HO,), hydrogenperoxide (H,0,), superoxide (*O,"), the
most dangerous hydroxyl radical (*OH), hydroxyl ion (HO") and hypochlorite ion
(OCI"). Most of the reactive oxygen species are thought to be generated through
the Fenton chemistry and by the Haber-Weiss reaction and are supposed to be the
major cause of metal carcinogenesis (Kasprzak 1995 and Chap. 11). According
to this view the incidence of cancer increases with age, with an elevated basal
metabolic rate and oxidative damage to DNA (Shigenaga et al. 1989; Ames et al.
1993). A corollary of this hypothesis is that heavy-metal-induced oxidative stress
can lead to different types of DNA damages as a consequence of multiple steps
of incomplete O, reduction in cells, ultimately producing water. Common types
of oxidative structural changes in DNA involve alterations in nucleotide bases,
cross-links, strand breaks, formation of bulky DNA adducts, etc. Low levels DNA
damages temporarily suppress DNA replication at checkpoints to avoid muta-
genic changes being perpetuated in the genome of the next generation of cells
(Hartwell and Weinert 1989; Murray 1992). A comparison of cell cycle profiles of
replicative and repair DNA synthesis in cells showed opposite trends. The fluctu-
ating rates of repair synthesis and replication turned out to be inversely correlated
(Banfalvi et al. 1997b).

In this chapter the biochemical and morphological damages caused by the heavy
metal Cd?>* ions are delt with. Cadmium reduces replicative, and increases repair
DNA synthesis during cell cycle. Change in DNA synthesis upon Cd treatment can
be expressed as a general toxicity ratio of replication/repair synthesis. Cd induced
DNA strand breaks and the carcinogen indicator 8-deoxyguanosine were measured.
Cellular DNA tightly packed in the nucleus by histone and non-histon proteins can
bind metal ions with high affinity. There is now a general consensus that proteins
are the primary targets of heavy metal ions. Notable exceptions are Cr, Ni and Pt
which interact directly with DNA. Metal- such as Cd-driven redox reactions are
likely to exhaust the cellular antioxidant defense systems, induce the inhibition of
major antioxidant enzymes and will increase the level of endogenous oxidants toxic
to DNA (Kasprzak 1996; Myers et al. 2008). Nuclear damages caused by metal
binding and redox reactions, affecting DNA repair and gene expression regulator
proteins, may be involved in carcinogenesis through epigenetic mechanisms (see
Kasprzak in Chap. 11). Heavy metal binding to nuclear proteins will affect the chro-
matin structure in each step of the condensation process. This chapter visualizes
morphological chromatin changes in a cell-cycle-dependent manner. Characteristic
chromatotoxic morphological changes induced by Cd were visible at the end of S
phase, in G and M phases manifested as large holes and disruptions in the nuclear
membrane.
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Methods

Chemicals

The isotopes [3H]-thymidine 5’-triphosphate (3.03 TBq mmol ') and [3H]-thymi-
dine (2.86 TBq/mmol) were purchased from ICN Isotope and Nuclear Division
(Irvine, CA). Nucleotides, propidium iodide and diazobicyclo-(2,2,2)-octane were
from Sigma-Aldrich Chemie GmbH (Munich, Germany). The 2,6-diamino-2-phe-
nylindole (DAPI) was the product of Braunschweig Chemie (Braunschweig, Ger-
many). Dextran T-150 was purchased from Pharmacia-Biochemicals (Gaithersburg,
MD). Growth media and sera were obtained from Invitrogen (Carlsbad, CA).

Solutions

Antifade medium consisted of 90% glycerol, 2% (w/w) 1,4-diazobicyclo-(2,2,2)-oc-
tane, 20 mM Tris-Cl (pH 8.0), 0.02% sodium azide, and 25 ng/ml DAPI for blue fluo-
rescent total staining of DNA or of 0.2 pg/ml propidium iodide for red DNA staining.

Isotonic buffer for DNA synthesis contained 140 mM sucrose, 60 mM potas-
sium chloride (KCI), 10 mM HEPES (pH 7.4), 5 mM KPO, buffer (K,HPO, and
KH,PO,), 5 mM magnesium chloride (MgCl,), and 0.5 mM calcium chloride.

Hypotonic buffer for reversible permeabilization contained 9 mM HEPES (pH
7.8), 5.8 mM dithiothreitol, 4.5% dextran T-150, I mM EGTA, and 4.5 mM MgCl,.
Swelling buffer consisted of 50 mM KCI, 10 mM magnesium sulfate, 3 mM dithio-
threitol, and 5 mM sodium phosphate (Na,HPO,/NaH,PO,) buffer, pH 8.0.

Swelling Buffer consisted of 50 mM KCI, 10 mM MgSO,, 3 mM dithiothreitol
and 5 mM NaPO,, pH 8.0.

Cell Growth

The epithelial-like Chinese hamster ovary cells (CHO-K1, ATCC, Rockville, MD,
#CCL61) were grown in F-12 Ham’s medium supplemented with 10% heat-inacti-
vated bovine serum (Gacsi et al. 2005).

Human K562 cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS). The continuous cell line K-562 was established
from the pleural effusion of a 53-year-old female with chronic myelogenous leuke-
mia in terminal blast crises (Lozzio and Lozzio 1975).

The murine pre-B-cell line 70Z/3-M8 (Offer et al. 2001) was grown in suspen-
sion culture at 37°C in RPMI 1640 medium supplemented with 10% fetal bovine se-
rum, 2 ug/ml mycophenolic acid, 150 pg/ml xanthine, and 15 pg/ml hypoxanthine
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and 2x 1075 M B-mercaptoethanol. The cell line 70Z/3-M8 is a stable clone derived
by transfection of pSVLMpS53, a p53 mutant cDNA with an alternatively spliced C-
terminus, and drug resistant gpt gene (Offer et al. 2001). The typical chromosome
number (modal number) in murine pre-B-cell line is twenty.

HaCaT cells are human skin cells (keratinocytes) that have been transformed
(mutated) to be immortal with an unlimited growth potential, but unlike other im-
mortal cell lines they are not tumorigenic. The HaCaT cell line mimics many of the
properties of normal epidermal keratinocytes and can differentiate under appropri-
ate experimental conditions (Boukamp et al. 1988).

Heavy Metal Treatment

Cells were treated with various concentrations of heavy metals after they have been
recultured for 9 h. Cells were grown for an additional 15 h in the presence of the
heavy metal before being harvested.

Cell Cycle Synchronization

Suspension cultures of cells were grown for 24 h to a final concentration of
2-4x10° cells/ml and fractionated by counterflow centrifugal elutriation. Cells were
harvested by centrifugation at 600 g for 5 min at 5°C and resuspended in medium
containing 1% fetal bovine serum. Large particles originating from medium and from
cell aggregates were removed by passing the cell suspension through a 100 mesh
stainless-steel sieve. Synchronized cell fractions were obtained by counter-streaming
centrifugation performed (Banfalvi 2008). Elutriation was performed at a temperature
of 20°C and cells were eluted in F12 medium containing 1% fetal bovine serum. The
fraction collected during loading was discarded. This fraction contained unloaded and
dead cells. Fractions (100 ml each) were collected at increasing flow rates. Cells were
separated at lower resolution into eight, or at higher resolution into 12 or 16 elutria-
tion fractions. Each fraction was routinely monitored by light microscopy. Fractions
contained single cells, which increased in size with each fraction elutriated. Cells
were counted with a Coulter Counter and the increase in cell size was monitored by a
Coulter Channelizer. Cell number was also assessed in a Burker chamber, and viabil-
ity (>98%) was determined by trypan blue dye exclusion on each elutriated fraction.

Flow Cytometry

The quality of cell synchronization was analyzed by flow cytometry after staining
of cells with 50 pg/ml propidium iodide in 0.1 m ammonium citrate for 15 min at
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0°C, followed by the addition of an equal volume of 70% ethanol at 0°C. The cells
were analyzed by a FACScan flow cytometer (Becton Dickinson) using the Cell-
Quest (Becton Dickinson) software as described (Offer et al. 2001).

Reversible Permeabilization of Cells

This method enables the cell membrane to be permeabilized and resealed while
maintaining viability during the cell cycle. The method was originally developed
for the reversible permeabilization of murine lymphocytes (Banfalvi et al. 1984),
and adapted to other mammalian cells. Briefly, 1 ml of Hypotonic Buffer was added
to 5x 107 cells in the presence of Dextran T-150 as a molecular coat to prevent cells
from disruption. Permeabilization lasted for 2 min at 0°C. For reversal of permeabi-
lization, the hypotonic solution was diluted with 20 ml growth medium containing
10% fetal bovine serum. Cells were sealed after permeabilization by incubation in
a CO, incubator at 37°C and 5% CO, for 3 h to avoid their stickiness, but allowing
them to open any time during the cell cycle.

DNA Synthesis in Reversibly Permeabilized Cells

The measurement of DNA synthesis is based on the fact that intact cells are able
to incorporate thymidine, but permeable cells cannot utilize them only deoxyribo-
nucleoside triphosphates (ANTPs). ATP dependent replicative and ATP-independent
repair DNA synthesis were measured in permeable cells as described (Banfalvi
et al. 1997b; Ujvarosi et al. 2007). The efficiency of reversal of permeabilization
was tested by [*H]-thymidine incorporation. After reversal of permeabilization the
recovery of 5x 103 cells was measured by incubation in the presence of 37 kBq
[*H]-thymidine at 37°C for 30 min.

The reaction of DNA synthesis was terminated by the addition of an equal vol-
ume of 1 M perchloric acid. After centrifugation the precipitate was washed three
times with cold 0.5 M perchloric acid. The precipiatate was hydrolized in 0.5 M
perchloric acid at 90°C for 30 min and the radioactivity was determined.

DNA Isolation

High-molecular-mass DNA was isolated by the standard protocol of Ausubel et al.
(1994) from 106 cells of each elutriated fraction. The amount of DNA was deter-
mined with a DyNA Quant fluorimeter (Hofer) using Hoechst 33258 dye, which
binds to the minor groove of double-stranded DNA. This bound dye was excited
with long-UV light at 365 nm and its fluorescence was measured in triplicate sam-
ples at 458 nm, with calf thymus DNA serving as DNA standard.
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Random Oligonucleotide-Primed Synthesis (ROPS) Assay

In healthy, untreated cells most of the 3’-OH pre-existing breaks in DNA come from
Okazaki fragments during DNA replication. Further DNA strand breaks are gener-
ated during isolation of DNA and caused by DNA damage. The 3’-OH moieties
were labeled by the random primed oligonucleotide synthesis as described earlier
(Banfalvi et al. 2000).

Analysis of 8-hydroxy-2’'-deoxyguanosine

Purified DNA was digested to nucleotides with nuclease P1 and alkaline phospha-
tase, and 8-hydroxy-2’-deoxyguanosine (8-OHdG) was analyzed as previously de-
scribed (Mikhailova et al. 1997; Banfalvi et al. 2000). The level of 8-OHdG was
expressed per 10° dG.

Isolation of Nuclei

After reversal of permeabilization cells were washed with phosphate buffered saline
(PBS) and incubated at 37°C for 10 min in Swelling Buffer, followed by centrifuga-
tion at 500 g for 5 min. Nuclear stuctures were isolated by the slow addition of 20
volumes of the standard Clarks’s Fixative (methanol:glacial acetic acid, 3:1). Nuclei
were then centrifuged at 500 g for 5 min, washed twice in Fixative and resuspended
in 1 ml of Fixative. The Clark’s fixative keeps cells in a “swollen” state, achieved
after hypotonic treatment. The fixative solution elutes some of the membrane lipids
and proteins and makes the membrane more fragile and suitable for spreading flat
on the slide when subjected to the drying techniques (Henegariu et al. 2001). Cel-
lular and nuclear volumes and nuclear diameter were determined with Multisizers.

Spreads of Nuclear Structures

Preparation of nuclei for spreads of chromatin structures used the method devel-
oped for metaphase chromosomes. Nuclei in Fixative stored at 4°C for 1-7 days
were spread over glass slides dropwise from a height of approximately 30 cm.
Dropping helps to distribute nuclei evenly on the slide surface (Henegariu et al.
2001). Slides were air dried, stored at room temperature overnight, rinsed with PBS
and dehydrated using increasing concentrations of ethanol (70, 90, 95 and 100%).

Visualization of Chromatin Structures

Experiments employed the DNA fluorochrome DAPI for fluorescent staining. Dif-
ferent shades of the blue colour of DAPI fluorescence indicate the degree of chro-
matin compactness. Regarding chromatin staining, it is important to mention that
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DAPI binds specifically to A-T rich sequences in the minor groove of DNA (Paro-
lin et al. 1995).

Dehydrated slides containing chromatin structures were mounted in 35 pl Anti-
fade Medium under 24 x50 mm coverslips. Blue fluorescence of DAPI was moni-
tored with Olympus AX70 fluorescence microscope or Axioplan Universal micro-
scope (Carl Zeiss, Oberkochen, Germany), equipped with HBO 50 microscope il-
luminator, MC 100 spot camera, Sonny 3CCD Video Camera (DXC-930 P), Sonny
camera adapter and Sonny Trinitron Color Video Monitor. Magnificaton of ocular
(10x) and immersion object (100x) lenses was 1000x. The refractive indexes of
condenser and objective lenses were 1.515. Homogeneous path for light was ob-
tained by filling the air gaps with Cargille immersion oil (n,*:1.515) (Cargille-
Sacher Inc., Cedar Grow, NJ).

Results

Cellular Effects of Cadmium

Effect of Cd on Replicative and Repair Synthesis

The change in the rate of replicative and repair synthesis was followed throughout
the S phase in synchronized populations of cells before and after 0.5 um CdCl,
treatment. Synchrony of fractions was confirmed by the simultaneous measurement
of cell size in a Coulter Channelizer, by flow cytometry and by the determination of
DNA content in each fraction. The flow cytometric profiles in fractions of untreated
and Cd-treated cells are shown in Fig. 6.1a, b. A comparison of the cell number in
control and in Cd-treated cells shows that 0.5 um CdCl, prevents cell cycle progres-
sion, cell growth lagging behind the control by more than 60%. Cd treatment shifted
the growth profile of CHO cells towards larger cell size (Fig. 6.1c, d). The increase
in cell size was also visible under the microscope.

In elutriated fractions, similar to the situation in unseparated cells, the overall
rate of DNA replication was decreased by more than 70% in Cd-treated cells,
with some of the smaller peaks almost invisible (Fig. 6.1e, f). Elutriation re-
solved five replicative and five repair peaks. Compared with the replication
profile, an inverse correlation was observed for repair synthesis. Cd treatment
increased the rate of repair synthesis. The overall rate of repair synthesis was
three times higher in cells after Cd treatment (Fig. 6.1g, h).

DNA Strand Breaks and Oxidative DNA Damage Generated by Cd
The level of spontaneous strand breaks indicates the number of free ends in con-

trol cells, which is regarded as a reflection of short replication intermediates in
the oligonucleotide size range such as early replication intermediates, elongated
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Fig. 6.1 The elutriation profiles after cadmium treatment showing the viability of CHO cells, the
DNA content, the replicative and repair DNA synthesis. Cells were treated with 0.5 uM CdCl, at
4x10%/ml density and subjected to elutriation as described in the Methods. a Control cells, b Cd-
treated cells. The same experiment was carried out showing ¢ Cell number in elutriated fractions
of control cells (0—0) and DNA content (x—x). d Cell number in Cd-treated cells (e—e) and DNA
content (x—x). e Replicative DNA synthesis in control cells (o—o0). f DNA replication in Cd treated
cells (m—m). g Repair DNA synthesis in control cells (A-A), and h repair synthesis in Cd-treated
cells (A—A). (Redrawn by permission Banfalvi et al. 2000)

intermediates of intermediate size such as Okazaki fragments, and the accumula-
tion of long fragments at the end of S phase. After Cd treatment, the number of
strand breaks was increased by more than an order of magnitude, 10—40 times
greater than control throughout the cell cycle (Fig. 6.2).

The presence of the oxidative DNA damage product, 8-OHdG, was followed in
elutriated fractions. 8-OHdG levels were low in controls and 30—60 times higher in
cells treated with 0.5 um CdCl,. There was only a relatively small reduction in the
8-OHdG content in early S phase, and a gradual decrease to 50% was observed from
the middle to the end of S phase (Fig. 6.2).

Chromatin Changes Induced by Cd

Intermediates of chromatin condensation during the cell cycle of untreated cells are
shown in Fig. 6.3. Cadmium induced apoptotic changes have been visualized in a
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Fig. 6.2 DNA fragmentation and level of carcinogenic indicator upon cadmium treatment of CHO
cells. Elutriation was carried out as in Fig. 6.1. a DNA fragmentation in control cells (0—0), 8-0xo0-
2’-deoxyguanosine content relative to 103 deoxyguanosine (8OHAG/103 dG) in control cells (0—0).
b DNA fragmentation after 0.5 uM CdCl, treatment (m—m), SOHdG/ 10° dG content (e—e). Elec-
trochemical detection of the intrinsic mutagenic indicator SOHdG was by HPLC. (Redrawn by
permission Banfalvi et al. 2000)

cell cycle-dependent manner. Among these structures the absence of decondensed
veil-like structures, and premature chromatin condensation as apoptotic bodies, the
absence of fibrous structures, the lack of supercoiled chromatin in mid-S phase
were observed and visualized (Banfalvi et al. 2005).

Here only the Cd induced rejection of some of the chromatin bodies, intranuclear
inclusions and the formation of clusters of large sized perichromatin granules are
shown in elutriation fraction 7 (late S phase) (Fig. 6.4, left panels). Most severe
losses and disruptions of the nuclear membrane were observed in elutriation frac-
tion 8 (late S, G2, M) (Fig. 6.4, right panels). The disruption of the nuclear mem-
brane did not lead to distinguishable intermediates, rather it obscured the picture
(Fig. 6.4a—e, right panels) resulting in large nuclei with big holes and sticky elon-
gated and condensed chromosomal forms (Fig. 6.4f, right panels).

Growth Inhibition by Cd in Murine PreB Cells

To determine which stage of the cell cycle is most vulnerable to heavy metal treat-
ment two concentrations of cadmium (1 and 5 pM) have been chosen. Cell cultures
of 1.2x 103 cells/ml were grown in the absence and in the presence of 1 and 5 uM
CdCl,. Significantly higher inhibitory effect of cadmium on cell growth was mea-
sured in mid-S phase (Table 6.1). An overall 38 and 66% cell growth inhibition
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Fig. 6.3 Intermediates of Fraction 1
chromatin condensation
during the cell cycle. Indian
muntjac (IM), Chinese ham-
ster ovary (CHO), murine
preB (preB) and human
erytroleukemia (K562) cells
at different stages of the

cell cycle were obtained by
centrifugal elutriation. Eight
fractions were collected.
Nuclei from each fraction
were isolated stained with
DAPI and visualized by
fluorescent microscopy. Typi-
cal images were selected to
illustrate the temporal order
of condensation of interphase
chromatin in nuclei of IM
(a—d), CHO (e-h), preB (i-1)
and K562 (m—p) cells. Bar,

5 uM each. (With permission
of Banfalvi et al. 2006)

G. Banfalvi

Fraction 2
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Late S, G2,

Fig. 6.4 Cadmium induced chromatin changes in late S, G2 and M phases. CHO cells were
treated with Cd, synchronized and 8 fractions were collected. Chromatin structures were isolated
as described in the Methods. Chromatin structures in elutriation fraction 7 (late S) with expelled
chromatin bodies (a, b), elongated nuclei with disrupted membranes (b, ¢), intra-nuclear inclu-
sions (a, d—f), large-sized perichromatin granules (e, f). Elutriation fraction 8 (late S, G2, M):
disrupted nuclear membrane with large holes (A—E), sticky, elongated chromosomal forms (F).
Bars 5 uM each. (Reproduced with the permission of Banfalvi et al. 2005)

was registered after treatment with 1 and 5 uM CdCl,, respectively. Most dramatic
reduction in cell number occured in elutriation fraction 6, corresponding to mid
S phase. In this subpopulation (fraction 6) also significant changes in chromatin
structure were observed.

Chromatin Changes Induced by Cd in Murine PreB Cells

Interphase chromatin structures in murine control pre-B-cells have been described
in Fig. 6.3 (I-L panels of each fraction) at lower resolution of centrifugal elutria-
tion by collecting eight fractions (Banfalvi et al. 2006). When higher resolution
was used (13 fractions collected) the same chromatin structures were visualized
after DAPI staining. These structures included veil-like nuclear material with some
polarization of the chromatin in early S phase, fibrous structures in early mid S
phase, chromatin bodies in mid S phase, chromatin ribbon later in mid S phase,
precondensed chromosomes in late S, G2 and M phases corresponding to those
seen in Fig. 6.3. The flow cytometric profiles of elutriated fractions show that after
Cd treatment the virtual DNA content is significantly increased in mid and late S
phases (Fig. 6.5).

The chromatin changes seen in murine preB cells also correspond to those seen
in CHO cells after Cd treatment. Most typical changes of cadmium treatment are
the severe disruptions of the nuclear membrane observed from the mid S phase
(Fig. 6.6, elutriation fractions 6-8) till the end of S phase, in G2 and M phases
(Fig. 6.6, fractions 10-12, late S). These disruptions did not allow to distinguish
among the final stages of chromatin condensation, resulting in nuclei with big holes
inside them and sticky imperfectly condensed chromosomes (Fig. 6.6, fraction 12,
panel D)
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Fig. 6.5 Flow cytometry of
elutriation elutriated murine
preB cells before (a) and
after (b) 1 uM CdCl, treat-
ment. The DNA content of
each elutriation fraction is
indicated as haploid genome
content (C-value) on the
abscissa and cell number

is given on the ordinate.
Controls are representing
unelutriated cells before and
after cadmium treatment.
(Reproduced with permission
of Banfalvi et al. 2007)

Number of events

2C

4C 2C
DNA content

4C

159

E3

E4

E5

E6

E7

E8

E9

E10

E11

Control



160 G. Banfalvi

Fraction 6 Fraction 8

Fraction12

Fig. 6.6 Cadmium induced chromatin changes in mid S phase (Elutriation Fraction 6-8) and at
the end of S phase nuclei of murine preB cells (Elutriation Fraction 10-12). Cells were treated
and chromatin structures were isolated as described in the Methods. Fraction 6-8: large-sized
perinuclear granules and holes in the middle of the nucleus (a—d). Elutriation fraction 10: disrupted
nuclear membrane with large holes (a—d). Elutriation fraction 12: linear arrangement of condens-
ing chromosomes (a—c), sticky precondensed chromosomes. (d) Bars 5 um each. (With permission
of Banfalvi et al. 2007)

Discussion

DNA damage caused by heavy metals (Cd, Zn, Hg, Ni, Zn) can be traced back to
oxidative DNA damage, the main products of which are 4,6-diamino-4-hydroxy-
5-formamidopyrimidine and 8-oxo0-2’-deoxyguanosine (8OHAG) (Breimer 1990).
Here only the toxic cellular effects exerted by Cd are discussed. Flow cytometry
revealed increased cellular and nuclear sizes after Cd treatment. We have measured
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a 30-60-fold increase of the carcinogeneic indicator SOHdG and a 20-40-fold in-
crease in strand breaks after 0.5 uM CdCl, treatment. The level of carcinogenic
indicator after this Cd treatment was highest in G1 and early S phase and showed
a gradual decline towards the end of S phase. To the contrary the profile of DNA
fragmentation showed fluctuation during S phase, indicating that various subphases
of the cell cycle have different susceptibility to Cd induced DNA strand breakage.

The natural oscillation of replicative and repair DNA synthesis during S phase in
control cells is related to the existence of several replication and repair subphases
which do not coincide, but follow each other in a synusoid-alike pattern (Banfalvi
et al. 1997a). Cd treatment affected both replicative and repair DNA synthesis.
DNA replication was suppressed and in contrast repair synthesis increased. The
maximum and minimum values of these S-phase checkpoints varied in agreement
with the notion that different types of DNA damages affect different S subphase
replication and repair checkpoints. The most characteristic effect of Cd was ob-
served at the level of chromatin condensation seen as large extensive disruptions
and holes in the nuclear membrane and sticky incompletely folded chromosomes
both in CHO and in murine pre B cells. The fact that we have seen the same transi-
tory forms of chromatin condensation in different mammalian cells (Banfalvi et al.
20006) and that genotoxic changes generated by Cd were similar in CHO and murine
preB cells point to: (a) a general mechanism of chromatin condensation at least
in mammalian cells and (b) due to the common mechanism of condensation, the
same genotoxic agent will exert the same toxic effect. These observations indicate
that typical chromatin damages could be distinguished and categorized based on
the assesment of injury-specific chromatin changes. The next chapters will focus
primarily on genotoxic chromatin changes evoked by other heavy metals such as
Ni, Cr, Ag.
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Chapter 7
Chromatin Toxicity of Ni(II) Ions in K562
Erythroleukemia Cells

Gabor Nagy, Didna Laza, Kinga Ujvarosi and Gaspar Banfalvi

Abstract Utilizing time-lapse video microscopy, the chapter describes the effect of
Ni(IT) on chromatin changes and survival of K562 cells. Differential effects on chro-
matin organization are reported relative to dose and duration of Ni(II) incubation,
with gradation of apoptotic to necrotic changes manifested as the dosage increases.
Ni(IT) generated citotoxic effects in K562 cells at low concentration with an esti-
mated IC50 value of 2 uM. Chromatotoxicity was also visualized by time-lapse
video microscopy designed to follow the motility of single cells under physiological
and genotoxic conditions. Ni-treated cells moved faster than control cells, but this
motion was less intense than the so called “apoptotic dance” preceeding cell death
observed after the Pb-treatment of HaCaT cells. Low (0.2-0.5 uM) concentrations
of Ni(Il) caused the polarization and the rejection of apoptotic bodies. In addition
1 uM NiCI2 generated larger apoptotic chromatin circles. At 5 uM NiCI2 the slight
expansion of nuclei and the continuous chromatin ribbon became visible. At 10 uM
Ni(IT) most of the nuclear material condensed prematurely, the rest remained in
highly decondensed fibrillary stage. Necrotic changes took place at >50 uM NiCl2
with less fibrillary chromatin, with moderately increased and round shaped nuclei.

Introduction

By the chemical definition of Chap. 1 the density of heavy metals exceeds 3 g/cm?.
From biological point of view heavy metal microelements can be divided to es-
sential (Co, Cr, Cu, Ni, Zn) and toxic (Ag, Cd, Hg, Pb) heavy metals. Although,
nickel is among the essential heavy metals, its function in the human body has not
been clarified. The healthy human body contains 5-8 g nickel that is thought to be
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involved primarily in the regulation of liver function. Nickel seems to be involved
in the activation and inhibition of enzymes, but so far no enzymes containing nickel
have been found. Further benefits of nickel are related to normal growth, skin and
bone structure, iron absorption and metabolism and red blood cell production. Ni is
also required for the metabolism of glucose, lipids, hormones and cell membrane.

Increasing concentrations of heavy metals including nickel are likely to generate
cytotoxic, genotoxic effects. Environmental pollution and human exposure to nickel
occurs in natural and human activities. Electroplating process is a typical source of
metal pollution induced by human activity. Workers exposed to nickel contact and
inhalation of nickel fumes during nickel-plating process had a consistent effect on
hepatic inflammatory function (Babu et al. 2006). Exposure to nickel compounds
in occupationally exposed workers has been clearly associated with increased inci-
dence of respiratory cancers. Nickel compounds are also potent inducers of tumors
in experimental animals (Sunderman 1982).

Considerable evidence has been accumulated that nickel ions bind to and dam-
age DNA. Administration of nickel ions i.p. to rats induced single-strand breaks,
DNA-DNA and DNA-protein cross-links in tissues that had accumulated the high-
est intranuclear concentrations of nickel ion (Ciccarelli and Wetterhahn 1984).
Treatment of cultured CHO cells with Ni(II) induced reparable single-strand breaks
and DNA-protein cross-links that persisted up to 24 h after removal of the nickel
(Patierno and Costa 1985). DNA-protein cross links induced by NiCl, were both
concentration and time dependent and preferentially occurred in cells in the late S
phase of the cell cycle (Patierno et al. 1985). Treatment of Chinese hamster ovary
(CHO) cells with nickel chloride (NiCl,) decreased the amount of DNA in the mag-
nesium-insoluble fraction but increased the amount of DNA in the fast-sedimenting
chromatin fraction indicating that nickel induced widespread alterations in chroma-
tin conformation (Patierno et al. 1987).

Ni(I) genotoxicity in cells may be aggravated through the generation of reactive
oxygen species (ROS). Free radicals bind to DNA and as such are rather mutagenic,
catalyse the formation of covalent cross-links of proteins and amino acids (Kasprzak
et al. 2003). The selective binding of Ni ions to proteins and amino acids has been re-
ported to be by several orders of magnitude higher than for DNA. Consequently, Ni(II)
interacted with chromatin because of the protein present, not because of its reactivity
with DNA (Costa et al. 1994). The major hypothesis regarding the carcinogenic action
of Ni has involved the ability to deliver high concentrations of Ni intracellularly enter-
ing the nucleus and interacting with chromatin, selectively damaging heterochromatin,
and silencing the expression of genes located near the heterochromatin by inducing a
loss of histone H4 and H3 acetylation and DNA hypermethylation (Costa et al. 2003).

The major aim of our work is to explore the relationship between chromatin
changes and apoptosis versus necrosis generated by heavy metals, different types of
irradiation and chemicals. Originally we have traced large scale chromatin conden-
sation in healthy mammalian cell lines and have found that the pattern of chroma-
tin condensation follows a common pathway (Banfalvi et al. 2006). Differences in
chromosome condensation were found between the higher athropode (Drosophila)
and mammalian cells (Indian muntjac, CHO, murine preB and human K562) (Ban-
falvi et al. 2006, 2008). Apoptotic chromatin changes were induced by Cd?**, Hg?*
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and Pb?" ions (Banfalvi et al. 2005; Farkas et al. 2010; Nagy et al. 2010). The apop-
totic effect exerted by Cd on chromatin structure has been visualized in Chap. 6.

The binding of heavy metals to DNA and/or chromatin constituents may ad-
versely affect gene structure and function. These xenobiotics including Ni(Il) ul-
timately may initiate carcinogenesis (Kasprzak et al. 2003). However, large-scale
chromatin changes induced by Ni(II) have not been studied. This chapter describes
how Ni(Il) ions influence the cellular motility and how chromatin structures are
distorted in a dose-related manner.

Materials and Methods

Chemicals and Reagents

Nickel chloride (NiCl,) was obtained from Sigma-Aldrich (Budapest, Hungary). A
stock solution of nickel chloride was prepared in distilled water and filter sterilized
(pore size 0.22 um) prior to addition to cell-culture media.

Growth media and sera were obtained from Invitrogene (Carlsbad, CA, USA),
6-diamidino-2-phenylindole dihydrochloride (DAPI), 1,4-diazabicyclo-(2,2,2)-oc-
tane (DABCO) and other reagents were purchased from Sigma-Aldrich (Budapest,
Hungary). Antifade Medium contained 90% glycerol, 2% (w/w) 1,4-diazobicyclo-
(2,2,2)-octane, 20 mM Tris-Cl, pH 8.0, 0.02% sodium azide, and 25 ng/ml DAPI.
Swelling Buffer consisted of 50 mM KCI, 10 mM MgSO,, 3 mM dithiothreitol, and
5 mM NaPO,, pH 8.0. Hypotonic Buffer for reversible permeabilization contained
9 mM HEPES, pH 7.8, 5.8 mM dithiothreitol, 4.5% dextran T-150, 1 mM EGTA
and 4.5 mM MgCl,. Fixative solution contained methanol:glacial acetic acid (3:1).

Cell Growth

Human erythroleukemia K562 cells were chosen for these experiments as in their
suspension culture the cellular motion of individual could be followed much better
by time-lapse video microscopy than in monolayer cells. The reason that we did not
use the earlier preferred CHO-K1 cells was the observation of Fletcher et al. (1994)
that AS52 cells derived from CHO-K1 were much less sensitive to NiCl,. K562
cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS). The continuous cell line K-562 was established by Lozzio and Lozzio
from the pleural effusion of a 53-year-old woman with chronic myelogenous leuke-
mia in terminal blast crises (Lozzio and Lozzio 1975).

Treatment with Nickel Chloride

Subcultured K562 cells were grown for 9 h and then treated with Ni(Il) chloride
(1-100 pM NiCl,). Cells were grown for an additional 15 h in the presence of the
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heavy metal before being harvested, unless otherwise noted. Data are averages of
three replicate experiments. As a quantitative measure of cytotoxic effects we de-
termined the inhibition concentration for a 50% reduction of the cell number per
culture (IC50) (Halle and Gores 1987).

Cells for chromatin monitoring were grown in plastic TC flasks (75 cm?). Heavy
metal ion concentrations were applied using concentration ranges for NiCl, be-
tween 0.2 and 100 pM. Cells were incubated with each toxin concentration for 15 h.
Toxicity was estimated by the cell viability test and during the immunofluorescence
visualization of the chromatin structure. Simultaneously, control experiments were
carried out in the same way, but in the absence of Ni(II).

Reversible Permeabilization of Cells

Based on the technique of reversible permeabilization, nuclei of cells could be
opened to visualize large scale chromatin changes. This method, originally devel-
oped for the reversible permeabilization of lymphocytes isolated from the murine
thymus (Banfalvi et al. 1984), was adapted to K562 erythroleukemia cells. Briefly,
1 ml of Hypotonic Buffer was added to 10° cells in the presence of Dextran T-150
as a molecular coat to prevent cells from disruption. Permeabilization lasted for
2 min at 0°C. For reversal of permeabilization, the hypotonic solution was replaced
by RPMI 1640 medium containing 10% fetal bovine serum, and the cells were in-
cubated in a CO, incubator at 37°C and 5% CO, for 3 h.

Isolation of Nuclei

Due to the cyclic character of chromatin unfolding and chromosome condensation,
isolated cell populations were treated with colcemid to prevent cells from entering
a new cell cycle. Cells (10°) were resuspended in growth medium after reversal of
permeabilization and treated with 0.1 pg/ml colcemid for 2 h at 37°C under 5%
CO,,. Cells were centrifuged (5 min 600 g), washed twice with PBS.

Determination of viable cell number: Cells were resuspended in 5 ml PBS and
50 ul cell suspension was given to 50 pl 0.5% trypan blue dissolved in PBS. Viable
cells that did not take up trypan blue were counted in a Biirker chamber. Once cell
number/ml was determined, 10° cells were taken for osmotic swelling.

Osmotic cell swelling: Cells (10°) were washed twice with PBS and incubated at
37°C for 10 min in Swelling Buffer. Swelling was followed by centrifugation at
500 g for 5 min.

Isolation of nuclei: After swelling nuclei were isolated from the pellet of cells by
the slow addition under constant stirring of 14 ml Fixative Solution. Nuclei were
then centrifuged at 500 g for 5 min and washed twice in Fixative.
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Spreads of Nuclear Structures

Preparation of nuclei for spreads of chromatin structures used the method devel-
oped for metaphase chromosomes. Nuclei washed in Fixative were centrifuged at
500 g for 5 min and resuspended in 1 ml Fixative. Nuclei were spread over glass
slides dropwise from a height of approximately 30 cm. Slides were air dried, stored
at room temperature overnight, rinsed with PBS and dehydrated using increasing
concentrations of ethanol (70, 90, 95 and 100%).

Visualization of Large Scale Chromatin Structures

Dehydrated slides containing normal, apoptotic or necrotic chromatin structures
were mounted in 35 pl Antifade Medium under 24 x 50 mm coverslips. Images were
assessed by observing chromatin changes visualized after staining with DAPI by
fluorescence microscopy (Nikon Eclipse E§00Nikon Corporation, Tokyo). All im-
ages were acquired using constant camera settings to allow for comparative analysis
of staining intensities.

Time-Lapse Photography

Two inverse microscopes were placed in CO, incubator equipped with high sensitivity
video cameras, connected to a custom-built dual image acquisition computer system.
Custom-built illumination was developed to minimize heat- and phototoxicity. Opera-
tion of the spectrally cold-white light emitting diodes were synchronized with image
acquisition periods. Cell cultures in T flasks were placed on inverse microscopes. The
screen of the computer was divided in two portions showing side-by-side the morpho-
logical changes of the control and the treated cells. Photographs of K562 cells were
taken every minute. The time of exposure was indicated in each frame. Exposures
were converted to videofilms by speeding up the projection to 30 exposures/sec. Indi-
vidual K562 cells of suspension cultures were selected for further analysis. Individual
photographs were chosen shown in the figures. Time-lapse photography of individ-
ual cells allows us to determine the growth profile of individual cells grown in both
monolayer and suspension cultures. Genotoxicity specific growth profiles of cell death
could be clearly distinguished after Pb(II) treatment of HaCaT cells (Nagy et al. 2010).

Results

Cellular Toxicity of NiCl,

Concentration dependent stoichiometry of cellular toxicity is shown by growing
eight cell cultures starting at 10° cells/ml in the presence of 0.2—-100 pM Ni(II) chlo-



168 G. Nagy et al.

Oh 15h treatment
[mmil 1
2.0
E
< 1.5
o
=
g
c 1.0
=}
c
o
(&} T
0.5
0 0.2 0.5 1 5 10 50 100

NiCl, concentration (uM)

Fig. 7.1 Inhibition of cell growth at different nickel concentrations. The growth of eight cell cul-
tures was started at 10° cells/ml in the presence of 0.2, 0.5, 1, 5, 10, 50 and 100 uM NiCl,, respec-
tively. The control sample (grey) was not treated. After treatment the cell number was counted in
each population. In the representation the abscissa is showing the nickel concentration and the
ordinate the cell number. Error bars indicate standard errors of three replicates

ride for 15 h at 37°C and 5% CO, (Fig. 7.1). The control culture was not subjected
to NiCl, treatment. Subtoxic levels of Ni(II) (0.1 uM) did not cause noticeable
changes in viability (not shown). The growth rate was tested at increasing concen-
trations in the presence of 0.2, 0.5, 1, 5, 10, 50 and 100 uM NiCl, resulting in cell
loss corresponding to 3, 20, 37, 53, 66, 78 and 87%, respectively. From the data of
survival we have estimated the 50% inhibition (IC50) of K562 cell growth that cor-
responded to 2 pM (0.26 ug/ml NiCl,, equivalent to 0.12 pg/ml Ni(II)).

Chromatin Structures of Normal Untreated Cells

The common pathway of chromosome condensation was followed during the nor-
mal cell cycle including several intermediate chromosomal structures (Banfalvi
et al. 2006). These forms have been described earlier and are presented here only to
demonstrate that these physiological chromatin forms shown in Fig. 7.2 differ from
those isolated from cells subjected to NiCl, treatment.

Density Changes in Chromatin Structures at Low (0.2 and 0.5 uM)
Concentrations of Ni(Il)

Prior to the isolation of chromatin structures from reversibly permeabilized cells,
K562 cultures were treated with low concentrations (0.2—0.5 pM) of nickel chloride
(Fig. 7.3).
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Fraction number

Fig. 7.2 Intermediates of chromatin condensation in synchronized fractions of untreated cells.
Permeabilization of cells was followed by the restoration of membrane structures, colcemid treat-
ment and isolation of chromatin structures as described in the Methods. Regular structures seen
under fluorescent microscope after DAPI staining: decondensed chromatin ( firaction I), extrusion
of coiled chromatin (fraction 2), fibrous chromatin ( fraction 3), ribboned supercoiled chromatin
(fraction 4), chromatin bodies (fraction 5), early bent chromosomes ( fraction 6), elongated pre-
chromosomes ( fraction 7) metaphase chromosomes ( fraction §). Bar 5 um each

1. At 0.2 uM Ni(II) the uneven condensation of chromatin was indicated by the
polarization of dense fluorescent chromatin patches (seen throughout Fig. 7.3a—
k, left panel),

2. Condensed chromatin was often rejected as apoptotic bodies at 0.5 pM Ni(II)
concentration (Fig. 7.3c, g, j, k, right panel).

Apoptotic Chromatin Changes at Elevated (1-5 uM)
Concentrations of Nickel Chloride

Upon treatment of K562 cells with higher (1-5 uM) nickel chloride the gradual
aggravation of apoptosis could be visualized with increasing number of apoptotic
bodies and moderate nuclear shrinkage. In the presence of 1 pM concentration of
nickel chloride the major apoptotic changes were:

1. reduced nuclear size (Fig. 7.4a—k, left panel),

2. polarization of chromatin (Fig. 7.4a, c, d, ¢, g, ], left panel),

3. formation of apoptotic chromatin circles (Fig. 7.4a—e, left panel),

4. formation and rejection of apoptotic bodies (Fig. 7.4b, g, h, j, k, left panel).

