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Preface

The importance of metals in biology and medicine has grown exponentially
since the emergence, in the early 1980s, of the scientific discipline once
known as Inorganic Biochemistry or Bioinorganic Chemistry, which is now
designated as Biological Inorganic Chemistry (BIC). Since the first Interna-
tional BIC Conference (ICBIC) in Florence in 1983, the role of metals in med-
icine has never been far from the programme. However, metals, even when
they are essential, can be toxic, as can a number of non-essential metals,
often referred to as ‘heavy metals’. As Paracelsus pointed out in the 1500 s,
anything can be toxic, only dependent on the dose and, while in the case
of essential metals toxicity is associated with excessive accumulation of the
metal ion, often in specific organs, tissues or cell types, non-essential metal
ions become toxic when a particular threshold concentration of the metal
ion is exceeded.

Aswe point out in this latest contribution to the RSC Metallobiology series,
in very many clinical situations, the only realistic and appropriate therapeu-
tic option is to administer a specific metal chelator which can remove the
metal excess. For essential metals, the aim is to restore the perturbed metal
ion homeostasis, whereas for non-essential metal ions the objective is to
remove the ‘xenometal’ (my apologies for this literary extravaganza).

We begin with an introductory chapter on metal toxicity, by both essential
and non-essential metal ions, which is followed by a chapter reviewing the
principles involved in the design of metal chelates. The removal of heavy
metals by chelation therapy is then reviewed, followed by chapters on the
use of iron chelators in the treatment of transfusional iron overload and their
potential in the treatment of neurodegenerative diseases where iron load-
ing in specific brain regions involved in the particular disease highlights the
need to target iron chelation to specific locations. Then, the development of
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octadentate chelators for selective complexation of actinides, which would be
absolutely essential in the unthinkable scenario of the terrorist use of a ‘dirty
bomb, is cogently reviewed (representing a totally different level of chelation
therapy). The concluding chapters detail the non-invasive techniques which
are being increasingly developed for the evaluation of iron overload and their
use in diagnostic imaging.

We hope that this volume will help in the search for appropriate therapeu-
tic measures to deal with the complex problems of metal toxicity.

Robert R. Crichton, Roberta J. Ward and Robert C. Hider


http://dx.doi.org/10.1039/9781782623892-fp005

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

Contents

Chapter 1 Metal Toxicity — An Introduction
Robert R. Crichton

1.1
1.2

1.3

1.4
1.5

1.6

1.7

Introduction

Essential Metals

1.2.1 Sodium and Potassium

1.2.2 Magnesium and Calcium

1.2.3 Zinc

1.2.4 Other Essential Metals
Toxicity Due to Essential Metals
1.3.1 Sodium and Potassium

1.3.2 Calcium and Magnesium

1.3.3 Zinc

1.3.4 Other Essential Metals
Non-Essential Metals

Toxicity Due to Non-Essential Metals
1.5.1 Lead

1.5.2 Cadmium

1.5.3 Mercury

1.5.4 Aluminium

Sources and Routes of Exposure with Particular
Reference to Non-Essential Metals
Conclusions

Abbreviations
References

O O N k= W WD R

I
w N

13
14
15
15

18
19
20
20

RSC Metallobiology Series No. 8

Metal Chelation in Medicine

Edited by Robert Crichton, Roberta J. Ward and Robert C. Hider
© The Royal Society of Chemistry 2017

Published by the Royal Society of Chemistry, www.rsc.org

vii



Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

viii

View Online

Contents

Chapter 2 Basic Principles of Metal Chelation and Chelator Design 24
Robert C. Hider and Yongmin Ma

Chapter 3

2.1
2.2
2.3
2.4

2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

2.14
2.15

Introduction

Ligand Chemistry

Ligand Selectivity

Comparison of Bidentate Ligands
2.4.1 Catechols
2.4.2 Hydroxamates
2.4.3 Hydroxypyridinones
2.4.4 Hydroxypyranones
2.4.5 Aliphatic Diamines
2.4.6 Heterocyclic Amines
2.4.7 Hydroxyquinolines

24
26
29
31
31
33
33
35
35
35
36

2.4.8 Aminocarboxylates (Including Oligodentate

Ligands)
2.4.9 Hydroxycarboxylates (Including Tri- and

Hexadentate Ligands)