In the chromatin structures of nuclei isolated after treatment with a somewhat higher
Ni(II) chloride concentration (5 pM) (Fig. 7.4, right panel) the number of apoptotic
bodies was significantly reduced. The nucleus started to expand (Fig. 7.4a, b, d, g,
right panel) and most of the nucleus gradually opened making visible the two ends
of the chromatin ribbon (Fig. 7.4f=k, right panel).
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Ni(I1) 0.2 uM Ni(I) 0.5 uM

Fig. 7.3 Chromatin monitoring at low cellular concentrations of nickel. Cell were treated with
0.2 or 0.5 uM NiCl,, reversibly permeabilized subjected to colcemid treatment and isolation of
chromatin structures as described in Sect. 2. Chromatin structures were visualized after DAPI
staining. Bar 5 pm each
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Fig. 7.4 Chromatin changes at higher cellular concentrations of nickel. Cell were treated with 1 or
5 uM NiCl,, reversibly permeabilized subjected to colcemid treatment and isolation of chromatin
structures as described in Sect. 2. Chromatin structures were visualized after DAPI staining. Bar
5 pm each
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Chromatin Changes at Higher (10 uM) Nickel Chloride
Concentration

The apoptotic cellular effect of 10 uM Ni(II) chloride is seen in Fig. 7.5 (left panel).

1. Fluorescence intensities of chromatin indicate that most of the nuclear material
is highly condensed, while the rest of it remains in highly decondensed fibrillary
stage (Fig. 7.5a—k, left panel)

2. Fibrillary chromatint is often rejected as a comet tail containing less condensed
apoptotic chromatin circles (Fig. 7.5f=k, left panel).

Necrotic Chromatin Changes at High (50 uM) Nickel Chloride
Concentration

When 50 pM Ni(I) concentration was applied, necrotic changes took place
that manisfested in the reduction of the fibrillary chromatin, in a moderately in-
creased nuclear size and in the preservation of the relatively round shaped nuclei
(Fig. 7.5a—k, right panel). Similar chromatotoxic tendency was observed at higher
(100-200 pM) Ni(II) concentrations (not shown).

Cellular Motion After 100 uM NiCl, Treatment

Recently we have followed the motility of single cells with time-lapse video mi-
croscopy in control HaCaT cells and after subjecting them to 50 uM Pb(NO,), incu-
bation. Their vigorous movement known as apoptotic dance was monitored (Nagy
et al. 2010). The K562 cells were also photographed every minute with our long-
term scanning device and the cellular motion of individual cells was followed for
24 h. After subjecting cells to relatively high (10-50 uM) concentrations of NiCl, we
did not observe intense apoptotic agitation. However, the motion of cells was tempo-
rarily higher after 100 uM concentration of Ni(Il) exposure. The transiently elevated
cellular motility is indicated by the changing position of cells up to 100 min incuba-
tion time (Fig. 7.6). The increase in cell number between 0 and 100 min is explained
by the sedimentation and temporary trajectory of the suspension cell culture of K562
cells. After 5 h the motion of cells slowed down, cells aggregated and tended to stick
together (Fig. 7.6). Worthy to mention that the cell size even at this high Ni(Il) con-
centration decreased only slightly at the beginning of the treatment that would have
reflected apoptosis, and the small increase in cell size after longer incubation was not
a general tendency that would have pointed to necrosis.

The unusual finding that necrotic concentrations of Ni(II) did not cause drastic
changes in cellular size and induced only a moderate nuclear size increase prompted
us to follow the fate of those cells which were disrupted after exposure to high
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Fig. 7.5 Apoptotic chromatin changes at 10 uM, necrotoxic changes at 50 uM Ni(II) chloride
treatment. Cells were treated as in Fig. 7.3. Isolation and visualization of chromatin structures were
the same as described in Fig. 7.3. Bar 5 um each
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Fig. 7.6 Monitoring cellular
motion after 100 pM Ni(II)
treatment in the time-lapse
photography system. Cells
were grown in 25 ml T-flasks
and treated with Ni(II) as

in Fig. 7.3 and placed on
reverse microscope sitting

in a carbondioxide incuba-
tor. Photographs were taken
every minute by custom built
video camera attached to the
microscope and connected

to the computer. The motion
of cells is indicated by their
changing position. Black
numbers indicate the time of
photography in minutes after
heavy metal treatment

G. Nagy et al.

(100 uM) Ni(IT) concentration. Figure 7.7 (left side) shows the fate of a necrotic
cell from the beginning of treatment (0 min) up to more than 10 h (611 min), with
the black arrows pointing to the necrotic cell. The tendency of cell aggregation and
sticking together seen in Fig. 7.6 is also evident. The disrupted necrotic cell has
been selected for closer scrutiny and its negative image is shown in the right panel
of Fig. 7.7. The necrotic chromatin condensation of this cells is best viewed after
212 min of Ni(II) treatment (upper right corners of both panels in Fig. 7.7), where
the chain of prematurely condensed chromosomes of the selected necrotic cell is

clearly distinguishable.



175

7  Chromatin Toxicity of Ni(Il) Ions in K562 Erythroleukemia Cells

(At IN/Z S OSPIA/SOIPIA/IAU X013//:d1Y 18 S[QRIIBAR SI WL 03PLA) MOYSIPI[S SY) UL UIIS ST JUIUNBIN [IIN
AT 001 STy 1938 SuluuedS WIA)-SUO] JO MIIA PI[ILIIP AIOW Y ‘Yord Wil ¢ ‘Jeqg Juounea [ejow Aaeay Joye soynuiw ul Aydesdojoyd jo own oy 9)es1put
suaquinu 2111 41 “wreidoid ('g doysojoyd oqopy Jo uonounj Jurmerp o) £q passeoold uaaq ey YoIym [[29 duIes AU} SMOYS jaund Jy 31y JUSWedI) [e}oU AABIY
Jo Suruurdaq oy woyy saynurw ur Ayder3ojoyd Jo swm oYy pajeoIpul SqunU 2311 4 “SMOLID YOV]q Y} Aq Paredpul sI s[[29 pajdnisipun jo uonerndod jrews
B OPISUI [[30 0110100U dY ], ;joupnd 3f27 *9°/ *S1q ur se DIN AT 00T YA S[[99 Z9S] JO TUaUWNBAL Ay} I9)JE [[99 dN0IdAU B Jo Suruueds wid-uo £°L Sig




176 G. Nagy et al.

Discussion

As far as the cellular, including morphological, effects of Ni(II) ions are concerned,
there are only sporadic references available. We summarize this literature before
comparing it with our results. Morphological transformation studies in Syrian ham-
ster cells revealed that of the 12 metal salts tested, acceptable evidence for hu-
man carcinogeneity was found only for arsenic, beryllium, chromium, cadmium
and nickel (DiPaolo and Casto 1979). Carcinogenic, transforming water-insoluble
Ni compounds including NiCl, are phagocytized by cells; and undergo dissolution
inside the cell, releasing Ni ions that interact with chromatin, producing highly se-
lective damage to heterochromatin (Costa et al. 1994). Nickel(II) ions involved in
heterochromatization of chromatin within regions of the genome, will inhibit any
further molecular interactions with underlying genes. Heterochromatization with
nickel(IT) ions through the condensation of chromatin took place to a greater ex-
tent than by the natural divalent cation of the cell, magnesium ion (Mg?") (Ellen
et al. 2009). The alteration of gene expression supported the emerging theory that
nickel(IT) exerted its epigenetic carcinogenic effect by enhanced DNA methylation
and compaction, rather than by mutagenic mechanism (Lee et al. 1995). In mamma-
lian cells not all metals induced breakage of DNA (DiPaolo et al. 1978). Nonlethal
concentrations of arsenic and cadmium caused breaks, while beryllium or nickel did
not produce breaks even at concentrations that caused 100% cell death (Casto et al.
1976; DiPaolo et al. 1978). Nickel(II) induced only a slight increase in DNA strand
breaks at high (>250 uM) concentrations (Dally and Hartwig 1997). Heavy metal
ions (Pb, Au, Co, Cr, Cu, Zn) influenced the in vitro nitric monoxide production of
murine macrophages. To the opposite Cd, Hg and Ni ions did not exert any signifi-
cant effect on NO production and that the toxicity of lead, cobalt and nickel was
caused by different mechanisms. By accepting the view that heavy metals are very
broad in their activity and that the resulting cytotoxicity is due to a number of dif-
ferent mechanisms, one would expect that the pathway leading to cell death could
occur in many ways and characteristic nuclear changes are reflected in the pattern
of chromatin condensation.

We have found that NiCl, causes cell death at low concentration (IC50: 2 uM,
0.26 pg/ml) in human K562 erythroleukemia cells. Others have described that the
IC50 of NiCl, in AS52 cells was significantly higher, corresponding to 45-60 ug/
ml (346-461 uM) NiCl, (Fletcher et al. 1994). As already mentioned AS52 cells
have been derived by the modification of CHO-K1 cells. Our data show that K562
cells are much more sensitive to NiCl, than the modified AS strain of CHO-K1
cell. However, there were no significant changes in cell size even when cells were
treated with high concentrations (100 pM) of NiCl,. Slight apoptotic shrinkage of
nuclei could be visualized at 1 uM Ni(II) that turned gradually to nuclear enlarge-
ment and disruption of some of the nuclei at higher than 5 uM concentrations. These
cellular changes manifested at the chromatin level are in conformity with the find-
ing of others that (a) the primary target of Ni(II) is the nucleus, primarily the chro-
matin (DiPaolo and Casto 1979), (b) Ni(I) causes chromatin condensation through
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heterochromatization (Costa et al. 1994), (c) Ni(Il) replaces the natural divalent
cation, magnesium ion (Mg?") (Ellen et al. 2009), (d) Ni(I) exerts its epigenetic
carcinogenic effect by enhanced DNA methylation and compaction, rather than by
mutagenic mechanism (Lee et al. 1995).

In normal cells that have not been subjected to Ni(Il) treatment we have
shown typical interphase chromatin structures that corresponded to those found
in other mammalian cells (Banfalvi et al. 2006). Although, the transformations
of Ni(II) are known to induce heterochromatization, earlier studies did not deal
with large-scale chromatin changes. To summarize these Ni-induced chromatin
changes:

1. Low (0.2-0.5 uM) concentrations of Ni(II) induced the polarization of dense
fluorescent chromatin patches and the rejection of apoptotic bodies.

2. 1 pM NiCl, caused polarization, rejection of smaller apototic bodies and the
formation of larger apoptotic chromatin circles.

3. At 5 pM NiCl, nuclear expansion made the two ends of the chromatin visible,
suggesting that the folding processed was blocked in the chromatin ribbon stage.

4. At 10 uM Ni(II) most of the nuclear material was highly condensed, while the
rest remained in highly decondensed fibrillary stage.

5. Necrotic changes at 50 uM NiCl, manisfested in the reduction of the fibrillary
chromatin, moderate increase in nuclear size and preservation of the relatively
round shaped nuclei.

6. High (50-100 uM) NiCl, concentrations on cellular motility, was not as paralys-
ing as Hg(Il) (Farkas et al. 2010) and caused much less agitatition of cells than
the “apoptotic dance” provoked by Pb(II) (Nagy et al. 2010). Cells tended to
aggregate and stuck together contributing to the gradual reduction of cellular
motion.

Conclusions

The human K562 erytroleukemia cell line turned out to be a proper choice to test
the cellular toxicity of Ni(II) due to its sensitivity expressed by the low, 2 uM IC50
value. The K562 suspension cell culture was successfully applied for the long-term
scanning of individual cells. The cell size varied only slightly upon treatment of a
wide range (0.2-100 pM) of NiCl, concentration. To summarize the Ni(II) induced
chromatin changes: (a) one of the most important function, the cell motility is not
significantly impaired, (b) the nuclear effect, namely heterochromatization is domi-
nating the picture after Ni(I) treatment, (c) the chromatotoxic effect is manifested
as retarded condensation at different stages of the chomatin folding process, and (d)
the multiple forms of chromatin structures retarded by Ni(II) depend on the concen-
tration of the heavy metal and the duration of incubation.
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Chapter 8

Genotoxic Chromatin Changes in
Schizosaccharomyces Pombe Induced by
Hexavalent chromium (CrVI) Ions

Gabor Papp, Gabor Nagy, Istvan Pocsi, Miklés Pesti and Gaspar Banfalvi

Abstract Based on their MIC50 values Cr(VI) turned out to 15-times more toxic
than Cr(III) in S. pombe estimated to be 15 and 225 uM, respectively. Major focus of
this chapter is placed on large-scale chromatin structures of fungal nuclei, isolated
from protoplasts of the fission yeast Schizosaccharomyces pombe and visualized
for the first time by fluorescence microscopy. Although, the pattern of chromosome
condensation was similar to mammalian cells, but less compact and resembled more
to that of Drosophila. S. pombe cells were treated with hexavalent chromate ions
(CrVI) in a concentration-dependent manner and chromatin structures were anal-
ysed. Results show that subtoxic levels of Cr(VI) (<1 pM) did not cause signifi-
cant chromatin changes. Early signs of apoptotic cytotoxicity were observed at 10
puM Cr(VI) concentration. Nuclear changes caused by Cr(VI) in the concentration
range between 10 and 50 uM were characterized by apoptosis seen as broken nuclei
and apoptotic bodies. High concentration of Cr(VI) ions (75-200 uM) initiated
necrotic nuclear changes, with focal condensation of chromatin and the formation
of extremely enlarged nuclei that were in a highly decondensed fibrillary state. The
necrotic enlargement of fibrillary nuclei was dependent on the Cr(VI) concentration.

Introduction

The extensive distribution of anthropogenic hexavalent chromate (CrVI) in soil and
groundwater originating from metal processing, chromeplating, resistant alloys, re-
fractory industry, wood treatment, leather tanneries, pigment and dye productions
(Bailar 1997; United States Environmental Protection Agency 1998; Ryan et al.
2002) is a world-wide problem. The Cr(VI) can be detoxified by reduction to tri-
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valent chromium (CrIIl) and removed from freshwater. Chromium exposure takes
place through breathing, eating and drinking of chromium containing compounds
that are present in low concentrations in air and water. The metal form of chromium
(Cr) is of low toxicity. Cr(IIl) in low concentrations is essential for health, short-
ages cause disruptions in sugar and fat metabolism (Cefalu et al. 2002). Food that
contains Cr(III) is the main route of chromium uptake, as Cr(IIl) occurs naturally
in the food, particularly in vegetables, fruits and meat (http://www.lenntech.com/
periodic/elements/cr.htm).

Contaminated water containing the toxic Cr(VI) is dangerous for those, who
work in the steel and textile industry. Tobacco smoking is another source of Cr(VI)
exposure. Although, Cr is an essential trace element for living organisms (Bai-
lar 1997), higher than allowed levels of Cr(VI) in drinking water (50-100 ug 17!,
~1-2 uM) are of increasing concern, eliciting environmental and health problems
(Petrilli and Flora 1977; Sharma et al. 1995), mutagenicity (Nishioka 1975) and
carcinogenicity (Venitt and Levy 1974).

Under physiological conditions Cr(VI) reacts with intracellular reductants (pri-
marily ascorbate and glutathione) to produce short-lived intermediates such as Cr(V)
and/or Cr(IV), free radicals and the end-product Cr(III) (Costa 2003; Xu et al. 2004,
2005). As far as the genotoxic effect is concerned Cr(VI) was studied in calf thymus
nuclei, but no binding of Cr was detected after incubation up to 0.5 mM Cr(VI)
concentration. Cr(IIl) turned out to be the genotoxic agent after chromate uptake by
living cells (Koster and Beyersmann 1985). The metabolism of Cr(VI) takes place
in specific cellular fractions (mitochondria, microsomal and soluble components)
with glutathione being the primary oxidizing agent in the reduction (Wiegand et al.
1984). The reduced Cr(IIT) induces DNA crosslinks and strand breaks in nuclei
(Fornance et al. 1981). The mutagenic effect of Cr(III) has been demonstrated in the
Ames test with Salmonella typhimurium (Warren et al. 1981).

As far as the the number and estimated size of chromosomes is concerned among
the Ascomycetes of fungi, S. pombe seems to be an ideal model organism to study
large scale chromatin structure with an estimated 12.5 Mbp genome and its three
chromosomes of 3.5-5.7 Mbp. Other fungi either contain many DNA molecules
or too small chromosomes. For fungi analyzed electrophoretically the numbers of
DNA molecules ranged between 3 to 21 with size ranges between 0.2 and 12 Mbp
(Mills and McClusky 1990). Five histone bands are commonly seen on electropho-
resis of histones in plant, animal and most filamentous fungi. H1 histone serves as
a bridge between adjacent nucleosomes. However, the yeasts S. cerevisiae and S.
pombe and the oomycete Achlya lack histone H1 (Newlon 1988; Munz et al. 1989;
Pekkala and Silver 1990). The lack of H1 histone in maintaining tertiary structure
of DNA was assumed to have implications for the packaging of chromatin and lack
the ability to condense chromosomes (Newlon 1988).

Contrary to the absence of H1 histone, Achlya turned out to be able to form con-
densed chromatin (Pekkala and Silver 1990). Nevertheless, one would expect that
the lack of H1 histone would reduce the compaction of the chromosomes. The chro-
matin structure of fungi has not been studied extensively; consequently the large-
scale chromatin condensation pattern of fungi is not known. As neither have data
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related to chromatin structure of fission yeast been published, nor the relatively old
observations of Cr(VI) genotoxicity been explained at chromatin level, our aim was
to clarify what kind of modifying effects the hexavalent chromium ions exert on the
chromatin structure of fission yeasts. Here we describe that in nuclei isolated from
the protoplasts of the fission yeast S. pombe the basic pattern of chromatin folding
is similar to that of the mammalian nucleus, but does not reach the compaction
of mammalian chromosomes. Low, subtoxic concentrations of Cr(VI) (10-50 uM)
induced apoptosis, while higher concentrations (75-200 uM) generated necrogenic
alterations in the chromatin structure of S. pombe.

Materials and Methods

Materials and Solutions

The metal salt potassium dichromate (K,Cr,0,) of analytical grade was purchased
from Reanal, Budapest, Hungary. A stock solution of potassium dichromate was
freshly prepared in distilled water and filter sterilized (pore size 0.22 pum) prior
to addition to cell-culture media. 6-diamidino-2-phenylindole dihydrochloride
(DAPI), 1,4-diazabicyclo-(2,2,2)-octane (DABCO) and other reagents were pur-
chased from Sigma—Aldrich (Budapest, Hungary). Antifade medium consisted of
90% glycerol, 2% (w/w) 1,4-diazobicyclo-(2,2,2)-octane, 20 mM Tris—Cl, pH 8.0,
0.02% sodium azide, and 25 ng/ml DAPI. Swelling buffer consisted of 50 mM KClI,
10 mM MgSO,, 3 mM dithiothreitol, and 5 mM NaPO, (Na,HPO,/NaH,PO,) buf-
fer, pH 8.0. Fixative solution contained methanol:glacial acetic acid (3:1). The pro-
toplasting solution that was filter sterilized consisted of 0.6 M KCI.

Cell Growth

The fission yeast S. pombe auxotrophic and heterothallic strain (lys1-131, h*) desig-
nated CW-6 and later 6¢chr™ was used (Pesti et al. 1981; Czako-Vér et al. 1999). It is
a well characterized 6¢hr* strain of S. pombe. The main characteristics of the 6¢hr*
strain are: generation time 2.24 h, minimal inhibitory concentrations of CrO,*,
Cd?*, Cu?', Zn?" and Ni*" were relatively high, 225, 1250, 3500, 2500, and 750 uM,
respectively. 65% of >!CrO,*” was taken up within 30 min from the surrounding
solution which contained 75 pM Cr(VI), and 750 pg/g dry biomass of total Cr was
accumulated within 8 min. The organically bound chromium was 250 pg/g dry
biomass within 2 h in lysine starved medium (Czako-Vér et al. 2004). It does not
exhibit adaptation processes to Cr(VI); glutathione (GSH) content is 58 £ 11.0 nmol
(mg protein)™!. Specific activity of its antioxidant ezymes and quantity of reactive
oxygen species under uniduced conditions have been published (Pesti et al. 2002;
Gazdag et al. 2003).
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S. pombe cells were cultured in a 3.33-Hz incubator shaker at 30°C in complete
liquid medium (YEL). The medium contained 0.5% yeast extract, 3% glucose,
175 pg ml™! lysine, pH 5.6. Medium was solidified with 2% agar (YEA) (Moreno
etal. 1991).

Toxicity of Cr (VI) on S. Pombe

The cells were precultured overnight in YEL medium (resulting in exponential-
phase culture and washed twice by centrifugation (600 g, 5 min). They were recul-
tured in fresh YEL medium. The cells were started at a density sufficient to produce
an OD,, of 0.05 and cultivated for 12 h. These mid-log-phase cells were used to
determine the survival rates of cells exposed to the K,Cr,0, (1-500 uM) as esti-
mated according to Lee et al. (1995).

Preparation of Protoplasts

Mid-log-phase cells were collected by centrifugations and washed twice with 0.6 M
KClI solution. For protoplast formation, the suspensions were incubated for 20 min
at 30°C in protoplasting solution that contained 10 mg/ml lyophilized enzyme pre-
pared from Trichoderma harzianum (Sigma-Aldrich, Budapest, Hungary) in 0.6 M
KCl as osmotic stabilizer. After incubation the protoplasts were washed twice in
stabilizer solution and were treated with K,Cr,0O, (0, 1, 10, 50, 75, 100, 200 uM)
for 24 h.

Isolation and Visualization of Large Scale Chromatin Structures

Details of these procedures have been described in the Methods of Chap. 6 as: Isola-
tion of Nuclei, Spreads of Nuclear Structures, and Visualization of Chromatin
Structures.

Results

Visualization of Interphase Chromatin Structures of S. Pombe

Originally we used reversibly permeabilized mammary cells to visualize inter-
phase chromatin structures. By reversing permeabilization, it was possible to
confirm the existence of a flexible chromatin folding pattern through a series of
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transient geometric forms referred to as decondensed fibrillar, supercoiled rib-
boned forms, chromatin bodies, thin and thick fibers and elongated chromosomes
(Gacsi et al. 2005). It was confirmed that chromatin condensation in nuclei of ex-
ponentially growing mammalian cells (Indian Muntjac, CHO, murine preB, K562
erythroleukemia) started with the polarization of the nuclear material (Banfalvi
et al. 2000).

To visualize chromatin structures in untreated yeast cells, DAPI staining
showed the oval shaped nucleus (Fig. 8.1Cn). Overexposure revealed the shape
of the same S. pombe cell (Fig. 8.1Ch). Chromatin structures were isolated from
protoplasts of exponentially growing S. pombe. Although, in these experiments
most of the cells were in S phase, they represented different stages of chroma-
tin compaction (Fig. 8.1a—q). The elongated shape of the nucleus (Fig. 8.1a, b)
gradually rounded up and became polarized, with increased fluorescent inten-
sity indicating local condensation of the fibrillary chromatin veil (Fig. 8.1c, d).
Supercoiling of the veiled chromatin led to the formation of chromatin ribbon
(Fig. 8.1e—h) with large coils corresponding to individual chromosomes, referred
to as chromatin bodies (Fig. 8.1g, h). That chromatin is a continuous structure is
reflected by Fig. 8.1j—m, with two ends (Fig. 8.11, m). The linear forms of con-
densed structures resemble mammalian chromosomes, but their compaction did
not reach that of the metaphase chromosomes of mammalian cells (Fig. 8.1n—q).
The images of chromatin condensation observed in Fig. 8.2 indicate that this pro-
cess is more simple in S. pombe cells than in mammalian cells. No forms resem-
bling highly-condensed mammalian metaphase chromosomes are observed. This
is not surprising in regard to the evolutionary distance in molecular phylogenetics
of the organisms in question.

Cellular Toxicity of Cr(VI)

To prove the concentration dependent cellular toxicity two mid-log-phase cell
cultures were grown starting at 107 cells/ml in the presence of 225 and 500 pM
K,Cr,0, at 30°C. Triplicate samples (10° each) were taken from cultures at 0, 20, 40
and 60 min to reach about 90% inhibition of growth. The survival rate of S. pombe
can be seen in Fig. 8.2a.

In the next series of experiments cells were incubated in the presence of
1-500 pM K, Cr,O, for 60 min. The control culture was not subjected to Cr treat-
ment. Subtoxic levels of dichromate (<1 uM) did not cause noticeable changes in
viability (not shown). Thus the growth rate was tested at higher concentrations in
the presence of 1, 10, 50, 100, 200 and 500 uM K, Cr,O, resulting in cell loss cor-
responding to 22, 41, 63, 76, 79 and 91%, respectively (Fig. 8.2b). From these data
the estimated MICS50 concentration of K,Cr,0, is 15 uM, a clear indication that
dichromate (Cr(VI)) is much more toxic than chromate (Cr(IIl)) with an estimated
225 uM MIC50 for K,CrO,).



Fig. 8.1 Intermediates in the condensation of S. pombe chromatin. Protoplasts were prepared from
exponentially growing cells. Cn Control nucleus is a S. pombe cell stained with DAPI. Ch Control
hypha, the same S. pombe cell overexposed to visualize the whole cell. Nuclei were isolated from
protoplasts, spread over glass slides and stained with DAPI. The images of frequently seen pat-
terns were selected to illustrate: a, b decondensed chromatin that maintained the oval shape of the
nucleus in the cell. ¢, d Rounded up and polarized chromatin. e-h Chromatin ribbon formation.
g, h Chromatin bodies, the earliest visible forms of interphase chromosomes. j—m Early elongated
chromosomal forms. n—q Bent and linear forms of condensed chromosomes. Bar, 10 pm each
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Fig. 8.2 Dose-dependent loss in viability of S. pombe upon treatment with Cr(VI). a Colony form-
ing units of control cells (m—m) and after treatment with 225 (e—e) and 500 uM (A—A) Cr(VI). b
The growth of seven cell cultures was started at 10 cells/ml, one in the absence and six cultures in
the presence of 1, 10, 50, 100, 200 and 500 uM, respectively. The control sample (white columns)
represented the untreated cell population at 0 and 60 min. After treatment with Cr(VI) (black
columns) at different concentrations the cell number was counted in each population. In the rep-
resentation the abscissa is showing the Cr(VI) concentration and the ordinate the colony forming
units. The 0 h control was taken as 100%

Apoptotic Chromatin Changes at Low Cr(VI) Concentration
(10-50 uM)

Density changes in chromatin structure at subtoxic concentration (1 pM) of Cr(VI)
were observed occasionally, but these changes occurred infrequently and are there-
fore not presented.

Apoptotic chromatin changes at low concentrations (10 or 50 pM) of Cr(VI)
were observed and the gradual aggravation of apoptosis could be seen. In the pres-
ence of 10 uM concentration of Cr(VI) three major changes took place (Fig. 8.3, left
panels): (a) the polarization and disintegration of the nuclear material (Fig. 8.3, left
panels a—d, and g-h), (b) the expansion of the fibrillary chromatin with a few small
apoptotic bodies inside (Fig. 8.3, left panels e and f), and (c) the formation of large
apoptotic bodies (Fig. 8.3, left panels, h—k). Due to the stickiness of the nuclear
material it did not fall apart to apoptotic bodies upon treatment with 50 uM Cr(VI),
only the shrinkage of nuclei could be observed (Fig. 8.3, right panels a—k).

Necrotic Chromatin Changes at Higher Cr(VI) Concentration

The necrotic nuclear effect of 75, 100 and 200 uM Cr(VI) seen in Fig. 8.4 repre-
sents the first morphological visualization of yeast chromatin changes upon ne-
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Cr (VI) 10 uM Cr (V1) 50 uM

Fig. 8.3 Appearance of apoptotic chromatin bodies upon treatment of 10 and 50 pM potassium
dichromate. The Cr(VI) treatment was followed by preparation of protoplast and isolation of
nuclei. Chromatin structures were stained with DAPI and visualized as described in the Methods.
Bar 10 pm each
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Cr (VI) 75 uM Cr (VI) 100 uM Cr (VD) 200uM

Fig. 8.4 Enlargement of nuclei after treatment with necrotic concentration of Cr(VI). Cells were
treated with 75, 100 and 200 pM potassium dichromate. The rest of the procedures were the same
as given in Fig. 8.2 and detailed in the Methods. Bar 10 um each

crotic treatment. Figure 8.4 (left panels, a—d) demonstrates that the enlargement
upon 75 uM Cr(VI) was due to the generation of fibrillary chromatin inside the
nucleus. The nucleus did not fall apart and maintained its structure. The opening
of the nucleus revealed that the nuclear material has two ends and the chromatin is
a continuous structure (Fig. 8.4, left panels e, f). Occasionally the chromatin was
fragmented to large apoptotic bodies (Fig. 8.4, left panels g, h), reflecting a mixed
(apoptotic-necrotic) type of cell death. At higher (100 uM Cr(VI)) concentration
high focal density of chromatin and simultaneously the extremely enlarged fibrillar
chromatin formation dominated the picture (Fig. 8.4, middle panels a—f). The three
chromosomes of S. pombe can be distinguished in the middle panels (Fig. 8.4g, h),
but highly condensed structures resembling metaphase chromosomes of mamma-
lian cells could not be seen. At 200 uM Cr(VI) concentration the same necrotic ten-
dency was observed (Fig. 8.4, right panels) with extremely enlarged fibrillar chro-
matin and the lack of highly condensed chromosomes. Some compaction is seen in
the right panels of Fig. 8.4e—g. Highest compaction of the three chromosomes of
S. pombe is seen in the lower right corner of Fig. 8.4h. None of the chromosomes
seen in control cells or after Cr(VI) treatment reached the compaction of metaphase
mammalian cells.
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Discussion

Morphological chromatin studies of fungal cells including the fission yeast S. pombe
are missing. Our goals were to visualize large-scale chromatin structures of interphase
S. pombe cells and to clarify whether these structures are similar to those seen in mam-
malian (Banfalvi et al. 2006), and in Drosophila nuclei (Banfalvi 2008) and how these
structures are modified upon Cr(VI) treatment. Experiments revealed that the interme-
diates of chromatin condensation are similar to mammalian cells involving the fibril-
lary chromatin veil, the formation of chromatin ribbon and the earliest visible inter-
phase chromosomes referred to as chromatin bodies, elongated linear chromosomes
and condensed chromosomes. It is worthy of mention that compact chromosomes that
would correspond to the metaphase chromosomes of mammalian cells were not seen,
indicating that the pattern of chromosome condensation differs to some extent from
the common pathway of chromosome condensation in mammalian nuclei (Banfalvi
et al. 20006). In the higher arthropod eukaryote Drosophila the presence of many small
subchromosomal particles indicated that chromosomes of Drosophila cells consisted
of smaller units called rodlets, providing flexibility to condensing chromosomes (Ban-
falvi 2008). Such small chromosomal subunits were not visible in S. pombe. These
differences in chromatin condensation point to an evolutionary tendency:

I|=> Drosophila cells

i

|I—> mammalian cells

indicating that Drosophila and mammalian chromosome folding went in different
directions.

The chromatin structures found in control, untreated S. pombe cells were compared
to those seen after genotoxic treatment with increasing concentrations of Cr(VI) ions.
The oxidation states of chromium range from Cr(II) to Cr(VI), with the trivalent and
hexavalent states being the most stable and common in terrestrial environments (Katz
and Salem 1994). That Cr(VI) is about 15-times more toxic than Cr(Ill) in S. pombe
can be seen from their MIC50 values estimated to be 15 and 225 pM, respectively. As
the biosorption of Cr(VI) by the cell wall and plasma membrane of yeasts and fungi
is likely to be accompanied by its reduction (Cr(VI) — Cr(V) — Cr(IV) — Cr(11l)), the
uptake of Cr(VI) is also the most important step in the detoxification of the most toxic
dichromate. Cr(VI) is not only more toxic than Cr(II) but also a potent carcinogen
that causes most adverse health effects (National Institute of Occupational Safety and
Health 1975; Tandon 1982; Bianchi et al. 1983; IARC 1990; Cervantes et al. 2001;
Dayan and Paine 2001). In cells, the complex forming Cr(IIl) ions interact with mi-
crofilaments, mitochondria, lysosomes and nucleus and interfere with signalling path-

S. pombe
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ways through the inducement of oxidative stress. The intracellular Cr(VI) reduction
results in Cr(V/VI) complexes and various organic radicals which are all potential
DNA-damaging agents. The three electron transfer steps from Cr(VI) to Cr(IIl) gen-
erates reactive oxygen species quite effectively via depleting of GSH and inducing
hydroxyl radicals, superoxide anions and H,0, during re-oxidation processes. The
electron transfer taking place through the Fenton-type Haber—Weiss reactions is ini-
tiating a chain-reaction, which has been proposed as the probable cause of multiple
cellular damages underlying complex toxicity and carcinogenicity of heavy metals in-
cluding Cr(VI). Cr(VI) is known to accumulate mainly in the cytosolic compartment
(Ksheminska et al. 2005; Ghaireb and Gadd 1998) and causes cellular changes on the
cell surface (Mutter et al. 2001). The genomic consequences of the oxidative stress
caused by Cr(VI) are not known, yet. The final outcome of cellular toxicity of Cr(VI)
was in some cases apoptosis, but more often necrosis (Rudolf and Cervinka 2003;
Poljsak et al. 2010). We confirm this observation, treatment with lower concentrations
of Cr(VI), that was expected to induce apoptosis, did not generate many small, rather
fewer and larger apoptotic bodies.

As far as the effect of Cr on chromatin structure is concerned, it was reported to
bind to DNA, nuclear proteins, and ribonucleoproteins in liver and kidney cells. A
much smaller proportion of the Cr bound to chromatin was associated with the DNA
after treatment with Cr(III) than with Cr(VI) (Cupo and Wetterhahn 1985). Prefer-
ential binding of Cr to guanine has been observed upon incubation of Cr(VI) with
homopolyribonucleotides in the presence of a microsomal-metabolizing system
(Tsapakos et al. 1983). The interaction of Cr with the phosphate groups of nucleo-
tides is believed to be electrostatic. The nature of the chromium:guanine interaction
has not been determined. DNA damage was found only after Cr(VI) treatment and
only certain types of Cr-DNA complexes formed after administration of Cr(VI)
produced lesions in the DNA that were detectable, suggesting that not all types of
Cr-DNA complexes produce DNA lesions (Tsapakos and Wetterhahn 1983). The
electrostatic interactions of Cr(VI) with nucleotides would indicate that the cross-
linking could be reversible. That this might be the case is reflected by experiments
on chick embryo hepatocytes treated with Cr(VI) at concentrations that did not
affect cell viability. Reversible cross-linking might be the cause that in low concen-
tration of Cr(VI), corresponding to the tolerable levels of Cr(VI) in water (1 pM)
this heavy metal did not change significantly the viability of cells and the chromatin
structure was also similar to the control cells. In conformity with these observations
DNA strand breaks and interstrand cross-links were completely repaired. Little or
no DNA damage remained in the liver 10-24 h after Cr(VI) injection into chick
embryos (Hamilton and Wetterhahn 1986), while DNA-protein crosslinks in the
kidney of rats persisted for a somewhat longer period (40 h) of time (Tsapakos et al.
1983). The sequential recruitment and cooperation of mismatch repair proteins in
processing of Cr-DNA cross-links is regarded as the main cause of double-stand
breaks and chromosomal breakage at low and moderate Cr(VI) doses (Reynolds
et al. 2009).

Recent data provided evidence for a three-step cross-linking mechanism involv-
ing the reduction of Cr(VI) to Cr(IIl), the Cr(III)-DNA binding, and the protein
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capture by DNA-bound Cr(III) generating protein-Cr(III)-DNA cross-links (Macfie
et al. 2010). Cr cross-links histone deacetylase 1-DNA methyltransferase 1 com-
plexes to Cyplal promoter chromatin and inhibits histone marks (Schnekenburger
et al. 2007). Cross-linking of proteins is likely to perturb normal chromatin struc-
ture regulation and remodeling, causing the disruption of gene expression regula-
tory patterns (Shumilla et al. 1999; Majumder et al. 2003; O’Brien et al. 2003;
Reynolds et al. 2004). The protein cross-linking of Cr(VI) is expected to expand
the nuclear structure and this could be reflected in the chromatin structure upon
Cr(VI) treatment. In conformity with this idea we have seen the enlargement of the
fibrillary chromatin in nuclei of S. pombe cells exposed to Cr(VI) in a concentra-
tion-dependent manner between 75-200 uM K,Cr,O,. Although, the enlargement
of the nuclear material reflected necrosis, the fine fibrillary structure may be due
to the cross-linking of Cr(VI) or its reduced species and the non-standard apoptotic
changes at lower Cr(VI) concentrations. The final outcome of chromatin changes is
that the chromatotoxic effect of Cr(V]) is neither a typical apoptotic- nor a necrotic-
type of cell death.

Conclusions

To summarize the morphological effects of Cr(VI), the similarities with the necrotic
agent Hg?" at 100 pM concentration and apoptotic ultraviolet irradiation are pointed
out. Upon mercury treatment of K562 human erythroleukemia cells: (a) the cel-
lular and nuclear size increased, (b) the enlargement of the nucleus was due to the
generation of large holes, (c) the nucleus did not fall apart, its round structure was
maintained (d) the opening of nuclei resembling horseshoes demonstrated that the
nuclear material has two ends and the chromatin maintained its continuous structure
(Farkas et al. 2010).

One could argue that there are only two major types of cell deaths and they are
classified based on one criterion only, which is nuclear morphology highly similar
regardless of genotoxic agent applied. However, interphase chromatin structures
have not been analysed earlier. We have found that different genotoxic agents af-
fect chromatin condensation and cause various topological DNA changes. These
alterations are potential indicators of cytotoxicity and cell death can be categorized
by the type of the genotoxic agent. The data on chromatotoxicity upon cadmium,
gamma treatment and ultraviolet light irradiation (Banfalvi 2009), mercury (Farkas
et al. 2010) and cyanotoxin treatment (Gacsi et al. 2009) and experiments present-
ed in this chapter support the notion that: (a) similar to multicellular organisms, the
cells of fission yeast also die in many ways, (b) apoptotic and necrotic events may
overlap depending on cell type and genotoxic concentration, and (c) genotoxic
agents can be categorized by fingerprinting the injury-specific chromatin changes.
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Chapter 9

Chromatin Changes upon Silver Nitrate
Treatment in Human Keratinocyte HaCaT
and K562 Erythroleukemia Cells

Gabor Nagy, Melinda Tur4ni, Katalin Eva Kovacs and Gaspar Banfalvi

Abstract Inhibition of cellular growth of silver nitrate was tested in two differ-
ent mammalian cell lines: in HaCaT keratinocyte and K562 erythroleukemia cell
cultures resulting in 6.4 and 3.5 uM AgNO, MIC50 values, respectively. Fluores-
cent microscopic visualization of large-scale chromatin structures revealed that
after AgNO, treatment at low concentrations (<1 pM), regarded earlier as subtoxic
levels, chromatin changes were early signs of cytotoxicity especially with K562
cells. Typical nuclear changes induced by silver nitrate involved (a) the polarization
of precondensed and the extrusion of decondensed chromatin seen as chromatin
tails, (b) the tail (“comet”) formation was dependent on silver nitrate concentra-
tion, (c) K562 erythroleukemia cells were more susceptible to silver nitrate (0.5-5
uM) treatment, than HaCaT cells, (d) elevated silver nitrate concentrations (10—15
uM) caused nuclear shrinking with an infrequent formation of apoptotic bodies, (e)
higher Ag" concentrations (20—-50 uM) allowed the expansion of the nuclear mate-
rial without necrotic disruptions. The chromatin tail formation could be accounted
for by a decrease in chromatin supercoiling related to a dose dependent reduction
of ATP content, cell viability and increased production of reactive oxygen species.

Introduction

The administration of dilute solutions of silver nitrate in the drinking water of
rodents was tolerated for months with no visible signs of toxicity. After several
months of treatment due to the affinity of silver to cell membranes, tissues be-
came laden with silver and deposited permanently as silver sulfide in many tissues
and organs (Westhofen and Schafer 1986). Similarly, industrial workers exposed to
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chronic ingestion, inhalation, or dermal absorption of silver developed argyria, a
gray or blue-gray, permanent discoloration of the skin. Silver nitrate is darkened by
sunlight or contact with organic matter such as the skin. This discoloration has been
exploited by using silver nitrate as a vital stain, to mark cells in order to follow their
subsequent migration by the colored inclusions. The medical use of silver nitrate
made it a powerful antimicrobial agent on the one hand. Despite the intensive use
of AgNO, in commercial products, there is a serious lack of information concerning
the toxicity and cellular responses to silver nitrate. In contrast, the toxic accumula-
tion of silver in cells degraded silver nitrate to a Janus-faced molecule. This di-
chotomy initiated further investigations into the role of silver nitrate in mammalian
cell toxicology to consider both sides of the coin.

Not only the in vitro germicidal testing and standardization of silver compounds
remains to be solved (Chopra 2007). The in vitro toxicity of silver ions on eukaryot-
ic cells is equally contradictory. It was shown that silver nitrate inhibited the growth
of fibroblasts (Liedberg and Lundeberg 1989), hepatocytes (Baldi et al. 1988), and
lymphocytes (Hussain et al. 1992). The cytotoxicity caused approximately 76%
fibroblast growth inhibition at 40 uM AgNO, concentration and contact time of 2 h.
Lower (4-20 uM) silver nitrate concentrations were also cytotoxic to human der-
mal fibroblasts (Hidalgo et al. 1998; Hidalgo and Dominguez 1998). In contrast
anodically generated silver ions had no impact on mammalian cells in culture (Hall
et al. 1988). Others made similar observations and did not find tissue toxicity in
clinical evaluations (Cooms and Wan 1992). Similarly, no evidence was provided
that would have linked silver ions to toxicity (Demling and DeSanti 2001). These
conflicting observations necessitated further investigations with respect to the in
vitro cellular toxicity of silver nitrate on mammalian cells.

Cadmium as one of the most toxic heavy metals affected both replicative and
repair DNA synthesis. DNA replication was suppressed and in contrast repair syn-
thesis increased. The maximum and minimum values of these S-phase checkpoints
varied in agreement with our notion that different types of DNA damages affect
different S subphase replication and repair checkpoints (Banfalvi et al. 2000). The
most sensitive and characteristic effect of Cd was observed at the level of chromatin
condensation seen as large extensive disruptions and holes in the nuclear membrane
and sticky incompletely folded chromosomes both in CHO and in murine pre B
cells (Banfalvi et al. 2005, 2007; Chap. 6). The fact that Cd generated typical transi-
tory forms of chromatin condensation in different mammalian cells (Banfalvi et al.
20006), but differed from the chromatotoxic effect of Hg (Farkas et al. 2010) indi-
cated that different genotoxic agents are specific to the heavy metal. Based on this
working hypothesis the aim of this chapter is to test, whether or not silver nitrate (i)
has in vitro toxicity on mammalian (HaCaT, K562) cells, (ii) exerts chromatotoxic-
ity, and if it does, (iii) whether these chromatin changes are characteristic to Ag".
Here we describe that AgNO; treatment initiates chromatin decondensation without
characteristic signs of apoptosis or necrosis and blocks the condensation process at
the stage of chromatin ribbon formation. The chapter confirms the notion that the
genotoxic effect of heavy metals can be distinguished and categorized based on the
assessment of injury-specific chromatin changes.
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Materials and Methods

Chemicals and Reagents

Silver nitrate (AgNO,) was obtained from Sigma-Aldrich (Budapest, Hungary). A
stock solution of silver nitrate, was prepared in distilled water and filter sterilized
(pore size 0.22 um) prior to addition to cell-culture media.

Growth media and sera were obtained from Invitrogene (Carlsbad, CA, USA),
6-diamidino-2-phenylindole dihydrochloride (DAPI), 1,4-diazabicyclo-(2,2,2)-oc-
tane (DABCO) and other reagents were purchased from Sigma-Aldrich (Budapest,
Hungary). Antifade Medium consisted of 90% glycerol, 2% (w/w) 1,4-diazobi-
cyclo-(2,2,2)-octane, 20 mM Tris—Cl, pH 8.0, 0.02% sodium azide, and 25 ng/ml
DAPI. Swelling Buffer consisted of 50 mM KCI, 10 mM MgSO,, 3 mM dithioth-
reitol, and 5 mM NaPO,, pH 8.0. Hypotonic Buffer for reversible permeabiliza-
tion contained 9 mM HEPES, pH 7.8, 5.8 mM dithiothreitol, 4.5% dextran T-150,
1 mM EGTA and 4.5 mM MgCl,. Swelling Buffer consisted of 50 mM KCI, 10 mM
MgSO,, 3 mM dithiothreitol and 5 mM NaPO,, pH 8.0. Fixative solution contained
methanol:glacial acetic acid (3:1).

Cell Culture and Silver Nitrate Exposure

Human erythroleukemia K562 and human skin keratocyte HaCaT cells were cul-
tured in RPMI-1640 medium (Sigma) containing 100 IU penicillin/ml, 50 ug strep-
tomycin sulfate/ml, 2 mM L-glutamine and 5% fetal bovine serum (FBS) (Hyclone,
Logan, UT). Subculturing was performed after treating the cells with 0.05% trypsin/
EDTA solution. The continuous cell line K-562 was from the pleural effusion of
a 53-year-old woman with chronic myelogenous leukemia in terminal blast cri-
ses (Lozzio and Lozzio 1975). The HaCaT cell line is derived from human skin
keratinocytes that spontaneously transformed in vitro during long term incubation
(Boukamp et al. 1988, 1990).

Recultured K562 and HaCaT cells were grown for 9 h and then treated with
AgNO; (0.5-50 uM). Cells were grown for an additional 15 h in the presence of the
heavy metal before being harvested, unless otherwise noted.

Isolation and Visualization of Large Scale Chromatin Structures

Details of these procedures have been described in the Methods of Chap. 6 as:
Reversible Permeabilization of Cells, Isolation of Nuclei, Spreads of Nuclear Struc-
tures, and Visualization of Chromatin Structures. Reversible permeabilization was
originally developed for murine thymocytes (Banfalvi et al. 1984).
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Time-Lapse Photography

Two inverse microscopes sitting in the CO, incubator were equipped with high sen-
sitivity video cameras, connected to a custom-built dual image acquisition com-
puter system (Farkas et al. 2010). Briefly, custom-built illumination was developed
to minimize heat- and fototoxicity. Operation of the spectrally warm-white light
emitting diodes were synchronized with image acquisition periods. Cell cultures
in 25 ml T flasks were placed on inverse microscopes. The screen of the computer
was divided in two portions showing side-by-side the morphological changes of
the control and the treated cells. Photographs of cells were taken every minute. The
time of exposure was indicated in each frame. Exposures were converted to video-
films by speeding up the projection to 30 exposures/s. Individual cells of suspension
cultures were selected for further analysis. Individual photographs were chosen as
panels shown in the figures. Time-lapse photography of individual cells allows us
to determine the growth profile of individual cells grown both in monolayer and in
suspension cultures. Genotoxic specific growth profiles of cell death are expected
to be distinguished.

Changes in Chromatin Structure upon Silver Nitrate Exposure

Cells for chromatin monitoring were grown in plastic TC flasks (75 cm?) under the
same condition, as described above. Heavy metal ion concentrations were applied
using concentration ranges for silver nitrate between 0.5 and 50 uM. Cells were
incubated with each AgNO, concentration for 15 h. Toxicity was estimated by the
cell viability test, and during the immunofluorescence investigation of chromatin
structure. Simultaneously, control experiments were carried out in the same way,
but in the absence of Ag?".

Results

Cell Viability After AgNO, Treatment

We have used two cell lines to test the in vitro damaging effect of different concen-
trations of silver nitrate on cell growth. Immortalized human skin keratinocytes
(HaCaT) have been chosen, as silver nitrate solutions are highly irritating to the
skin, mucous membranes, and eyes (Stokinger 1981). K562 human erythroleuke-
mia cells bear some proteomic resemblance to both undifferentiated granulocytes
(Klein et al. 1976) and erythrocytes (Andersson et al. 1979). K562 cells were
chosen as the major abdominal pain caused in workers exposed to silver nitrate
and silver oxide dusts correlated significantly with blood silver levels (Rosenman
etal. 1979).
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Fig. 9.1 Inhibition of HaCaT and K562 cell growth at different silver nitrate concentration.
a The growth of nine HaCaT cell cultures was started at 10° cells/ml in the presence of 0.5, 5, 10,
15, 20, 30 and 50 uM AgNO,, respectively. b Similarly, eight K562 cell cultures were initiated
at 10° cells/ml in the presence of 0.5, 5, 10, 20, 30 and 50 uM AgNO,, respectively. The control
samples (C) were not treated. After 15 h treatment the cell number was counted in each popula-
tion. In the representation the abscissa is showing the silver ion concentration and the ordinate the
cell number

HaCaT cells were grown in 25 ml T-flasks and cell growth of individual cells was
visualized by our long-time scanning system placed in a CO, incubator. Cell growth
of viable cells was measured by counting the number of trypan blue excluding cells
before starting the experiments and 15 h later (Fig. 9.1). In the control population
the number of dead cells taking up trypan blue was less than 3% (not shown).

The concentration dependent cellular toxicity of silver nitrate on HaCaT cells is
shown in Fig. 9.1a. The control was not subjected to AgNO, treatment. Subtoxic
levels of silver nitrate (<0.1 uM) did not cause measurable toxicity (not shown).
Noticeable changes in growth rate were found in the presence of 0.5, 5, 10, 15, 20,
30 and 50 uM Ag corresponding to cell losses of 28, 47, 52, 58, 62, 67 and 75%,
respectively relative to the growth rate of the 15 h control HaCaT cell population.
Worthy to mention that after 0.5 uM AgNO, treatment the cell number was higher
than in the 0 h control, indicating some cell growth. Minimum inhibitory concen-
tration required to inhibit the growth of 50% of HaCaT cells (MIC50) was 6.4 uM
AgNO,.

Higher growth inhibition was observed when K562 cells were treated with silver
nitrate (Fig. 9.1b). The growth rate of K562 cells in the presence of 0.5, 5, 10, 15,
20, 30 and 50 uM Ag was inhibited by 32, 54, 60, 64, 69, 72 and 77%, respectively.
Subtoxic (0.5 uM) concentration of AgNO, treatment did not cause loss of K562
cells, in fact it was significantly higher than the 0 h control. The minimum in-
hibitory concentration to cause 50% growth inhibition of K562 cells (MIC50) was
3.5 uM AgNO,, indicating that K562 cells were more susceptible to silver nitrate
than HaCaT cells.
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Time-Lapse Analysis of Cell Death

Time-lapse video microscopy was designed to follow the movement, shape and growth
of individual cells for an unlimited period of time under physiological conditions in
a carbon dioxide incubator. The long-term scanning of control HaCaT cells lasted for
two days and the initial cell density viewed under the area the camera was monitoring
increased from 70 to 90% confluency (Fig. 9.2). In the presence of 0.5 uM AgNO, a
reduced growth of HaCaT cells was observed without significant morphologic chang-
es (Fig. 9.3). Long-term scanning revealed that the typical elongated HaCaT cells
gradually rounded up and within 100 min of 10 uM AgNO, treatment apoptotic signs
were clearly distinguishable and after 900 min (15 h) most of the cells suffered apop-
tosis (Fig. 9.4). At high AgNO; concentration (50 uM) the time of apoptotic shrinkage
of cells took only 10 min (Fig. 9.5). Necrotic swelling of cells was not observed.

Fig. 9.2 Monitoring cell
growth in the time-lapse
photography of HaCaT

cells. Cells were grown as
described in the Materials
section. Dividing round cells
are in the foreground, and
monolayer cells near conflu-
ence in the background.
Black numbers at the bottom
of each panel show the time
passed in minutes from the
recording. Images were
brightness- and contrast-
balanced, freed of interlacing
and flickering, and gradient
equalized and subjected

to histogram equation as
described. (Farkas et al.
2010)
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Fig. 9.3 Monitoring reduced HaCaT cell growth in the presence of 0.5 uM AgNO,. Cells were
grown as described in the Materials section and under Fig. 9.2. Black numbers at the top of each
panel show the time passed in minutes from the recording

A similar experiment was carried out with K562 cells. Cells grown in 25 ml
T-flasks were visualized by long-time scanning system in CO, incubator. Cell
growth of viable cells was measured by counting the number of viable cells be-
fore and 15 h after the experiment. Observations were similar to those shown with
HaCaT cells (results not presented).

Chromatin Structures in Control HaCaT Cells and After Subtoxic
(0.5 uM) Concentration of Silver Nitrate Treatment

Reversible permeabilization of cells was used to open the nucleus during any stages
of the cell cycle and to visualize large scale chromatin condensation in the pres-
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Fig. 9.4 Monitoring apoptotic HaCaT cell death in the presence of 10 uM AgNO,. Cells were
grown as described in the Materials section and in Fig. 9.2. Black numbers at the bottom of each
panel show the time passed in minutes from the recording

ence and in the absence of genotoxic materials. By using this approach we have
described earlier the common intermediates of large scale chromatin folding in
control, untreated mammalian (CHO, Indian muntjac, murine preB, K562) cells
(Banfalvi et al. 2006). The veil-like chromatin in early S phase turned to fibrous
and negatively supercoiled chromatin ribbon in mid-S phase was followed by the
formation of chromatin bodies, referred to as the earliest visible interphase chromo-
somes, and by elongated and condensed form of chromosomes in the second half
of the S phase.

The upper panels of Fig. 9.6 show typical chromatin structures in control
HaCaT cells, involving decondensed veil-like chromatin (Fig. 9.6a, b), fibrous



9 Chromatin Changes upon Silver Nitrate Treatment in Human Keratinocyte 203

Fig. 9.5 Monitoring apoptosis of HaCaT cells in the presence of 50 uM AgNO,. Cells were grown
as described in the Materials section and in Fig. 9.2. Black numbers at the top of each panel show
the time passed in minutes from the recording

chromatin (Fig. 9.6c, d), ribboned chromatin (Fig. 9.6e—h), prechromosomes
(Fig. 9.6j, k), condensed chromosomes approaching metaphase (Fig. 9.61, m).
Similar forms isolated from nuclei of HaCaT cells shown in the upper panels of
Fig. 9.6 have been presented earlier and serve to demonstrate how these physi-
ological chromatin forms differ from those isolated from cells subjected to silver
nitrate treatment.

In the presence of 0.5 UM concentration of silver nitrate (Fig. 9.6, lower pan-
els) changes in chromatin structure were seen as: (i) polarization of chromatin
(Fig. 9.6a, d, e, g, h, 1, m), (ii), appearance of fibrous chromatin tails around the
nucleus (Fig. 9.6a, b, c, ¢, h, j, 1) and (iii) incomplete condensation of metaphase
chromosomes (Fig. 9.6h, k, I, m), (iv) decrease in nuclear size (Fig. 9.6a—m).
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Chromatin Changes at Low (5—10 \M) Concentrations of Silver
Nitrate in Nuclei of HaCaT Cells

In the presence of 5 UM concentration of silver nitrate (Fig. 9.7, upper panels), be-
side the polarization of chromatin, the most typical nuclear change was the appear-
ance of chromatin ribbons and fibrous chromatin tails around the nucleus. A similar
tendency was observed when HaCaT cells were grown in the presence of 10 uM
concentration of AgNO, (Fig. 9.7, lower panels). The moderate decrease in nuclear
size, was not associated with the formation of apoptotic bodies.

Chromatin Changes at Elevated (15-20 uM) Concentrations of
Silver Nitrate in Nuclei of HaCaT Cells

The chromatin structures of nuclei isolated after somewhat higher concentration of
silver nitrate (15-20 uM) exposure (Fig. 9.8) resembled those chromatin changes
that were presented in Fig. 9.7. It is noteworthy to mention that the cellular and
nuclear size decreased during these chromatin changes. Apoptotic body formation,
known as the most characteristic morphological feature of apoptosis, was not ob-
served even after treatment with higher silver nitrate concentrations.

Chromatin Changes at Higher (30-50 M) Concentrations of
Silver Nitrate in Nuclei of HaCaT Cells

High silver nitrate concentration (30 and 50 uM) resulted not only in the formation of
comet-like chromatin structures, but caused the nuclear material to unwind seen as rib-
boned structures (Fig. 9.9). The unwinding of chromatin structures points to the pos-
sibility that silver nitrate affects the supercoiling process of chromatin condensation.

Chromatin Structures of Normal Untreated K562 Cells

We have used reversible permeabilization to open the nuclei of K562 cells to visualize
large scale chromatin changes similarly to those described for HaCaT cells. Using this

<
<

Fig. 9.6 Intermediates of chromatin condensation in control HaCaT cells and after treatment with
subtoxic (0.5 uM) concentration of silver nitrate. Permeabilization of cells was followed by the
restoration of membrane structures, colcemid treatment and isolation of chromatin structures as
described in the Methods. Upper panels: Intermediates of chromatin condensation in untreated
cells. Lower panels: nuclear structures isolated after treatment with 0.5 uM AgNO,. Bar, 5 pm
each
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approach the shape and the density change from veil-like chromatin to fibrous and su-
percoiled chromatin to the mid-S phase was followed by chromatin bodies, elongated
and condensed form of chromosomes in the second half of the S phase (Fig. 9.10).
We have described recently these forms in healthy K562 cells (Farkas et al. 2010).

Chromatin Changes at Low (0.5-5 uM) Concentrations of Silver
Nitrate in Nuclei of K562 Cells

The chromatin structures of K562 nuclei isolated at low silver nitrate concentration
(0.5 and 5 uM) (Fig. 9.11) resembled those changes seen in HaCaT cells, with the
notable difference that “comet formation” manifested already at the lowest (0.5 LM)
concentration. This is taken as a clear indication that (a) K562 cells are more vulner-
able to Ag™ than HaCaT cells and (b) that chromatin changes are sensitive indicators
detecting chromatin damages at low concentrations where the cell number did not
decrease and some cell growth still occurred.

Shrinkage and Expansion of Nuclear Structures of K562 Cells at
Elevated (10-50 uM) Ag* Concentrations

The reduction of nuclear size was observed after 10 uM AgNO; treatment in nuclei of
K562 cells. This would indicate apoptosis if apoptotic bodies were present. Although,
the size of the nuclei did not increase, the isolated nuclear material was enlarged at 20
and 50 UM AgNO, concentrations without nuclear disruption (Fig. 9.12). The nucleus
did not fall apart but its round size became elongated with the expulsion of the less
condensed chromatin. The elongation of the nucleus revealed that the structure of the
nuclear material became less tense, but more relaxed. The lack of both apoptotic bod-
ies and disruptions argue equally against apoptotic and necrotic cell death.

Discussion

Biological Effects of Metallic Silver

Only four heavy metals are highly toxic and cause damaging effects at very low
(<uM) concentrations: lead (Pb), cadmium (Cd), mercury (Hg), and inorganic arse-

<1

Fig. 9.7 Chromatin changes induced by low cellular concentration of silver nitrate. Cell were
treated either with 5 UM (upper panels) or 10 uM AgNO, (lower panels), reversibly permeabi-
lized, subjected to colcemid treatment and isolation of chromatin structures as described in the
Methods. Chromatin structures were visualized after DAPI staining. Bar, 5 um each
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nic (As). Other heavy metals—such as cobalt (Co), copper (Cu), iron (Fe), manga-
nese (Mn), molybdenum (Mo), vanadium (V), strontium (Sr), and zinc (Zn)—are
essential to health as trace elements. None of the noble (precious) metals (gold, sil-
ver, platinum) are considered essential. The Silver Safety Committee (http:/www.
silversafety.org/) announced that metallic or colloidal forms of noble metals are
harmless. Silver metal has been used as a historical antimicrobial agent, as at those
times there were few other choices. The only advantage of silver over antibiotics is
that it is also effective at killing antibiotic-resistant bacterial strains. The Food and
Drug Administration (FDA) proposed banning silver in over-the counter products
in 1997 and issued a final rule in 1999. It is now believed that silver in any form is a
bio-accumulative toxic heavy metal, like mercury, lead, and arsenic. Metallic silver
is listed in the 1979 Registry of Toxic Effects as causing cancer in animals.

Toxic Effects of Silver lons

Similarly to other heavy metal ions, silver ions (Ag") can bind to negatively-
charged organic molecules to form complexes and display toxic reactions in vitro
and in vivo. Silver compounds show toxic effects to some bacteria, viruses, algae
and fungi, but unlike other heavy metal ions are less toxic to humans. Silver nitrate
earned its worldwide fame as the building block of silver halide production, the
cornerstone of the multi-billion dollar industry of photography. It has equally ver-
satile applications in silver plating, making mirrors and in medical application. The
medical application of silver nitrate dates to 1884 (Grier 1983) and has been used
as 1% solution to treat the eyes of neonates against ocular infections and blindness.
It was used to remove warts, prevent bleeding, bacterial infections and is one of
the most popular agents for wound infections, especially in burned patients (Bader
1960).

Cellular Effect of Silver Nitrate on Eukaryotic Cells

Chronic per os administration of inorganic silver nitrate caused cellular alterations
in nuclear and cytoplasmic morphology, the disappearance of the endoplasmic re-
ticulum; the transformation in mitochondrial morphology, and the increase in the
number of irregularly shaped smooth walled cytoplasmic densities, that were as-
sumed to be lipid granules (Hadek 1966). The cellular effects of silver nitrate on

«

Fig. 9.8 Chromatin changes in HaCaT cells generated by elevated concentrations of silver nitrate.
Cell were treated either with 15 UM (upper panels) or 20 uM AgNO, (lower panels), reversibly
permeabilized, subjected to colcemid treatment and isolation of chromatin structures as described
in the Methods. Chromatin structures were visualized after DAPI staining. Bar, 5 um each
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Fig. 9.10 Intermediates of chromatin condensation in untreated K562 cells. Permeabilization of
cells was followed by the restoration of membrane structures, colcemid treatment and isolation of
chromatin structures as described in the Methods. Regular structures seen under fluorescent micro-
scope after DAPI staining: decondensed chromatin (a), extrusion of spherical chromatin (b), fibrous
chromatin (¢ and d), chromatin bodies (e), ribboned supercoiled chromatin (f-1), prechromosomes
(m—o), metaphase chromosomes (p). Bar, 5 um each. (With permission of Farkas et al. 2010)

mammalian cells remained poorly characterized for several decades. Studies have
demonstrated the cytotoxicity of silver ions in vitro, but the data from these reports
did not lead to definitive conclusions (Wataha et al. 2000). The viability of human
acute monocytic leukemia (THP-1) cells exposed to 25 uM AgNO, was less than
20% after 6 h suggesting that cell death at this dose was a rapid process (Foldbjerg
et al. 2009). For the inhibition of cell growth by Ag*” we have selected a concentra-
<

Fig. 9.9 Chromatin changes induced by high concentrations of silver nitrate. Cell were treated
with 30 UM (upper panels) or with 50 uM AgNO, (lower panels), reversibly permeabilized, sub-
jected to colcemid treatment and isolation of chromatin structures as described in the Methods.
Chromatin structures were visualized after DAPI staining. Bar, 5 pm each
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tion range between 0.5 and 50 uM AgNO,. Comparable results were obtained in our
viability tests with MIC50 values of 6.4 and 3.5 uM AgNO; in HaCaT and K562
cells, respectively after 15 h treatment.

Metal ions affected yeast cell growth with a toxicity ranked in decreasing order
as follows: Hg>Ag>Au>Cu, Ni, Co, Zn (Yang and Pon 2003). Since most toxic
metal ions induced oxidative stress on cells through the mitochondrial respiratory
chain, mitochondria became suspicious to be targets of metal toxicity. Indeed, Ag
ions caused morphological changes in mitochondria, respiration-deficient cells ap-
peared to be resistant to Ag ion, but not to Hg. This led Yang and Pon (2003) to
the conclusion that the oxidation activity in mitochondria may play a role in acute
toxicity of silver ion. This idea has been confirmed by a recent study that reported
the cytotoxicity of silver in normal IMR 90 human lung fibroblasts and in U251
human glioblastoma cells (AshaRani et al. 2009). These authors have measured
drastically reduced ATP content, cell viability, metabolic activity and increased
production of reactive oxygen species (ROS) in a dose dependent manner. The
DNA damage was also dose dependent and more prominent in the U251 cancer
cell line. Moreover, the silver treatment of the same authors caused cell cycle
arrest in G,/M phase due to the repair of damaged DNA. Annexin-V propidium
iodide (PI) staining showed no massive apoptosis or necrosis. To the contrary in-
creased cellular ROS levels have been shown to be associated with the induction
of apoptotic and necrotic cell death in cell cultures (Ott et al. 2007; Ueda et al.
2002). This process is mediated by the mitochondrial death pathway. Ag induced
generation of ROS, depletion of antioxidant GSH and reduction of mitochondrial
function were measured in BRL 3A rat liver cells and rat alveolar macrophages
(Carlson et al. 2008; Hussain et al. 2005). Furthermore, Ag depleted GSH in hu-
man skin carcinoma and human fibrosarcoma cell lines and this depletion was
associated with markers of apoptosis (Arora et al. 2008). Similarly to Ag many
mitochondrial processes are targeted by arsenicals (Vujcic et al. 2007; Ralph 2008;
Thorsen et al. 2009). Moreover, As is also known to inhibit ATP synthesis in yeast
mitochondria (Cortes et al. 2000).

The effects of silver and silver ions on large-scale chromatin structures have not
been studied earlier. The reduced ATP level caused by silver may have implications
for the chromatin structure. Moreover, the mutagenic/carcinogenic effect of silver
nitrate inducing DNA repair could also affect chromatin condensation. We have
tested this possibility in two different cell lines (HaCaT, K562) and have concluded
that the presence of silver nitrate is likely to reduce the unwinding of chromatin
structures and to prevent chromatin condensation both at lower (0.5-5 uM) and at
higher silver nitrate (10-50 uM) concentrations. These changes may be related to
the decreased ATP level and point to the possibility that silver nitrate reduces the

<

Fig. 9.11 Chromatin changes induced at low cellular concentration of silver nitrate. K562 cells
were treated either with 0.5 UM (upper panels) or with 5 uM AgNO, (lower panels). Cells were
subjected to reversibly permeabilization, subjected to colcemid treatment and isolation of chro-
matin structures as described in the Methods. Chromatin structures were visualized after DAPI
staining. Bar, 5 pm each
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ATP energy-dependent negative supercoiling process of chromatin condensation re-
sulting in more relaxed chromatin structures, primarily in the formation of ribboned
chromatin, that may still be compact enough to prevent the nucleolytic degradation
of DNA.

Conclusions

The fact that after silver nitrate treatment we did not see metaphase chromosomes
can be explained by the mutagenic (carcinogenic) effect of silver causing cell cycle
arrest in G,/M phase possibly due to repair of damaged DNA. In contrast to the ef-
fect of other heavy metals on mammalian cells that we have tested so far (Cd, Hg,
Ni) (Banfalvi et al. 2007; Farkas et al. 2010; Chap. 7), the moderate decrease in
nuclear size upon treatment with lower silver nitrate concentration (10 uM), was not
associated with the formation of apoptotic bodies. The increased repair activity after
silver nitrate treatment points to the cellular effort to rescue damaged cells (Asha-
Rani et al. 2009) and can be accounted for the lack of apoptotic bodies. Our experi-
ments carried out at low silver nitrate concentrations are in agreement with the find-
ing that apoptotic staining did not show apoptotic or necrotic cell death (AshaRani
et al. 2009). Higher (10-50 uM) silver nitrate concentrations caused the expansion
of the nuclear material primarily as the opening of the round nucleus forming elon-
gated structures, resembling ribboned chromatin, without the necrotic explosion of
the nucleus. Depending on the dose, we have detected mixed signs of morphological
changes with both apoptotic and necrotic cell death in conformity with the hierar-
chical oxidative stress model in which low levels of ROS activate cellular defense
mechanisms and survival, whereas high levels activate cell death (Nel et al. 2006).
All these observations are compatible with the fact that silver is causing can-
cer in animals. Although, certain forms of the heavy metals are considered human
carcinogens and act through different pathways, the carcinogenic mechanism of
silver ions remains to be clarified. Finally, we came to the conclusion that chromatin
changes induced by different heavy metals are not uniform. Rodriguez et al. (1997)
suggested that the metal ion-dependent hydrogen peroxide induced DNA damage
is more sequence specific than metal specific. However, this idea does not exclude
the possibility that other types of oxidative nuclear damages and/or protein bind-
ing of heavy metals could not have a more specific effect on chromatin structure.
Regarding the specificity the protein binding of heavy metals is of primary interest.
This notion is supported by the fact that protein (enzyme) activation and the inhibi-

Fig. 9.12 Chromatin shrinking and enlargement of nuclear material of K562 cells caused by ele-
vated concentrations of silver nitrate. K562 cells were treated with 10 UM (upper panels) causing
shrinkage, 20 UM (middle panels) and 50 UM AgNO, inducing enlargement of the nuclear mate-
rial. Cells were subjected to reversibly permeabilization, followed by colcemid treatment and iso-
lation of chromatin structures as described in the Methods. Chromatin structures were visualized
after DAPI staining. Bar, 5 pm each



216 G. Nagy et al.

tory redox potential of heavy metals depend on different affinities of metal cations
for various side-chain donors in proteins and coordination modes of the complexes
formed. The extent and character of the damage may strongly depend on the metal
(Kasprzak Chap. 11).
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Chapter 10
Heavy Metal-Induced Carcinogenicity: Depleted
Uranium and Heavy-Metal Tungsten Alloy

John F. Kalinich

Abstract Continued development of novel munitions for the battlefield opens the
possibility of wounds containing embedded fragments of metals or metal mixtures
whose toxicological properties may not as yet be well-understood. This chapter
reviews what is currently known about two recent additions to many nations’ arse-
nals: depleted uranium and heavy-metal tungsten alloy. The toxicological and geno-
toxic properties of these materials, derived from both in vitro and in vivo studies,
will be discussed, as will the health effects of known human exposures. Finally,
areas requiring further research will be detailed.

Introduction

Advances in weapon design and the expanding terroristic use of Improvised Explo-
sive Devices have opened the possibility of human exposure to metals or metal mix-
tures whose toxicological properties and physiological effects are not known. In this
chapter, two of the more recent additions to the weapons arena, depleted uranium
and heavy-metal tungsten alloy, will be discussed. The known toxicological proper-
ties of uranium and tungsten will be addressed with respect to a variety of human
exposure scenarios, including inhalation, ingestion, and embedded fragments. The
influence of depleted uranium and heavy-metal tungsten alloy on gene expression
and signal transduction pathways leading to carcinogenicity will be considered and
finally, areas requiring further research will be detailed.
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Table 10.1 Uranium characteristics

Chemical symbol U

Atomic number 92

Atomic weight 238.029
Category Actinide
Group/series/block n.a./7/f
Melting point 1135°C
Common oxidation states 4,756
Density 18.95 gm/cm’

Depleted Uranium (DU)

Uranium was first identified by Klaproth in 1789 and named after the planet Ura-
nus. However, it was not until over 100 years later that the radioactive properties
of uranium were described by Becquerel. Uranium is a naturally occurring element
widely spread in the environment. It is normally found at low levels (parts per mil-
lion) in soil, water, plants, and animals, including humans (ATSDR 1999). Average
daily uranium intake in humans is approximately 3 pg, primarily through food and
drinking water. Uranium, as found in nature, is slightly radioactive and consists pre-
dominantly of three isotopes, 234U, 2*°U, and 238U (Table 10.1). Although all three
isotopes are radioactive, 23*U and 2**U have a much higher specific activity than
238U. Natural uranium consists largely of 238U (99.274%) with smaller amounts of
234U (0.006%) and 233U (0.72%). The processing of uranium for use in nuclear reac-
tors and nuclear weapons involves increasing the percentages of the high specific
activity isotopes with respect to 2*¥U. This process is known as “enrichment” and
results in the production of two different uranium fractions. The “enriched” fraction
consists of approximately 97.010% 2**U, 0.03% 23*U, and 2.96% 2*°U. The “de-
pleted” fraction consists of approximately 99.745% 238U, 0.005% 23*U, and 0.25%
235U. Although radiologically different, both fractions remain identical chemically.
Depleted uranium has several commercial applications including shielding for
radioactive material and as counterweights in aircraft and ships. However, it is be-
cause of its military applications that depleted uranium has received much of its
attention. Because it is extremely dense, with a density second only to tungsten,
depleted uranium is used for shielding for tanks and vehicles and as kinetic-en-
ergy armor-penetrating munitions. The use of DU munitions presents the greatest
chance of human exposure. Although the toxicological hazards of uranium have
been recognized for over a 100 years, many of these adverse effects were ascribed
to radioactivity. Depleted uranium is approximately 40% less radioactive than natu-
ral uranium; thus, although radiation may play a role in the induction of cellular
damage, the chemical properties of DU are also of paramount concern. In addi-
tion, metals such as titanium or molybdenum are often added during production of
DU-containing munitions to provide specific metallurgic properties. The original
uranium source from which DU was processed can also add minor contaminants to
the final product. For example, DU obtained from reprocessed nuclear fuel can have
small amounts of fission products and transuranics present, including strontium,
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cesium, plutonium, and americium. Also, the normal radioactive decay pathways of
uranium can introduce additional contaminants (e.g., thorium) in the final product.
Therefore, when evaluating the cellular effects of DU exposure, the presence of
contaminants introduced as a result of processing, as well as those resulting from
normal radioactive decay, cannot be discounted. As noted above, one of the main
military uses of DU is in the production of kinetic-energy armor-penetrating muni-
tions. The first widespread use of these munitions was in the 1991 Persian Gulf War.
DU munitions were also used by NATO forces in the recent conflicts in Bosnia and
Kosovo. Because of concern over the health and environmental effects of the use
of DU munitions there has been a movement toward the use of alternative materials
and the heavy-metal tungsten alloys are one of these.

Heavy-Metal Tungsten Alloy

Tungsten was first identified in 1758 by the Swedish chemist Cronstedt. The word
tungsten is Swedish for “heavy stone” and is a tribute to its density; the highest of
any naturally occurring element (Table 10.2). Tungsten is found in varying con-
centrations in air, water, and soil. In soil, tungsten is found as a mineral mixture,
primarily as wolframite or scheelite (van der Voet et al. 2007). Weathering and dis-
solution of rocks and soil result in tungsten being released into the air or entering
the groundwater. Environmental tungsten levels are generally very low, except in
areas of tungsten mines or natural deposits (ATSDR 2005). As such, uptake levels
are usually insignificant, with occupational exposure being the most likely route of
tungsten internalization in humans.

Because of its density and high melting point, tungsten is used in a variety of
commercial applications including light bulb filaments, counterweights, radiation
shields, and thermocouples. It is also found, as tungsten carbide, in cutting blades
and drill bits. Tungsten has also been used as replacement for lead in small-caliber
ammunition. In 1991, the U.S. Fish and Wildlife Service banned the use of lead shot
for the hunting of waterfowl and advocated the use of ammunition formulations
that were not toxic when ingested by wildlife. Many of the subsequently approved
ammunitions contain varying amounts of tungsten in combination with other metals
such as nickel, tin, iron, copper, and bismuth. In addition, a formulation of tungsten
with a polymer matrix has also been approved for use. Toxicity testing has shown

Table 10.2 Tungsten characteristics

Chemical symbol w

Atomic number 74

Atomic weight 183.85

Category Transition Metal
Group/series/block 6/6/d

Melting point 3422°C
Common oxidation states "6

Density 19.25 gm/cm?
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no adverse health effects of these materials (Kraabel et al. 1996; Kelly et al. 1998;
Mitchell et al. 2001a, b, c; Brewer et al. 2003).

Military applications of tungsten also include the use of tungsten-based compos-
ites, primarily tungsten/tin and tungsten/Nylon, as replacements for lead in small-
caliber ammunition. As noted earlier, widespread public concern over the health
and environmental impact of the continued use of depleted uranium has led many
countries to replace depleted uranium with various tungsten alloys in their arsenals
of armor-penetrating munitions. In many of these formulations, tungsten is com-
bined with two or more of the following transition metals: nickel, cobalt, iron, and
copper. Although these materials are referred to as “tungsten alloys”, they are in fact
two-phase composites, due to the extremely high melting point of tungsten. During
manufacturing, powders of the appropriate metals are mixed and heated. Heating
occurs at temperatures below the melting point of tungsten, but above the melting
points of the transition metals. The melted transition metals dissolve a small amount
of tungsten; however, most of the tungsten powder remains intact. The result is a
material consisting of pure tungsten grains surrounded by a “binder matrix” com-
posed of tungsten and the added transition metals. In contrast, additional material
added during the processing of depleted uranium results in a true alloy because of
the similar melting points of the components.

Routes of Exposure

Depleted uranium and tungsten alloys can be internalized by three primary routes:
inhalation, ingestion, or wound contamination via embedded fragments. Regardless
of the route of exposure, several factors govern the eventual health effects induced
by the internalized metals. Clearly, the amount of material internalized plays a major
role in the end-result of any exposure. Equally important however are the chemical
and physical properties of the metal. These properties include solubility character-
istics (particularly in biological fluids), particle size, speciation, and chemical reac-
tivity (Yokel et al. 2006). For inhalation exposures, the size of the inhaled particle as
well as its solubility will determine its ultimate fate. Approximately 25% of inhaled
particles are immediately exhaled (International Commission on Radiological Pro-
tection 1966). Of the remaining 75%, particles less than 5 lm in diameter can reach
the alveolar space while particles greater than 10 um tend to remain in upper areas
of the lung (Morrow et al. 1967). Once deposited in the lung, the solubility of the
particle is of importance. Soluble metals are rapidly dissolved and enter the circula-
tory system. Less soluble metals will eventually be removed through the process of
phagocytosis by the alveolar macrophages. Larger inhaled particles, unable to ac-
cess the alveolar space, will be removed from the lung via mucocilliary clearance.
However, many of the particles, once cleared, will be swallowed and thus enter the
gastrointestinal tract. In addition to swallowing after mucocilliary clearance, metals
can be ingested through contaminated food or liquids. Once ingested, absorption of
the metals will depend upon the chemical form and solubility. Both uranium and
tungsten are usually poorly absorbed by the gastrointestinal tract (Leggett 1997;
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Leggett and Pellmar 2003). Wound contamination can occur as a result of metals
entering open wounds (e.g., as dust or liquid) or as embedded fragments. As with
other routes of exposure, the physicochemical properties of the metal are of prime
importance when determining its fate in vivo. Research with intramuscularly in-
jected metallic radionuclides has shown that even those considered insoluble can be
solubilized in vivo (Bistline et al. 1972; Lloyd et al. 1974; Dagle et al. 1985). This
fact was dramatically shown in studies investigating the health effects of embedded
fragments of depleted uranium where solubilization and urinary excretion of the
uranium was found within 48 h after implantation of the solid metal into the leg
muscles of laboratory rodents (Pellmar et al. 1999).

Regardless of the route of internalization, several different cell types could poten-
tially be affected by exposure to metals. The epithelial cells of the gastrointestinal
tract and the mesenteric lymph nodes have been shown to accumulate depleted urani-
um after chronic ingestion (Dublineau et al. 2006). Inhalation results in the exposure
of epithelial cells and alveolar macrophages (Schins and Borm 1999; Monleau et al.
2006). As noted earlier, the alveolar macrophages play a key role in both particle
clearance and retention in the lung (Tasat and De Ray 1987). Wound contamination
and embedded fragments present a far more complex situation because of the wide
variety of cell types and mediators involved in wound healing. Briefly, the process of
wound healing can loosely be divided into three phases: inflammation, proliferation,
and remodeling (Broughton and Janis 2006; Tsirogianni et al. 2006; Li et al. 2007).
Immediately after a wound is suffered, platelets arrive to begin the process of clot for-
mation to maintain hemostasis. Neutrophils and macrophages are the next cell types
to arrive at the wound site and are responsible for eliminating foreign organisms
and debris, including nonviable tissue. Macrophages are also capable of phagocytiz-
ing small metal particulates and can concentrate these metals in the phagolysosomal
vesicles before exiting through the lymphatic system (Berry et al. 1997; Lizon and
Fritsch 1999). However, the most important role of the macrophage is the secretion
of numerous cell mediators that lead to the proliferation phase of wound healing. In
the proliferation phase, fibroblasts migrate to the wound site to produce the extracel-
lular matrix and granulation tissue required for proper wound healing. Maturation of
the extracellular matrix occurs during the remodeling phase and, depending upon the
type of wound, can take up to a year to complete. In many cases, the specific response
of the macrophages to the internalized metals will determine the ultimate outcome of
the exposure, including the induction of cancer (Sica et al. 2008).

In Vitro Studies

Depleted Uranium

Cell culture systems have been used for many years to model potential adverse
health effects from exposure to metals. Macrophage, kidney, lung, and neuronal
cell lines have all been utilized to assess metal toxicity, as well as genomic and
proteomic changes occurring as a result of exposure. Treatment of Chinese hamster
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ovary cells with depleted uranium resulted in decreased cell viability and increased
chromosomal aberrations (Lin et al. 1993). Cellular damage, evidenced by an in-
crease in the release of lactate dehydrogenase, was observed in LLC-PK1 kidney
cells after uranium treatment (Furuya et al. 1997; Mirto et al. 1999). Several studies
have also shown that the mouse macrophage cell line, J774, is capable of internaliz-
ing extracellular depleted uranium (Kalinich and McClain 2001). Once internalized,
the DU can induce cell death, via apoptosis, in a concentration-dependent manner
(Kalinich et al. 2002). Not all cultured cell lines appear capable of internalizing DU.
When assessed colorimetrically using the method of Kalinich and McClain (2001),
Molt-4, a human T-cell leukemia line, and Reh, a human B-cell lymphoma line, did
not appear to internalize DU added to the extracellular medium. In addition, these
cell lines were far less susceptible to the cytotoxic effects of DU exposure, showing
no significant change in viability compared to untreated cells (Fig. 10.1).
Peritoneal macrophages and splenic T-cells isolated from mice then exposed to
varying concentrations of DU also demonstrated that macrophages are much more
sensitive to the cytotoxic effects DU than other immune system cells (Wan et al.
2006). Treatment of cultured human osteoblast cells with either soluble or insoluble
forms of DU transformed the cells to a neoplastic phenotype. These transformed
cells also formed tumors when injected into immunocompromised mice (Miller et al.
1998; McClain and Miller 2007). As noted earlier, although DU is 40% less radioac-
tive than natural uranium, it is still radioactive and that characteristic also has the
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Fig. 10.1 Cell viability assessment of Molt-4, Reh, and J774 cells treated with depleted uranium-
uranyl chloride for 24 h at 37°C. Viability was determined using the MTT assay and data nor-
malized to values from untreated cells and are the mean of 6 independent experiments. Error
bars represent standard error of the mean. The stippled bars represent a uranium concentra-
tion of 1 pg/ml, the black bars represent a uranium concentration of 10 pg/ml, and the slanted-line
bars represent a uranium concentration of 100 pg/ml
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potential to induce significant cellular damage. The question of whether the chemical
or radiological property is primarily responsible for the cellular damage inflicted by
DU is still open to debate. At present, it appears that the chemical characteristics of
DU are predominantly responsible for the observed cellular damage, with the radio-
logical component playing a smaller role (Miller et al. 2002a, b, 2003).