Ligand Denticity - The Chelate Effect

Complex Lability

Redox Activity

Biological Properties

Lipophilicity and Molecular Weight

Ligand Metabolism

Ligand Binding to Serum Albumin

Chelator Pharmacokinetics

Toxicity of Chelators

2.13.1 Inhibition of Metal-Dependent
Enzymes

2.13.2 Nephrotoxicity

2.13.3 Neurotoxicity

2.13.4 Immunotoxicity

2.13.5 Genotoxicity

Chelators and Nutrition

Conclusions

Abbreviations
References

Chelation Therapy For Heavy Metals
Peter Nielsen

3.1
3.2

Introduction
General Strategies Against Heavy Metal
Intoxication
3.2.1 Toxicology of Heavy Metals
3.2.2 Treatment for Heavy Metal Intoxication
3.2.3 Drawbacks and Misuse of Chelators

36

37
37
39
41
43
43
44
45
47
49

49
51
51
51
52
52
53
53
53

56

56

58
58
59
62


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

Contents

Chapter 4

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Arsenic

3.3.1 Absorption and Metabolism of Arsenicals

3.3.2 Toxicity of Arsenicals

3.3.3 Diagnostic Measures and Interventional
Levels

3.3.4 Chelation Therapy for Arsenic Intoxication

Mercury

3.4.1 Absorption and Metabolism of Mercurials

3.4.2 Toxicology of Mercury

3.4.3 Diagnostics and Intervention Levels

3.4.4 Chelation Treatment for Mercury Poisoning

Lead

3.5.1 Lead Absorption and Metabolism

3.5.2 Toxicity of Lead

3.5.3 Diagnostic Measures and Intervention Levels

3.5.4 Treatment of Lead Poisoning

Cadmium

3.6.1 Absorption and Metabolism of Cadmium

3.6.2 Toxicity of Cadmium

3.6.3 Diagnostic Markers and Intervention Level
for Cd Intoxication

3.6.4 Chelation Treatment for Cadmium Poisoning

Noble Metals

3.7.1 Silver Poisoning

3.7.2 Gold Poisoning

Other Metals

3.8.1 Acute Iron Poisoning

3.8.2 Acute Copper Poisoning

3.8.3 Thallium Poisoning

Conclusion

Abbreviations
References

Treatment of Systemic Iron Overload
John Porter

4.1

4.2

4.3

Consequences of Transfusional Iron Overload

4.1.1 Iron Homeostasis in the Absence of Blood
Transfusion

4.1.2 Effects of Inherited Anaemias and Blood
Transfusion on Iron Homeostasis

Impact of Transfusion on Iron Distribution and its

Consequences

Desirable Features of Clinically Useful Iron

Chelators

4.3.1 High Iron Binding Constant and Selectivity
for Iron

View Online

ix
63

63
64

66
66
68
70
73
75
76
78
78
80
82
82
85
86
87

90
90
92
92
93
94
94
95
95
96
97
98

106

106

106

107

109

113

113


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

Chapter 5

4.4

4.5

4.6

4.7

4.8

View Online

Contents

4.3.2 Chelation of Iron Pools for Balance Without
Inhibition of Key Metabolic Pools

Monitoring Iron Overload and Its Treatment

4.4.1 Monitoring Trajectory of Iron Overload and
Distribution

Properties and Clinical Beneficial Effects of

Available Iron Chelators

4.5.1 Desferrioxamine (Desferal) DFO

4.5.2 Deferiprone (DFP)

4.5.3 Deferasirox (Exjade®) DFX

Unwanted Effects of Iron Chelators

4.6.1 Role of Iron Deprivation in Chelator Toxicity

4.6.2 Desferrioxamine Tolerability and
Unwanted Effects

4.6.3 Deferiprone Tolerability and Unwanted
Effects

4.6.4 Deferasirox Tolerability and Unwanted
Effects

Practical Use of Chelators: A Personal Approach

4.7.1 Patients with Acceptable Levels of Body Iron
but Continuing Transfusion

4.7.2 Patients with Unacceptably High Levels of
Body Iron

4.7.3 Patients with Unacceptably High Levels of
Myocardial Iron

4.7.4 Patients in Heart Failure

4.7.5 Patients with Rapidly Falling Serum Ferritin
or Low Values <1000 pL™

4.7.6 Patients not Responding to Monotherapy
Regimes: Combined Chelators

4.7.7 Combinations of DFP with DFO

4.7.8 Combinations of DFO Plus DFX

4.7.9 Combination of DFP Plus DFX

Conclusions

Abbreviations

References

Treatment of Neurodegenerative Diseases by
Chelators

5.1
5.2

5.3

Roberta J. Ward, David T. Dexter and Robert R. Crichton

Introduction

The Aging Brain

5.2.1 Brain Iron Homeostasis and Aging
5.2.2 Brain Copper Homeostasis and Aging
5.2.3 Brain Zinc Homeostasis and Aging
Inflammation and Aging

114
117

117

124
124
127
130
132
132

133

134

134
135

135

136

136
137

138

139
139
140
140
140
141
141

153

153
154
154
156
156
157


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

Contents

Chapter 6

Chapter 7

5.4 Neurodegenerative Diseases
5.5 Blood Brain Barrier
5.6 Metal Ions and Neurodegenerative Diseases
5.6.1 Parkinson’s Disease (PD)
5.6.2 Alzheimer’s Disease (AD)
5.6.3 Intracerebral Haemorrhage
5.6.4 Multiple Sclerosis
5.6.5 Friederich’s Ataxia
5.7 Neurodegeneration with Brain Iron
Accumulation (NBIA) Diseases
5.7.1 Mutation in Genes Associated with Iron
Metabolism
5.8 Macular Degeneration
5.9 Conclusion and Perspectives
Abbreviations
References

Chelation of Actinides
Rebecca J. Abergel

6.1 The Medical and Public Health Relevance of
Actinide Chelation
6.1.1 Actinide Metabolism and Clinical Course
6.1.2 Current Treatment Recommendations
for Actinide Contamination
6.1.3 Limitations of Current Therapies
6.2 Designing Chemical Structures for Actinide
Chelation
6.2.1 Coordination Chemistry Criteria
6.2.2 Synthetic Approaches to New
Actinide-Selective Agents
6.3 Evaluating Actinide Chelation Efficacy
6.3.1 Invitro Evaluation Techniques
6.3.2 Invivo Efficacy Determination
6.4 Development of Viable Actinide Chelation
Treatments
6.4.1 Formulation Development
6.4.2 Safety Determination and Regulatory
Approval
Abbreviations
References

Evaluation of Iron Overload by Non-Invasive
Measurement Techniques
Roland Fischer

7.1 Introduction

View Online

xi

157
158
159
160
163
166
168
168

169

169
176
177
177
177

183

183
184

186
187

187
188

188
193
193
196

199
199

202
206
207

213

213


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

xii

Chapter 8

View Online

Contents
7.2 Principles of Iron Measurement Techniques 215
7.2.1 Reference Standards for Iron Quantification
Methods 215
7.2.2 Biochemical Properties of Iron Storage
Molecules 217
7.2.3 Magnetic Properties of Iron Storage
Molecules 218
7.3 Iron Measurements: Technique, Analysis, and
Calibration 224
7.3.1 Spin-Echo Relaxometry (R2/T2) 226
7.3.2 Spin-Lattice Relaxometry (T1/R1) 229
7.3.3 Gradient-Echo Relaxometry (T2*/R2*) 229
7.3.4 Biomagnetic Susceptometry 233
7.3.5 Other MRI Iron Measurement Techniques 235
7.3.6 Quantitative X-ray Iron Measurement
Techniques 237
7.4 Applications of In vivo Iron Assessment 237
7.4.1 Liver 238
7.4.2 Spleen 239
7.4.3 Heart 240
7.4.4 Pancreas 240
7.4.5 Pituitary 241
7.4.6 Brain 242
7.4.7 Iron in Other Organs, Glands, and Tissue 244
7.5 Conclusion and Prospects 247
Abbreviations 248
Acknowledgement 248
References 248

Chelators for Diagnostic Molecular Imaging with
Radioisotopes of Copper, Gallium and Zirconium 260
Michelle T. Ma and Philip J. Blower

8.1 Introduction 260
8.1.1 Positron Emission Tomography and Molecular
Imaging with Peptides and Proteins 261
8.1.2 Reactive Functional Groups for Attachment
to Biomolecules 262
8.1.3 Requirements for Chelators that Complex
Positron-Emitting Metal Radioisotopes 263
8.2 Macrocyclic Chelators for Copper-64: Lessons
in Kinetic Stability 265
8.2.1 Cu Complexes of Macrocycles: Radiolabelling
and In vivo Stability 266