Along with inducing genotoxic effects in vitro, low-level DU exposure can also
alter gene expression patterns in many cell types. In NR8383 cells, a rat alveolar
macrophage cell line, DU has been shown to induce secretion of tumor necrosis
factor o (TNF-a), as well as activate the c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (p38 MAPK) pathways (Gazin et al. 2004). This
work suggests that macrophages exposed to uranium, either through inhalation or
wound contamination, can secrete elevated amounts of TNFa, a major proinflam-
matory cytokine. Because of the central role TNFa plays in regulating the release
of secondary inflammation mediators (Cromwell et al. 1992), any perturbation can
have far reaching consequences for the organism. DU can also induce a number of
stress-related genes in HepG2 cells, a human liver carcinoma cell line. In this as-
say, HepG2 cells, stably transfected with chloramphenicol acetyltransferase under
the transcriptional control of a variety of stress-gene regulatory sequences, were
treated with insoluble DU (Miller et al. 2004). Several categories of promoters were
affected in a dose-dependent manner including transcription factor binding sites
(FOS, NF«BRE, CRE, p53RE, and RARE), cell cycle regulation sites (GADDA45,
GADD153), transport proteins (GRP78, HSP70), and the promoter for metallo-
thionein ITA (HMTIIA). These data indicate that DU can activate gene expression
through a variety of signal transduction pathways, including many that are involved
in the carcinogenic process. Using microarray technology, Prat and colleagues (Prat
et al. 2005), demonstrated that exposure of cultured HEK292 cells, a human em-
bryonic kidney cell line, to DU resulted in both up- and down-regulation of numer-
ous genes including many involved in signal transduction and trafficking pathways.
Microarray technology was also used to assess the effect of DU exposure on gene
expression patterns in mouse peritoneal macrophages and CD4" T cells (Wan et al.
2006). Again, DU was shown to alter gene expression profiles with genes respon-
sible for signal transduction pathways, chemokines, and interleukins affected the
greatest. As a result of these findings, Wan et al. (2006) postulated the potential for
cancer development as a consequence of DU exposure.

Heavy-Metal Tungsten Alloy

There have been far fewer studies on the toxicological and genotoxic proper-
ties of the heavy-metal tungsten alloys. There are several reports investigating
the toxicity of tungsten alone. The cytotoxicity of degrading tungsten coils used
medically for vascular occlusions was assessed in cultured human smooth mus-
cle, endothelial, vascular, and fibroblast cells. Cytotoxicity was observed only at
tungsten concentrations above 50 pg/ml (Peuster et al. 2003). In vitro studies with
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Fig. 10.2 Cell viability assessment of Molt-4, Reh, and J774 cells treated with heavy-metal tung-
sten alloy (91% tungsten, 6% nickel, 3% cobalt) for 24 h at 37°C. Viability was determined using
the MTT assay and data normalized to values from untreated cells and are the mean of 6 indepen-
dent experiments. Error bars represent standard error of the mean. The stippled bars represent an
alloy concentration of 1 ug/ml, the black bars represent an alloy concentration of 10 pg/ml, and
the slanted-line bars represent an alloy concentration of 100 pg/ml

J774, Molt-4, and Reh cells have shown that, unlike DU, exposure to a heavy-
metal tungsten alloy composed of tungsten (92%), nickel (5%), and cobalt (3%)
resulted in decreased viability of all three cell lines in a concentration-dependent
manner (Fig. 10.2). The same tungsten alloy mixture, as well as one composed
of tungsten (92%), nickel (5%), and iron (3%), was found to transform cultured
human osteoblast (HOS) cells to a neoplastic phenotype (Miller et al. 2001). The
individual metals comprising the alloys were also able to transform the HOS cells,
but at a frequency far lower than the mixtures. In fact, when the transformation
frequency data from the individual metals are compared with those of the alloys,
it appears that there is synergistic effect between two or more of the metals, lead-
ing to increased transformation (Miller et al. 2002¢). While both tungsten alloys
(WNiCo and WNiFe) and all individual component metals could transform HOS
cells, only those cells transformed by the tungsten alloys developed tumors when
injected into immunocompromised mice (Miller et al. 2001). The tungsten/nickel/
cobalt alloy was also capable of inducing the expression of several genes when
assayed using chloramphenicol acetyltransferase-transfected HepG2 cells (Miller
et al. 2004). As with DU, tungsten alloy had the ability to induce gene promoters
in several categories including transcription factor binding sites (FOS, NFkBRE,
CRE, and p53RE), transport proteins (HSP70), and the promoter for metallothio-
nein [TA (HMTIIA). Surprisingly, tungsten alloy exposure had no effect on either
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of the cell cycle regulation promoters tested (GADD45, GADD153) in contrast
to DU. When tested individually, the metals comprising the alloy were also able
to induce the promoters affected by the alloy, but did so at a much lower level.
Again, a synergistic effect of the metals in the alloy on gene induction was ob-
served (Miller et al. 2004).

In Vivo Studies

Depleted Uranium

During the Persian Gulf War of 1991, several individuals suffered wounds contain-
ing embedded DU fragments. Concern, both chemical and radiological, over the
long-term health effects of this unique material led to several studies investigating
the toxicological and carcinogenic properties of embedded DU fragments. Devel-
opment and validation of a rodent model system to study the biological effects of
embedded fragments was undertaken at the Armed Forces Radiobiology Research
Institute (Castro et al. 1996). This model system involves surgically implanting
small pellets of test material into the leg muscles to mimic shrapnel wounds. An
x-ray of the location of several 1x2 mm cylindrical pellets is shown in Fig. 10.3.
Sprague Dawley rats, implanted with up to 20 DU pellets (1 x2 mm cylinders) for
periods up to 2 years, exhibited no overt adverse health effects. No tumors were
observed at the pellet implantation sites for either DU or tantalum, an inert negative
control metal (Pellmar et al. 1999).

The DU pellets degrade rapidly in vivo, with significant uranium levels mea-
sured in the urine as early as 2 days post-implantation. Some of the DU pellet mate-
rial is not immediately solubilized and can be found at the pellet implantation site

Fig. 10.3 Radiograph of rat
showing location of depleted
uranium pellets (1X2 mm
cylinders) surgically
implanted in the gastrocne-
mius muscles of the rear legs
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Fig. 10.4 Histopathological
examination of a hematoxy-
lin-and-eosin-stained section
of leg muscle from a F344
rat implanted with depleted
uranium pellets for 3 months.
DU residue is visible at pel-
let implantation site. Scale
bar=200 pm

upon histopathological examination (Fig. 10.4). Over time, as more of the pellet
degrades, DU can be found in a variety of tissues including kidney, liver, brain,
testes, and lymph nodes (Pellmar et al. 1999). Similar results were reported by Hahn
and colleagues using Wistar rats (Hahn et al. 2002). When DU was implanted as
1x2 mm cylindrical pellets, no tumors were observed. However, when embedded
as squares (2.5x2.5x 1.5 mm or 5x5x1.5 mm), DU induced soft-tissue sarcomas
at the implantation sites. Rats implanted with tantalum did not develop tumors indi-
cating that the observed DU effects were not the result of foreign-body carcinogen-
esis (Brand et al. 1975, 1976). As with the Pellmar study, the DU material began to
degrade shortly after implantation. Taken together these studies indicate that once a
certain mass is reached, DU fragments are capable of inducing neoplastic changes
resulting in soft-tissue sarcomas in laboratory rats.

Embedded DU fragments also induced gene changes in the muscle tissue sur-
rounding the metal. Using Northern blot analysis, Miller et al. (2000) demonstrated
elevated mRNA levels of p53, k-ras, and bcl-2 in muscle tissue adjacent to embed-
ded DU pellets. Utilizing immunohistochemical techniques, Hahn (2007) showed
increased p53 protein levels in tissue surrounding the implanted DU. However,
MDM2, c-myc, and p21 levels were found to be no different than control.

Heavy-Metal Tungsten Alloy

Thus far only one study has been published in the peer-reviewed literature de-
scribing the health effects of embedded tungsten alloy. F344 rats implanted with
a tungsten alloy comprised of tungsten (91.1%), nickel (6.0%), and cobalt (2.9%)
developed highly aggressive rhabdomyosarcomas at the pellet implantation sites
(Kalinich et al. 2005). The tumors grew rapidly and metastasized to the lungs re-
quiring euthanasia of the animals. Tumor incidence was 100%. Rats implanted with
nickel, a known carcinogen, also developed tumors, but did so at a slower rate
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Fig. 10.5 Histopathological
examination of a Gomori
trichrome-stained section of
leg muscle and tumor from
a F344 rat implanted with
heavy-metal tungsten alloy
pellets (91.1% tungsten, 6%
nickel, 2.9% cobalt) for 6
months. “P” indicates site
of pellet implantation. “T”
denotes the tungsten alloy-
induced tumor (rhabdomyo-
sarcoma). “MF” shows area
of normal muscle fibers.
Scale bar=1.0 mm

than those rats treated with the tungsten alloy. Rats implanted with tantalum did
not develop tumors. As with DU, the metals comprising the tungsten alloy rapidly
solubilized and were found in the urine at an order of magnitude higher than control
values (Kalinich et al. 2008). However, in contrast to DU, no particulate material
was observed at the pellet implantation site upon histopathological examination
(Fig. 10.5). Significant hematological changes were observed as early as 1 month
after implantation; well before any neoplastic changes had occurred. Whether these
changes are attributable to an individual metal in the alloy or a synergistic effect
between two or more components is not yet known.

Human Exposures

Depleted Uranium

As noted above, the first widespread use of DU was in the 1991 Persian Gulf War.
During this conflict several individuals were wounded with DU fragments. United
States military personnel with retained DU fragments have been followed clinically
by the Veterans Affairs Medical Center in Baltimore, Maryland. After 16 years of
follow-up surveillance, there has been no indication of any clinically significant
DU-related health effects (McDiarmid et al. 2000, 2001, 2004, 2006, 2007a, b,
2009; Dorsey et al. 2009). However, there is some indication of a weak genotoxic
effect as a result of the embedded DU fragments. This was determined by fluores-
cent in-situ hybridization (FISH) analysis of the hypoxanthine-guanine phosphori-
bosyl transferase (HPRT) locus in peripheral blood lymphocytes (McDiarmid et al.
2007a, b). As a result of these findings, the authors have recommended continued
surveillance of these individuals.
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Heavy-Metal Tungsten Alloy

A variety of tungsten-based munitions have been proposed as replacements for DU
in armor-penetrating shells and for lead in small-caliber ammunition. As yet, there
have been no reports on whether there are individuals with retained fragments of
these materials and, further, that these fragments are resulting in adverse health ef-
fects. There are several reports in the literature describing adverse health effects due
to exposure to tungsten and tungsten-based materials. As part of an initiation rite, a
French artillery soldier drank 250 ml of a beer and wine mixture that had been used
to rinse a gun barrel. Shortly after, he suffered seizures and was comatose for 24 h
(Marquet et al. 1996). Extremely high levels of tungsten were found in his blood
and urine and persisted for 2 weeks (Marquet et al. 1997). Although his malady was
blamed on tungsten intoxication, there are some who believe the organic residue
left in the gun barrel as a result of the explosive charge of the shell was actually
to blame for his condition (Lison et al. 1997). There have also been two reports in
the literature of granuloma formation as a result of embedded metal from a lawn
mower blade (Saruwatari et al. 2009) and a chain saw blade (Osawa et al. 2006),
respectively. In both cases, metal analysis of the excised fragment showed that it
was composed primarily of tungsten with smaller amounts of other metals.

Conclusions

Little is known about metal-induced gene expression changes and carcinogenic-
ity especially with respect to militarily-relevant metals. Improvement in weapons
design and the terroristic use of Improvised Explosive Devices will continue to in-
crease the possibility of embedded fragment injuries with metals or metal mixtures
whose toxicological properties are not fully understood. The metals discussed in
this chapter, depleted uranium and heavy-metal tungsten alloy, are only two such
examples. In this final section, areas requiring additional research in order to en-
hance our understanding of heavy metal carcinogenicity will be discussed.
Although in vivo exposure scenarios may differ, the common factor in most is the
presence of the macrophage. Macrophages are not only capable of phagocytizing
small metal particulates (Berry et al. 1997; Lizon and Fritsch 1999), but have also been
shown to interact with and modify the surface composition of metal alloys through the
production of reactive chemical species (Thomsen and Gretzer 2001; Lin and Bum-
gardner 2004). The critical role the macrophage plays in wound repair, as well as
its postulated regulatory link between inflammation and cancer induction (Sica et al.
2008), makes this cell type key in understanding heavy metal-induced carcinogenicity.
In vitro studies have demonstrated that macrophage viability is affected by both
DU and heavy-metal tungsten alloy. In addition, gene expression patterns are per-
turbed by both treatments. No consensus has been reached on an exact list of specif-
ic up- and down-regulated genes by metal exposure primarily due to experimental
design differences between the published studies. However, there is a pattern of up-
regulation of those genes involved in transcription regulation and signal transduc-
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tion, as well as those coding for the interleukins and transport proteins. Areas that
require further research include an investigation of gene induction by insoluble as
well as soluble metals and alloys. As seen with DU, even though a fragment begins
to rapidly degrade once implanted (as determined by urine uranium levels), sub-
stantial particulate material is still found at the implantation site. As yet unknown
is whether exposure to the insoluble DU will result in a similar pattern of gene
induction as for the soluble material. Exposure to heavy-metal tungsten alloy raises
similar concerns and may be more difficult to decipher because of the number of
metals comprising the alloy and their proposed synergism with respect to biological
effects (Miller et al. 2004). Again, a detailed investigation of the alloy, as well as
the individual metal components, in both soluble and insoluble forms will greatly
enhance our knowledge of metal-induced gene expression.

Although in vitro studies will provide a foundation for our understanding of
heavy metal-induced carcinogenicity, in vivo models will be necessary to defini-
tively determine if embedded fragments of these materials have the potential to
cause cancer. In addition, recent advances in laser microdissection and microarray
techniques will be crucial in elucidating metal-induced gene-expression changes
in the tissue immediately adjacent to the embedded fragment. Not only will this
information allow correlation of in vifro and in vivo findings, but it will be critical if
changes in treatment strategies, either surgically or pharmacologically, are required
in order to maintain the health and well-being of wounded individuals.
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Chapter 11
Role of Oxidative Damage in Metal-Induced
Carcinogenesis

Kazimierz S. Kasprzak

Abstract This chapter presents and discusses evidence of possible mechanistic
involvement of oxidative DNA and protein damage in metal-induced carcinogenesis.
Carcinogenic metals, e.g., Be, Cd, Cr, Co, Ni, and the metalloid As, are capable of
generating various kinds of active oxygen and other reactive species in direct redox
reactions with O,, O,"*, H,0,, organic peroxides, and other cellular or tissue sub-
strates, and/or indirectly—by inducing inflammation or unleashing physiological
redox-active metals, Fe and Cu. The reactive species may damage all cell components,
including DNA, RNA, free triphosphonucleosides, proteins, and lipids, and exhaust
cellular antioxidant defenses, e.g., deplete ascorbate. The damage may be aggravated
by metal-assisted inhibition of DNA repair and histone demethylation systems. The
association of oxidative damage with carcinogenesis is strongly supported by muta-
genicity of DNA base products, strand breaks, apurinic sites, cross-links, and adducts
typical for the attacking reactive species (oxygen-, carbon-, or sulfur-centered radi-
cals), originating from oxidized amino acids and proteins, and 4-hydroxynonenal, a
lipid oxidation product. Oxidative damage to nuclear proteins affects chromatin struc-
ture and gene expression, whereas such damage to regulatory proteins disturbs cell
cycle and apoptosis. Thus, oxidative DNA damage may assist in the initiation while
RNA and protein damage may facilitate the promotion and progression of cancer.

Introduction

Certain transition metals, including beryllium, cadmium, chromium, cobalt, and
nickel, and the metalloid arsenic, are carcinogenic to humans. The same metals and
several more (lead, copper, platinum, iron, tungsten, and uranium) have been found
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to induce cancer in laboratory or domestic animals (Wei et al. 1985; Kalinich et al.
2005; Kasprzak and Salnikow 2007; Miller and McClain 2007; Beyersmann and
Hartwig 2008; Wild et al. 2009). The underlying molecular mechanisms stem from
the rich coordination chemistry and redox chemistry of these metals. They include
pathogenic effects resulting directly from adventitious binding of carcinogenic met-
al ions to cellular components at sites designated to carry physiological metal ions
and other sites, especially those in the cell nucleus or, indirectly, from redox activity
of the metals in the intra- and extra-cellular environment. The binding may affect
the structure and function of a biomolecule, while the redox activity of the metal
gives rise to chemical reactions that generate very reactive radical intermediates.
Such intermediates will attack and damage cell components that ultimately leads to
a variety of detrimental effects, ranging from a sudden death to the slow, multi-stage
process of cellular transformation to neoplastic phenotype.

It is believed that neoplastic transformation of cells results from mutations, i.e.,
heritable alterations in the genetic code. Therefore, it has been presumed that the
ultimate target of chemical carcinogens is the DNA molecule to which they bind
and thus impair its correct replication, leading to mutations. From this point of
view, DNA having abundance of phosphate anions as well as nitrogen and oxygen
metal coordination centers looks like an ideal partner for binding metal cations (Wu
and Davey 2010). However, cellular DNA is tightly packed in the nucleus by the
histone proteins that can bind metal ions as well and with even stronger affinity.
Due to the abundance of thiol groups, some other types of nuclear proteins, e.g.,
zinc-fingers and metallothioneins, may also be expected to bind metals other than
zinc (Nordberg 1998; Kroncke and Klotz 2009; Ngu and Stillman 2009; Chiaverini
and De Ley 2010; Klug 2010). Therefore, it is not surprising that following in vitro
and in vivo exposures of cells metals have been found in cell nuclei as well as at
other cellular sites (Bryan 1981). However, metal distribution between the DNA
and protein moieties in the nuclei of living cells remains largely unknown. The
same is true for mitochondrial DNA. Nevertheless, we may assume that proteins
are important providers of transition metal binding sites in the cell nucleus. And,
most importantly, at least some of those proteins can assist in the generation of reac-
tive intermediates in redox reactions of the bound metal with cellular oxidants and
reducing (anti-oxidant) molecules. The damage resulting from metal binding and
redox reactions, especially that affecting DNA repair and gene expression regulat-
ing proteins, may be involved in carcinogenesis through epigenetic mechanisms.
Thus, in addition to having the capacity to initiate carcinogenesis through genotoxic
insults on DNA, the metals also can promote and assist in progression of carcino-
genesis through epigenetic toxicity.

In this chapter, we will consider mostly the effects related to the generation
of reactive intermediates by the ingested metal derivatives (both, particulate and
soluble metal compounds) and their possible mechanistic involvement in carci-
nogenesis. Less attention will be devoted to strictly conformational effects of
metal binding on the function of their bioligands unless that function is critical
to the fidelity of gene replication and expression (e.g., DNA repair and signaling
molecules).
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Basic Redox Biochemistry of Carcinogenic Metals

In the cellular/tissue environment, the ingested metal derivatives are likely to react
with ambient oxygen (O,) and the metabolic intermediates, superoxide (O,™*) and
hydrogen peroxide (H,0,), present in cell nucleus and cytoplasm (Kukietka and Ce-
derbaum 1990). The major chemical mechanisms involve the Fenton/Haber—Weiss
reactions and autoxidation:

M™ + H,0, — M®*D* 1 OH™ + *OH (Fenton reaction) (11.1)

The metal cation, just oxidized, may be turned back to reaction 11.1 by reduction
with O,~*:
2

M(n+l)+ + Oz—o — Mn+ + 02 (112)

The balance of these two reactions is:

H,0, + 0,7°* — O, + OH™ + *OH (Haber —Weiss reaction) (11.3)

Thus, the two oxidation states of a metal cation (M™" and M®*D*) constitute a cata-
lytic electron transfer (redox) couple. In the absence of chelators, the Fenton reac-
tion is driven by Cu(I), Fe(II), Co(II), Ti(III), and Cr(V) ions. Besides metabolism,
the substrates for the Fenton/Haber—Weiss chemistry may also be generated through
autoxidation of metal ions:

M + 0, — MO+ L 0, (11.4)

Mn+ + 0270 + 2H+ — M(n+l)+ + H202 (115)

The yield of O,* and/or H,O, in reactions 11.4 and 11.5 depends on pH and the
presence or absence of ligands (chelators). Equations 11.2 and 11.5 indicate that,
depending on the reaction conditions, O, ® may serve as either reductant or oxidant
of a metal ion. Metal compounds interacting with H,O, produce not only free *OH
radicals but also other strong oxidants, such as singlet oxygen, and metal-centered
-oxo and -peroxo species, all capable of damaging DNA and proteins. The forma-
tion of the latter oxidants “caged” at the metal binding sites provides an explanation
for the often observed site specificity of metal-mediated oxidative damage (Klein
et al. 1991; Standeven and Wetterhahn 1991; Kasprzak 1996; Bal et al. 1997a, b;
Landolph 1999; Kasprzak and Buzard 2000; Sugden and Stearns 2000). The ligand
complexing the metal cation strongly affects the above reactions (Bartosz 1995;
Landolph 1999; Kasprzak and Buzard 2000). It may either enhance or inhibit them.
For example, autoxidation of Fe(Il) is enhanced by EDTA and nitrilotriacetic acid
(NTA) (Hamazaki et al. 1989), but inhibited by o-phenanthroline and deferoxamine
(Loeb et al. 1988; Nassi-Calo et al. 1989). NTA enables Fe(IlI) to react with H,0,
and generate *OH (Inoue and Kawanishi 1987). Deferoxamine inhibits free radical
generation by Cr(V) (Shi et al. 1992). At physiological pH range, Ni(Il) aquo-cation
reacts with H,O, only very slowly (Sigel 1974). However, its reactivity toward



240 K. S. Kasprzak

H,0, and O, may be greatly accelerated by specific bioligands (see below). Like-
wise, Co(II) aqua-cation, stable under air, becomes sensitive to oxidation with O, in
the presence of organic ligands. The same ligand may enhance redox activity of one
metal but suppress that of another metal (Fig. 11.2). Chelator may participate in the
redox reaction and become itself a source of radical intermediates (Kasprzak 1996;
Landolph 1999; Kasprzak and Buzard 2000).

Redox chemistry may also be involved in the mechanisms of oxidative damage
inflicted by particulate metal carcinogens composed of metal sulfides, pure met-
als, metal alloys and sinters (Kalinich et al. 2005), and asbestos (Kasprzak 1996;
Landolph 1999; Xu et al. 1999; Kasprzak and Buzard 2000). The sulfides usually
display higher carcinogenic activity than other derivatives of the same metals. One
possible reason for this is the potential of both the metal and the sulfur moieties to
undergo oxidation and thus activate O, or other oxygen species. In aqueous media
the reactions are as follows:

2Ni3Ss + 05 + 2H,0 — 4NiS -+ 2Ni(OH), (11.6)

4NiS + 80, — 4NiSO4 (11.7)

Reactions 11.6 and 11.7 show only the end products, which had been first identified
in test tube experiments (Kasprzak and Sunderman 1977). However, the generation

of reactive intermediates, such as SO%’ and Ni S, in the course of these reactions

was later found in cells exposed to Ni,S, (Oskarsson et al. 1979; Lee et al. 1982)
and in vitro (Shi et al. 1994).

The W—Co hard metal particles release carcinogenic cobalt to the cellular mi-
lieu due to redox reactions driven by the tungsten/cobalt galvanic interaction with
likely participation of and damage to various components of the surrounding bio-
logical “electrolyte” (De Boeck et al. 2003; Lison et al. 1995; Francia et al. 2007).
In addition, particulate metal carcinogens, deposited in animal tissues through in-
halation or ingestion, trigger inflammatory response that results in infiltration of
the affected tissue by macrophages and other phagocytes with all their secretory
and intrinsic oxidants, including H,0O, and hypochlorous acid, both known to yield
*OH in the presence of certain transition metal ions (Klein et al. 1991; Kasprzak
1996; Kasprzak and Buzard 2000). Macrophages also release nitric oxide, NO, a
multifunctional signaling radical species that readily interacts with thiol groups in
proteins to form S-nitrosothiols. NO, reacting with O,™®, forms peroxynitrite. Tran-
sition metals rapidly decompose S-nitrosothiols to NO and disulfides (thus caus-
ing thiol oxidation) that may dysregulate the signaling functions of NO. They also
decompose peroxynitrite and promote protein nitration (reviewed in Buzard and
Kasprzak 2000; Petit et al. 2006).

Transition metals have been found in numerous experiments to promote lipid
peroxidation in living cells. The metals are capable of doing this through initiation
(e.g., by generation of *OH from metabolic H,0,) and/or extension of the peroxi-
dation process caused by other factors, e.g., lipoxygenase. In the latter case, metal
ions would react with naturally produced lipid peroxides to generate alkoxy- and
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peroxy-radicals and other reactive products. Overall, the chemistry underlying the
complex processes of lipid peroxidation in the presence of metals encompasses
the formation of highly reactive radical intermediates and end products such as
hydroxyaldehydes and aldehydes, malondialdehyde and 4-hydroxynonenal being
the best known of them (Sunderman 1986; Bartosz 1995). They are capable of
producing promutagenic DNA adducts (Nair et al. 1999). Enhancement of lipid
peroxidation was observed in cultured cells and experimental animals exposed to
Cd(I), Co(Il), Hg(II), Ni(Il), Pb(II), Sn(Il), V(V) (Sunderman 1986; Kasprzak
1996; Landolph 1999; Kasprzak and Buzard 2000) and Fe(III) (Hartwig et al. 1993)
compounds.

Since nickel and chromium are the two most potent carcinogenic metals, their
redox biochemistry is worthy of a few more words (Lancaster 1988; Klein et al.
1991; Standeven and Wetterhahn 1991; Kasprzak 1996; Landolph 1999; Sugden
and Stearns 2000; Salnikow and Zhitkovich 2008; Beyersmann and Hartwig 2008).
At physiological pH range, redox effects of nickel depend on its ability to form the
Ni(IT)/Ni(IIT) redox couple. This, however, is possible only when Ni(II) is chelated
by certain peptides and proteins in a square-planar arrangement; octahedral Ni(II)
complexes are devoid of redox activity (Bal et al. 2000a). These complexes reacting
with O, or H,0, generate not only *OH (or an oxo-cation NiO**), but also other ox-
ygen-, carbon-, and sulfur-centered radicals originating from the ligands (Kasprzak
1996, 2002; Landolph 1999; Kasprzak and Buzard 2000). Redox biochemistry of
chromium is richer. This metal is much more toxic and carcinogenic when admin-
istered as Cr(VI) (chromate or dichromate) than as Cr(III) that reflects a substantial
difference in their cellular uptake. The MIC50 values show that Cr(VI) is about
15-times more toxic than Cr(IIl) at least in S. pombe (see Chap. 8). Intracellular
Cr(V]) is reduced by ascorbate, GSH, GSH reductase, carbohydrates, and other
reductants (e.g., cysteine) to Cr(V), Cr(IV), and ultimately Cr(III). The reactive in-
termediates of the Cr(VI) reduction include singlet oxygen, *OH, and oxygen- and
sulfur-centered radicals. Hence, the ability of Cr(VI) to oxidatively damage DNA
and proteins depends on its gradual reduction coupled with generation of reactive
oxygen and other radical species (Wetterhahn et al. 1989; Shi et al. 1993; Salnikow
and Zhitkovich 2008).

The metal-driven redox reactions may exhaust cellular antioxidant defense sys-
tems. This, in concert with metal-induced inhibition of major antioxidant enzymes,
catalase, superoxide dismutase, GSH peroxidase and thioredoxins, will increase the
level of endogenous metabolic DNA oxidants (reviewed in Kasprzak 1996; Myers
et al. 2008). Deprivation of cells of one such antioxidant, ascorbate, is particu-
larly dangerous because it impairs the activity of some of the DNA repair enzymes,
alkyl-DNA dioxygenases (e.g., human ABH2 and ABH3) (Sedgwick 2004), gene
expression-regulating factor HIF1-a, and histone demethylases (Salnikow and
Kasprzak 2005; Mosammaparast and Shi 2010). The latter effects, in addition to
metal inhibition of other DNA repair enzymes through various mechanisms (re-
viewed in Bal et al. 2010; Beyersmann and Hartwig 2008) may greatly contribute
to the overall level of promutagenic DNA damage and aberrant gene expression
essential for cancer induction and growth.
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The above is a brief summary of what the metals can do. However, what they
really do in terms of oxidative damage in cultured cells and multicellular organ-
isms, and how that damage relates to cell transformation and cancer is presented
and discussed below.

Oxidative DNA Damage

DNA Base Damage

The nature of products of metal-mediated oxidation of DNA bases clearly indi-
cates the involvement of the *OH radical, either free or metal-centered, in the reac-
tion mechanism. Relevant DNA base products are depicted in Fig. 11.1. Many of
them have been found in chromatin of cultured cells exposed to H,O, plus Co(Il),
Cu(II), Ni(Il), or Fe(Ill) (Nackerdien et al. 1991; Dizdaroglu et al. 1991). Ni(II)
also generated these products under ambient O,, but only in chromatin, not in pure
DNA, indicating possible facilitation of nickel redox activity by chromatin proteins.
Chapter 7 describes the effect of Ni(Il) on large-scale chromatin structures and
survival of K562 cells. Subsequently, amino acid binding domains for Ni(II) and
Cu(II) were identified in core histones H3, H2A, and H4 and in human protamine
P2. Metal complexes with peptides modeling some of these domains did, in fact,
promote DNA base oxidation in test tube experiments (Bal et al. 1997a, b, 2010;
Zoroddu et al. 2000). Oxidative base damage formation was found in pure DNA
exposed to Cr(VI) plus H,0,, GSH, and GSH reductase (Klein et al. 1991; Stand-
even and Wetterhahn 1991; Kasprzak 1996; Bal et al. 1997a, b; Landolph 1999;
Kasprzak and Buzard 2000; Sugden and Stearns 2000), Fe(II) or Fe(III) plus H,0,,
O,*, and to neutrophils (reviewed in Kasprzak 1996; Landolph 1999; Kasprzak
and Buzard 2000). Some types of iron-rich asbestos mediated oxidative DNA base
damage proportionally to their iron contents (Xu et al. 1999; Aust and Eveleigh
1999). Very importantly, following in vivo exposure to Ni(Il) and Co(Il), elevated
amounts of at least one damaged DNA base were found in organs of F344 rats and
BALB/c mice (Kasprzak et al. 1991, 1992, 1994b; Misra et al. 1993). Oxidative
DNA base damage was detected in animals treated with Co(II), Fe(IlI), Cd(II), or
As(IlT) (Umemura et al. 1990, 1991; Kasprzak et al. 1994, 1996; Bialkowski et al.
1999; Kinoshita et al. 2007). It was also detected in humans exposed to cadmium
and arsenic (Engstrom et al. 2010).

Oxidative damage may also be inflicted upon the free nucleotide pool. Here,
the damaged nucleobases have the potential of causing mutations through mispair-
ing during DNA and RNA synthesis. To prevent such mutations from occurring,
cells have been equipped with specific “sanitizing” enzymes, such as bacterial
MutT and mammalian MTH1, which specifically hydrolyze oxidatively damaged
nucleoside triphosphates, 8-0xo-dGTP, 8-oxo-dATP, 2-OH-dATP, 8-oxo-GTP, and
2-OH-ATP (Nakabeppu 2001; Fujikawa et al. 2001; Nakamura et al. 2010). The
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high hydrolytic activity of these enzymes toward damaged RNA substrates raises
an intriguing question about possible significance of oxidative RNA damage to cell
transformation. The mechanisms of oxidative damage to RNA, and the associated
pathogenic consequences of this damage have been reviewed recently by Kong and
Lin (2010).

Cross-Linking

DNA-protein and DNA—amino acid cross-linking is the most common effect of
toxic metals exposure on chromatin. It results in the formation of “bulky DNA ad-
ducts”. This effect was observed in both in vitro and in vivo experiments (Chang
et al. 1993; Randerath et al. 1996; Salnikow and Zhitkovich 2008). Metals can
generate the cross-links by forming mixed DNA/protein ligand complexes, or by
inducing the formation of strong covalent bonds directly between DNA and the
proteins as a result of free radical attack on chromatin. Cross-links of the first type
may be broken by external chelators or increased ionic strength, whereas those of
the second type do not break under these conditions (Singh et al. 1998). The forma-
tion of strong covalent DNA—protein cross-links was observed in isolated nuclear
chromatin exposed to Fe(II) in the presence of H,O, and EDTA. Tetraglycine facili-
tated DNA-protein cross-linking by Ni(II) under ambient O, in isolated calf thy-
mus nucleohistone; protein-protein cross-linking among histones was also observed
(Kasprzak and Bare 1989). In cells treated with Cr(VI), besides DNA—protein
cross-links, DNA adducts with GSH and cysteine were also identified (Wetterhahn
et al. 1989; Borges and Wetterhahn 1989). Increased levels of DNA—protein cross-
linking in lymphocytes have been proposed as a potential biomarker of genotoxic
effects of several metals. DNA—protein cross-links were generated by Pt(I), Cu(Il),
Cr(VI), and As(IlI), but not by Mn(VII), Hg(Il), Pb(1l), Cd(1l), AI(1II), or Mg(II)
(Chvalova et al. 2007; reviewed in Landolph 1999; Kasprzak 1996, 2002; Kasprzak
and Buzard 2000).

In view of the fact that transition metals promote lipid peroxidation it may be
expected that the abundant lipid peroxidation product 4-hydroxynonenal, known to
avidly form promutagenic DNA adducts (Nair et al. 1999; Fernandes et al. 2003;
Feng et al. 2003; West and Marnett 2005), should be yet another substrate for
cross-linking mediation by the metals. The formation of 4-hydroxynonenal-DNA
adducts was, indeed, observed in livers of dietary iron-overloaded rats; but pos-
sible role of these adducts in hepatic tumors causation was not studied (Asare et al.
2009).

Relatively little is known about site specificity of the covalent cross-links induc-
tion by particular metals. In nucleohistone, *OH generated by ionizing radiation
induced the formation of covalent bonds between DNA pyrimidines and tyrosine,
glycine, alanine, valine, leucine, isoleucine, threonine, and lysine residues (Dizda-
roglu 1994). The metal-generated *OH would be expected to be more site specif-
ic. However, in chromatin treated in vitro with H,0, in the presence of Fe(Ill) or
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Cu(II), the formation of covalent cross-links was detected only between thymine
and tyrosine (Dizdaroglu 1992) despite dissimilar coordination chemistries of these
metal ions. This may indicate that the accessibility of metal binding sites in chroma-
tin is limited to a few chromatin sites that are able to accommodate different metal
ions (Rodriguez et al. 1997).

Free radicals also have been known to generate intra- and inter-strand cross-
linking between DNA bases, but the influence of metals on these types of cross-
linking requires further exploration. Current evidence of such influence is sparse
and mostly indirect. For example, formation of cross-links between two cytosines
or two thymines in the same strand, typical of DNA damage caused by free radicals
generated by y- and UV-radiation, results in tandem dinucleotides CC —TT transi-
tion mutations; and these were observed in isolated DNA exposed to Fe(III), Ni(Il),
or Cu(Il) plus oxidant (Tkeshelashvili et al. 1993).

The formation of cross-links in chromatin manifests itself in morphologic ab-
errations of chromosomes. Such aberrations were observed in lymphocytes of
workers exposed to nickel and chromium compounds (reviewed in Kasprzak 1996,
2002; Landolph 1999; Kasprzak and Buzard 2000). In cultured Chinese hamster
ovary cells, chromosomal alterations caused by Ni(Il) were predominantly local-
ized in the protein-rich, heterochromatic region of the X chromosome (Huang et al.
1995).

Strand Scission

DNA strand scission was found in organs of experimental animals administered
with Cd(IT) and Ni(I) (Saplakoglu et al. 1997; Valverde et al. 2000). Likewise,
cells cultured with Cd(IT), Ni(IT), or Fe(IIT)-NTA complex, had their nuclear DNA
fragmented to a significant extent (Cai and Zhuang 1999; Robbiano et al. 2006;
Kndbel et al. 2007). In test tube experiments, single-strand breaks were produced
in DNA by Cr(V]) in the presence of H,0, or GSH plus ambient O,, and by Cu(II)
and Ni(II) plus H,0, (reviewed in Kasprzak 1996, 2002). The frequency of DNA
single strand breaks was enhanced for Ni(II), but inhibited for Cu(Il), by a pen-
tadecapeptide containing the N-terminal metal binding motif of human protamine
P2 (Bal et al. 1997b; Liang et al. 1999). Thus, the same peptidic ligand may exert
opposite effect on the capability of different metals to mediate DNA strand scission
(Fig. 11.2). This difference might be due to dissimilar rearrangement of the peptide
conformation by each metal and the resulting different spatial interaction of the
complexes with DNA (Bal et al. 1997a; Liang et al. 1999). Interestingly, for the
Cu(II) plus H,O, mixture, addition of the protamine P2-derived peptide HP2, |, that
fully prevented strand scission did not abolish base oxidation in the same sample of
DNA (Fig. 11.3) (Liang et al. 1999). Also, both metals directed oxidative damage
toward the ligand itself (Fig. 11.4a). In pure DNA, Kawanishi et al. (1989) have
found that Ni(II) promotes in vitro DNA cleavage by H,0, in a site-specific way
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Fig. 11.2 Strand scission in covalently closed circular (CCC) pUC19 supercoiled plasmid DNA
exposed for 16 h at 37°C, pH 7.4, to 1 mM H,0, in the presence of equimolar concentrations
of HP2, |, peptide (8 uM) and Ni(II), or Cu(II) at combinations given on top of this figure. M,
molecular weight markers; C1, pUCI19 alone; C2, pUC19 linearized with Ps¢1 restriction enzyme;
RIx., Lin., and CCC, relaxed, linearized, and circular forms of pUC19, respectively. The differ-
ences between lines 6 and 11 are indicative of HP2, |.-induced enhancement of DNA strand scis-
sion (CCC disappearance) by Ni(II)+H,0,, while the differences between lines 7 and 12 indicate
protective effect of HP2, _,; against Cu(Il) +H,0,-caused complete DNA degradation (disappear-
ance of all fractions). (Liang et al. 1999)

characteristic for action of a reactive nickel-oxygen complex rather than free *OH
or singlet oxygen.

The site-specific character of metal-mediated DNA cleavage is even better pro-
nounced for chromium. As also shown in a pioneering study by Kawanishi’s group
(Kawanishi et al. 1986), DNA fragments exposed to Cr(VI) and H,O, were cleaved
predominantly at the guanine sites. DNA cleavage mediation by O, and H,0O, in
the presence of Ni(Il), Cu(Il), and Fe(III) complexes and ligand effects on the se-
lectivity of that cleavage, was studied in detail by several laboratories (reviewed in
Kasprzak 1996, 2002; Landolph 1999; Kasprzak and Buzard 2000).