8.2.2 Kinetic Stability is Critical to In vivo Stability -
You Can’t Have One Without the Other 275


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-FP007

Contents

8.3

8.4

8.5

8.2.3 Targeting Based on Chelate Reactivity:
Bioreduction and Dissociation

8.2.4 Outlook for Clinical Applications
of Copper-64

Acyclic and Macrocyclic Chelators for

Gallium-68: A Short Half-Life Necessitates

Efficient Radiolabelling

8.3.1 Gallium-68 in the Clinic: Its Current Utility
and Future Potential

8.3.2 Macrocycles for Gallium-68

8.3.3 Halfway Between Macrocycles and
Open-Chain Chelators: Data Derivatives

8.3.4 Acyclic Chelators for Gallium-68 Provide
Rapid Radiolabelling at Room Temperature

8.3.5 Siderophores for Coordination of
Gallium-68

8.3.6 Chelator Design and Clinical Impact

Development of Chelators for Zirconium-89:

Work in Progress

8.4.1 Hexadentate Chelators for Zirconium-89:
Sufficient, But Suboptimal

8.4.2 Octadentate Chelators for #Zr*": Will
Saturation of the Coordination Sphere
Provide Enhanced Stability In vivo?

8.4.3 Metastable Lipophilic Zirconium Chelates

Conclusions

Abbreviations
Acknowledgements
References

Subject Index

View Online

xiii

281

282

283

283
286

289

290

294
295

295

296

299
302
303
304
305
305

313


http://dx.doi.org/10.1039/9781782623892-fp007

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00001

CHAPTER 1

Metal Toxicity — An
Introduction

ROBERT R. CRICHTON?

*Universite Catholique de Louvain, 1348 Louvain-la-Neuvre, Belgium
*E-mail: Robert.crichton@uclouvain.be

1.1 Introduction

Metal toxicity’ can be caused by both metal ions, which are considered to
be essential for humans, like iron and copper, as well as by non-essential
metals, like cadmium, lead and mercury, which are not at all necessary for
life but which, when introduced into the human environment, can have toxic
effects, often with disastrous consequences. So, we begin by asking what
are the essential metal ions, why they are required, and under what circum-
stances certain of them can be toxic. We then discuss which are the non-
essential metal ions which pose toxicity problems to the human population.
For each of these two groups of metal ions, general chemical considerations
and the basic principles involved in their toxicity are briefly considered, as
well as how the metal ion is bound within cells or tissues, since this is a key
element in devising strategies for its removal by chelation. Finally, we briefly
review the sources and routes of exposure to metal toxicity, with particular
reference to non-essential metals.

Whereas essential metal ion toxicity can be attributed to accumulation of
excessive concentrations of the metal ion, often in specific tissues or organs,
the toxicity of non-essential metal ions is a consequence of environmental
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exposure leading to their accumulation within the body. Both types of metal
toxicity can, in principle, be treated by the use of appropriate metal ion che-
lators, and this constitutes the subject of this contribution to the RSC Metal-
lobiology series.

1.2 Essential Metals

There are around twenty five elements that are required by most biological
systems, including an important number of metal ions. However, for humans,
there are ten essential metal ions. Of these, four: sodium, potassium, calcium
and magnesium, can be considered as ‘bulk elements’, and together consti-
tute approximately 99% of the metal ion content of the human body. The
other five transition metals manganese, iron, cobalt, copper, zinc and molyb-
denum, are known as ‘trace elements’, with much lower dietary requirements
than the bulk elements; they are nonetheless indispensable for human life.?

1.2.1 Sodium and Potassium

The two essential alkali metal ions Na* and K* (together with H" and CI") are
only weakly bound to organic ligands and are extremely mobile. This makes
them ideally suited to generate ionic gradients across biological membranes
and to ensure the maintenance of osmotic balance, and this is precisely what
they do. The Na* and K* contents of the average 70 kg adult human are about
100 g and 140 g, respectively, but their distribution in most mammalian cells
is quite different. Na*, together with CI, is the major electrolyte in the extra-
cellular fluid, whereas K" is retained within the cells. The concentration of
Na® in the extracellular fluid (i.e., the plasma) is maintained within narrow
limits at about 145 mmol L™}, whereas the intracellular concentration is about
12 mmol L™, In contrast, the concentration of K" is 150 mmol L™ within the
cells and typically 4-5 mmol L™ in the extracellular fluids. This concentra-
tion differential, which is maintained by the (Na'-K")-ATPase of the plasma
membrane, ensures a number of major biological processes, such as cellular
osmotic balance, signal transduction and neurotransmission.