Depurination

The spectrum of DNA damage by carcinogenic transition metals also includes
depurination. For example, Cr(VI) and Cu(Il) were found to release guanine and
adenine, respectively, and Ni(II) appeared to release adenine from the DNA mol-
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Fig. 11.4 a Relative changes in the histidine and tyrosine residues in 0.1 mM HP2, ,, peptide
incubated with equimolar concentrations of Ni(II) or Cu(Il) and 1 mM H, 0O, for 16 h at 37°C, pH
7.4, at combinations given under the bars (Bal et al. 1997b). b A structural family of the Ni(II)
HP2, | complex showing structuring effect on the linear peptide of Ni(II) cation coordinated by
the N-terminal RTH-sequence (the imidazole-containing ring around Ni(II)) and interacting with
tyrosine-8 fenol group (Bal et al. 2000b). The close proximity of this group to Ni(II) may explain
relatively strong oxidation of tyrosine-8. The remaining amino acid residues in HP2, |, were not
detectably affected except for arginine whose contents decreased by approximately 20% (Bal et al.
1997b). (Figure 11.4b has been reprinted with permission from Bal et al. 2000b, Copyright 2000,
American Chemical Society)

ecule. The underlying mechanisms are thought to involve amino—imino tautomeric
transitions and active oxygen attack (Bregadze et al. 2008). The depurination occurs
concurrently with DNA strand scission and both effects can result from *OH insult
on the DNA sugar moiety. Oxidatively modified sugars (reviewed in Dizdaroglu
et al. 2002; Evans et al. 2004) constitute alkali-labile sites that have been frequent-
ly found in DNA isolated from metal-treated cells (Dizdaroglu 1994; reviewed in
Kasprzak 1996, 2002; Landolph 1999; Kasprzak and Buzard 2000).
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Oxidative Protein Damage

Oxidation of amino acids, peptides, and proteins as well as the involvement of
transition metals in this process have been reviewed before (Requena et al. 2001a;
Stadtman and Berlett 1991, 1997; Stadtman 1993). Along with the other types of
oxidative damage, protein oxidation is believed to be mechanistically involved in
a wide spectrum of pathologies, including cancer (Stadtman and Berlett 1997; Re-
quena et al. 2001a, b). However its role in metal-induced carcinogenesis has not
been studied in all necessary detail. The major targets for metal-promoted oxida-
tion are the side chains of cysteine, histidine, arginine, lysine, and proline residues.
The sulthydryls are commonly oxidized to disulfides, but they may be turned into
sulfino-, sulfeno-, and sulfono-derivatives, too. The latter is also true for the me-
thionine residue. The histidine imidazole may be oxidized to yield aspartic acid,
asparagine, or 2-OH-histidine. Arginine is oxidized to y-glutamate-semialdehyde;
lysine, to 2-amino-adipic-semialdehyde; and proline is turned into glutamic acid,
pyroglutamic acid, y-aminobutyric acid, and y-glutamic-semialdehyde (Stadtman
1993). y-Glutamic and aminoadipic semialdehydes are the main carbonyl products
of metal-catalyzed oxidation of proteins (Requena et al. 2001a). Deamidation of glu-
tamine and oxidation of methionine residues, both effects known to be produced by
oxygen radicals and nitric oxide (Ingrosso et al. 2002; Kong et al. 2006), were found
in histone H2B isolated from Ni(II)-exposed cultured cells (Karaczyn et al. 2005).

The formation of radical intermediates in the oxidation processes of proteins
results in protein fragmentation and intra- and inter-protein cross-linking. The pro-
tein-derived radicals may become cross-linked with DNA, as well (see above). The
site-specificity of metal-mediated protein damage depends on the coordination of
transition metal ions by proteins and peptides predominantly through the sulfhy-
dryl, imidazole, and the deprotonated peptide bond and side chain nitrogens, fol-
lowed by generation of metal-associated oxidizing species at these particular sites.
Therefore, tyrosine, methionine, tryptophan, and phenylalanine, which do not bind
metal cations under physiological conditions, seem to be less likely targets of metal-
catalyzed oxidation (Stadtman 1993). They may, nonetheless, be damaged if they
are located close to the metal binding site, either in the amino acid backbone or due
to specific folding of the protein molecule. For example, when bound to a 15-mer
peptide HP2, |, modeling the N-terminal sequence of human protamine P2 (Bal
et al. 1997a), Ni(Il) and Cu(II) catalyze oxidation by H,O, of not only arginine-1
and histidine-3, which bind the metals directly, but also of tyrosine-8 located away
from the metal-binding site (Fig. 11.4a). The reason for this was found in another
study (Bal et al. 2000b) in which the solution structure of the Ni(I)-HP2 . re-
vealed a strong structuring effect of the metal on this peptide. This effect brought
tyrosine-8 close to the metal center, and also positioned the positive arginine side
chains on one side of the molecule (Fig 11.4b). Thus, by imposing conformational
changes on its ligand, the bound metal directed oxidative damage to a particular
residue (tyrosine-8), and also modulated the structure (and possibly function, e.g.,
DNA binding) of the ligand (Bal et al. 1997a, b, 2000b; Kasprzak 2002).
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Because of different affinities of metal cations for various side-chain donors in
proteins and different coordination modes of the resulting complexes, the extent
and character of the damage may strongly depend on the metal. This was observed
for Fe(Il)- and Cu(Il)-mediated oxidation of collagen by H,0, (Hawkins and Da-
vies 1997). The coordination mode was also the most likely cause of a profound
difference in redox activity between two Ni(Il) complexes originating from the 34-
mer long C-terminal “tail” of histone H2A (H2A,,). Ni(Il) is coordinated by H2A,,
through its ending -TESHHKAKGK amino acid sequence to form a redox-inactive
octahedral complex (Bal et al. 1998). However, the binding causes hydrolysis of
the ES peptide bond with liberation of the -SHHKAKGK peptide to which Ni(II)
remains bound through the —-SHH motif, yielding a redox-active square planar com-
plex. Its reaction with H,O, results in degradation of the serine and histidne residues
(Bal etal. 2000a). It is noteworthy that the original -TESHHKAKGK sequence also
coordinates Cu(II), though to different donor atoms than Ni(Il), and forms a redox
active copper complex (Mylonas et al. 2001).

In addition to mediation of oxidative damage to their protein ligands, the protein-
bound metals may also promote oxidation of neighboring macromolecules (col-
lateral damage). Relevant examples would include assistance in lipoprotein oxida-
tion by ceruloplasmin-bound copper and promotion of DNA damage by copper/
zinc superoxide dismutase and by nickel bound to isolated chromatin, nucleohis-
tone, or to protamine- and histone-modeling peptides (Kasprzak 1996; Bal et al.
1997b; Liang et al. 1999; Landolph 1999; Kasprzak and Buzard 2000). And finally,
through the assistance in lipid peroxidation, carcinogenic metals may indirectly en-
hance the generation of protein adducts of malondialdehyde, 4-oxononenal, and
4-hydroxynonenal that are believed to contribute mechanistically to the progress of
many pathologic processes, including carcinogenesis (Jacobs and Marnett 2010).

Discussion

The results of numerous investigations suggest that the carcinogenic transition met-
als can be bound chemically by cellular components, including DNA, histones, prot-
amines, and other proteins. The binding leads to structural and functional damage
to these components. The damage may be direct owing to conformational changes
imposed by the metal ion on its binding (coordinating) molecule, and/or indirect,
caused by redox activity of the bound metal. In the latter case, the metal inflicts the
damage through oxygen radicals and other reactive intermediates arising from its
reactions with O,, O,™*, H,0,, lipid peroxides, and/or other endogenous oxidants.
The spatial range of oxidative damage may be focal or very broad, depending on
the nature of the generated reactive species, and involve not only the metal-binding
ligand but also neighboring molecules, e.g., DNA in chromatin. Proteins seem to be
the primary sites for metal binding. They may either facilitate (promote) or inhibit
redox activity of the metal, depending on the chemistry of a particular metal and
structures of the resulting complexes.
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The evidence for mechanistic involvement of oxidative damage in metal-induced
carcinogenesis is particularly sound for two essential (but toxic when overdosed) met-
als, iron and copper, and three well-established human carcinogenic metals, nickel,
chromium, and cadmium. Because of its relative abundance and thus high capacity
to activate oxygen, iron displaced from a natural carrier (which controls its redox
activity), e.g., by a competing transition metal or damaging insult on that carrier, has
been considered as the ultimate carcinogen (Kon 1978; Toyokuni 2009). For copper,
the mutant cinnamon (LEC) rat model looks like the best example of how efficiently
a persistent oxidative stress due to metal accumulation in the liver leads to hepatitis
and hepatic cancer (Marquez et al. 2007, Marquez-Quifiones et al. 2010). However,
besides that of copper, mechanistic involvement of iron in the LEC rat carcinogenesis
model has been postulated (Ma et al. 1997). Iron was also found to accelerate nickel-
induced carcinogenesis in the rat kidney (Kasprzak et al. 1994). In the latter study,
codon 12 of the K-ras oncogene in renal tumors contained the G to T transversion mu-
tation typical for oxidation of the guanine residues in DNA (Higinbotham et al. 1992).

Experimental data indicate that physiologically non-redox active carcinogenic
metals, cadmium and lead, promote oxidative damage, too. Such metals are likely
to inflict the damage indirectly; for example, by triggering and promoting inflam-
mation and lipid peroxidation, interfering with calcium, copper, and iron metabo-
lism, or by inhibiting antioxidant defenses and DNA repair systems (Hartwig 1994,
1995; Valverde et al. 2001). Similar mechanisms may also be involved in arsenic-
mediated oxidative damage and carcinogenesis (Kitchin and Conolly 2010).

The strongest association of oxidative damage with carcinogenesis comes from
the promutagenic nature of many DNA base products and adducts resulting from
the attack on DNA of active oxygen species and other reactive intermediates, e.g.,
malondialdehyde and 4-hydroxynonenal, generated in the presence of a transition
metal (Kasprzak 1996; Valko et al. 2006; Marquez et al. 2007; Marquez-Quifiones
et al. 2010). The mutations may occur during DNA replication and repair, as well
as during transcription of genes on damaged DNA template (Hailer-Morrison et al.
2003). Also, the presence of the damaged guanine in DNA affects orderly meth-
ylation of the cytosine residues, thus affecting gene expression (Guz et al. 2008).
Metal-induced DNA strand scission and depurination are mutagenic, too (Chiocca
et al. 1991; Kanazawa et al. 2000; Bregadze et al. 2008; Brink et al. 2009).

Very importantly, certain carcinogenic metals (e.g., cadmium, lead, nickel) and
arsenic inhibit DNA repair systems even at doses that are too low to induce detect-
able DNA lesions (Hartwig 1995). The metals may inhibit the activity of the ascor-
bate-dependent DNA dealkylating enzymes ABH2 and ABH3 (Sedgwick 2004) and
the nucleotide pool sanitizing enzyme MTH1 (an analog of bacterial MutT) (Porter
et al. 1997; Bialkowski and Kasprzak 1998; Bialkowski et al. 1999; Kasprzak et al.
2001). This inhibition will further increase the frequency of errors (mutations) dur-
ing both DNA replication and repair processes. Carcinogenic metals are thus capa-
ble of augmenting promutagenic DNA lesions induced by themselves and/or other
insults, e.g., by DNA methylating (alkylating) agents (reviewed in Beyersmann and
Hartwig 2008; Bal et al. 2010). Altogether, the emergence of these lesions in DNA
may be considered as a tumor-initiating event.
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Reactive oxygen species serve as physiological signal transduction messengers
in controlling expression of genes, including oncogenes, tumor suppressor genes,
and many others (reviewed in Kasprzak and Buzard 2000; Buzard and Kasprzak
2000; Salnikow and Costa 2000). It seems likely, therefore, that the redox reactions
driven by adventitious cellular metals disturb the timely and orderly generation of
these messengers and affect the oxidation status of redox-dependent regulatory pro-
teins, such as NF-xB, AP-1, p53, K-ras, Bcl-2, ATF-1, HIF-10, and others. These
effects must be detrimental to proper progression of the cell cycle and/or apoptosis
(Rana 2008). In addition to a direct attack of reactive oxygen on the transcription
factors, proper function of the latter may be disturbed by damage to upstream ef-
fectors. For example, the lipid peroxidation product 4-hydroxynonenal was found
to form a covalent adduct to IkB kinase and thus inhibit activation of the NF-xB
transcription factor (Ji et al. 2001). Metal binding and oxidation damage to regula-
tory proteins not belonging to the redox signaling network may, too, affect their
structures and functions, including gene expression regulation. To this juncture, oxi-
dation of the sulfthydryl groups of zinc fingers, especially those in DNA repair pro-
teins, has been proposed to be a crucial step in carcinogenesis (Witkiewicz-Kucha-
rczyk and Bal 2006). A similar mechanism may be responsible for metal-mediated
inhibition of the tumor suppressor FHIT protein (Kowara et al. 2002, 2004). Also,
the metal-induced oxidative stress leads to the destruction of cellular ascorbate and
in a consequence to inactivation of various cellular ascorbate-dependent dioxygen-
ases. Besides facilitating DNA dealkylation, mentioned above, the dioxygenases
regulate activity of the HIF transcription factor and thus HIF-dependent genes ex-
pression (Salnikow et al. 2004; Salnikow and Kasprzak 2005, 2007; Kaczmarek
et al. 2007), and histone demethylation (Mosammaparast and Shi 2010). All these
kinds of protein damage are believed to promote carcinogenesis through epigenetic
mechanisms. Unfortunately, the wide diversity of the protein oxidation products
and the enormous complexity of the protein- and other molecule-dependent redox
signaling network make it impossible at this moment to understand all aspects of
the mechanistic role of protein damage in the lengthy multi-stage process of tumor
induction and growth.

Conclusion

Reactions of the carcinogenic transition metals with cell components as well as with
molecular oxygen and its metabolic intermediates lead to generation of highly reac-
tive oxidants, which are capable of damaging cellular genetic material and regulato-
ry proteins in a way facilitating the initiation, promotion and progression of cancer.
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Chapter 12
Non-native Proteins as Newly-Identified Targets
of Heavy Metals and Metalloids

Sandeep K. Sharma, Pierre Goloubinoff and Philipp Christen

Abstract Heavy metal ions such as Cd*, Hg?" and Pb*" as well as metalloid
arsenic(IIl) species very efficiently inhibit the refolding of chemically denatured
proteins (IC,, values in nanomolar range). In their presence, the proteins misfold
and aggregate. Denatured proteins appear to be much more susceptible to form
high-affinity pluridentate complexes with heavy metals and metalloids than native
proteins. In a denatured protein, the potential ligands of metal ions, the most impor-
tant ones being cysteine and histidine residues, are more easily accessible for the
toxic agents; moreover, denatured proteins with more flexible and motile backbones
are more likely than folded native proteins to tolerate the formation of pluridentate
protein—metal complexes with their defined geometry. In cells, the interference of
metals with nascent and other non-native forms of proteins might manifest itself
both in a quantitative deficiency of the affected proteins and the formation of pro-
teotoxic aggregates. Possibly, the toxic effects of heavy metals and metalloids arise
not only from their interaction with specific, particularly susceptible native proteins
but also from a general derailing of protein folding. The toxic scope of heavy metals
and metalloids thus could be more pleiotropic and extensive than assumed so far.

Introduction

Certain heavy metal ions and metalloids, e.g. iron, copper, manganese or zinc, act
as cofactors of many proteins, enzymes in particular, and are essential components
of living matter. However, these essential components in overdose as well as xe-
nobiotic, i.e. non-essential, heavy metal ions and metalloids have proven to cause
acute and chronic toxicoses in all forms of life (Hu 2005; Kosnett 2007), including
carcinogenic effects (Waisberg et al. 2003) and prenatal and developmental defects
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(Bolin et al. 2006; Monnet-Tschudi et al. 2006; Wu et al. 2008). Environmental and
occupational exposure of humans, in particular to cadmium, mercury, lead and arse-
nic, may entail severe health hazards. The very existence of this volume on Cellular
effects of heavy metals testifies to the importance of heavy metal toxicity as a topic
in medicine and public health. The interaction of heavy metal ions with living mat-
ter has also been medically exploited: organoarsenicals and mercury compounds
were once used against syphilis and trypanosomiasis; calomel (Hg,Cl,) served as
diuretic, laxative and antiseptic; sublimate (HgCl,) and organic mercury compounds
as antiseptic in the treatment of wounds and as conserving agent in certain vaccines.
While these applications are now considered obsolete, other metal-containing com-
pounds are still in medical use: bismuth subgallate is employed as internal deodor-
ant and in cosmetic formulations, and a platinum complex (cisplatin) serves as a
well established cytostatic agent. Recently, arsenic trioxide has been approved as a
cytostatic against acute promyelocytic leukemia (Wang and Chen 2008).

While the general toxicity of heavy metals and arsenic is undisputed and their
remarkably pleiotropic toxic effects are known in detail, the underlying molecular
mechanisms are mostly unclear. General consensus holds that proteins are the prime
targets of heavy metal ions and arsenicals; only few metals such as chromium, nick-
el and platinum are known to interact directly with DNA. Proteins have as yet been
considered to be affected by metal ions in two different ways: the toxic metal ions
either bind to free thiol and other functional groups of certain native proteins, or re-
place essential metal ions in metal-dependent proteins (Gurd and Wilcox 1956; Val-
lee and Ulmer 1972; Kégi and Hapke 1984; Fratisto da Silva and Williams 1993).
Here, we review a third mode of how heavy metals and metalloids may interact with
and impair cellular proteins. Folding proteins have proven much more susceptible
to heavy metal ions and arsenicals than proteins that have reached their native state
(Sharma et al. 2008; Ramadan et al. 2009). Heavy metal ions (at nanomolar con-
centration) and arsenic(IIl) compounds (at micromolar concentrations) have been
found to inhibit the refolding of chemically denatured proteins. Conceivably, na-
scent proteins and other forms of non-native proteins in cells are affected by heavy
metals and metalloids in the same way.

Principles of Protein Folding

The amino acid sequence of a protein determines its unique three-dimensional
structure, which corresponds to the energetically most favorable spatial arrange-
ment of the polypeptide chain (Anfinsen 1973). The refolding of chemically dena-
tured proteins is initiated by abolishing the denaturing conditions, e.g. by dilution
of the denaturing agent; thus, the total polypeptide chain simultaneously takes part
in the refolding process. The intracellular folding of nascent proteins, however,
appears to be co-translational, i.e. to start already in the first synthesized, amino-
terminal segment before the synthesis of the polypeptide chain has been com-
pleted. Moreover, because of molecular crowding, the folding of many proteins
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in cells is assisted by molecular chaperones, specialized proteins that improve
the yield of folding and, in many cases, driven by ATP hydrolysis, rescue pro-
teins, which are misfolded because of heat and other types of cellular stress. All
major classes of molecular chaperones comprise heat-inducible members, their
expression being markedly enhanced at elevated temperature and other conditions
of cellular stress (for reviews, see Georgopoulos and Welch 1993; Sharma et al.
2009). Despite the apparently more complex mechanisms of intracellular protein
folding as compared to in vitro protein folding, the general principle that a folding
polypeptide chain spontaneously seeks to attain the conformation of lowest free
energy still holds true.

Interaction of Heavy Metals with Functional Groups
of Proteins

Heavy metal ions form monodentate and pluridentate complexes with S, N, O at-
oms in proteins. The most important ligands are the thiol groups of cysteine residues
and the imidazole groups of histidine residues because they produce the most stable
complexes (Table 12.1). The values of the dissociation equilibrium constants K’;
given in Table 12.1 are those for monodentate complexes; pluridentate (multiden-
tate) complexes, in which the metal ion coordinates with more than one ligand in
the same protein, are much more stable, their K’, values roughly equating to the
product of the K’ values of the monodentate complexes of the individual ligands.
Metalloproteins form such highly stable pluridentate complexes with their essential
metal ions, most complexes having tetrahedral (with four ligands) or octahedral (six
ligands) geometry (Gurd and Wilcox 1956; Vallee and Ulmer 1972; Kagi and Hapke
1984). Engagement of a folding protein in highly stable pluridentate protein—metal
complexes has recently been found to interfere gravely with the formation of the
native protein structure (Sharma et al. 2008; Ramadan et al. 2009). The reasons for
folding proteins being more susceptible to heavy metals than native proteins seem
obvious: the side chains in unfolded proteins are not only more exposed to the sol-
vent but also more flexible and motile than in native folded proteins and thus more
prone to be incorporated as ligands in pluridentate metal complexes.

Table 12.1 Monodentate complexes of functional groups in proteins with heavy metal ions: dis-
sociation equilibrium constants and pK_ values

K’;atpH 7 Apprf)ximate pK, in
cd2* Hg?* Pb2* proteins

Thiol group 2.5uM 0.063 nM 13 uM 9.4

Imidazole group 2.0 mM 200 uM 6.3 mM 6.5

Carboxyl group 16 mM 2.5 uM 13 mM 4.6

K'; is the apparent dissociation equilibrium constant at pH 7 of the reaction ML = M+L, where
ML is the 1:1 complex of the metal ion M and ligand L (Kégi and Hapke 1984)
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Interference of Heavy Metals with the Refolding
of Chemically Denatured Proteins

Cd?*, Hg?" and Pb*" at nanomolar concentrations have been found to inhibit the
spontaneous refolding of chemically denatured luciferase (Fig. 12.1). The metal
ions affect the refolding of the protein without apparent delay. In contrast, the na-
tive protein is much less affected by the metal ions under the same conditions, being
inactivated only to a limited degree in a slow time-dependent process (Fig. 12.2).

The dose-response curves for refolding inhibition (Fig. 12.3a) reveal IC, values
in the two-digit nanomolar range (Table 12.2), whereas the dose-response curves
for inactivation of native luciferase show less than 50% inhibition even at the high-
est concentration (500 nM) of Cd?>* and Pb*" (Fig. 12.3b).

It is important to note that the concentration of luciferase was 350 nM (20 pg/ml)
in all experiments; at lower concentrations, the reproducibility of the measurements
had proven unsatisfactory. Therefore, the IC,, values had to be determined at metal
ion concentrations considerably lower than the 350 nM concentration of the target
protein and thus cannot serve for quantitatively estimating the stability of the pro-
tein—metal complexes underlying the folding inhibition. The IC, values measured
under these conditions (Table 12.2) perforce underestimate the folding-inhibitory
effect of the metal ions, particularly that of Hg?".

Reduced glutathione and the chelating agent EDTA attenuate the inhibitory ef-
fect of Cd**. However, neither agent rescues protein that has become misfolded in
the presence of cadmium ions (Sharma et al. 2008). The ATP-dependent Hsp70
molecular chaperone system (DnaK/Dnal/GrpE of Escherichia coli) significantly
reduces the refolding inhibitory effect of Cd>" (Table 12.2). The cyclic action of
this chaperone system includes the following steps: ATP-DnaK with fast binding
and release kinetics binds the substrate, i.e. the non-native protein; Dnal stimulates
the hydrolysis of DnaK-bound ATP, thus converting ATP-DnaK to ADP-DnaK with
slow kinetics and high affinity for the substrate (Palleros et al. 1993; Schmid et al.
1994); pulling action of tightly bound DnaK disentangles the misfolded substrate
(De Los Rios et al. 2006; Sharma et al. 2009); GrpE exchanges DnaK-bound ADP
with ATP, thus triggering the release of the substrate or its re-entry into the chaper-
one cycle (Siegenthaler and Christen 2006). Per cycle, one DnaK molecule hydro-
lyzes one ATP molecule, the rate of ATP hydrolysis thus corresponds to the rate of
the chaperone cycle.

Measurement of ATP consumption clearly demonstrates an acceleration of the
chaperone cycle, i.e. an increased engagement of the chaperone system, due to
the metal-induced misfolding of luciferase (Fig. 12.4). The steady-state ATPase
activity of DnaK/DnalJ/GrpE in the absence of denatured luciferase is relatively
slow and not affected by Cd**. Denatured luciferase increases the ATPase activ-
ity through cis-activation of the DnaK-ATPase by Dnal in ternary (ATP-DnaK)-
luciferase-DnaJ complexes (Han and Christen 2003). The additional presence of
Cd?" increases the ATPase activity even more. Apparently, the perturbation of lu-
ciferase refolding by the metal ion almost doubles the chaperone load (Fig. 12.4).
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Fig. 12.1 Inhibition of
luciferase refolding by Cd**,
Hg?" and Pb?". Luciferase
(17.5 uM) was chemically
denatured in 6 M guanidine
hydrochloride, 50 mM Tris
acetate, 5 mM TCEP (Tris[2-
carboxyethyl]phosphine, a
non-thiol reducing agent),
pH 7.5, for 30 min at 25°C.
Spontaneous, unassisted
refolding at 25°C was initi-
ated through 1:50 dilution
(final concentration of lucif-
erase 350 nM) with refolding
buffer (50 mM Tris acetate,
100 mM potassium perchlo-
rate, 15 mM magnesium
acetate, pH 7.5), containing
the indicated concentrations
of Cd*" a, Hg*" b and Pb**

c. Luciferase activity was
measured in samples of the
refolding solution at the
indicated times (for details,
see Sharma et al. 2008).
Error bars represent the
SEM from three independent
experiments
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Fig. 12.2 Effect of metal
ions on the enzymic activity
of native luciferase. The
effect of Cd?*, Hg?* and Pb?*
(100 nM) on the enzymic
activity of native lucifer-

ase (350 nM) was tested

in refolding buffer at 25°C
under the same conditions
as used for the refolding of
chemically denatured lucifer-
ase (Fig. 12.1)

Fig. 12.3 Dose-response
curves of Cd?**, Hg*" and Pb*"
for inhibition of refolding
and inactivation of native
enzyme. a Inhibition of
spontaneous refolding of
luciferase by Cd*, Hg?" and
Pb?*. Chemically dena-
tured luciferase (350 nM)
was refolded at 25°C in

the presence of increasing
concentrations of metal ions.
Luciferase activity was mea-
sured as a function of time,
and the final yield of activity
after 120 min (expressed as
percentage of the yield in
the absence of metal ion)
plotted vs metal concentra-
tion. b Inactivation of native
luciferase by Cd**, Hg?" and
Pb?". Luciferase (350 nM)
was incubated for 120 min
at 25°C with the indicated
concentrations of metal ions.
The residual activity after
120 min is plotted
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Table 12.2 IC, values of Cd*", Hg?" and Pb*" for inhibition of protein refolding

IC,, value (nM) Cysteine residues
cd? Hg?* Pb2* (Number per protomer)
Luciferase 4
spontaneous refolding 6611 4043 63+6
chaperone-assisted refolding 100+5  53+2 140+11
Lactate dehydrogenase 5
spontaneous refolding 68+2 58+6 74£9
Malate dehydrogenase 8
spontaneous refolding 300£45 290+16 520+44
Glucose-6-phosphate dehydrogenase 0
spontaneous refolding 340+£15 230+18 >600

For chaperone-assisted refolding of luciferase, the refolding solution additionally contained
3.5 uM DnaK, 0.7 pM Dnal, 1.4 uM GrpE and 5 mM ATP. The IC, values with SEM were calcu-
lated from three independent experimental data sets

Fig. 12.4 Cd*" increases 0.18
the chaperone load due to 1 KJE
luciferase refolding. The 015 [ZZ3 KJE luciferase
steady-state ATPase activity ’ KJE Cd?*
of the of DnaK/Dnal/GrpE _ KJE Cd?* Luciferase
(KJE) molecular chaperone T 0121
system in the presence of ;‘;
the indicated concentrations < 009t
of Cd** was measured in o
the absence and presence of Ky
350 nM refolding luciferase I:: 0.06 -

0.03

OOO BOC *e®e” el o e’ oo’

0 50 100 200 500

Cd?* concentration (nM)

The increased chaperone load is to be attributed to a higher incidence of misfolded
polypeptide chains. An enhanced expression of cellular heat shock proteins, in
particular of Hsp70, is indeed observed in cells exposed to heavy metal ions (Wag-
ner et al. 1999; Han et al. 2007; Kusakabe et al. 2008; for reviews, see Hall 2002;
Ahsan et al. 2009).

In addition to luciferase, we have tested with three other proteins whether
their refolding was inhibited by metal ions (Table 12.2). Cysteine-containing
lactate dehydrogenase proved as susceptible as cysteine-containing luciferase,
while cysteine-containing malate dehydrogenase and cysteine-less glucose-6-
phosphate dehydrogenase from Leuconostoc mesenteroides were somewhat less
affected.
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Mechanism of Folding Inhibition by Heavy Metal Ions

The efficiency of folding inhibition as expressed by the reciprocal of the IC, val-
ues was Hg?">Cd?*'>Pb?" with all four proteins that have as yet been were tested
(Table 12.2). This order correlates with the relative stability of the monodentate
complexes of these metal ions with thiol, imidazole and carboxylate groups in pro-
teins (Table 12.1). However, the IC,, values of Cd*" and Pb** (very tight binding
Hg?", probably due to gross underestimating of its IC,, value as mentioned above,
is an exception) are much lower than the dissociation equilibrium constants of the
monodentate complexes. We infer from this discrepancy that the refolding-inhibi-
tory protein—metal complexes are pluridentate rather than monodentate complexes,
the metal ions being bound to several appropriately positioned liganding side chains
of the denatured protein molecule. The possibility of metal ions interacting with
two to six ligands and forming pluridentate complexes with their metal-specific
geometry (Gurd and Wilcox 1956; Vallee and Ulmer 1972; Kégi and Hapke 1984;
Frausto da Silva and Williams 1993) is of course much higher in a denatured protein
with its more flexible and motile polypeptide chain. The example of glucose-6-
phosphate dehydrogenase (Table 12.2) shows that such chelate-like structures are
even formed in proteins that are devoid of cysteine residues and apparently form
stable pluridentate complexes exclusively with the more weakly binding imidazole
and carboxylate ligands.

Xenobiotic heavy metals other than cadmium, mercury or lead as well as over-
dosed essential heavy metals are of course also to be expected to perturb protein
folding. Depending on the affected protein and the type of metal ion or metalloid,
differential effects on the kinetics and thermodynamics of the folding trajectory of
the protein will ensue.

Interference of As(III) Species with Oxidative Refolding
of Disulfide Bond-Containing Proteins

Results very similar to those obtained with heavy metal ions have been reported
by Ramadan et al. (2009) with three different arsenic(Ill)compounds, such as
arsenite (arsenous acid, As(OH),) and monomethylarsenous acid (CH,As(OH),)
as inhibitors of oxidative protein refolding. Three different disulfide-bonded ex-
tracellular proteins were tested: lysozyme and ribonuclease A, each with four di-
sulfide bridges, and riboflavin-binding protein with nine disulfide bridges. Low
micromolar concentrations of the arsenicals efficiently inhibited the oxidative
refolding of the chemically denatured proteins. The arsenicals bind rapidly and
tightly to the cysteine residues of the reduced denatured proteins, three and two
thiol groups coordinating with one molecule of arsenite and monomethylarsenous
acid, respectively. Reduced glutathione (5 mM) weakens the inhibitory effect,
which, however, still prevails. The interactions of the arsenic(IIl) compounds
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with the reduced proteins are complex and not amenable to quantitative analysis,
a tentative estimate by the authors of this review suggests IC, values in the one-
digit micromolar range.

In comparison with heavy metal ions, arsenicals thus seem somewhat less ef-
ficient in disturbing protein folding and their mode of inhibition, i.e. preventing
the oxidative formation of structurally indispensable disulfide bonds, is different
from that of heavy metal ions, which form pluridentate complexes comprising also
protein side chains other than thiols. Despite these differences, the consequences
of heavy metal ions and arsenicals interfering with protein refolding are in fact
very similar: in both cases, aggregates of inactive misfolded proteins are produced
with an increased propensity for binding thioflavin-T (Sharma et al. 2008; Ramadan
et al. 2009), indicative of B-structured protein aggregates (LeVine 1999). Similar to
heavy metals, arsenic induces the expression of heat-shock genes (Johnston et al.
1980; Levinson et al. 1980) and causes an accumulation of ubiquitinated cellular
proteins (Kirkpatrick et al. 2003; Stanhill et al. 2000).

Possible Sequels of Protein Folding Inhibition in Cells

The results reviewed here indicate that the toxic scope of heavy metals and metal-
loids like arsenic might be greater than assumed as yet. Both groups of toxic agents
might interact not only with specific native proteins that are particularly susceptible,
but also, at least in principle, with any protein in non-native state. All nascent poly-
peptide chains are at least transitorily potential targets, and any proteins in other
non-native states, e.g. proteins under heat or other cellular stress as well as natively
unfolded (intrinsically unstructured) proteins (for a review, see Fink 2005), might
also be affected. Denatured and other non-native proteins are indeed well known to
be much more susceptible to proteolytic attack and to chemical modification, be-
cause the cleavable bonds and functional groups that are buried in the native protein
become exposed upon denaturation (Means and Feeney 1971).

The susceptibility of proteins to folding inhibition by heavy metal ions or arseni-
cals may be assumed to depend on various structural features: first, on the number
of cysteine and histidine residues and the distribution of such residues along the
polypeptide chain, which determines their accessibility and the steric feasibility of
forming pluridentate complexes; and second, the relative rates of complex forma-
tion and of attaining the native structure of the protein. In the completely folded
protein most potentially liganding groups will be buried; moreover, the formation
of pluridentate complexes with their specific geometry would require at least partial
unfolding of the protein. Importantly, formation of protein—metal complexes, in
contrast to proteolysis or chemical modification, is extremely fast, the rate constants
of divalent metal ions for substitution of inner-sphere water of aquo ions being in
the range of 10’-10° s™' (Fraasto da Silva and Williams 1993). The fast rate of
complex formation may explain that even the folding of a fast-folder protein like
ribonucleaseA is impaired by arsenic(III) species (Ramadan et al. 2009).
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In the case of heavy metal and metalloid poisoning, the derailing of protein fold-
ing in general might not only lead to a loss of function, i.e. to a quantitative shortage
of the affected proteins, but might manifest itself in the formation of toxic protein
aggregates. Under these circumstances, cellular protein homeostasis might become
imbalanced as observed in folding diseases (Chiti and Dobson 2006; Gidalevitz
et al. 2006) and possibly in aging (Cohen et al. 2006).

Conclusions

We have clear-cut experimental evidence that heavy metals and metalloids very ef-
ficiently interfere with in-vitro protein refolding, and there is irrefutable evidence
that these agents are highly toxic to all forms of life. However, there is a missing
link between the in-vitro observation on the molecular level and the vast toxico-
logical data stock. The missing link is experimental evidence that heavy metals
and metalloids interfere with protein folding and induce formation of toxic protein
aggregates not only in vitro but also in cells. There is correlative, but not cogent,
evidence for this cause-and-effect relationship. Cells exposed to heavy metals and
arsenicals invariably respond with an induction of heat shock proteins and an ac-
cumulation of ubiquitinated proteins (Johnston et al. 1980; Levinson et al. 1980;
Wagner et al. 1999; Kirkpatrick et al. 2003; Othumpangat et al. 2005; Stanhill et al.
2006; Han et al. 2007; Kusakabe et al. 2008; for reviews, see Hall 2002; Ahsan et al.
2009).

The biological defense mechanisms against the sequels of heavy metal poisoning
indeed are, in the order of their employment, reduced glutathione, the intracellular
concentration of which being 5 mM or higher (Banhegyi et al. 2007); ubiquitous
metal-binding metallothioneins (Kégi and Schiffer 1988; Klaassen et al. 2009)
and, additionally, in plants the enzymically synthesized phytochelatins (Freisinger
2008); the cellular chaperone network, in particular Hsp70 and Hsp60; and finally
the gated proteases. If all these lines of defense fail, the deposition and compac-
tion by aggresomes in less toxic inclusions, which may be degraded by lysosomal
autophagy, provide a last resort (for reviews, see Hinault et al. 2006; Sharma et al.
2009). The in-vivo Unfolded Protein Response to heavy metal or metalloid poison-
ing might thus relate to the in-vitro observations that the refolding of proteins in the
presence of a heavy metal ion results in an increased chaperone load (Fig. 12.4) and
that folding inhibition by both heavy metals and arsenicals results in an accumula-
tion of thioflavinT-binding aggregates (Sharma et al. 2008; Ramadan et al. 2009).

Future experimental efforts should focus on in-vivo experiments aimed at as-
sessing the extent of the interference of heavy metals and metalloids with intracel-
lular non-native proteins. The perturbation of the folding of cellular proteins in gen-
eral, if existing, could contribute to explaining the pleiotropic, yet metal-specific,
symptomatology of heavy metal poisoning (Waisberg et al. 2003; Hu 2005; Kosnett
2007). This mode of toxic action might not only be important in the pathogenesis
of classic heavy metal poisoning, but also underlie so far unknown or inexplicable
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consequences of exposure of living organisms to heavy metals, including certain
protein folding diseases (Barnham et al. 2004; Chiti and Dobson 2006; Wu et al.
2008), autoimmune responses (Rowley and Monestier 2005), and subtle chronic
impairments of health that are still undefined (Hu 2005; Cohen et al. 2006).
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Chapter 13
Cellular Mechanisms to Respond to Cadmium
Exposure: Ubiquitin Ligases

Karin Flick and Peter Kaiser

Abstract Cadmium is increasingly used in industrial processes and is therefore
becoming a mounting threat to the environment and human health. Ubiquitination
has emerged as an important regulation mechanism in many processes, so it is no
surprise that this protein modification plays a central role in the cellular response
to cadmium exposure. The key enzymes in the process of ubiquitination are the E3
ubiquitin ligases due to their ability to confer substrate specificity. We present an
overview of the roles of three such E3 ubiquitin ligases during cadmium stress in
yeast and human cells. We discuss substrates and regulatory mechanisms of bud-
ding yeast SCFM*3°,_ fission yeast SCF™f, and the mammalian Cul3/Keapl ligase.
The similarities and differences of these ubiquitin ligases that coordinate the cad-
mium stress response in yeast and human will be highlighted to describe the differ-
ent mechanisms for cadmium sensing and detoxification.

Introduction
Ubiquitin System

Posttranslational modification of proteins with ubiquitin regulates many cellular and
developmental processes. Ubiquitin is a small 76 amino acid protein, which is typi-
cally covalently attached to lysine residues or the amino terminus of the substrate
proteins. Proteins may be ubiquitinated on one lysine or on multiple lysines with
one ubiquitin (monoubiquitination), or a chain of ubiquitins (polyubiquitination)
(Ciechanover et al. 2000; Hershko and Ciechanover 1998; Kerscher et al. 2006;
Pickart 2004; Wilkinson 2000). Ubiquitin itself contains 7 lysine residues (K6, K11,
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K27, K29, K33, K48 and K63), these lysines and ubiquitin’s amino terminal ami-
no group can be used to form polyubiquitin chains (Meierhofer et al. 2008; Peng
et al. 2003; Rahighi et al. 2009; Tokunaga et al. 2009). Dependent on which lysine
of ubiquitin is used for chain elongation different types of linked chains can be
formed. The linkage type of the ubiquitin chain is important and can define different
functions of the ubiquitin chain, ranging from proteasome-dependent proteolysis to
modulation of protein function, structure, assembly, and protein localization.
Attachment of ubiquitin to substrates is achieved by the E1-E2-E3 cascade of en-
zymes, which is composed of the E1 or ubiquitin activating enzymes, E2s or ubiq-
uitin conjugating enzymes, and finally the E3 ubiquitin ligases (Fig. 13.1) (Hershko
and Ciechanover 1998). The energy dependent activation of ubiquitin by an E1 is
the first step in this cascade. Next the activated ubiquitin is transferred to the reac-
tive cysteine in an E2. In the last step the ubiquitin is covalently linked to the lysine
of the substrate, this step usually requires an E3 ubiquitin ligase. Ubiquitin ligases
stimulate the catalytic activity of E2 enzymes and confer substrate specificity to
the process, which makes the E3s the central players in the ubiquitination process.
Similar to other posttranslational modifications, ubiquitination is reversible. Deu-

ATP AMP

@ N5 ?_.%_,
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non-proteolytic proteolysis
o ®

. ... ..‘ poly-ubiquitinated
O -
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} 19s
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Fig. 13.1 The ubiquitin-proteasome system. Ubiquitin is activated by the E1 enzyme in an ATP-
requiring reaction, transferred to one of many E2 enzymes, and finally conjugated to substrate
proteins. The E3 ubiquitin ligases serve as substrate specificity factors in this process. Substrates
can be mono, multi, or poly-ubiquitinated. Only poly-ubiquitination signals degradation by the
26S proteasome, which is composed of the 19S and 20S subcomplexes. Ubiquitin receptors are
important for recognition and transfer of proteasome substrates to the 26S proteasome. All types
of ubiquitination can have proteolysis-independent function and directly regulate localization or
activity of proteins
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biquitinating enzymes (DUBs) remove ubiquitin from proteins and disassemble
polyubiquitin chains (Nijman et al. 2005; Wilkinson 2000). DUBs provide an ad-
ditional layer of control to the ubiquitin system and are necessary for maintaining
sufficient pools of free ubiquitin for ubiquitination reactions.

E3 Ubiquitin Ligases

The vital role of E3 ubiquitin ligases in substrate ubiquitination is highlighted by
the diversity of E3s. While there are only 2 Els and 38 E2s encoded in the human
genome, an estimated 600—1000 E3s can be found in the human genome, surpassing
the 518 protein kinase genes (Li et al. 2008).

Two main classes of E3 ubiquitin ligases have been defined based on the distinct
mechanism of how they facilitate transfer of ubiquitin to substrates. HECT (Homol-
ogous to E6AP C-Terminus) -domain E3s play a more active role in the ubiquitin
transfer since the activated ubiquitin is first transferred to a conserved cysteine resi-
due in the HECT-domain before it is attached to the substrate (Kee and Huibregtse
2007). RING (Really Interesting New Gene)/U-box E3 ligases on the other hand
never directly bind the activated ubiquitin but facilitate the direct transfer of ubiqui-
tin to the substrate by allosteric activation of the E2 (Deshaies and Joazeiro 2009).