1.2.2 Magnesium and Calcium

In contrast to Na" and K*, the alkaline earths Mg** and Ca®" have intermedi-
ate binding strengths to organic ligands and are therefore less mobile. They
play important structural and catalytic roles and, in the particular case of
Ca*, serve as a charge carrier and a trigger for signal transmission within the
cell. Ca*" is the fifth most abundant element and most abundant metal ion
in the human body, representing 14% of body mass (1 kg for a 70 kg human),
whereas Mg?* accounts for only 19 mg. Most (99%) of the body’s Ca** is found
within the biominerals that constitute bone and teeth, but the 1% found
within cells and tissues has enormous importance in regulating a series of
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important cellular responses, from initial fertilisation to being a harbinger of
cell death, intervening between these limits of the life of the cell to include
secretion, mobility, metabolic control, synaptic regulation and gene regula-
tion. Although Mg** represents the least abundant of the ‘bulk elements’, it
is the most abundant cation within cells, with roughly half of cytosolic Mg**
bound to ATP and most of the rest bound, together with K, to ribosomes;
the intracellular concentration of free Mg** is around 0.5 mM, and less than
0.5% of total body Mg*" is in the plasma. Unlike the other three bulk cations,
Mg>* has a much slower water exchange rate, allowing it to play a structural
role, for example, participating in ATP binding in many enzymes involved
in phosphoryl transfer reactions—six of the ten reactions of glycolysis are
phosphoryl transfers.

1.2.3 Zinc

Of the six trace metal ions, in senso stricto, zinc is not a transition metal ion.
Zn has ligand binding constants intermediate between those of Mg** and
Ca®" and the other five transition metals, and, in marked contrast, does not
have access to any other oxidation state other than Zn*', which may be one of
the reasons why it is found in more than 300 enzymes, representing all of the
six classes of enzymes represented by the International Union of Biochemis-
try, since it avoids generation of free radicals. Zn** not only plays a structural
and catalytic role, often functioning, like Mg>', as a Lewis acid; it can also ful-
fil a very important function in the structural motifs known as ‘zinc fingers’
involved in the regulation of transcription and translation via its DNA- and
RNA-binding. Zn** is the second most abundant of the trace metals (after
iron), and is extensively involved in brain function. Bioinformatic analysis
reveals that the zinc proteome represents about 10% of the entire proteome
in humans, compared to 5-6% in prokaryotes.’

1.2.4 Other Essential Metals

The other five transition metal ions: Mn, Fe, Co, Cu and Mo, bind tightly to
organic ligands, are therefore effectively immobile and participate in a wide
range of redox reactions. Fe and Cu are constituents of a large number of pro-
teins involved in electron transfer chains in humans, the respiratory chain in
the inner membrane of the mitochondria, with Fe-S proteins, cytochromes
and the terminal component, the Cu-Fe-dependent cytochrome c oxidase.
Fe also plays an important role in the oxygen transport and storage proteins,
haemoglobin and myoglobin, while both Fe and Cu are involved in oxygen
activation (oxidases, hydroxylases) and detoxification (Cu-Zn superoxide dis-
mutase). Co is required in the diet as vitamin B,,, and is an essential cofactor
for a number of B,,-dependent isomerases and methyltransferases. Mn plays
an important role in the detoxification of oxygen free radicals (mitochondrial
Mn superoxide dismutase). Mo, while relatively rare in the earth’s crust, is the
most abundant transition metal in seawater, and is an important component
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of nitrogenase, the key enzyme of nitrogen-fixing organisms. However, in
humans there are a number of Mo-dependent enzymes, which all contain
Mo in the form of a molybdenum pyranopteridin-dithiolate cofactor. They
include xanthine oxidase, involved in the catabolism of purine bases, sulph-
ite oxidase involved in sulphur metabolism and aldehyde oxidase, involved
in the metabolism of many drugs.

Ni**, V and Cr appear to be beneficial and have been proposed to be essen-
tial for man but we will not discuss their roles further.

1.3 Toxicity Due to Essential Metals

Alle Dinge sind Gift, und nichts ist ohne Gift; allein die dosis machts, daf$ ein Ding
kein Gift sei. Paracelsus (1493-1541)

This celebrated dictum of Paracelsus, the Swiss physician, alchemist, mys-
tic and philosopher (born Phillip von Hohenheim, later called Philippus
Theophrastus Aureolus Bombastus von Hohenheim, and ultimately Paracel-
sus), can be loosely translated as ‘Everything is poisonous and nothing is not
poisonous; only the dose determines whether something is poisonous or not’.

Nowhere is this more true than in describing the toxicity of essential metal
ions. The concentration of each of the essential metal ions needs to be main-
tained within strict limits in each cell and tissue of the body. This is what the
celebrated French physiologist Claude Bernard defined as homeostasis—'the
fixity of the internal environment is the condition for free life. He continued
"The living body, though it has need of the surrounding environment, is neverthe-
less relatively independent of it. This independence which the organism has of its
external environment, derives from the fact that in the living being, the tissues are
in fact withdrawn from direct external influences and are protected by a veritable
internal environment which is constituted, in particular, by the fluids circulating
in the body.". Thus, any factor, whether hereditary, environmental or other,
which perturbs the homeostatic equilibrium of a metal ion can result in a
shift from that equilibrium state to a condition of either deficiency or excess,
and it is the latter that is the origin of the toxicity of essential metals.

It is clearly beyond the scope of this chapter to discuss the homeostasis of
each of the essential metal ions and in what follows we will highlight some of
the major causes of essential metal toxicity in humans with a particular focus
on those that are accessible to therapeutic treatment by chelation therapy
and to identifying areas involving essential metal overload that may become
amenable to chelation therapy.

1.3.1 Sodium and Potassium

Selectivity in the coordination of the alkali metals, Na* and K', can be easily
achieved since the difference in their ionic radii is large (0.35 A) and hence
the dimensions of the cavity surrounding the unhydrated monovalent cat-
ion effectively solves the problem of Na*-K" selectivity in both complexation
and transport. This was established by early studies on synthetic model
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compounds,* confirmed by the high resolution structures of membrane
transporters of K> and, more recently, the structure of an Na* transporter.”

The structure of the KesA K' channel® from Streptomyces lividans, an inte-
gral membrane protein with sequence similarity to all known K" channels,
reveals that it is constructed in the form of an inverted teepee, with the nar-
row 12 A long selectivity filter in its outer end. Whereas the central cavity
of the pore is wider and lined with hydrophobic amino acids, the selectiv-
ity filter is lined by main chain carbonyl oxygen atoms (Figure 1.1a) and is
held open by structural constraints to coordinate unhydrated K* ions but
not the smaller Na* ions. Thus, the architecture of the pore establishes the
physical principles underlying selective K* conduction.’ In order to transport
unhydrated K" ions in the selectivity filter, the K" ion’s hydration shell
must be removed. The structure of the KesA K channel in complex with a
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Figure 1.1 (a) The KesA K' channel showing the selectivity pore and the K' ion
dehydration at the extracellular pore entryway. Reprinted by permission
from Macmillan Publishers Ltd: Nature, Zhou et al.® Copyright 2001. (b)
A schematic depiction of the proposed mechanism of ion selectivity in
NavAb. Reprinted with permission from Corry and Thomas.’ Copyright

(2012) American Chemical Society.
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monoclonal Fab antibody fragment at 2.0 A resolution® shows how this is
achieved. The transfer of a K' ion between the extracellular solution (where
a K" ion is hydrated) and the selectivity filter (where the ion is unhydrated) is
mediated by a specific arrangement of carbonyl oxygen atoms that protrude
into solution. The selectivity filter contains two K* ions about 7.5 A apart.
When the configuration of ions (green spheres) and water (red spheres)
inside the filter is K'-water-K'-water (top, 1,3 configuration), a K* ion at the
entryway is surrounded by eight ordered water molecules ready to enter the
selectivity filter. When the configuration is water-K'-water-K* (bottom, 2,4
configuration), the K" ion at the filter threshold senses the electrostatic field
due to the ion distribution within the filter and is drawn closer to the channel
from the fully hydrated position to a position where it is half hydrated.

Using the structure of the voltage gated sodium channel, NavAb from Arco-
bacter butzleri,” the location and probable mechanism used to discriminate
between Na" and K' has been pinpointed.” The overall topography of the
NavAb channel is similar to that of the K* channel,® in the form of an inverted
tepee, but differs significantly from the K" channel in the narrow ‘selectiv-
ity filter’, which is both wider and shorter as well as being lined by amino
acid side chains. The proposed mechanism of ion selectivity in NavAb is pre-
sented in Figure 1.1b. The first surprise is that, whereas in the K* channel®
(Figure 1.1b) unhydrated K" ions transit the selectivity filter, Aydrated Na"ions
pass through the NavAb channel. Although K' could fit through the narrow
portion of the pore with a complete hydration shell as shown in Figure 1.1b
(A), it cannot do so due to the presence of charged glutamate residues Figure
1.1b (B). Selectivity arises due to the inability of K* to fit between the plane
of glutamate residues with the preferred solvation geometry, which involves
water molecules bridging between the ion and carboxylate groups. In con-
trast, the smaller Na" ion can fit in the pore with its preferred solvation geom-
etry Figure 1.1b.