Cullin-Ring Ligases (CRLs)

A very large group within the RING domain class of E3 ligases are the cullin-
based E3s (Cardozo and Pagano 2004; Petroski and Deshaies 2005). Cullins do not
contain a RING-domain themselves, but bind to a small RING protein (ROC1, 2
(Ring Of Cullins), Hrt1/Rbx1) (Jackson et al. 2000). Cullin-RING ligases (CRLs)
have attracted much attention because of their modular design, the diversity of pro-
cesses they regulate, and their prominent role in cell cycle control. Cullins act as
a scaffolding subunit, which binds directly or indirectly to one of many substrate
specificity subunits. The cullin core thus provides a platform for interaction with an
array of substrate adapters to target a large number of diverse proteins for regulated
ubiquitination.

The SCF-Complex

The archetypical and best characterized E3 ligases belong to the CUL1 containing
SCF (Skp1-Cull-F-box) family of CRL ligases (Cardozo and Pagano 2004; Petroski
and Deshaies 2005; Willems et al. 2004). In SCF-ligases CULI functions as a scaf-
fold to interact with Skp1 and the RING protein Roc1/Rbx1/Hrtl (Fig. 13.2). Skpl
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Fig. 13.2 CUL1 and CUL3 ubiquitin ligases. CUL1 and CUL3 ligases are multisubunit E3s with
similar architecture. The RING-finger subunit (R), known as Roc1/Hrt1/Rbx1, binds and activates
E2 enzymes. The substrate recruiting subunits are the F-box protein in SCF complexes, and BTB
proteins in CUL3-BTB or SCF3 ligases

in turn binds a conserved protein motive, the F-box. This motive is found in many
different proteins that, in addition to the F-box, usually contain protein-protein in-
teraction domains that are crucial for substrate recruitment to SCF ligases.

Cadmium and Ubiquitin Ligases

Cellular Response to Cadmium Exposure

Heavy metals present a major environmental hazard. In many regions heavy metal
exposure is raising due to increased use of heavy metals in various manufactur-
ing processes. This is underscored by a recent recall of children’s jewellery in the
U.S., because of its high cadmium content. In addition heavy metals tend to bioac-
cumulate and thus enter the food chain in concentrated form (Goering et al. 1994).
Despite the importance of heavy metals as environmental toxins, their biological
effects are largely unknown.

When cells are exposed to heavy metals they induce a complex response to pre-
serve cellular and genomic integrity. This response includes, induction of defense
mechanisms to detoxify heavy metals, repair of damaged macromolecules, and if
necessary degradation and replacement of damaged cellular components (Jamieson
1998; Perego and Howell 1997). In addition, the cell division cycle reacts to heavy
metal exposure to prevent propagation of damaged macromolecules such as DNA,
proteins, and lipids. In general, very little is known about how cells detect and signal
heavy metal exposure. Comparatively more is known about the defense mechanisms
cells have developed against heavy metals. Detoxification by chelation to glutathi-
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one and sequestration by metallothioneins through their high cysteine content are
the primary mechanisms (Hamer 1986; Mehra and Winge 1991; Meister and Ander-
son 1983; Perego and Howell 1997; Wu et al. 2004). In both plants and yeasts the
chelated heavy metals are then transported into the vacuole by an energy-dependent
process and stored there (Cobbett 2000; Li et al. 1997). In mammals the heavy metal
cadmium is transported to the kidneys and accumulates there to significant levels
because of its long biological half-life of 10-30 year (Goering et al. 1994; Hengstler
et al. 2003). Liver, lung, pancreas, testis, placenta, and bone show also increased
cadmium concentrations as compared to other tissues (Zalups and Ahmad 2003).
The biological effects of cadmium are perhaps better studied than that of other
heavy metals. High affinity for sulfthydryl groups, competition with Zn (II) in pro-
teins, non-specific interaction with DNA, generation of reactive oxygen species and
depletion of glutathione have been shown to contribute to the toxicity of cadmium
(McMurray and Tainer 2003; Stohs and Bagchi 1995; Zalups and Ahmad 2003).
Recently it has been proposed that the genotoxic effects of cadmium are indirect
(Jin et al. 2003; McMurray and Tainer 2003). Rather than by direct DNA damage,
cadmium was suggested to lead to genome instability by inhibition of the DNA mis-
match repair system through damage of sulthydryl groups containing components
(Jin et al. 2003). The damaging effect of cadmium on sulthydryl groups containing
proteins is also reflected by gene expression profiling experiments and proteome
analyses in response to cadmium exposure (Fauchon et al. 2002; Vido et al. 2001).
These experiments demonstrated up-regulation of proteins involved in the sulfur
amino acid biosynthesis pathway, indicating the need to replace damaged proteins
containing the sulfur amino acids methionine and cysteine. Notably, exposure of
yeast cells to arsenic lead to similar changes in gene expression profiles (Haugen
et al. 2004). Interestingly, similar studies that analyzed the response to hydrogen
peroxide induced oxidative stress showed a small decrease of sulfur amino acid
pathway components demonstrating a striking difference between the cadmium/ar-
senic and the oxidative stress response in this respect (Godon et al. 1998). Cadmium
exposure of yeast also induces expression of several isozymes of the carbohydrate
metabolism such as pyruvate decarboxylase, enolase and aldehyde dehydrogenase
(Fauchon et al. 2002). All the cadmium-induced isozymes showed markedly reduced
sulfur content, that is less methionine and cysteine residues as compared to the en-
zymes expressed under non-stress conditions. The physiological significance of this
‘sulfur sparing response” has not been tested rigorously, but it has been proposed that
it allows cells to devote their sulfur resources to the synthesis of glutathione for cad-
mium detoxification. In addition, the isozyme switch may protect the carbohydrate
metabolism because the sulfur-poor isozymes are predicted to be less cadmium-
sensitive than their sulfur-rich counterparts (Fauchon et al. 2002; Jamieson 2002).
The important role of the ubiquitin proteasome system in the cellular response to
cadmium stress has been recognized a number of years ago and is evident from in-
creased expression of ubiquitin and several E2 enzymes during cadmium exposure,
as well as the cadmium hypersensitivity of E2 and proteasome mutants (Jungmann
et al. 1993). These effects are probably related to the high demand for degradation
of damaged proteins. More recently, a regulatory role of ubiquitination in addition
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to the role for protein quality control during cadmium exposure has been recog-
nized. Here we will discuss three E3 ubiquitin ligases that control and coordinate
the cellular response programs required for protection from cadmium stress; the hu-
man KEAP1/CUL3, fission yeast SCFP!, and budding yeast SCFMe3°, The cellular
cadmium response seems to be conserved among eukaryotes, because like Met30
in budding yeast, the F-box protein Pofl, its fission yeast homolog, is also required
for cadmium defense (Baudouin-Cornu and Labarre 2006; Harrison et al. 2005). In
addition, Keapl the substrate adapter of the SCF-type ubiquitin ligase SCF3Keap!
regulates the response to cadmium and arsenic exposure in mammals (Fig. 13.3)
(He et al. 2006; Stewart et al. 2003). All these SCF-type ubiquitin ligases regulate
activity of a bZIP transcription factor, which in turn initiates a cadmium-specific
transcription program.

Saccharomyces Cerevisiae Transcription Factor Met4

Both isozyme switching and induction of sulfur amino acid synthesis pathway com-
ponents in response to cadmium exposure have been shown to depend primarily on

S. cerevisae S. pombe mammals

Cd/As Cd Cd, As, ox

Ubiquitin ligase SCFMet30 SCFPoft SCF3keapt
bZIP = S e e

transcription
factor Met4 Zip1 Nrf2
GSH GSH GSH
cell cycle cell cycle ?
arrest arrest

Fig. 13.3 Conservation of the cadmium response in budding yeast, fission yeast, and mammals.
Cullin based ubiquitin ligases ubiquitinate and inactivate bZIP transcription factors. Cadmium
stress blocks ubiquitination leading to activation of the transcription factors and induction of a
stress response gene expression program
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the transcription factor Met4 (Fauchon et al. 2002). Microarray analysis demon-
strated that cadmium-dependent induction of over sixty genes was severely affected
in met4A mutants (Fauchon et al. 2002). Consistent with these observations, met4A
mutants are cadmium sensitive (Barbey et al. 2005; Wheeler et al. 2002; Yen et al.
2005). Thus, regulation of Met4 appears to be an important part of the cellular re-
sponse to cadmium and arsenic (Yen et al. 2005).

The transcription factor Met4 is best known for its role in the regulation of genes
involved in the sulfur assimilation pathway (Thomas and Surdin-Kerjan 1997). Sev-
eral other transcription factors participate in this pathway. However, only Met4 has
transactivating activity. Under normal conditions (i.e. enough sulfur amino acids in
the medium) Met4 is in its inactive, ubiquitinated form, but when the intracellular
S-adenosylmethionine (SAM) concentration drops below a certain threshold Met4
gets activated and leads to the transcription of genes involved in methionine syn-
thesis (Thomas and Surdin-Kerjan 1997). SAM is the principal methyl-group donor
in cells and is synthesized from methionine and ATP. Activation of Met4 involves
its deubiquitination by so far unknown ubiquitin hydrolase(s). As soon as adequate
SAM levels are restored Met4 is inactivated by ubiquitination by the ubiquitin li-
gase SCFMeB0 together with the ubiquitin-conjugating enzyme Cdc34 (Flick et al.
2004; Kaiser et al. 2000; Rouillon et al. 2000).

Ubiquitinated Met4 is normally not subject to degradation by the proteasome,
because an ubiquitin-binding domain (UIM) within Met4 protects Met4 from degra-
dation (Flick et al. 2006). Therefore modification with ubiquitin plays a direct regu-
latory role in Met4 activity. This non-proteolytic regulation by ubiquitination allows
for a very rapid activation of Met4 during cadmium stress without requirement of
protein synthesis (Flick et al. 2006). However, under certain growth conditions that
are most likely associated with physiological changes during entry into late-log
phase, ubiquitinated Met4 gets degraded (Chandrasekaran et al. 2006; Kuras et al.
2002), and data not shown).

SCFMeB39 and specifically the F-box protein Met30 are therefore the key regula-
tors of Met4 activity. Full activation of Met4 induces a poorly understood cell cycle
arrest that appears to be important to safeguard cellular integrity under conditions
where SAM levels are low or during cadmium stress (Kaiser et al. 2006; Patton
et al. 2000; Su et al. 2005). Consequently, the F-box protein Met30 is essential for
cell cycle progression because it is required for ubiquitination and therefore inacti-
vation of Met4.

In addition to regulation evoked by low SAM-levels, cadmium is also a potent
regulator of Met4 ubiquitination (Barbey et al. 2005; Yen et al. 2005), as is arsenic,
but no other heavy metals. Addition of cadmium leads to activation of Met4 result-
ing in the expression of MET genes and GSHI, a gene encoding the rate-limiting
enzyme in the synthesis of glutathione. In addition, a cell cycle arrest is induced
to allow for cadmium damage repair (Barbey et al. 2005; Kaiser et al. 2006; Yen
et al. 2005). Activation of Met4 is initiated by inactivation of the ubiquitin ligase
SCFMeB3? followed by removal of the ubiquitin chain attached to Met4 by a so far
unidentified deubiquitinating enzyme. Interestingly, deubiquitination is strongly ac-
tivated during cadmium stress (Barbey et al. 2005).
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Cadmium Exposure Leads to the Disassembly of SCFM¢3?

Regulation of substrate ubiquitination by SCF type E3 ligases usually occurs at the
level of substrate/F-box protein interaction. Frequently, phosphorylation of the sub-
strate is the regulated step and creates a binding site for the F-box subunit. However,
subcellular localization or relocation to a different compartment can also determine
binding to the F-box protein and thus regulate substrate ubiquitination. Therefore it
was very surprising when it was demonstrated that Met4 remains bound to the F-box
protein Met30 during cadmium stress and that Met4 ubiquitination is blocked due
to cadmium-induced dissociations of Met30 from the core ligase complex Cdc53/
Skp1(Barbey et al. 2005; Yen et al. 2005). SCFM¢t3? disassembly is a cadmium spe-
cific signal and not a default pathway for SCFM*30 regulation, because depletion
of S-adenosylmethionine leads to loss of binding between Met30 and its substrate
Met4, but has no effect on the Met30/Skp1 interaction (unpublished observation).
Importantly, the cadmium signal specifically acts on SCFMt0 and does not affect
the binding of other F-box proteins to Skp1 (Barbey et al. 2005).

Recently we found that Cdc48/p97 plays a significant role in inactivation of
SCFMeB during the cadmium response. Cdc48 is a chaperone-like ATPase, which
is linked to the ubiquitin pathway. Intriguingly, Cdc48 can function as a ‘molecular
wrench’ by segregating ubiquitinated substrates from unmodified partners (Jentsch
and Rumpf 2007; Rape et al. 2001; Rumpf and Jentsch 2006; Shcherbik and Haines
2007).

Whether cadmium acts directly on any of the known components of the SCFMet30
system or whether an upstream signaling pathway is involved is still unclear. Ex-
periments where cadmium was directly added to SCFM3%/Met4 in vitro ubiqui-
tination reactions didn’t lead to any measurable activity difference, suggesting that
cadmium does not directly interfere with SCFMe83? activity and therefore a direct
effect of cadmium on the ligase seems unlikely (Barbey et al. 2005).

The Schizosaccharomyces Pombe Transcription Factor Zipl

The ortholog of Met4 in S. pombe is the transcription factor Zip1, which like Met4
is a member of the bZIP (basic leucine zipper) transcription factor family (Harrison
et al. 2005). However, Met4 is a transactivator devoid of intrinsic DNA binding
ability and relies on its cofactors Met31, Met32 and Cbf1 to be directed to promot-
ers (Thomas and Surdin-Kerjan 1997). In contrast, Zip1 has DNA binding activity.
In addition, there is another major distinction between Met4 and Zipl function.
Met4 is essential for the sulfur metabolism in budding yeast and required for syn-
thesis of sulfur containing amino acids like methionine and cysteine (Thomas and
Surdin-Kerjan 1997). Zip1 on the other hand is only needed for the synthesis of
methionine and cysteine in response to cadmium stress, but not during limiting
nutrient conditions (Harrison et al. 2005). These differences in composition and
function probably account for the divergence in regulation. Whereas, Met4’s ubig-
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uitination leads to its direct inactivation without degradation, Zipl is constantly
ubiquitinated and targeted to the proteasome under non-stress conditions (Har-
rison et al. 2005). Direct inactivation of Met4 allows for a fast response to vari-
ous conditions demanding different levels and specificity of Met4 activity (Flick
et al. 2000). Zip1 activity on the other hand is only required under the very special
situation of cadmium exposure. Accordingly, zip/ mutants are cadmium sensitive
and DNA microarray analysis showed dependence of 27 genes on Zipl, where
20 of these genes were induced in the response to cadmium stress. Remarkably,
15 of these 20 genes belong to a group of 32 genes that are uniquely induced by
cadmium exposure and not under any other stress condition (Harrison et al. 2005).
The fact that many of these genes solely rely on Zip1 strongly suggests that Zip1 is
the major transcription factor in S. pombe regulating the defense against cadmium
stress.

SCFP" is Responsible for the Ubiquitination of Zipl

The fission yeast genome encodes for 18 F-box proteins, only two of them are es-
sential. One of these essential F-box proteins is Pofl, which is the S. pombe counter-
part to Met30. Pofl forms the ubiquitin ligase SCF™!! by assembling with the cul-
lin-1 Pcul, the Skp1 homolog Psh1, and the small ring finger protein Pip1 (Harrison
et al. 2005). Similar to budding yeast SCFMet30 and its key substrate Met4, the es-
sential function of SCF™f! is the inactivation of Zip1, as deletion of ZIP1 suppresses
the lethality of pof/A mutations. Ubiquitination of Zip1 is constitutive under normal
growth conditions, but upon cadmium exposure SCFf! is inactivated by a yet to
be determined mechanism. Binding of Zip1 by SCF°f! and therefore ubiquitination
appears to be dependent on Zip1 phosphorylation by a so far unknown kinase (Har-
rison et al. 2005).

As it is the case for budding yeast Met30/Met4, Pof1 transcription is induced by
activation of Zip1, which appears to be part of a feedback loop, by which cells pre-
pare to inactivate the transcription factors once enough transcripts for the defense
against cadmium stress have been produced.

Mammalian Transcription Factor Nrf2

As in budding and fission yeast a member of the bZIP-family of transcription fac-
tors, Nrf2 (Nuclear factor erythroid2-related factor 2) regulates the transcriptional
response to coordinate defense against cadmium stress. But whereas oxidative
stress does not trigger activation of either Met4 or Zipl, Nrf2 is best known for
its role in protection against oxidative and electrophilic stress, and it is in this con-
text that most studies have been done. Nrf2 is ubiquitously expressed in a wide
range of tissues and cell types. Nrf2 is responsible for both inducible and constitu-
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tive activation of gene expression via cis-acting responsive elements called ARE
(Antioxidant-Responsive Element) or EpRE (Electrophile-Response Element) (Li
and Kong 2009; Nguyen et al. 2009). Many aspects of Nrf2 regulation appear to be
controversial, which might reflect diverse and stress-specific mechanisms of Nrf2
activation. Nevertheless, what appears to be generally accepted is that Nrf2 is regu-
lated through ubiquitination, such that oxidative or heavy metal stress blocks Nrf2
ubiquitination and leads to its stabilization. The resulting accumulation of Nrf2 trig-
gers its dimerization with a small Maf (musculoaponeurotic fibrosarcoma) protein,
which also belong to the bZIP family of transcription factors and contain DNA
binding activity but no discernable transactivation domain. The Nrf2/Maf heterodi-
mer binds to ARE and EpRE elements and induces expression of genes important
for survival under stress conditions.

KEAPI-CUL3 Ubiquitin Ligase is Responsible
Jfor the Ubiquitination of Nrf2

Nrf2 ubiquitination is catalyzed by the cullin-RING ligase SCF3KEAP! SCF3 li-
gase complexes are based on Cul-3 and are thus different from the Cul-1 based
SCF ligases, but their general architecture is very similar (Petroski and Deshaies
2005; Willems et al. 2004) (Fig. 13.2). SCF3 ligases are characterized by the Bric-a-
brac—Tramtrack—Broad complex (BTB) domain-containing proteins, which replace
the F-box/Skpl module. Indeed, the BTB-domain and Skpl are structurally very
similar and BTB-proteins can be viewed as single polypeptides that combine Skpl
and F-box protein functions. Accordingly, BTB-proteins are the substrate adaptor
proteins in Cul-3 ligases, and Kelch-like ECH-associated protein 1 (KEAP1) is the
specificity factor for Nrf2 ubiquitination (Zhang et al. 2004). KEAP1 contains a
BTB as well as a Kelch-domain. Kelch-repeats in KEAP1 interact directly with
Nrf2 for recruitment to the ligase. The Neh2 (Nrf2-ECH homology) domain is the
interaction surface on Nrf2 that is required for recruitment by KEAP1. Similar to the
substrate recruiting component Met30 in budding yeast and Pofl in fission yeast,
KEAPI is an essential protein and its essential function is the down regulation of
the transcription factor Nrf2. Consequently, inactivation of KEAP1 in mice leads
to postnatal lethality due to constitutive Nrf2 activation (Wakabayashi et al. 2003).

There is no consensus about the dynamics of Nrf2 localization and the subcellu-
lar compartment for Nrf2 ubiquitination. Two models are suggested. The first model
has Nrf2 anchored by KEAP1 binding and ubiquitination in the cytoplasm. Upon
insult KEAPI is inactivated by an unknown mechanism and Nrf2 is free to enter
the nucleus to initiate transcription (reviewed in Li and Kong 2009). The opposing
model suggests Nrf2 constitutively located in the nucleus and KEAP1 transiently
shuttling into the nucleus (reviewed in Nguyen et al. 2009). During normal growth
conditions SCF3KEAP! geems to be constitutively active and ubiquitinates Nrf2 in
an unregulated manner, as suggested by the fact that overexpression of KEAPI
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leads to an increase in Nrf2 ubiquitination in cells (Nguyen et al. 2005; Zhang and
Hannink 2003). However, both Nrf2 and KEAP1 have been reported to interact
with cadmium and arsenic directly through specific cysteine thiol groups, and it
was suggested that these cysteine residues mediate the heavy metal stress response
(Dinkova-Kostova et al. 2002; Eggler et al. 2005; He et al. 2008; Hong et al. 2005;
Kobayashi et al. 2004; Yamamoto et al. 2008; Zhang and Hannink 2003). Further-
more, it has been suggested that this multipronged response where both proteins can
function as sensors allows cells to fine tune its reaction to the nature and strength of
the insult (He and Ma 2010).

Conclusions

Even though we are far from knowing all players and understanding the mecha-
nisms of regulation that govern the cellular response to cadmium stress, it is evident
from yeast to man that ubiquitin ligases play a key role. We have discussed ubiq-
uitin ligases from budding yeast, fission yeast, and mammals with diverse mecha-
nisms of regulation, but strikingly similar effects on protecting cells from cadmium
exposure. At the heart of this conserved system is a bZIP transcription factor that is
regulated trough ubiquitination. These transcription factors, mammalian Nrf2, fis-
sion yeast Zip1, and budding yeast Met4, are responsible for expression of a set of
genes that help cells to detoxify cadmium. Ubiquitination of the transcription fac-
tors serves different functions. In fission yeast and mammals the transcription factor
is targeted for degradation by the proteasome, whereas ubiquitination of budding
yeast Met4 can directly inhibit transactivation in a proteolysis-independent manner.
These differences might reflect the diversity in transcription factor composition, be-
cause Met4 needs several cofactors for activity, and/or it might indicate a variation
in how cells fine-tune the response. The ubiquitin ligases involved in these systems,
SCFMe50 in budding yeast, SCFPf! in fission yeast, and mammalian SCF3KEAP! are
constitutively active, but are inactivated upon cadmium insult by a largely unknown
mechanism. In the case of SCFM0 inactivation involves disassembly of the SCF
multi-protein complex (Barbey et al. 2005; Yen et al. 2005). A similar mechanism
has been suggested for SCF3KEAP! (Zhang et al. 2004), but remains controversial.
Cysteine residues in both KEAP1 and Nrf2 have been reported to bind cadmium
(and other inducers), suggesting that either of those proteins can sense the insult. A
direct sensing mechanism through either the transcription factor or the ligase is a
very appealing model and it will be of great interest to test similar direct effects of
cadmium in the yeast systems.

Clearly, further studies in both mammals and yeast are required to show how
cadmium is sensed and connected to ubiquitin ligase inhibition. All three ubiquitin
ligases that coordinate the cadmium response are essential for cell viability, and
their essential functions are deactivation of the transcription factor under non-stress
conditions. Cell cycle arrest has been reported as a consequence of activation of
both Met4 and Zipl. In the case of Met4 this cell cycle arrest happens both under
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SAM-depletion and cadmium stress. Cells arrest predominantly in the G1-phase of
the cell cycle and this checkpoint arrest presumably allows cells to repair and/or
replenish essential components.

Studies on cellular cadmium stress response place E3 ubiquitin ligases at the
center as coordinators for down-stream events such as detoxification, repair, re-
placement, and cell cycle response. However, our current understanding provides
only a conceptual picture that lacks important details on how cadmium is sensed
and signals are transmitted. Future studies will address these aspects of cellular
cadmium response and are likely to extend the role ubiquitin ligases play during
cadmium stress.
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Chapter 14

Metals Induced Disruption of Ubiquitin
Proteasome System, Activation of Stress
Signaling and Apoptosis

Xiaozhong Yu, Rafael A. Ponce and Elaine M. Faustman

Abstract The ubiquitin proteasomal system (UPS) is a highly conserved cellular
pathway that plays an important role in the selective degradation of cellular pro-
teins, helping to regulate a variety of vital cellular functions. Disruption of this
system, therefore, can have significant downstream effects on critical cellular func-
tions, impacting susceptibility and development of disease. Our research focuses on
the identification and characterization of cellular responses to environmental metal
exposure and the relationship to the development of neurodegenerative diseases.
Our studies have shown that metals can also disrupt the UPS system and that some
of these responses are mediated through key cell stress pathways in a similar fash-
ion to what is seen with model UPS inhibitors. Although the accumulation of high
molecular weight polyubiquitinated protein conjugates (HMW-polyUb) induced
by metals was similar to what was seen with UPS inhibitor MG132, metals were
less effective at inhibiting proteasomal activity, suggesting that the metals disrupt
the UPS through an alternate mechanism. Our integrative analysis of genome-wide
gene expression and pathway mapping in the mouse embryonic fibroblast cells
(MEFs) exposed to cadmium (Cd), methyl mercury (MeHg), and arsenic (AS) dem-
onstrated an induction of oxidative stress, disruption of UPS and cell cycle regula-
tion. Cd and MeHg treatment in MEFs cells induced significant alteration of UPS
pathway genes. Our findings strongly support the hypothesis that metal-induced
disruption of UPS function results in changes in critical cellular mechanisms such
as cell cycle regulation and apoptosis. This disruption has a significant implication
for the potential development and susceptibility of neurodegenerative disease.

E. M. Faustman (<) - X. Yu

Department of Environmental Health, University of Washington
4225 Roosevelt Way NE, Suite 100, Seattle, WA 98105, USA
Fax: +1-206-685-4696

e-mail: faustman@uw.edu

G. Banfalvi (ed.), Cellular Effects of Heavy Metals, 291
DOI 10.1007/978-94-007-0428-2_14, © Springer Science+Business Media B.V. 2011



292 X. Yuetal.

Introduction

The Ubiquitin Proteasome System (UPS)

Protein degradation is a critical regulatory process that allows cells to rapidly re-
spond to intracellular signals and changing environmental conditions by adjusting
the levels of key effector proteins. The major proteolytic pathway in plants and ani-
mals is the ubiquitin proteasome pathway (UPS). This highly conserved system plays
a major role in selective cellular protein degradation and regulates various cellu-
lar events within eukaryotic cells. It is a critical part of the cellular mechanism for
protein catabolism and has roles in both housekeeping and the turnover of many
regulatory proteins involved in DNA repair, cell cycle control, oncogenesis, antigen
processing, transcription, neural and muscular degeneration, cellular differentiation,
stress response and apoptosis as illustrated in Fig. 14.1 (Pines 1994; Morgan 1995;
Murray 1995; Seufert et al. 1995; Lukas et al. 1999; Tomoda et al. 1999; Schulman
et al. 2000; Hara et al. 2001; Yew 2001). The UPS consists of several components
that act in concert in post-translational modification of proteins in these cellular path-
ways (Fig. 14.1) (Pines 1994; Morgan 1995; Murray 1995; Seufert et al. 1995; Lukas
et al. 1999; Tomoda et al. 1999; Schulman et al. 2000; Hara et al. 2001; Yew 2001).
Proteins degraded by the UPS are first covalently tagged with a molecule of ubiquitin
(Ub), a highly conserved 76 amino acid protein found in all eukaryote cells (Wilkin-
son 1995). This conjugation involves three sequential enzymatic reactions (E1, E2
and E3). A polyubiquitin chain is then elaborated on the protein through the liga-
tion of additional monomers of Ub in successive rounds of ubiquitination. Substrate
proteins linked to polyubiquitin chains are recognized for proteolytic degradation
by the proteasome. Ubiquitination of targeted substrates is a reversible process and
is regulated by deubiquitination (DUB) enzymes (Wilkinson 1997; Kim et al. 2003;
Wing 2003). DUB enzymes may “edit” the number of Ub moieties in the polyu-
biquitin chain of poorly or erroneously ubiquitinated proteins or generate free Ub
from polyUDb chains released after proteasomal activity. DUBs play several important
roles by affecting the stability of ubiquitin-conjugated proteins and maintaining the
steady-state levels of free ubiquitin (Wilkinson 1997; Kim et al. 2003; Wing 2003).
Conserved across evolution from yeast to man, eukaryotic ubiquitins share an
identical sequence, is a stringent evolutionary conserved pathway across species
(Ozkaynak et al. 1984; Wilkinson 1997, 2004; Wilkinson et al. 2005). Although
absent in most prokaryotes including Escherichia coli, ubiquitin has been identified
in all eukaryotes. This stringent evolutionary conservation of ubiquitin underscores
the fundamental importance of the ubiquitin-proteasome pathway in basic cellu-
lar physiology. The UPS pathway in Saccharomyces cerevisiae, Schizosaccharo-
myces pombe, Caenorhabditis elegans and human has been initially compiled in
the KEGG pathway database (http://www.genome.jp/kegg/pathway/ko/ko04120.
html) and the Ortholog table of this UPS across species has been mapped (http://
www.genome.jp/kegg/ortholog/tab04120.html). Based on updated research reports
on this UPS pathway, we have further modified the above pathways for mice and
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figure illustrates the UPS pathway where a ubiquitin-activating enzyme (E1) uses ATP to form a
thioester bond between itself and ubiquitin (Ub) and it then transfers the activated Ub to a ubiqui-
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for proteolytic degradation by the proteasome and recycling of Ub monomers by deubiquitination
(DUB) enzymes. The complexity of this pathway implies multiple steps can involved in the altera-
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function of UPS (*). In summary, the UPS is the principal cellular mechanism for protein catabolism
and alterations in this overall protein processing system has been shown to have serious impacts on
many critical physiological systems. It represents a common hypothesized mechanistic pathway for
explaining metal-induced neurotoxicity. (Figure is modified from Faustman et al. 2005)

human as illustrated in Fig. 14.1 for the pathway mapping of microarray data. The
rapid degradation of numerous transcriptional regulators is essential for most signal
transduction processes and responses to environmental cues. The selective and pro-
grammed degradation of cell-cycle regulatory proteins, such as cyclins, inhibitors
of cyclin-dependent kinases, and anaphase inhibitors are essential rate controlling
events in cell-cycle progression (Morgan 1995; Murray 1995; Lukas et al. 1999;
Tomoda et al. 1999; Hara et al. 2001; Yew 2001). Impact to the UPS, therefore,
can have far reaching effects on cellular processes. Inhibition of the proteasome
can result in the accumulation of high molecular weight polyubiquitinated protein
conjugates (HMW polyUb) of key regulatory proteins. The accumulation can lead
to the induction of apoptosis (Blagosklonny et al. 1996; Maki et al. 1996; Michael
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and Oren 2003). For example, the inhibition of the UPS with proteasomal inhibitors
such as lactacycstin and MG132, has been associated with accumulation of HMW-
polyUb and subsequent apoptosis (Pasquini et al. 2000; Tenev et al. 2001; Meller
et al. 20006).

UPS and Neurodegenerative Disease

There are strong indications that an altered UPS systems has a role in the develop-
ment of neurodegenerative disorders (Wilkinson 2000). Several lines of evidence
have suggested that defects in the UPS and protein processing underlie pathology
in both familial and sporadic forms of the Parkinson’s Disease (PD) (Leroy et al.
1998a, b). In support of this concept, mutations in a-synuclein that cause the protein
to misfold and resist proteasomal degradation can cause familial PD (Ancolio et al.
2000; Marx et al. 2003). Similarly, mutations in two enzymes involved in the nor-
mal function of the UPS, parkin and Ub C-terminal hydrolase L1 (Uchll) are also
associated with hereditary PD (Wintermeyer et al. 2000; Burke 2004). Furthermore,
structural and functional defects in 26/20S proteasome that are associated with the
accumulation and aggregation of potentially cytotoxic abnormal proteins have also
been identified in the patients with sporadic PD (Furukawa et al. 2002; McNaught
et al. 2002). Thus, a defect in protein processing appears to be a common factor
in sporadic and various familial forms of PD. This common mechanism can also
account for the vulnerability in PD, why the disorder is age related (Dawson and
Dawson 2003). A study using advance proteomic approach demonstrated that the
protein level of Uchll is down-regulated in idiopathic PD as well as Alzheimer
Disease (AD) brains (Choi et al. 2004). In addition, Barrachina et al. found that
reduced Uchll expression was a contributory factor to the development of abnormal
protein aggregation in dementia with Lewy bodies (DLB), and suggested Uchl1 as
a putative therapeutic target in the treatment of dementia with DLB (Barrachina
et al. 2006). Uchll is a member of a gene family whose products hydrolyze small
C-terminal adducts of ubiquitin to generate the ubiquitin monomer. It is highly con-
served across species (Fig. 14.2) and is predominantly expressed within neurons
and testicular tissue (Doran et al. 1983; Mochida et al. 2004; Kwon et al. 2005). The
Uchll enzyme was first defined in the context of familial and sporadic forms of the
PD where it plays a pathological role in the formation of inclusions (Wintermeyer
et al. 2000; Chung et al. 2003; Maraganore et al. 2004). A significant inverse as-
sociation of the Uchll S18Y polymorphism with PD overall and in several strata
has been observed, confirming its role as a susceptibility gene for PD (Maraganore
et al. 2004; Facheris et al. 2005). Liu et al. found that within cultured cells Uchl],
especially variants linked to higher susceptibility to Parkinson disease, caused the
accumulation of alpha-synuclein (Liu et al. 2002). Search on NCBI SNP found that
more than 52 Uchl1 associated SNPs have been reported in humans (NCBI 2004).
However, the functional significance of these SNPs has not been evaluated, and the
relationship between these Uchll variants and susceptibility to metal-induced ad-
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Fig. 14.2 Human Uchll gene and across species conservation. Uchll is located in human chro-
mosome 4, and highly conserved across species, suggesting its critical role in ubiquitin dependent
proteolysis. Expression of Uchll is highly specific to neurons and testicular tissue. Uchll is likely
to play a pathological role in inclusion formation in Parkinson’s disease (PD) as well as Alzheimer
(AD) disease. About 52 polymorphisms were found in human and Uchll S18Y polymorphism has
been link to the development of PD. (Figure was generated using UCSC Genome browse <http:
//genome.ucsc.edu/> at March, 2006)

verse effects will provide valuable information on its role in the iteration of genetic
gene and environmental exposure in ND development.

Environmental Metals Exposure and Neurodegenerative Disease

Environmental and occupational exposures to metals such as methyl mercury
(MeHg) and cadmium (Cd) and arsenic (As) pose significant health risks to hu-
mans (EPA 2004). There is increasing evidence in a number of neurodegenerative
diseases such as PD that metal-mediated abnormalities play a crucial role in disease
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pathogenesis (Gorell et al. 1999; Carpenter 2001; Uversky et al. 2001; Levenson
2003; Powers et al. 2003). Heavy metals can exert their adverse effects through
acute neurotoxicity or through slow accumulation during prolonged periods of life.
Neurochemical, clinical and epidemiological studies have implicated several metals
including iron, copper, manganese, lead, mercury, aluminum and zinc (Checkoway
and Nelson 1999; Powers et al. 2003). Although still somewhat controversial, many
epidemiological studies have established an association between increased risk for
neurodegenerative diseases (ND) and exposure to metals and pesticides (Okuda
et al. 1997; Carpenter 2001; Weiss et al. 2002). Developmental exposure of rats to
the xenobiotic metal lead (Pb) resulted in a delayed over-expression of the amyloid
precursor protein (APP) (Basha et al. 2005a, b). These data suggest that environmen-
tal influences occurring during brain development predetermine the expression and
regulation of APP later in life, potentially influencing the course of amyloidogen-
esis, and argue for both an environmental trigger and a developmental origin of NDs.

The combination of the human health implications, the pervasiveness in the en-
vironment and the ability to bioaccumulate, has lead to an increased concern about
heavy metal exposures. In addition, while the effects of acute exposures are well
known, the toxicity of many of these metals following chronic low level exposure
are still being defined and characterized. MeHg is an environmental pollutant that
acts as a neurotoxicant in humans, other primates, and rodents, and the developing
central nervous system (CNS) is an important target of its toxicity (Clarkson 1987,
Burbacher et al. 1990). While the lowest exposures that result in clinical mani-
festation of MeHg poisoning (paresthesia) are associated with MeHg concentra-
tions in blood of 200 ppb, subtle neurodevelopmental deficits have been associated
with human in utero MeHg exposure at lower concentrations (McKeown-Eyssen
and Ruedy 1983; McKeown-Eyssen et al. 1990). As a result of an international
ban on the use of mercurials as pesticides in the early 1970s, MeHg exposure in
humans now occurs primarily through the consumption of fish and other marine
species. Thus, populations that consume large amounts of these species are gen-
erally at greatest risk of adverse health (Mottet et al. 1985; Tollefson and Cordle
1986; Faustman et al. 2002). Cd is considered to be nephrotoxic and neurotoxic
(Chang and Huang 1996) and has been classified as a human carcinogens by IARC
(07/23/02). It is a ubiquitous contaminant, entering the environment through a num-
ber of sources including batteries, pigments, plastics, mining, smelting and cigarette
smoke (Beyersmann and Hechtenberg 1997). Cadmium has an extensive biological
half-life (>20 years) and can exhibit toxic insult on numerous tissues including the
central nervous system (Goering et al. 1993, 2000). In addition, childhood expo-
sure to Pb, even at relatively low levels (Canfield et al. 2003), results in a decline
of cognitive function that persists into adulthood and that manifests as a continual
lowering of 1Q score plus alteration in behavior (Needleman et al. 1990). Each
increase of 10 pg/dL in the lifetime average blood lead concentration was found to
be associated with a 4.6-point decrease in IQ (Schwartz et al. 2000). There appears
to be no minimum threshold level below which lead does not cause brain injury
(Canfield et al. 2003). Elevated lead levels in childhood have been associated with
lower class standing in high school, lower vocabulary and grammatical-reasoning
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scores, poorer hand-eye coordination, and self-reports of minor delinquent activity
(Needleman et al. 1990).

Our lab has many years of experience investigating the molecular mechanism
of metals induced effects on neurotoxicity, with an emphasis on the molecular
mechanism associated with the cell proliferation, differentiation and cell cycle
regulation (Ponce et al. 1994, 2001; Ou et al. 1999b; Miura et al. 1999; Faustman
et al. 2002; Lewandowski et al. 2002, 2003a, b; Mendoza et al. 2002; Qu et al.
2003; Gribble et al. 2005; Sidhu et al. 2006). Our previous experiments found
that within primary rodent embryonic neuronal cell (PNC) cultures, MeHg ex-
posure lead to a time- and concentration-dependent inhibition of cell cycle pro-
gression and subsequent cell death (Ponce et al. 1994). The observed cell cycle
arrest induced by MeHg was found to be associated with the altered expression
of cell cycle regulatory genes Gadd 45, Gadd 153, p21 and p53 (Ou et al. 1997).
Our studies with transgenic models also further demonstrated that MeHg’s ef-
fects are dependent upon p21 and p53 genotype (Ou et al. 1999a; Gribble et al.
2003, 2005). These data are consistent with a hypothesis that altered expression
of cell cycle regulatory genes contributes to the observed inhibition of cell pro-
liferation, a mode of action for the selective effects on neurogenesis upon MeHg
exposure. The objectives of our recent studies are to clarify the role of the UPS
in cellular response to heavy metals and to identify the critical pathways that
might influence susceptibility to the development of neurodegenerative diseases.

Results and Discussion

Recent studies highlight the critical role of the UPS in modulating metal-induced
toxicity (Figueiredo-Pereira et al. 1998; Figueiredo-Pereira and Cohen 1999; Chen
et al. 2002; Kirkpatrick et al. 2003; Stewart et al. 2003). By screening a yeast ge-
nomic DNA library, the over-expression of the ubiquitin-protein ligase CDC34 (E3)
increased the cellular ubiquitinated protein levels and exhibited significant resis-
tance to MeHg toxicity both in yeast and human cells (Furuchi et al. 2002; Hwang
et al. 2002). The ubiquitinated conjugating activity of CDC34 is essential for the
CDC34-mediated resistance to MeHg. This report suggested that MeHg induces the
cellular accumulation of certain proteins that cause cell damage and that CDC34
is degraded after its ubiquitination in the proteasome (Furuchi et al. 2002; Hwang
et al. 2002, 2005; Naganuma et al. 2002). The involvement of the UPS and HMW-
polyUb accumulation has been linked to the cellular oxidative stress response in
Cd-mediated toxicity (Figueiredo-Pereira et al. 1997). Other metals such as cobalt
and arsenic have also been linked with the proteasomal inhibition, the accumu-
lation of HMW-polyUb and subsequent apoptosis further implicating the UPS in
metal-mediated toxicity. Additional studies have demonstrated that defects in the
UPS sensitized cells to Cd-mediated impacts (Tsirigotis et al. 2001) and mutants in
specific ubiquitin-conjugating enzymes are hypersensitive to Cd (Jungmann et al.
1993; Wagenknecht et al. 1999).
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Our recent studies have shown that metals can also disrupt the UPS system and
that some of these responses are mediated through key cell stress pathways in a
similar fashion to what is seen with model UPS inhibitor MG132 (Faustman et al.
2005; Yu et al. 2008, 2010, 2011a, b). It has been demonstrated that a dysfunctional
proteasome results in the accumulation of HMW-polyUb, which in turn leads to
subsequent aberrant events (Orlowski 1999; Chen et al. 2000; Qui et al. 2000;
Rideout et al. 2003). Inhibitions of the proteasome, as observed with the classic
inhibitors lactincystin (Lac) and MG132, have been associated with alterations to
the cell cycle, the activation of caspase-3, and the resulting induction of apoptosis
(Pasquini et al. 2000). As shown in Fig. 14.1, the UPS pathway is complex and
disruption can occur anywhere along the path. The final outcome of UPS disrup-
tion, however, is the same: an increase in HMW-polyUb. Proteasomal inhibition
has been reported as the principal target in the disruption of UPS function. Several
proteasome-specific protease inhibitors have been essential as model chemicals to
investigate the UPS-dependent degradation pathway and the biological processes
dependent on it (Wu et al. 2002; Zhang et al. 2002). In our previous studies, we
selected MG132 and lactincystin, 26S proteasome-specific protease inhibitors, as
model chemicals to serve as a comparison with metals. This methodology allowed
us to test our hypothesis that the disruption of the UPS pathway is an important
mechanism in metal-induced toxicity. To test this hypothesis, we investigated
whether metal exposure increase the accumulation of HMW-polyUb, whether this
metal-induced HMW-polyUb accumulation was related to the induction of cell
stress signaling proteins and overall cytotoxicity and cell cycle arrest (Faustman
et al. 2005). We treated cultures of MEFs with increasing concentrations of either
Cd?* (0.5-20 uM), MeHg (0.5-4 uM) or As** (0.5-20 uM). In order to further ex-
plore the relationship between the activation of the stress signaling pathway and the
accumulation of HMW-polyUb, anisomycin (Anis), a classical inducer of chemical
stress, was also included.