Retention of Na" (hypernatraemia) is one of the most common electro-
lyte disorders in clinical medicine, occurring when Na® intake exceeds renal
clearance. It can be caused by excessive ingestion of salt, too-rapid infusion
of saline, congestive heart failure, renal failure, or when there is excessive
production of aldosterone, resulting in hypervolumaenia and hyperten-
sion.'” Hypernatraemia and dehydration are commonly encountered among
the elderly, and when they occur in nursing homes are considered indica-
tors of neglect.! The treatment involves correcting the underlying cause and
correcting the water deficit.

Hyperkalaemia,'>"* defined as serum K" levels in excess of 5.5 mM, has
become more common in cardiovascular practice due to the growing popu-
lation of patients with chronic kidney disease and the broad application of
drugs that modulate renal elimination of potassium by reducing production
of angiotensin II (angiotensin-converting enzyme inhibitors, direct renin
inhibitors, B-adrenergic receptor antagonists), blocking angiotensin II recep-
tors (angiotensin receptor blockers), or antagonizing the action of aldoste-
rone on mineral corticoid receptors (mineralocorticoid receptor antagonists).
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Current therapies for hyperkalaemia either do not remove excess potassium
or have poor efficacy and tolerability. Two new polymer-based, non-systemic
oral agents, patiromer calcium (RLY5016) and zirconium silicate (ZS-9), cur-
rently in development,’* are designed to induce potassium loss via the
GI tract, particularly the colon, and reduce plasma K" levels, and both have
demonstrated efficacy and safety in recent trials. Patiromer sorbitex calcium
is a polymer resin and sorbitol complex that binds potassium in exchange for
calcium; ZS-9, a non-absorbed, highly selective inorganic cation exchanger,
traps potassium in exchange for sodium and hydrogen.

1.3.2 Calcium and Magnesium

Differences in Ca*" versus Mg** complexation are more difficult to achieve
than between K" and Na', although the recent structure determinations
of Ca®" and Mg** channels promises to improve our understanding of how
selectivity is achieved."'® The selectivity filter of a voltage-gated Ca*" channel
is presented in Figure 1.2.

Calcium and, to a lesser extent, magnesium balance is achieved through
a complex interplay between the parathyroid gland, bone, the intestine and
the kidney."”'® Hypercalcaemia is a common metabolic perturbation and
the most common causes are malignancy and hyperparathyroidism, which
account for around 80% of cases,'” although the increase in over-the-counter
purchase of Ca®" and vitamin D supplements, notably to combat osteoporosis
in the ageing population, is also a factor.'?° Management of hypercalcaemia

Figure 1.2 Catalytic cycle for Ca®* conductance by Ca,Ab. Coupling of extracellu-
lar Ca** binding sites and the three sites within the selectivity filter in
the two proposed ionic occupancy states. When two Ca®" ions bind to
position 1 and 3 in the filter, the entryway Ca** ion is placed furthest
from the pore (left). When one Ca** ion binds to position 2 within the
filter, the ion outside the filter is pulled closer to the pore (right). Repro-
duced by permission from Macmillan Publishers Ltd: Nature, Tang
et al."® Copyright 2013.
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has been based on the use of bisphosphonates (e.g., zoledronic acid) and
calcimimetic agents, although recently the nuclear factor-«x ligand mono-
clonal antibody Denosumab has also been introduced for the treatment of
hypercalcaemia of malignancy.*"** Clinically significant hypermagnesaemia
is uncommon, generally occurring only in the setting of renal insufficiency
and excessive magnesium intake.

1.3.3 Zinc

The essential transition metal ions, manganese, iron, cobalt, copper and
zinc present a very different picture concerning their complexation. It is dif-
ficult to selectively chelate the divalent state of these metal ions, which have
very similar coordination preferences. However the selective complexation
of Fe’" and Cu" is relatively easy. Fe’* has no other biological counterpart
in terms of its preference for hexacoordinate geometry with predominantly
‘hard’ ligands such as oxygen, although, as we will see later, AI’** and Ga®* can
use the iron transport protein transferrin as Fe*" surrogates. In marked con-
trast, the rather ‘soft’ Cu" ion is ideally coordinated by sulphur ligands, and it
comes as no great surprise that this is the coordination used by intracellular
copper chaperones.