MeHg, Cd**, and As?* Induced Alteration of the Proteasome
Activity

Theoretically, steady-state levels of HMW-polyUDb can be influenced by the rate of
conjugation and the rate of ubiquitination loss, either through degradation by the
proteasome or deubiquitination by isopeptidase. In order to clarify whether the inhi-
bition of the proteasomal activity by the metals was the main mechanism leading to
the accumulation of HMW-polyUb proteins, we measured two different proteasome
activities as previously reported (Canu et al. 2000; Bobba et al. 2002; Rodgers and
Dean 2003). Proteasomal activities included peptidylglutamyl peptide-hydrolyzing
(PGPH) and chymotrypsin-like were measured after MeHg, Cd** and As*" treat-
ments (24 h) using the fluorogenic substrates Z-Leu-Leu-Glu-AMC or Suc-Leu-
Leu-Val-Tyr-AMC. A dose-dependent inhibition of PGPH and chymotrypsin activi-
ties were observed following Cd?" treatment with the maximum effect observed at
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20 uM. MeHg treatment (2.5 uM) resulted in a limited induction of PGPH activity
and a significant inhibition of chymotrypsin activity. Only seen at the highest con-
centration of 20 UM, As*" treatment induced significant changes on both PGPH and
chymotrypsin activity. MG132 and Lac significantly inhibited the chymotrypsin-
like activity of the proteasome throughout the 24 h treatment, but exerted only mar-
ginal effects on the inhibition of PGPH activity. This initial observation suggests
that at relatively high concentrations, the inhibition of the proteasomal activity by
metals may contribute to the accumulation of HMW-polyUb, a response not signifi-
cant at the low exposure levels. Since the proteasome has complex components, the
limited measurement of just two kinds of activities cannot rule out the possibility of
the effect of the metals on the other subunits of the proteasome.

MeHg, Cd**, and As** Induced Accumulation of HMW-polyUb

We measured the changes of HMW-polyUb by Western blot analysis after metals
treatments (Sidhu et al. 2003; Faustman et al. 2005; Yu et al. 2011a, b). The represen-
tative Western blot images are shown in Fig. 14.3. Metal exposures induced accumu-
lation of HMW-polyUb as observed with proteasome inhibitor MG132 and Lac. Cd**
exposure resulted in a concentration-dependent accumulation of HMW-polyUb and
significant at concentration above 5 uM Cd*" (Fig. 14.3a). The maximal response
was observed at a Cd*" concentration of 10 UM, with attenuation evident at 20 UM,
likely due to increased cytotoxicity. Cd?*-associated accumulation of HMW-polyUb
conjugates was qualitatively similar to the two proteasomal inhibitors, MG 132 and
Lac (Fig. 14.3d), at concentrations associated with initial toxicological significance.
Two prototypic inhibitors of proteasomal function, MG132 and lactacystin, induced
significant accumulation of HMW-polyUb conjugates in MEFs (Fig. 14.3d). Aisomy-
cin, a stress inducer, did not induce the accumulation of HMW-polyUb (Fig. 14.3d).
These results demonstrated that Cd>* treatment disrupts the UPS function, and that
the accumulation of HMW-polyUb by Cd*" seems to occur just below significant
cellular toxicity. We found that MeHg exposure resulted in dose-dependent cytotox-
icity and accumulation of HMW-polyUb conjugates was observed at a concentration
of 0.5 uM (Fig. 14.3b), a concentration that did not cause a significant change in
cytotoxicity. In contrast to Cd*" and MeHg exposure (Fig. 14.3c), the increase in
HMW-polyUb seen with As*" exposure was limited to concentrations where signifi-
cant cytotoxicity was observed (20 uM, 20% cell viability).

MeHg, Cd**, and As>* Induced Activation of MAPK Signaling

Mitogen-activated protein kinases (MAPK) are a family of serine/threonine protein
kinases that are involved in many cellular pathways such as cell proliferation, cell
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Fig. 14.3 Metal induced accumulation of high molecular weight ubiquitinated proteins (HMW-
polyUb) 24 h after treatment with cadmium (Cd, a), methyl mercury (MeHg, b) and arsenic
(As, ¢) in mouse embryonic fibroblast cells. Proteasome inhibitor MG132 and lactincystin as
well as classic stress inducer anisomycin were also included (d). Cadmium (Cd, a), methyl mer-
cury (MeHg, b) induced accumulations of HMW-polyUb in a similar manner as classic protea-
somal inhibitors, MG 132 and lactacystin (d) while arsenic (¢, As) only induced HMW-polyUb
at high concentration (20 uM). Stress inducer anisomycin did not induce any change of HMW-
polyUb. Data presented is the means of at least three independent experiments+SD. *p<0.05.
(Figures 14.3a—c are modified from Yu et al. 2011b; Sidhu et al. 2003; and Faustman et al. 2005,
respectively)

differentiation, cell movement and cell death and have also activated in response to
cellular stress. Previous studies have demonstrated that the disruption of the UPS, as
observed with lactacystin and MG132, leads to significant activation of stress signal-
ing, as well as alterations to other cellular pathways (Lopez Salon et al. 2000; Yang
and Yu 2003). In addition, oxidative stress has been implicated in Cd-induced toxic-
ity both in vivo or in vitro studies (Yang et al. 1997; Dong et al. 1998; Shaikh et al.
1999; Jurczuk et al. 2004). Major subfamilies of MAPKSs have been described includ-
ing extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38. In this study, we further examined whether possible association with the disrup-
tion of UPS and MAPK stress signaling (Sidhu et al. 2003; Faustman et al. 2005; Yu
et al. 2011a, b). As shown in Fig. 14.4, treatment with Cd resulted in a dose-depen-
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Fig. 14.4 Metal exposures induced alterations in stress signaling and apoptotic pathways. Treat-
ment with cadmium (Cd, a), methyl mercury (MeHg, b) and arsenic (As, ¢) lasted for 24 h in
mouse embryonic fibroblast cells. Proteasome inhibitor MG132 and lactincystin as well as classic
stress inducer anisomycin were also included (d) Cd exposure resulted in a robust phosphorylation
of p38 and SAPK/JNK, evident at a Cd concentration>5 uM. MeHg induced a dose-dependent
modulation of p38 MAPK and caspase 3, significantly from dose of 2.5 uM. In contrast to Cd and
MeHg exposure, As exposure caused significant increases in pp38, p-SAPK/INK and cleaved
caspase 3 only at concentrations where significant cytotoxicity was observed. The dose dependent
stimulation of p38 MAPK and SAPK/JNK phosphorylation induced by Cd and MeHg as well as
proteasome inhibitors parallel corresponded to accumulation of HMW-polyUb conjugates. Repre-
sentative bands from three independent experimental were shown. (Figures 14.4a—c are modified
from Yu et al. 2011b; Sidhu et al. 2003; and Faustman et al. 2005, respectively)

dent up-regulation of the phosphorylated forms of SAPK/JNK and p38 (Fig. 14.4a).
Significant activation of SAPK was observed at 10 uM Cd (24 h) and significant
activation of p38 was observed at the dose of 5 UM, consistently paralleled with the
dose dependent increase of caspase 3. This response paralleled the accumulation of
HMW-polyUb and induction of apoptosis. The activation of SAPK/JINK and p38
have previously been associated with low-level Cd exposure and subsequent impacts
on cell cycle progression and mitotic arrest (Ding and Templeton 2000; Iryo et al.
2000). To date, the relationship between MAPK activation and the accumulation of
HMW poly-Ub induced by Cd is unclear. Our study links these two critical responses
of Cd-induced toxicity, cellular stress and UPS disruption, as indicated by the accu-
mulation of HWM-polyUb and the parallel activation of stress responses.

We found that MeHg treatment induced significant phosphorylation of cellular
stress markers for both p38 and SAPK/INK, two key intracellular signaling interme-
diates that are involved in mediating chemical stress (Fig. 14.4b). The stress response
of p-p38 and cleaved caspase-3 increased significantly at concentrations of MeHg
that were overtly cytotoxic (Fig. 14.4b). AS induced significant activation of p-p38,
p-SAPK/JNK and cleaved caspase 3 only at concentration of 20 uM. MG132
(2.5 uM), lactycintin and anisomycin all up-regulated p-SAPK and JNK at the con-
centration tested. In contrast to metals, we did not observe an accumulation of HMW-
polyUb with anisomycin at concentrations associated with its classical stress re-
sponse effects (i.e. increase of p-p38, p-SAPK, and caspase 3 cleavage) (Fig. 14.4d).

In summary, Cd*" and MeHg induced accumulations of HMW-polyUb in a quali-
tatively similar manner to the classic proteasomal inhibitors MG132 and Lac. In
general, these responses occurred at concentrations that were lower than or paral-
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leled what was required to see the activation of stress proteins and apoptosis. In-
creases in HMW-polyUb and stress responses as a result of As** exposure were lim-
ited to cytotoxic concentrations. Although the non-metal stress inducing agent Anis
induced stress and apoptosis, it did not impact the UPS function. This suggests that
the UPS might be the primary target of metals with a secondary activation of cel-
lular stress signaling resulting in cell death. Our findings provide a novel mechanis-
tic understanding of metal-induced cytotoxicity especially with the understanding
of UPS dysfunction. These observations strongly suggest that exposures to metals
such as MeHg and Cd?* could increase cytotoxicity through their effect on the UPS.
Because of the complexity of the UPS and its various protein targets, we designed
a global gene expression study to identify the gene targets of the UPS affected by
metal exposure (Yu et al. 2010).

Integrative Genomic Gene Expression Analysis and Pathway
Mapping

Genomic gene expression profiling through microarray technology is a powerful
approach to define comprehensive molecular mechanisms after chemical exposure.
Furthermore, the integration of the genome-wide array data with knowledge-based
pathway mapping facilitates the characterization of the molecular mechanism of
metal-induced toxicity. We made significant progress in applying a genomic analysis
method for our mechanistic study of metal induced toxicity utilizing the University of
Washington’s Functional Genomic and Proteomic Facility Cores (NIEHS Center for
Ecogenetics and Environmental Health). We conducted gene expression array analy-
sis by using the CodeLink Mouse UniSet 10K oligonucleotide-based platform to ex-
plore the gene alterations caused by metals (Yu et al. 2010). In this experiment, the
classical proteasome inhibitor, MG132 (0.5 uM), was included to serve as a positive
control and to help in the determination of whether the disruption of UPS is a critical
mechanism of MeHg-induced toxicity. Furthermore, two additional heavy metals,
cadmium (Cd?*) and arsenic (As*"), were included to define common and/or unique
mechanisms in their toxicity. We treated MEFs with MeHg (2.5 uM), Cd*" (5.0 uM)
and As*" (5.0 uM) for 24 h. Based on results of our previous studies, doses were
selected where comparable minimal impacts were observed on stress signaling and
apoptotic pathways (Sidhu et al. 2003; Faustman et al. 2005). Following normaliza-
tion of the array data, we used multi-level analysis tools to explore the data, including
group comparisons, cluster analysis, gene ontology analysis, and pathway analysis
(GenMAPP) (Dahlquist et al. 2002; Doniger et al. 2003). Using these integrated ap-
proaches, we identified significant alterations in gene expression with the UPS path-
way (Uchll and Ube2c), cell cycle regulation pathways (Cyclin B1 and Cdc25c), and
antioxidant and phase II enzymes (Gsta2, Gsta4, and Noq1) with the metals and the
proteasomal inhibitor, MG132 (Dahlquist et al. 2002; Doniger et al. 2003).

We initially applied two dimensional hierarchical clustering analysis organized
by gene and treatment to identify genes that share common patterns of expression
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across metal treatments (Yu et al. 2010). The gene expression pattern of 1,254 genes
whose average intensities varied >2-fold over control in at least one treatment and
had a p<0.001 (ANOVA) were included in this analysis. We found each treatment
forms a distinctive gene expression patterns in response to each treatment. This
analysis highlights common gene targets and similar changes in their expression
between the metals and the classic proteasomal inhibitor. The array analysis deter-
mined that all three metals, in addition to MG132, induced significant impacts on
specific gene clusters that include: (1) modulators of UPS functions such as deu-
biquitination (DUB) enzyme (Uchll) and Ub conjugating enzyme (Ube2C), (2) an-
tioxidant and phase II detoxifying enzyme genes such as glutathione S-transferase
Gsta2, Gsta3, Gsta4, NADPH dehydrogenease quinone 1 (Noql), and (3) cell cycle
regulators such as cyclin B2, Cyclin A2, Cdc20, Cdkn3, Cdc20c, Nek2, Cdca3 and
Cdcal. These findings are supportive of our hypothesis that the alteration of the
UPS leads to changes in the degradation of key cell cycle regulators. Results from
our cluster analysis suggest that the induction of genes in the antioxidant and de-
toxifying pathway, in combination with the disruption of genes involved in the UPS
pathway, may be a critical and common mechanism in metal and MG132 induced
cell cycle changes.

Interruptions of UPS Pathway

Function and pathway analysis is integral for evaluating microarray data in a bi-
ological context. To systematically examine the effects of metals as well as the
proteasome inhibitor MG132 on cellular processes, we used GenMAPP and MAP-
PFinder software packages to elucidate and visualize the effect of different metals
on biological pathways (Yu et al. 2010). Gene Ontology analysis showed significant
changes in the following important biological pathways including UPS, cell cycle
regulation pathway, and antioxidant and phase II enzymes pathway. Figure 14.5
shows the effect of MG132, MeHg, As*" and Cd?", after 24 h exposure on the tran-
scriptional response in genes within the UPS pathway. Both common and unique
gene targets were observed across treatments. MG132, induced significant activa-
tion of proteasomal subunits of the 20S catalytic core and the 19s (PA700) regula-
tory complex (Fig. 14.5a). We observed up-regulation of deubiquitination enzymes
Uchll, Ufd11 and Usp14. Uchll plays a critical role in deubiquitination, reported to
be implicated in PD and AD (Maraganore et al. 2004). Multiple Ub-protein ligases
(E3), which recognize degradation motif on specific substrates and catalyze the
transfer the Ub from E2 to target, were both up-regulated (Nedd4l, Fbxo6b, Skpla,
Skp2, Mdm2, ubrl, Rnfll) or down-regulated (Fbx112, Siahlb, Siah2 and Lnx1).
This suggests that a number of protein targets have been impacted by the treatment
of MG132. For example, Mdm? is critical for p53 stabilization (Li et al. 2002a, b).
In Fig. 14.5b, MeHg induced significant activation of seven proteasome subunits
of the 20S catalytic core and three subunits of the 19s (PA700) regulatory com-
plex. MeHg also induced up-regulation of deubiquitination enzymes, Uchll, USP38
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Fig. 14.5 Ubiquitin-proteasome pathway (UPS) in response to metals in treated mouse embry-
onic fibroblast cells. A knowledge based UPS pathway was built in GenMAPP program. Dif-
ferential gene expression was based on treatment versus control expression change (1.5-fold and
p<0.05, ¢ test). The comparison of the UPS pathway mapping among metals methyl mercury
(MeHg, b), cadmium (Cd, ¢), and arsenic (As, d) and MG132 (a) and proteasome inhibitor MG132
(a) revealed both common and unique targets on the UPS in the MEF. Cd, MeHg and MG132
treatment in MEF cells induced significant up-regulation of proteasome regulatory complex 19s
(PA700) and deubiquitination enzyme genes Uchll and significant down-regulation of ubiquitin
conjugating enzyme Ube2C, 2700084L22Rik. The comparison of the gene expression between the
metals and proteasome inhibitor MG 132 revealed both common and unique targets on the UPS and
suggested the novel potential mechanism of metal induced toxicity. (Figures 14.5a—c are from Yu
et al. 2010 and figure 14.5d is modified from Faustman et al. 2007)

and Ufd1l, and also Ub E3 enzymes such as Nedd4l, Skpla, 4930431E10Rik, and
Park2. In Fig. 14.5¢, Cd*" treatment in MEFs induced significant up-regulation of
four subunits of the 19s (PA700) proteasome regulatory complex. Cd*" also in-
duced an increase in transcription of deubiquitination enzymes (Uchll, Usp29,
Usp26 and Usp38) and Ub conjugating enzymes (Arilhl, Arih2, Hip2, Ube2jl1,
2510010F15Rik, and 6130401J04Rik). Cd*" also induced an increase in E3 en-
zymes such as Nedd4l, 4930431E10Rik, 2310012M18Rik, Rnf1l, Rnf128, Siah2,
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Skp2, Mdm2 and Lnx1. In Fig. 14.5d, As*" induced less impact on UPS pathway as
compared with Cd?*, MeHg and MG132 did not show any significant impact on the
proteasome subunits. As** did, however, significantly up-regulate DUB enzymes
Uchll, but to a lesser extent as compared to other metal treatments. It also signifi-
cantly suppressed the E2 enzymes Ube2c and 2700084L22Rik, which were similar
to the Cd?**, MeHg and MG132. Significant up-regulation of E3 enzymes such as
Nedd4l, 2310012M18Rik, and Mdm?2 were observed.

The comparison of resulting alterations in gene expression between these metals
and the proteasomal inhibitor MG132 revealed both common and unique targets
on the UPS in MEFs. These results strongly support our hypothesis that disruption
of the UPS function is involved in metal-induced adverse effects, and demonstrate
potential gene targets in this pathway. NDs have been reported to be associated with
accumulation of ubiquitinated proteins in neuronal inclusions and also with signs
of impairment of the UPS pathway that may contribute to this neurodegenerative
process (Powers et al. 2003).

Conclusions

The overall objective of our studies is to examine the interaction between environ-
mental metal exposure and disease development and susceptibility to identify criti-
cal mechanisms that facilitate neurodegenerative effects. The ubiquitin proteasomal
system (UPS) is a highly conserved cellular pathway that plays an important role in
the selective degradation of cellular proteins, helping to regulate a variety of vital
cellular functions. Disruption of this system, therefore, can have significant down-
stream effects on critical cellular functions, impacting susceptibility and develop-
ment of disease. Our research focuses on the identification and characterization of
cellular responses to environmental metal exposure and the relationship to the de-
velopment of neurodegenerative diseases. Our studies have shown that metals can
also disrupt the UPS system and that some of these responses are mediated through
key cell stress pathways in a similar fashion to what is seen with model UPS inhibi-
tors. Although the accumulation of high molecular weight polyubiquitinated protein
conjugates (HMW-polyUb) induced by metals was similar to what was seen with
UPS inhibitor MG132, metals were less effective at inhibiting proteasomal activ-
ity, suggesting that the metals disrupt the UPS through an alternate mechanism.
Our integrative analysis of genome-wide gene expression and pathway mapping
in the mouse embryonic fibroblast cells (MEFs) exposed to cadmium (Cd), methyl
mercury (MeHg), and arsenic (As) demonstrated an induction of oxidative stress,
disruption of UPS and cell cycle regulation. Cd and MeHg treatment in MEFs cells
induced significant alteration of UPS pathway genes. Our findings strongly support
the hypothesis that metal-induced disruption of UPS function results in changes in
critical cellular mechanisms such as cell cycle regulation and apoptosis. This dis-
ruption has a significant implication for the potential development and susceptibil-
ity of neurodegenerative disease.
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Chapter 15

Blood Lead Level (BLL, B-Pb) in Human
and Animal Populations: B-Pb as a Biological
Marker to Environmental Lead Exposure

Nelly Manay, Adriana Cousillas and Teresa Heller

Abstract The use of biomarkers is widely spread in biological monitoring of sus-
ceptible human populations and is also applied to sensitive living species in the
ecosystems. Lead, as one of the most toxic chemicals in the environment, can be
absorbed and cause adverse health effects on living organisms. To assess its expo-
sure toxicity risks in humans, it is necessary to determine the concentration of the
chemical species that can produce such effects, and to measure the magnitude of
them. Although the adverse effects of lead to the red blood cells have been used as
biomarkers, whole blood is the main biological fluid used for assessment of lead
exposure, both for screening and diagnostic purposes as for biomonitoring purposes
in the long term. Blood lead level (BLL, B-PDb) is still the most reliable indicator of
recent lead exposure. Animals can also suffer from diseases attributable to environ-
mental pollution and may be even more susceptible to lead poisoning, presenting
serious health problems before they occur in the human population. In human medi-
cine, the recognition that animals can be “sentinels” of environmental health hazards
is not yet widely spread and generally these data are not considered for medical
intervention. This chapter reviews the main aspects of B-Pb as the predominant bio-
logical biomarker to environmental lead exposure in human and animal populations.

Introduction

Human environmental exposure to lead (Pb) may be through contaminated food,
water, and house dust as well as through industrial activities such as minery, metal
recycling and the electric accumulators industry. The use of lead-based paint, con-
taining up to 50% lead, declined during the 1950s and to lesser amounts the interior
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lead-based paint continued to be available until the mid-1970s in USA (CDC 1991).
Besides, atmospheric concentrations of lead, have decreased significantly, as more
countries have removed tetraecthylead from the gasoline during the past decades
(Thomas et al. 1999).

The biomonitoring for human exposure to lead (Pb) reflects an individual’s cur-
rent body burden, which is a function of recent and/or past exposure. Thus, the
appropriate selection and measurement of biomarkers of lead exposure is of critical
importance for health care management purposes, public health decision making,
and primary prevention (Barbosa et al. 2005). Out of several biomarkers, the blood
lead concentration (B-Pb) or blood lead level (BLL) has been the most important
biomarker used for biomonitoring of exposure in risk assessment as well as in envi-
ronmental epidemiology (Bergdahl and Skerfving 2008).

The adverse effects of lead in animals are also extensively reported and, in gen-
eral, provide support for observations in human studies, with some consistency in
types of effects and B-Pb-effect relationships. However, animal data on lead toxic-
ity are generally considered less suitable as the basis for health effects assessments
than are the human data (ATSDR 2007a). There is no equivalent animal model for
the effects of lead on humans, but the development of lead poisoning symptoms in
household pets may lead to the identification of children with asymptomatic lead
intoxication (Dowsett and Shannon 1994).

Aims

This chapter focuses on the importance of lead biomonitoring of human and ani-
mal populations and the use of appropriate biomarkers of environmental lead ex-
posure. Lead effects on red blood cells interfering hem synthesis pathway are well
described in the literature and have been used as “effect biomarkers” for exposure
assesment. However, recent reports and studies were reviewed to support the lead
concentration in whole blood (B-Pb) as the primary biological biomarker used to
monitor human exposure to environmental lead. The need to share research and data
of lead exposure from human and animal populations is also highlighted.

Methods

The following criteria were used for selecting relevant studies and reports to review:

* Biomonitoring and biomarkers’ accepted definitions and main concepts.

* Human and animal environmental risk assessments.

» Lead toxicokinetics background and hematological effects.

* Lead exposure biomonitoring and whole blood lead concentration (B-Pb) as the
main aim of discussion.
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* Lead in plasma as biomarker for monitoring lead exposure.
» Lead risk assessments that combine data from animal toxicology and human-
exposure- assessment-studies, focused on pets.

Biomonitoring and Biomarkers: Human and Animal
Approach

Biological monitoring or biomonitoring is an important and useful tool for environ-
mental human exposure assesment (NRC 2006). As defined by [UPAC, biomoni-
toring is the “continuous or repeated measurement of any naturally occurring or
synthetic chemical, including potentially toxic substances or their metabolites or
biochemical effects in tissues, secreta, excreta, expired air or any combination of
these in order to evaluate occupational or environmental exposure and health risk
by comparison with appropriate reference values based on knowledge of the prob-
able relationship between ambient exposure and resultant adverse health effects”
(IUPAC 2007).

The need for human biomonitoring data in public health risk assessment can play
an important role in establishing a reliable causal relationship between a specific
human health effect and a specific chemical exposure. The implementation strate-
gies to monitor exposures and early health effects in human populations can pre-
vent human disease due to environmental contaminants (Suk et al. 1996). Besides,
the continuously increasing availability of analytical methodologies in combination
with a constant decrease in detection limits has rendered biomonitoring both more
accessible and more sensitive. As a consequence, biomonitoring is more and more
frequently applied in various health settings. This leads primarily to an increase in
the available knowledge on the extent of human exposure to chemical substances.
In addition, it may create a number of opportunities for improving human health
risk assessment (Boogaard and Money 2008). Although, several large reviews fo-
cused on various aspects of human biomonitoring and environmental risk assess-
ment (WHO/IPCS 1999, 2001; NRC 20006), the health risks shared among human
and animals as sentinels are scarcely considered.

Biological markers or biomarkers are general terms for specific measurements
reflecting an interaction between a biological system and an environmental agent,
which may be chemical, physical, or biological (WHO/IPCS 2001). IUPAC defines
a biomarker as an “indicator signaling an event or condition in a biological system
or sample and giving a measure of exposure, effect, or susceptibility and establishes
that such an indicator may be a measurable chemical, biochemical, physiological,
behavioral or other alteration within an organism” (IUPAC 2007). Biomarkers inte-
grate exposure from all sources and take into account absorption, which may vary
considerably due to a variety of factors including environmental characteristics, ge-
netic predisposition, age, sex, ethnicity and/or lifestyle factors (WHO/IPCS 1999).

Biomarkers have been mainly referred to the measurements used in the diagnosis
or risk assessment in the field of environmental health and three categories of bio-
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markers have been defined in biomonitoring programmes for determining exposure
and effects: biomarkers of exposure, biomarkers of effects and biomarkers of sus-
ceptibility (NRC 1987). A biomarker of exposure is the concentration of the chemi-
cal itself or its metabolite(s) in biological tissues or fluids (blood, urine, breath, hair,
adipose tissue, etc.). A biomarker of effect is the biological effect that occurs as a
result of human exposure to that chemical and a biomarker of susceptibility is the
amount of a chemical or its metabolites bound to target molecules as indicators that
the health of an organism is especially sensitive to the challenge of exposure to the
chemical compound (NRC 1987; WHO/IPCS 1999).

In practice, most biomarkers are determined by laboratory tests or functional
procedures. Therefore, most methodological issues including time of sampling,
have to be validated for research and routine applications (WHO/IPCS 2001). Bio-
markers commonly used in occupational health biomonitoring practice have been
fully interpreted and validated in the scientific literature to be routinely applied
(ICOH-SCOT 2010).

Risk assessments that combine data from animal toxicology and human-expo-
sure assessment studies can also be used to interpret biomonitoring data within the
results of the risk assessment. Animal toxicology study designs need to include
the collection of relevant biomarker data to facilitate development of biomarker-
response relationships for the purpose of extrapolating biomonitoring results to hu-
mans (NRC 20006).

However, there are still few data regarding levels of chemical agents in animals.
A fair comparison of animal data with human data would seem to demand that in-
ternal levels in animals have also to be obtained (Paustenbach and Galbraith 2006).
Both human and animal health professionals need to share research regarding envi-
ronmental hazards and health outcomes in animal and human populations to prevent
human diseases (Rabinowitz et al. 2009). The “One Health” approach is a transdis-
ciplinary collaboration, linking human and animal health professionals exploring
together the possibility that animals could be useful sentinels for human risks and
perhaps, vice versa, to improve and promote both human and animal health (Rabi-
nowitz et al. 2009; Conrad et al. 2009).

Toxicokinetics of Lead

For the general population, exposure to lead occurs primarily via the oral route,
with some contribution by inhalation, whereas occupational exposure is primarily
by inhalation with some contribution by oral intake. After entering the body, lead
can travel along several pathways depending on its source and bioavailability. The
fraction of Pb that is absorbed depends mainly on the physical and chemical form,
especially particle size and the solubility of the specific compound. Other important
factors are inherent to the exposed subject, such as age, sex, nutritional status and,
possibly, genetic background (Barbosa et al. 2005).
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According to the Agency for Toxic Substances and Disease Registry (ATSDR
2007a), inorganic lead can be absorbed by inhalation, oral, and dermal exposure,
but the latter route is much less efficient than the first two. Submicron size particles
can be almost completely absorbed through the respiratory tract, but larger particles
may be swallowed. The extent and rate of absorption of lead through the gastroin-
testinal tract depend on characteristics of the individual and on physicochemical
characteristics of the medium ingested. Children can absorb 40—50% of an oral dose
of water-soluble lead compared to 3—10% for adults. Gastrointestinal absorption
of inorganic lead occurs primarily in the duodenum by saturable mechanisms. The
distribution of lead in the body is route independent and, in adults, approximately
94% of the total body burden of lead is in the bones compared to approximately
73% in children.

Physiologic differences between children and adults account for much of the
increased susceptibility of small children to the deleterious effects of Pb: adults
absorb about 10% of lead though the gastrointestinal route. However, studies in
young children, showed that 40-50% of lead is absorbed, and that about one-half
of the amount absorbed is retained. In adults, 94% of the Pb body burden is stored
in bones and teeth, in children only 70%. Besides, the continuous growth process in
young children implies constant bone remodeling for skeletal development due to
the rate of turnover of lead in bone which is higher in children than in adults. As a
consequence, Pb stored in bone is continually released back into the blood compart-
ment, a process that has been described as “endogenous contamination” (Gulson
et al. 1996). This process is particularly significant for pregnant women because
pregnancy causes an increase in bone remodeling. The apparently limited success of
various Pb hazard control measures in decreasing lead in blood levels (B-Pb) in ex-
posed children and pregnant women may reflect a constant bone resorption process.
Recently, quite different long-term Pb kinetics have been reported between men and
women, with premenopausal women appearing to retain Pb more avidly and releas-
ing Pb more slowly compared to postmenopausal women and to men (Téllez-Rojo
et al. 2004; Barbosa et al. 2005).

Lead in blood is contained mostly in red blood cells. During pregnancy, lacta-
tion, menopause, and osteoporosis there is an increased bone resorption and there-
fore increased level of lead in blood. Lead can be transferred from the mother to the
fetus and also from the mother to infants through breast milk (Ettinger et al. 2004).
The biotransformation of inorganic lead consists of formation of complexes with a
variety of protein and nonprotein ligands.

Lead is excreted mainly in urine and feces. Minor routes of excretion include
sweat, saliva, hair, nails, and breast milk. The elimination half-lives for inorganic
lead in blood and bone are approximately 30 days and 27 years, respectively. Several
kinetic models have been proposed to characterize such parameters as intercompart-
mental lead exchange rates, retention of lead in various tissues, and relative rates
of distribution among the tissue groups. Some models are currently being used or
are being considered for broad application in lead risk assessment (ATSDR 2007a).
Barbosa et al. (2005) reviewed several toxicokinetic lead studies reported. The first
one reported that lead is absorbed into the blood compartment and has a mean bio-



320 N. Manay et al.

logical half-life of about 40 days in adult males. Afterwards, it was reported that the
half-life in children and in pregnant women was longer, because of bone remodeling
(Gulson et al. 1996). Lead from blood is incorporated into calcified tissues such as
bone and teeth, where it can remain for years, with the half-life of Pb in bone (bone-
Pb) ranging from 10 to 30 years. However, the use of the term “half-life” to describe
the biological clearance of Pb from bone implicitly makes assumptions about the
kinetics of the process by which Pb is released. From calcified tissue stores, Pb is
released slowly, depending on bone turnover rates, which in turn are a function of
the type of bone, whether compact (slow turnover) or trabecular (rapid turnover).
The release rate of Pb from bone varies with age and intensity of exposure as well.
Thus, the bone tissue does not represent a site or permanent sequestration of lead
but rather a source of continuous internal exposure that may increase as a result of
the changes in bone turnover observed at different life stages as reported in differ-
ent studies by Gulson et al. (1995, 1996, 1998). In relation to exchange rates among
compartments, the transfer of Pb from blood to other compartments is much faster
than the 1-month estimate, with the overall clearance rate from blood (sum of rates
from blood to cortical bone, to trabecular bone and to other tissue), implying a half-
life of 10—12 days This shows the difference between the overall clearance viewed
from outside, when no allowance can be made for recirculation, and actual transfer
rates.

Lead in blood (B-Pb) is representative of soft tissue lead, and most widely used
as measure of body burden and absorbed doses of lead. The relationship between
B-Pb and the concentration of lead in exposure sources is curvilinear. The half-life
for lead in blood and other soft tissue is about 28-36 days. Blood lead is bound to
the erythrocytes and seems to be in dynamic equilibrium with plasma lead. Plasma
lead is more diffusible than erythrocyte lead and more important for evaluating the
toxic effect of lead because the diffusible form exerts an influence on lead concen-
trations of other compartments and produces critical effects in the various organs
(Sakai 2000; Barbosa et al. 2005). Levels of plasma lead (P-Pb) increase imme-
diately with acute exposure, with a very short half-life of probably less than an
hour. A sudden rise in P-Pb can indicate a very recent exposure, but it can also pass
unnoticed because of its very short half-life (Sakai 2000). Lead is mobilized from
bone back into blood when exposure to Pb is not excessive. In adults, 45-75% of
the Pb in blood may have come from bone. For exposed children, the bone-Pb con-
tribution to blood can be 90% or even more. Therefore, the decrease in B-Pb level
after environmental Pb remediation may be partly neutralised by contributions from
endogenous Pb sources (Barbosa et al. 2005).

Effects of Lead on Red Blood Cells

As it was aforementioned, most inorganic lead absorbed into the blood stream binds
to hemoglobin in erythrocytes. These red blood cells rather behave as a depository
for lead, which might produce some disturbances in erythrocyte metabolism such
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as Na, K-ATPase, deltaaminolevulinic acid dehydratase (ALAD) and nicotinamide
adenine dinucleotide synthetase (NADS) activity (Sakai 2000). The effects of lead
on the haemopoietic system result in decreased haemoglobin synthesis, and may
lead to anaemia, due to reduced haemoglobin production and shortened life-span
of erythrocytes. Basophilic stippling commonly occurs due to the aggregation of
ribonucleic acid in the cytoplasm of erythrocytes (WHO/IPCS 1995; HPA 2007)

Lead has a significant effect on haemoglobin synthesis by interfering with sev-
eral enzymatic steps in the heme pathway. Lead inhibits -aminolevulinic acid de-
hydratase (ALAD) and ferrochelatase activity, thereby decreasing haem synthesis,
which leads to an increase in 8-aminolevulinic acid synthase. The activity of ALAD
may be inhibited at very low B-Pb concentrations with no threshold yet apparent.
The reduced activity has been reported to be inversely correlated with BPb con-
centrations over the whole dose range (ATSDR 2007b; HPA 2007). Ferrochelatase,
which catalyzes the insertion of iron into protoporphyrin IX, is quite sensitive to
lead. A decrease in the activity of this enzyme results in an increase of the substrate,
erythrocyte protoporphyrin (EP), in the red blood cells also found in the form of
zinc protoporphyrin (ZPP—bound to zinc rather than to iron). Lead exposure also
increases in blood and plasma d-aminolevulinic acid (ALA) and free erythrocyte
protoporphyrins (FEP) (ATSDR 2007b).

As described in ATSDR (2007b), lead can induce two types of anemia, often
accompanied by basophilic stippling of the erythrocytes. Acute high-level lead ex-
posure has been associated with hemolytic anemia. Frank anemia is not an early
manifestation of lead exposure and is evident only when the B-Pb is significantly
elevated for prolonged periods. In chronic lead exposure, lead induces anemia by
both interfering with heme biosynthesis and by diminishing red blood cell survival.
The anemia of lead intoxication is hypochromic, and normo- or microcytic with
associated reticulocytosis. Inhibition of haemoglobin sufficient to cause clinically
observable anaemia has been reported following exposure, with high concentrations
of lead in blood. The heme synthesis pathway, on which lead has an effect, is in-
volved in many other processes in the body including neural, renal, endocrine, and
hepatic pathways. There is a concern about the meaning of and possible sequelae of
these biochemical and enzyme changes at lower levels of lead (HPA 2007; ATSDR
2007b).

The effects of interactions of lead with some enzymatic processes responsible
for heme synthesis can be used as lead biomarkers. Only to mention some of them,
the inhibition of delta-aminolevulinic acid dehydratase (ALAD) and the variation in
some metabolite concentrations (e.g. delta-aminolevulinic acid in urine (ALA-U),
blood (ALA-B) or plasma (ALA-P), coproporphyrin in urine (CP), zinc protopor-
phyrin (ZP) in blood are considered lead biomarkers of effects. The activities of
pyrimidine nucleotidase (P5’N) and nicotinamide adenine dinucleotide synthetase
(NADS) in blood are also decreased in lead exposure, and nucleotide contents in
blood is altered in lead exposure (Sakai 2000). These effects of lead on human, can
be also useful as biomarkers of effects, but they are out of the scope of this chapter
that focuses on lead concentration in whole blood (B-Pb) as the primary biological
biomarker used for human exposure assessment.
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Biomarkers of Lead Exposure

Lead body burden is a function of the recent and/or past exposure to Pb. The correct
selection and measurement of lead biomarkers of exposure are of critical impor-
tance to health care management aims, public health interventions and primary pre-
vention actions (Barbosa et al. 2005). The measurement of total lead body burden
would be the ideal biomarker of lead exposure being biomarkers of lead exposure,
the measurements of the total lead concentration in body fluids and tissues (ATSDR
2007a).

Owing to the fact that toxic effects of lead are the same regardless of the route
of entry into the body, the most common way to measure the absorbed dose for lead
has been the concentration of lead in whole blood (B-Pb), although other indices,
such as lead in urine, bone, hair, or teeth are also available (ATSDR 2007a).

Blood Lead Concentration

For more than five decades, blood has been the most widely used specimen to as-
sess the human body burden of lead as none of the current biomarkers of internal Pb
dose have yet been accepted by the scientific community as a reliable substitute for
a B-Pb measurement validated to be routinely used (Barbosa et al. 2005). Although,
blood lead level is the primary biomarker used for exposure assessment of this
metallic element, the Pb toxicokinetics aspects must be taken into account. Lead in
blood measurements in general reflects only recent exposures due to the relatively
short half-life of Pb in blood. Nevertheless, it may also indicate older exposures,
because the lead stored and released from bones could be also an endogenous con-
tribution to B-Pb (Gulson et al. 1996).

Blood lead concentration (B-Pb) is the most widely used biomarker and it is
considered to be the most reliable for general clinical use and public health surveil-
lance. Currently, blood lead measurement is the screening test of choice to identify
children with elevated B-Pb (CDC 1991). Venous sampling of blood is preferable to
finger prick sampling, which has a considerable risk of surface lead contamination
from the finger if its cleaning is not carried out well (CDC 1991; ATSDR 2007a).
As regards Pb distribution within the body compartments (blood, bone and soft
tissues), the differentiation of low-level chronic exposure from a short high-level
exposure is not possible on the basis of a single B-Pb measurement. Interpretation
of B-Pb levels over a wide range of values must consider the relationship between
total intake of lead and B-Pb concentrations, as well as the proportion of lead in
plasma (WHO/IPCS 1995). As reported by ATSDR (2007a), the extensive use of
blood lead reflects mainly the greater feasibility of incorporating blood lead mea-
surements into clinical or epidemiological studies, compared to other potential dose
indicators, such as lead in plasma, urine, or bone.

However, B-Pb measurements have several limitations. It was mentioned that
the lead concentration in blood reflects the exposure history of the previous few
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months and does not necessarily reflect the larger burden and the much slower
elimination kinetics of lead in bone. The relationship between lead intake and B-Pb
is curvilinear as the increment in B-Pb per unit of intake decreases with increasing
B-Pb. Lead intake/blood lead relationships also varies with age as a result of age-
dependency of gastrointestinal absorption of lead, and varies with diet and nutri-
tional status. A practical outcome of the above mentioned characteristics of B-Pb is
that it can change relatively rapidly (e.g. weeks) in response to changes in exposure;
thus, B-Pb can be influenced by short-term variability in exposure that may have
only minor effects on lead body burden (ATSDR 2007a). A single blood lead deter-
mination cannot distinguish between lower-level intermediate or chronic exposure
and higher level acute exposure. Similarly, a single measurement may fail to detect
a higher exposure that occurred (or ended) several months earlier. Time-integrated
measurements of B-Pb may provide a means for accounting for some of these fac-
tors and thereby provide a better measure of long-term exposure (Roels et al. 1995).

Blood Lead Levels’ Reference Values

Measurement of lead in whole blood is the most widely used biomarker for assess-
ing lead exposure. Graphite Furnace Atomic Absorption Spectrometry (GFAAS)
and Anode Stripping Voltametry (ASV) are the most widely used techniques for
Pb-B in clinical laboratories for routine analysis. Inductively Coupled Plasma Mass
Spectrometry (ICP/MS) is also a very powerful tool for trace analysis of lead and
other metals. Although ICP/MS instruments are more costly than GFAAS instru-
ments, their ability to analyze multiple metals from a single sample, low detection
limits, reliability, and ease of use have increasingly made them popular for trace
metal analysis (ATSDR 2007a).

Owing to the lead’s importance as a cause of public health problems, internation-
al and national health agencies have issued advisory standards or enforceable regu-
lations that set lead levels in different media (ATSDR 2007b). In 1997, the US CDC
issued a new guidance on screening children for lead poisoning that recommends
a systematic approach to the development of appropriate lead screening in USA
states and communities (CDC 1997). The objective of the new guidelines is maxi-
mum screening of high-risk children and reduced screening of low-risk children, as
contrasted with previous guidelines (CDC 1991), which recommended universal
screening (ATSDR 2007a). As more information has emerged about the neurologi-
cal, reproductive, and possible hypertensive toxicity of lead, and as parameters that
are more sensitive are developed, the B-Pb levels of concern for lead exposure
have been progressively lowered by US CDC. Since 1970, CDC understanding of
childhood lead poisoning has changed substantially. As researchers have used more
sensitive measurements and better study designs, the generally recognized level
for lead toxicity has progressively descended. Before the mid-1960s, a level above
60 ng/dL (micrograms/deciliter) was considered toxic. By 1978, the defined level
of toxicity had declined 50% to 30 pg/dL. Since 1991 CDC has accepted 10 pg/dL
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as the intervention level for children, an advisory level for environmental and edu-
cational intervention (CDC 1991). CDC case management guidelines are designed
to keep children’s B-Pb below 10 pg/dL (CDC 2004). The World Health Organi-
zation also defined a B-Pb of 10 pg/dL (0.48 umol/L) as the threshold of concern
in young children (WHO/IPCS 1995). Some studies have found neurobehavioral
impairment in children with B-Pb below 10 pg/dL (Canfield 2003; CDC 2004) and
no blood lead threshold has been identified in children (ATSDR 2007a). Although,
the B-Pb levels of U. S. populations have dropped markedly compared to 30 years
ago, new concerns have been raised regarding those possible adverse health effects
in children at B-Pb levels <10 pg/dL. Perhaps there is no safe threshold but, rather,
a continuum of toxic effects. In light of all these health concerns, the CDC Advisory
Committee on Childhood Lead Poisoning Prevention formed a working group to
review the evidence for adverse health effects at B-Pb levels <10 pg/dL in children
(CDC 2004). Although this working group concluded that several studies in the lit-
erature had demonstrated a statistically significant association between B-Pb levels
<10 pg/dL and some adverse health effects in children, the effects could have been
influenced by residual confounding factors. The working group’s report called for
further studies to examine the relationship between lower B-Pb levels and health
outcomes to provide a more complete understanding of this issue (CDC 2004).

Elevated blood lead concentration (e.g., >10 ng/dL) is an indication of excessive
exposure in infants and children (CDC 1991, 2005) as well as for women in child-
bearing age. Those women of child bearing potential, whose B-Pb exceeds 10 ug/
dL are at risk of delivering a child with a blood lead over current Centers for Dis-
ease Control guideline of 10 pg/dL. The B-Pb of these children should be closely
monitored and appropriate steps should be taken to minimize the child’s exposure to
environmental lead (ACGIH 2009). The report of CDC (2007), also recognized that a
B-Pb of 10 pg/dL did not define a threshold for the harmful effects of lead. Research
conducted since 1991 has strengthened the evidence that children’s physical and men-
tal development can be affected at BLLs <10 ng/dL as mentioned before (CDC 2004).
This last report, identifies gaps in knowledge concerning lead levels in this range and
outlines strategies to reduce childhood exposures to lead. It resumes scientific data
relevant to counseling, blood lead screening, and lead exposure risk assessment. It
also promotes further research to evaluate the effects of lead in blood at levels <10 g/
dL and strategies to identify and reduce exposure or the potential for exposure to lead,
including measures applied in medical offices and in homes (CDC 2007).

“Healthy People 2020” objectives are relevant to lead poisoning prevention and
healthy homes. The proposed 2020 objective will be to reduce B-Pb in children
by focusing on two sub-objectives: eliminate Elevated Blood Lead Level in chil-
dren and reduce the mean B-Pb in children (CDC 2009). Since 1987, the National
Institute for Occupational Safety and Health (NIOSH) of the Centers for Disease
Control and Prevention (CDC) has sponsored the Adult Blood Lead Epidemiology
and Surveillance (ABLES) program to track laboratory-reported blood lead levels
(B-Pb) in adults (NIOSH 2004).

Elevated blood lead levels (B-Pb) in adults can damage the nervous, hematolog-
ic, reproductive, renal, cardiovascular and gastrointestinal systems. Most cases are
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workplace-related. U. S. Department of Health and Human Services recommends
that B-Pb among all adults be reduced to <25 pg/dL. The highest B-Pb acceptable
by standards of the U. S. Occupational Safety and Health Administration is 40 ng/
dL. The geometric mean B-Pb of all adults in the United States is <3 ug/dL (NIOSH
2004). The Biological Exposure Index (BEI) is a guidance value for assessing bio-
logical monitoring results in occupationally exposed adults and indicates exposure
at the Threshold Limit Value (TLV) for workplace air. The biological exposure in-
dex (BEI) for lead in blood of exposed workers is 30 pg/dL (ACGIH 2009).

Alternative Biomarkers

As was described, the differentiation between lead exposure for years, i.e. low-
level chronic exposure from a recent or short high-level lead exposure on the basis
of a single B-Pb, is practically impossible owing to the complex kinetics of Pb
distribution within the body (cycling among blood, bone, and soft tissues). Conse-
quently, there is a renewed interest in alternative biomarkers that may aid diagnosis
of the extent of Pb exposure. Such alternatives include Pb determinations in plasma/
serum, saliva, bone, teeth, feces, and urine. However, none of these matrices has
gained convincing acceptance as an alternative to B-Pb, due to data based on er-
roneous or dubious analytical protocols that do not consider the confounding vari-
ables (Barbosa et al. 2005).

Bergdahl and Skerfving (2008) reviewed the alternatives to whole-blood-lead for
lead exposure biomarkers. The report focuses on a number of different qualities that
are of importance in the evaluation of a biomarker’s usefulness and performance. The
best biomarker in most circumstances is blood lead level, but lead in bone or teeth
(for past exposures), feces (for current gastrointestinal exposure), or urine (for organic
Pb) are sometimes more useful. A remarkable feature is that no generally accepted
biomarker exists for bioavailable Pb, though plasma, bone, teeth, urine, and hair have
all been discussed. For monitoring lead workers’ exposure, blood has shown a poor
response to changes in exposure at high levels but the alternative of lead in plasma has
not been sufficiently evaluated to be considered as another possible biomarker in oc-
cupational health services, although now it is not dependent on problems with current
analytical methodologies. Authors suggested that urine may deserve more attention
and that almost all biomarkers lack systematic data on variation within and between
individuals. In this chapter only the plasma alternative is discussed in more detail.

Lead in Plasma/Serum

In recent years increased attention has been paid to monitoring the concentration of
Pb in plasma (or serum). The development and use of more sensitive analytical in-
strumentation, especially inductively coupled plasma mass spectrometry (ICP-MYS),



326 N. Manay et al.

has resulted in determinations of Pb in plasma and serum specimens with much
lower detection limits and with better accuracy taking care of the special conditions
in the preanalytical phase (Schiitz et al. 1996; Barbosa et al. 2005; ATSDR 2007a).
Plasma lead (P-Pb) has an important role in lead metabolism, although the concen-
tration is very low. Schiitz et al. (1996), have shown plasma-Pb levels <1.0 pg/L
in nonexposed individuals based on ICP-MS methods. P-Pb is in equilibrium with
the extra-cellular pool and is directly involved in all the movements of lead among
different biological compartments (Sakai 2000). Lead in plasma represents a more
relevant index of exposure to, distribution of, and health risks associated with Pb
than does B-Pb. In regard to toxic effects of Pb, they could primarily be associated
with plasma-Pb because this fraction is the most rapidly exchangeable one in the
blood compartment as reviewed by Barbosa et al. (2005). According to the review
of Sakai (2000), lead in plasma circulating in the body, affects the lead body burden
and causes the toxicity of lead in some soft tissues, such as bone marrow, kidney,
brain, etc. The levels of Pb-P are sharply elevated with a sudden intake or acute ex-
posure to lead and rapidly diminished by time elapse from it, indicating that Pb-P is
an index for very recent exposure. However, a significant gap in knowledge remains
on the associations between plasma-Pb and toxicologic effects. Furthermore, the
methodology to determine concentration of lead in plasma is still neither feasible
for routine analysis nor validated (ATSDR 2007a).

Animal Populations

Sentinel animals can be used as early warning of potential health risks and to pre-
vent the development of diseases in human populations. In several cases, the laten-
cy periods for development of the side effects are usually shorter in animals than in
humans. In general, animals can be exposed to higher concentrations of pollutants
and they may develop early signs of intoxication (Van der Schalie et al. 1999).

One possible application of sentinel species for environmental monitoring is to
include exposure and adverse-effect-observations to support some of the stages of
the risk assessment process. Although it is unlikely that data from sentinel species
would be used as the sole determining factor in assessing risks to human health,
they could be useful as a first basis for decisions on risk assessment and early warn-
ing in situations which require further studies, to suggest possible causes and effects
and for monitoring the course of remedial activities as well. The need of critical re-
search and interagency collaboration that could advance the use of sentinel species
was also recognized (Van der Schalie et al. 1999).

The use of nonhuman organisms in early warning systems for human health risk
is well-known for a long time as many toxic sentinel species examples have been
reported in the late nineteenth century. The miner’s canary that was used to warn of
potentially lethal carbon monoxide concentrations in coal mines is perhaps the most
widely known application of a sentinel animal system for monitoring, whereas the
neurobehavioral symptoms displayed by cats that consumed methylmercury-con-
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taminated fish from Minamata Bay in Japan in the 1950s provided a good example
of an observation that had significance for human health. Despite recognition that
animals could serve as “sentinels” for environmental risks to human health, there
are no evidence-based guidelines for the use of animal sentinel data in human health
decision making. Rabinowitz et al. (2009) performed a systematic review of the ani-
mal sentinel literature to assess the scientific evidence whether animals can serve as
useful sentinels of environmental risks to human health. One of the main obstacles
for the application of animal sentinels, is the difficulty to understand the mecha-
nistic similarities and differences between toxicologic effects in sentinel species
and in humans. Much attention was given to the impediments for the application
of sentinel species and their acceptance in the scientific and relatory communities
(Rabinowitz et al. 2009).

Biomonitoring in Pets

For some toxic substances including lead, the same biomarker of exposure can be
used both for humans and animals, i.e. dogs, and similar toxic effects can be found.
Furthermore, the conditions of exposure may be comparable, in some circumstanc-
es, for people and their pets. Dogs may show early symptoms of lead intoxication
at statistically significant lower B-Pb than children. Moreover, dogs can also have
significantly higher B-Pb than those in children when exposed and living in the
same polluted area. Dogs may develop early clinical signs of lead toxicity such as
neurologic (convulsions) and gastric symptoms (vomiting and diarrhoea). Young
dogs are even more susceptible to lead poisoning as they are more likely to eat and
chew lead materials, although adult dogs may also be affected. In contrast, lead
poisoning is less frequently reported in cats. These can develop loss of appetite but
neurologic signs are uncommon. Vomiting and diarrhoea occur occasionally. Cats
with lead toxicity are usually adult but occasionally kittens may be also affected.
Diagnosis of lead intoxication requires either a urine or a blood test. The diagnosis
is sometimes difficult and two different tests may be required to confirm that lead
poisoning is present, particularly in cats (Maddison and Hawke 1993).

Conclusions

Both human and animal lead exposure and health issues need to share research
regarding environmental hazards and health effects that may develop in animal and
human populations. Biomarkers are a general term for specific measurements re-
flecting an interaction between a biological system and an environmental agent,
which may be chemical, physical, or biological. The biomarkers can be used for
the diagnosis and also risk assessment of the toxic agents in environmental health
studies.
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As it was reviewed in this chapter, the concentration of lead in whole blood lead
(B-Pb), is the best biomarker of exposure and the most widely used to measure
the body burden and absorbed (internal) doses of lead and can be useful for lead
exposure risk assessment, lead poisoning diagnosis, disease control and prevention.
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Part VIII
Removal of Heavy Metals



Chapter 16
Removal of Heavy Metal Sulfides and Toxic
Contaminants from Water

Gabor Szaldki, Ildiko Czégény, Gabor Nagy and Gaspar Banfalvi

Abstract Precipitation of metal (Hg**, Ni**, Pb*") sulfides on Na,S-impregnated
bentonite was followed by the oxidation of residual Na2S to insoluble sulfur. As a
result an average of 97% nickel and 95% of lead was removed. The efficiency of
removal of nickel was more than 99% at higher (1073 g ion/L) concentration and
somewhat less (93%) at lower (107 g ion/L) concentration. The same tendency
was observed with 1073 g ion/L lead ions (>99%) and a lower efficiency (=88%) of
removal at 107 g ion/L Pb?>" concentration. The precipitate of heavy metal sulfides
absorbed to bentonite was removed by filtration. The fine precipitate of HgS could
not be removed completely. Additional chemical reactions converted the excess
sodium sulfide to H,S and oxidized it to sulfur using carbogen gas (0,-CO,) and
aeration. Revitalization of water was confirmed by the guppy survival test.

Introduction

Environmental cyanide catastrophies prompted the elimination or at least the reduc-
tion of cyanide pollution of water (Cabrera et al. 1999; Simon et al. 2001; Soldan
etal. 2001). That aeration of cyanide polluted water samples with carbogen gas (5%
CO, and 95% O,) followed by aeration could be one of the solutions, was confirmed
by in vivo toxicity tests on fish (Banfalvi 2000; Gacsi et al. 2005). Unfortunately,
gold extraction with cyanide dissolves heavy metal ions. Studies have shown that
dietary Ca?* would be protective against the uptake of both waterborne and dietary
Cd, as well as against the uptake of waterborne Zn?" (Zohouri et al. 2001; Chowd-
hury et al. 2004; Baldisserotto et al. 2004, 2005; Alves and Wood 2006). Dietborne
Ca not only reduced the uptake of Cd, but also altered how cells handled Cd intra-
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cellularly (Niyogi and Wood 2006). Nevertheless, high levels of heavy metal spills
are unlikely to be counteracted by dietary Ca?", leaving the heavy metal removal
from wastewater an unsolved problem.

To remove heavy metals effectively from metal-laden wastewater, engineers and
scientists developed various physico-chemical processes, such as adsorption (Ng
et al. 2009; Blanchard et al. 1984; Kapoor and Viraghavan 1998; Lee et al. 1998;
Gharaibeh et al. 1998; Kim and Lim 1999; Yu et al. 2000; Meunier et al. 2003;
Yavuz et al. 2003; Sekhar et al. 2003; Jang et al. 2005), ion-exchange (Korngold
et al. 1996; Lacour et al. 2001), microfiltration (Bayhan et al. 2001), chemical pre-
cipitation (Eccles 1995), reverse osmosis and nanofiltration (Qdaisa and Moussab
2004). Our preliminary communication has described that the chemical removal of
cadmium would be feasible by the addition of sodium sulfide to CdCl, solution and
turning Cd*>* ions to CdS, adsorbing the highly insoluble cadmium sulfide precipi-
tate to bentonite and removing it by filtration. This process was then followed by
the release of the excess soluble sulfide as H,S and finally oxidizing the hydrogen
sulfide to sulfur (Banfalvi 2006). Industrial metal-sulfide precipitation was as an al-
ternative to the metal-hydroxide precipitation chemistry for the removal of Cu, Ni,
Pb, and Zn from automotive wastewater (Kim et al. 2002). The use of commercial
sodium sulfide as an inexpensive sulfide source for the removal of high average
zinc content from wastewater (Anotai et al. 1992) revealed no significant difference
in heavy metal removal efficiency compared to other more expensive sulfur con-
taining precipitants (Kim et al. 2002). The oxidation of the residual sodium sulfide
generates highly poisonous H,S. The metal-sulfide precipitation technology does
not involve the removal of the excess sodium sulfide from the wastewater.

This chapter describes: (a) the precipitation of heavy metal ions (Ni, Pb, Hg)
with sodium sulfide, (b) the absorption of heavy metal sulfides on the surface of
bentonite powder, (c) the removal of heavy metal sulfides by filtration, (d) the con-
version of excess sodium sulfide to H,S by CO, treatment, (e) further oxidation of
the released and extremely toxic H,S to sulfur, () the removal of CO, from water by
air flow and (g) control of remediation of water by the guppy survival test.

Methods

Chemicals and Reagents

Chemicals were purchased from Sigma-Aldrich (Budapest, Hungary). GF/C fil-
ter paper was the product of Glassworld Kft. (Jiillick Glass Holding Zrt., Szekes-
fehervar, Hungary). Commercial crude bentonite (aluminum silicate clay) which is
2,000-times less expensive than the pure montmorillonite surviving analytical pur-
poses was bought as “Benti” (litter for cats). Benti was mixed with sodium sulfide
wraped in GF/C filter and suspended in heavy metal containing water. Carbogen
gas (5% CO,, 95% O,) was purchased from Messer Hungarogaz Kft., Budapest).
In most cases heavy metals dissolved in mining drainage are sulphates, but in our
experiments nickel and mercuric chloride salts have been chosen. Lead was used
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Table 16.1 Selection of heavy metal salts for precipitation with sodium sulfide

Hg2+ Ni2+ pb2+
Sulfate  Turns to yellow basic sulfate and H,SO,” Soluble in 1.4 parts ~ Soluble in 2,225
of water parts of water”
Chloride Soluble in 1.5 parts of water’ Soluble in 1 part of Soluble in 93 parts
water? of water
Nitrate At high dilution insoluble basic salt Soluble in 0.4 part  Soluble in 2 parts
formation” of water of water?

* Salts such as HgSO,, PbSO,, Hg (NO,), are either decomposed, or have a lower solubility, or
form precipitate.
§ Salts of heavy metals were chosen, based on their high solubility

as its most soluble nitrate salt. To avoid the presence of insoluble, sparingly soluble
or decomposable compounds, highly soluble heavy metal salts have been chosen
for precipitation. As an example HgSO, is taken, when dissolved in water turns to
yellow basic sulfate and H,SO,. The solubility of the heavy metal salts used for
precipitation is given in Table 16.1.

Precipitation and Removal of Heavy Metals

The glass fiber filter (GF/C) bag containing the mixture of 1 g sodium sulfide and
5 g bentonite was placed into the heavy metal salt solution (200 ml). Precipitation
of heavy metal sulfides and adsorption to bentonite was accelerated by stirring the
solution with a magnetic stirrer.

Determination of Heavy Metal Content

After 5 min stirring the glass fiber, the filter paper bag containing the precipitated
heavy metal sulfides and bentonite was removed and the concentration of the re-
maining heavy metal ion was determined in each dilution by an Atomic Absorption
Spectrophotometer (AAS) using a Perkin-Elmer 800 Analyst and Zeeman back-
ground corrector (Banfalvi 2006).

Fish

Aquarium fish guppy (Poecilia reticulata) weighing 0.9-1.1 g (average 1.0 g) were
randomly selected and kept in a 20 L polypropylene flow-trough, aerated glass
tank. The aquarium was supplied with 0.1 L/min drinking water, pumped through
the tank and fish were allowed to acclimate to ambient conditions (20°C, and pH
7.5-8.0) for one week prior to the start of the experiment. During the acclimation
period no death occured.
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Two hours before the experiment groups of randomly selected fish (five in each
group) were placed in 200 ml of drinking water in 500 ml beakers and were sub-
jected to the guppy test upon toxic treatment or remediation of water. The time of
fish survival was measured.

Guppy Ecotoxicity Test

The test was carried out using five fish in each experiment. Heavy metal concentra-
tions between 1076 and 10~* M represent toxic but sublethal doses, therefore only
the toxicity of 1073 M solutions was tested. For the measurement of the lethal effect
of Na,S, 1 g was added to 200 ml drinking water. By choosing the aquarium fish
guppy (Poecilia reticulata) we could avoid the use of large volumes of Na,S and
the potential danger of inhaling toxic amounts of H,S. Experiments were carried out
under ventilation. The nine treatment groups (five guppys each) included aqueous
environments for the nominally heavy metal-free control, three groups were sub-
jected to heavy metal (Hg, Ni or Pb) treatments, one group was subjected to Na,S
treatment. Three groups of fish were placed in water after removal of heavy metals
and one group after detoxification of Na,S with carbogen gas and air flow.

Treatment with Carbogen Gas and Air Flow

Carbogen gas (mixture of 5% CO, and 95% O,) was bubbled with an aquarium
aerator in water containing 1 g Na,S/200 ml drinking water using a flow rate of
2 L/min. Carbogen treatment was followed by an airflow of 2 L/min for 30 min.
After these treatments five fish were placed in water and the time of survival was
measured.

Results

Analogy Between the Chemistry of Removing Cyanide and
Heavy Metals

For the removal of cyanide from water we have used carbogen gas (5% CO, and
95% 0O,) and airflow (Gacsi et al. 2005). The idea of detoxifying heavy metals is
based on a series of analogous chemical reactions which can be divided in two
groups: (a) precipitation of the metals as their sulfides on Na,S impregnated ben-
tonite, and (b) the detoxification of residual Na,S.

(a) Metal sulfides will precipitate in the order of their increasing solubility prod-
ucts, starting with mercuric sulfide which has the lowest solubility (K| 1074-107°
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at 18°C). The solubility product (Ksp) is deduced from the equilibrium constant of
its sparingly soluble salt:

 _ Hgs™]
U7 HeSw)

where Keq is the equilibrium constant and HgS is the sparingly soluble salt. The
concentration of the pure solid [HeS )] is constant therefore the expression can be
simplified by defining a new constant named solubility product (Ksp):

Keq[HgS(] = [Hg* " 1[S*]
Ksp = Keq[HgS(s)] = [Hg2+][sz_]
The removal of Hg?" ions is based on its precipitation to HgS:

Na,S + HgCl, — HgS + 2NaCl

(b) After precipitation, adsorption and removal of the heavy metal sulfide by filtra-
tion, the next steps serve the purpose of releasing the excess sodium sulfide as H,S
with a stronger acid than hydrogen sulfide. To detoxify the excess sulfide ions in the
Na,S solution, the first reaction is the formation of carbonic acid from carbon diox-
ide dissolved in water. As indicated by its first dissociation constant (K ) only a small
portion of H,CO, will dissociate spontaneously to protons and hydrocarbonate ions:

CO; + H,O & H,CO; & H' + HCO;™

_ [HF][HCOy] _

4= 43 x 1077
[H,COs]

Although, H,CO, is a weak acid (K;=4.3x107" at 25°C), nevertheless stronger
than hydrogen sulfide (K,=1.1x107" at 25°C), consequently carbonic acid is able
to release H,S from the solution of its sodium sulfide salt:

H,CO; + NaS — Na,CO3 + H,S
Summarizing the detoxification reactions:
Na,S + H,O + CO, — Na,CO;5; + H,S
The next step involves the oxidation of the dissolved hydrogen sulfide to sulfur:
2H,S + O, — 2H,0 + 28

The formation of sulfur from hydrogen sulfide is similar to the Claus process which
is faster, as it is catalyzed by AIOOH and summarized as:

6H,S + 30, — 3/4Ss + 6H,O
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The production of polysulfide will not be favored since there is no catalyst present
and the acidic environment provided by the presence of H,CO, favors the decom-
position of polysulfides to H,S and insoluble sulfur.

Alternatively, the alkaline aqueous sodium sulfide solution (pH 10.6) upon stay-
ing in contact with air is oxidized slowly:

2Na,S + 20, + 2H,O0 — Na,S,03 + 2NaOH

In this reaction the milder, but still toxic sodium thiosulfate is formed and the solu-
tion remains alkaline due to the presence of sodium hydroxide. The aqueous solu-
tion of sodium thiosulfate is nearly neutral. Additional reactions could serve the
conversion of thiosulfate by exploiting the “antichlor” effect of sodium thiosulfate
or to decrease the pH of the solution generated in the previous reaction:

Na,S,05 + 8Cl 4+ 5H,O — 2NaHSO4 + S8HC1
Na,S,05 + 2HCI — 2NaCl + H,O + S + SO,

SO, + H,O — H,S0O;3

However, these reactions would need a precise stoichiometry and alkaline titration.
Rather the use of carbogen gas is recommended which favors the release of H,S
and decreases the pH approaching the physiological pH of natural drinking water.

Removal of Hg?*, Ni** and Pb** as their Sulfides

A similar procedure applied for cadmium (Banfalvi 2006) is used for the removal
of Hg?*, Ni** and Pb?* ions. The low solubility of the tested heavy metal sulfides
allows their precipitation at very low concentrations (Hg?" at =107, Pb*" at =107 !4
and Zn>" at =107" g ion/L) and their removal by adsorption to bentonite. The mix-
ture of 5 g bentonite and 1 g sodium sulfide placed into a glass fiber filter paper
bag was plunged into 200 ml heavy metal ion containing solution. After stirring
the solution with a magnetic stirrer the bag containing the precipitated heavy metal
sulfide was removed and the remaining heavy metal ion was determined in each
solution. Table 16.2 shows the removal of Ni**. Lower than 107° g ion/L concen-
trations of heavy metal ions could not be determined with AAS. The absorption
to bentonite was more efficient at higher heavy metal concentrations in the range
between 1071073 g ion/L.

Table 16.2 confirms that the higher the Ni?* ion concentration, the more efficient
was its removal. At 1073, 10* and 107 g ion/L Ni** concentrations the efficiency of
removal was 99.6, 98.3 and 93.2%, respectively. Similar tendency was observed with
Pb?* (Table 16.3), at 1073, 10~* and 1073 g ion/L, the efficiency of removal was 99.4,
97.4 and 87.9%, respectively. At subtoxic levels of Pb*" and Ni** concentrations
(107 g ion/L or less) the removal of heavy metal sulfides could not be measured.
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Table 16.2 Removal of nickel as NiS precipitate and absorption to bentonite

Ni** (g ion/L) Nickel concentration determined in
A (mg B (mg C (mg D (mg E (mg ion/L)
ion/L) ion/L) ion/L) ion/L)
1073 58.7 58.5 2.51 0.32 0.23 (0.4%)
1074 5.871 5.68 1.23 0.12 0.10 (1.7%)
1073 0.587 0.54 0.32 0.09 0.04 (6.8%)
10°¢ 0.058 0.06 0.06 0.05 0.04 (68.9%)
Average (%) 100% 96.1% 26.6% 6.0% 3.0%
1073-1073
(g ion/L)

The experiment was carried out as described in the “Material and Methods”. A. Stock solution con-
taining 237.7 mg NiCL,-6H,0 (58.7 Ni** ) in 1000 ml distilled water corresponds to 10~ g ion/L.
Dilutions (1074 ~107°) were made from the stock solution. B. Determination of Ni?>* concentrations
in stock solution and in dilutions by atomic absorption spectrometry (AAS). C. AAS of 200 ml Ni**
solution containing 1 g sodium sulfide each. D. AAS after filtrating suspension containing 200 ml
NiCl, stock or diluted solutions, 1 g sodium sulfide and 5 g bentonite, each. E. The same as D with
the exception that the mixture of sodium sulfide and bentonite was in a filter bag and hanging in
the solution containing NiCl,. After mixing the filter bag was removed and the remaining Ni** in
the solution was determined by AAS. Values are averages of three measurements

Table 16.3 Removal of lead as PbS by precipitation and absorption to bentonite

Pb*" (g ion/L) Lead concentration determined in
A (mg B (mg C (mg D (mg E (mg ion/L)
ion/L) ion/L) ion/L) ion/L)
1073 207.2 207.6 3.28 1.40 1.24 (0.6%)
10+ 20.72 18.74 2.53 1.11 0.54 (2.6%)
1073 2.07 2.03 0.54 0.40 0.25 (12.1%)
10°¢ 0.21 0.06 0.02 0.01 0.05 (23.8%)
Average (%) 100% 96.1% 13.3% 8.4% 5.1%
1073-107°
(g ion/L)

The experiment was carried out as described in Table 16.2. The stock solution contained 331.23 mg
lead nitrate corresponding to 207.2 mg Pb*" g ion/L distilled water

Worthy to mention that although, precipitate formation was observed with HgS, the
remaining mercuric ions left in the solution after filtration could not be determined.
The fine and opalescent HgS precipitate diffused through the filter and clogged the
electrode. Nevertheless, the ecotoxicity guppy test revealed that all fish remained
alive proving that Hg?" ions were also effectively precipitated and HgS removed.

Ecotoxicity Test of Heavy Metal Ions

The toxicity of heavy metals was demonstrated by physiological experiments. At
10~* M or lower concentrations of heavy metal chlorides no fish death occured (not
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Fig. 16.1 Toxicity test of heavy metal ions. Guppy test using male guppys (five each, average
weight 1 g) was carried out in heavy metal chloride containing drinking water as described in
the Materials and Methods. The survival of fish was registered a in 10~* M HgCl, solution and
expressed in minutes, b in 10 M ZnCl, solution, and ¢ in 107> M Pb(NO,), solution. Survival of
fish: control (m), after heavy metal treatment (o)

shown). At 1073 M as expected mercury turned out to be the most toxic, followed
by Ni** and Pb?* (Fig. 16.1). In the presence of 103 M HgCl, all fish (guppys) died
within 30 min (Fig. 16.1a). To the contrary, lead and nickel ions had no imminent
lethal effects. All five guppys survived 12 h, three of them 24 h and two remained
alive after 36 h in the presence of 10* M NiCl, (Fig. 16.1b). Four of the five guppys
survived the 24 h and three of them the 36 h 107> M PbCl, treatment (Fig. 16.1c).

Removal of Sodium Sulfide from Water

There is no doubt that the addition of Na,S to mine tailings or in our experiments
to drinking water containing heavy metal pollution and its oxidation would mean
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Fig. 16.2 Toxicity test and removal of Na,S with carbogen gas. a Toxicity of sodium sulfide using
male guppys (average 1 g, five each) was tested as described under Materials and Methods. b
Sodium sulfide (1 g in 200 ml drinking water) was detoxified for 2 h by using carbon dioxide (5%)
and oxygen (95%) mixture (carbogen gas). Carbogen gas was removed by aeration for 1 h. After
detoxification fish (five guppies) were placed in water and their survival was registered

the production of H,S which is even more toxic than the heavy metals. One could
argue that the precipitation of heavy metals would be sufficient. However, the ex-
treme toxicity of sodium sulfide (Fig. 16.2a) shows that this would not solve the
problem and guppys died in the sodium sulfide solution within 10 min. To complete
the answer to this objection: (a) precipitation of heavy metals in itself would not
remove heavy metals, (b) sodium sulfide and cyanide can be effectively removed
by the same procedure, namely by treatment with carbogen gas without additional
manipulation. Consequently, the argument that precipitation of heavy metals would
be sufficient is unacceptable due to the presence of heavy metals sulfides, which
maintain a low, but constant level of heavy metal pollution defined by the solubil-
ity products of these sulfides. All three steps are important: (1) to precipitate, (2) to
filtrate out heavy metal sulfides and (3) to decompose the excess sodium sulfide by
CO, treatment and oxidation.

Figure 16.2b shows that sodium disulfide solution can be detoxified by carbogen
gas (Fig. 16.2b). As a result of carbogen treatment none of the five fish died within
four days. After these experiments guppys were placed back in the aquarium contain-
ing fresh drinking water and continued their regular life without further deaths.

PH Changes during Carbogen Treatment

Sodium sulfide solution is highly basic. The carbogen treatment generated carbonic
acid which was beneficial as it lowered the pH of the solution. We have followed
the decrease of pH upon carbogen treatment of the solution (1 g Na,S in 200 ml)
(Fig 16.3). Aeration alone did not influence significantly the pH. That the solution
remained alkaline when only aeration was used is not surprising since the oxida-
tion of Na,S produces sodium hydroxide. Carbogen treatment for 2 h decreased the
pH of sodium sulfide solution from 10.6 to 6.7. Aeration after carbogen treatment
served: (a) the removal of carbon dioxide, (b) the oxygenization of water and (c)
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Fig. 16.3 The effect of aeration on the pH of sodium sulfide solution. Experiments were carried
out under ventilated hood. 2x200 ml solutions of drinking water containing 1 g sodium sulfide
each were prepared in two 500 ml beakers as described in the Methods. Air flow (2 L/min) was
passed through one of the solutions for 2 h without significant change in the pH (m-m). Carbogen
gas was bubbled through the second Na,S solution with a speed of 2 L/min for 2 h (0-0). After
2 h, carbogen gas was replaced by air flow (black arrow). The pH of drinking water is indicated
by the broken line (----)

the elevation of pH from 6.7 to 7.8 corresponding to the aerated aquarium pH value
(Fig. 16.3).

Survival of Fish upon Removal of Heavy Metal and Sodium
Sulfide

In these series of experiments heavy metal ions in drinking water (Ni?', Pb*", Hg?",
1073 g ion/L each) were precipitated with sodium sulfide, adsorbed to bentonite and
removed by filtration. Remediation with carbogen gas and aeration of water was
followed by the adaptation of guppys to the remediated aqueous environment. The
survival of fish was registered for four days. During these experiments there was
no loss of fish (results are not shown). The survival of fish confirmed that the toxic
effects of all three heavy metals and sodium sulfide were efficiently neutralized.

Discussion

As far as the environmental context is concerned cyanide pollution in waterways
does not go alone, after the extraction of gold from leachate, the cyanide solu-
tion carries heavy metal contaminations. With respect to environmental health it is
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of practical importance that we have established a simple cost efficient approach
applicable for the detoxification of cyanide and for the removal of heavy metals
in waterways (Hg?*, Ni2*, Pb?"). It is advised to precipitate metal sulfides on the
surface of an adsorbent and to remove the precipitate by filtration rather than left
unattended, to prevent environmental precipitate formation on unicellular and mul-
ticellular organisms. The filtration of heavy metal sulfides has to be followed by
the conversion of the extremely toxic soluble sulfide to sulfur. We have proved the
feasibility of this detoxification method by the guppy test. In a broader sense this
method allows not only the removal of heavy metals but more importantly the res-
toration of water quality for aqueous life.

The occurence of heavy metals from the toxic spill of a pyrite mine in 1998 (Simon
etal. 2001), the Baia Mare accident in 2000 and other smaller incidents indicated that
further industrial accidents may occur in future (Soldan et al. 2001). Among the po-
tential detoxification methods are those which emphasize the importance of stabiliza-
tion of the heavy metals in aqueous environment. Sulfide species were recommended
as a sink for mercury in lake sediments (Wolfenden et al. 2005). The application of an
increased dosage of soluble sulfides has been suggested recently for the removal of
cadmium and mercury (Banfalvi 2006; Piao and Bishop 2006). The immobilization
of mercury ions by the addition of sodium sulfide indicated that after precipitation
to HgS, mercury ion concentration could not be determined. This is explained by
the formation of colloidal mercury sulfide that could not be removed completely by
filtration and diffused through the filter and the fine precipitate clogged the electrode.
Such phenomenon was observed neither with NiS nor with PbS nor earlier during
the formation of CdS (Banfalvi 2006). Looking at the solubility products one would
assume that the finest sulfide precipitate would be formed with that heavy metal
which precipitates at the lowest ion concentration and produces the smallest colloidal
particles. Indeed, mercury ions precipitate with sulfide ions at =1072>~1072* g ion/L
concentrations, followed by Pb** (=107'* g ion/L), Ni** (=107!? g ion/L), and Cd**
(=1073 gion/L). Comparing the heavy metal ion concentrations with the average per-
centages obtained after the removal of heavy metal sulfides from their 107°-107° g
ion/L solutions we see a similar tendency. The fine precipitate of HgS (solubility
product =10™#-10733 depending on temperature) prevented the determination of the
residual Hg?" ions by atomic absorption spectrometry. Due to the fine precipitate
formation the removal of HgS by filtration was probably less efficient than the re-
moval of Ni?*, Pb?*, or Cd?**. In conformity with the fine precipitate formation nickel
sulfide and copper sulfide nanocrystal production was also reported (Ghezelbash and
Korgel 2005). Three-dimensional, orthogonal lead sulfide (PbS) nanowire arrays and
networks have also been published (Ge et al. 2005). The nanocrystal formation is
of physiological importance and provides some explanation regarding the toxicity
of the heavy metal nanocrystals. If heavy metal sulfides cannot be precipitated on
the surface of an absorbent in statu nascendi, the fine precipitate in water will cover
other macroscopic and microscopic objects including living organism the ingestion
of which may cause severe secondary heavy metal poisoning. To reduce the amount
of nanocrystal formation, the in sifu precipitation of heavy metal sulfides on the sur-
face of an adsorbent such as bentonite offers a plausible solution.
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To the question whether or not heavy metal sulfide formation and removal can
be implemented and turned into practical solution, the explanation could be that
the primary toxic effect of low concentrations of heavy metal pollution (<107 g
ion/L) is a long lasting effect and does not cause immediate death in aqueous life.
Based on toxicological experiments, an effective and harmless way to avoid the
long-term poisonous effects of heavy metals after precipitation with sodium sul-
fide is their removal by filtration and the detoxification of residual sodium sulfide
with carbogen gas (5% CO,, 95% O,) followed by the aeration to oxygenize water.
After treatment of sodium sulfide with carbogen gas, a faint yellowish precipitate
of sulfur sedimented at the bottom of the container, which did not influence the
survival of fish.

Another objection to the precipitation could be that the Hg?" ion concentration
permitted in the drainage (0.05 ppm corresponding to somewhat less than 107° g
ion/L) is much lower than what we have adopted (107-1073 g ion/L) in the guppy
test. The answer to this question is that at 10 g ion/L or lower concentrations of
heavy metals (including Hg) no fish death occured and the guppy test at these lower
concentrations would not make sense. However, after environmental pollutions the
concentration of heavy metals including Hg may mount to life threatening levels
which justify our experiments at toxic concentrations.

Conclusions

Heavy metal pollutions can be stabilized by the precipitation of metal ions as their
sulfide species that will behave as a sink especially in lake sediments (Wolfenden
et al. 2005). The precipitation of heavy metal ions to lower their concentration in
waterways is only a temporary solution and should be followed by the removal of
the precipitate. The long term effects of heavy metal sulfides are: (1) different heavy
metals will be precipitated at the same time, the cumulative physiological effects
of which can be significant, (2) heavy metal sulfide sediments represents a low but
constant metal ion reservoir which will be maintained as long as the precipitate
is present, (3) the removal of polluted water and replacement with water free of
contaminants would not solve the problem either as the presence of the precipitated
sediment provides a metal ion reservoir, determined by the solubility product, (4)
living species accumulate heavy metals dissolved in water, (5) metal sulfides pre-
cipitate on the surface of small corpuscules including small organisms and will be
ingested.

The following solution is proposed to eliminate heavy metals from mine tailings
and to prevent living organisms in waterways from the long-term effect of heavy
metals and their sulfides: (1) precipitating the metals on Na,S-impregnated fine
powder of bentonite inside diffusible bags or other containers, (2) removing the
heavy metal sulfides by filtration after their adsorption to bentonite i.e. the removal
of bags containing the heavy metal sulfides adsorbed to bentonite, (3) oxidation of
residual Na,S to insoluble, non-toxic sulfur with carbon dioxide and reducing the
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alkaline pH to physiological level, (4) aeration with air to remove carbon dioxide
and to saturate water with oxygen.

Our experiments showed that sodium sulfide can be efficiently removed from
water and the released hydrogen sulfide can be oxidized to sulfur. Although, the
regeneration of water and the restoration of its physiological status was originally
suggested for cyanide (Gacsi et al. 2005) it is also applicable to the removal of
heavy metals from lakes and ponds in the vicinity of industrial and populated areas.
One’s first reaction to the proposal might be reluctance to add another toxin (Na,S)
to lakes, ponds and mine tailings, but since only the oxidation with carbogen and
air is needed to decompose simultaneously both NaCN and Na,S, this is not a valid
objection. The proposed method can be used: (1) to handle the problem of gold and
silver mine tailings, (2) to remove heavy metals from lakes and ponds as a potential
way of dealing with a serious environmental problem.
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