The human body contains about 2 g of Zn, mostly found in testes, muscle,
liver, and brain. Zinc deficiency due, for example, to poor nutrition, ageing,
and deregulation of zinc homeostasis, is much more frequently encountered
in the human population than zinc excess.*® Only exposure to high doses
has toxic effects. However, long-term, high-dose zinc supplementation inter-
feres with copper uptake, such that many of the toxic effects are a conse-
quence of copper deficiency. Zinc-induced myeloneuropathy resulting from
secondary copper deficiency has been recently rediscovered;**** in reports
published by Schlockow dating from the 1870s** this was a recognised prob-
lem among zinc smelter workers in Upper Silesia who developed symptoms
identical to those reported in the modern descriptions of copper-deficiency
myeloneuropathy.>#** The highest concentration of brain zinc is found in the
hippocampus, amygdala, cerebral cortex, thalamus, and olfactory cortex.?
Some 10% of brain zinc is histochemically detectable by chelating agents,
mainly stored in the presynaptic vesicles of specific excitatory glutamatergic
neurons, and is secreted from these vesicles into the synaptic clefts along
with glutamate during neuronal excitation. Although the role of Zn in the
brain remains elusive, recent studies suggest that secreted Zn>" plays cru-
cial roles in information processing, synaptic plasticity, learning, and mem-
ory.””?® There is considerable evidence that either deficiency or overload of
Zn in the brain, resulting from perturbations in Zn homeostasis, are associ-
ated with the pathogenesis of several neurodegenerative diseases including
senile dementia (Alzheimer’s disease (AD) and vascular dementia),>*** prion
diseases,’® and amyotrophic lateral sclerosis (ALS).”” It has been proposed
that Zn*>" may play two roles* in the pathogenesis of AD. On the negative
side, in common with other metals, Zn** enhances the oligomerization of
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amyloid beta (AB) peptide, which is deposited in the neurotic plaques that
characterise AD, yet it also appears to have a protective function by inhibit-
ing AB peptide-induced Ca*" entry into amyloid channels, which disrupts Ca
homeostasis and provokes neuronal death.

1.3.4 Other Essential Metals
1.3.4.1 Cobalt Toxicity

Cobalt is an essential micronutrient in the form of vitamin B,, (hydroxocobal-
amin), present as a corrin cofactor in several enzymes, but inorganic cobalt is
not required as such in human diets. Methionine aminopeptidase (MetAP),
which removes the initiator methionine residue from the N-terminus
of nascent polypeptide chains, and is conserved from yeast to humans,
is a candidate to be a non-corrin Co**-activated enzyme in humans.*® The
MetAPs, essential from bacteria to higher eukaryotes, are dinuclear metal-
loenzymes with evolutionary similarities to creatinase, prolidase (DPP) and
aminopeptidase P (APP).”® Metal requirement studies indicate that MetAPs
can be activated by various divalent metal cations.*’

Cobalt is acutely toxic in large doses**> and the consequences were dramat-
ically observed in the 1960s among heavy beer drinkers (15-30 pints per day),
when Co®" salts were added to beer as foam stabilisers,"** resulting in severe
and often lethal cardiomyopathy. The effects were virtually absent in well nour-
ished drinkers whereas an identical Co dose was severe and often resulted
in death.”® Evidence of Co toxicity was also found when Co was used thera-
peutically to treat anaemia.*' However, since these practices have been dis-
continued, several subpopulations with elevated Co exposures have emerged,
confirming that cumulative, long-term exposure, even at a low level, can give
rise to adverse health effects related to various organs and tissues. These
include occupational cobalt exposure, consuming Co-containing dietary sup-
plements, the misuse of Co as a blood doping agent by athletes (Co stabilises
hypoxia-inducible factor, mimicking hypoxia and stimulating erythropoiesis)
and most recently, concerns about elevated blood Co levels in patients who
have undergone orthopaedic joint replacements with cobalt-chromium hard
metal alloys.*™** Corrosion and wear produce soluble metal ions and debris in
the form of Co-Cr nanoparticles, from which Co ions are released, and so we
progress from nanotechnology to nanotoxicology. It is suggested that implant
patients should be monitored for signs of hypothyroidism and polycythaemia
when levels of Co in the circulation exceed 100 pg L™.*?

1.3.4.2 Manganese Toxicity

Overexposure to manganese leads to toxicity, particularly neurotoxicity.®>

Neurons are more susceptible than other cells to Mn-induced toxicity, and
accumulation of Mn in the brain results in the condition known as manga-
nism, first observed in miners during the 19th century, which presents with
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Parkinson’s disease-like symptoms. Mn neurotoxicity has been attributed to
impaired dopaminergic, glutamatergic and GABAergic neurotransmission,
disruption of mitochondrial function leading to oxidative stress and neu-
roinflammation. Preferential accumulation of Mn in dopaminergic cells of
the basal ganglia, in particular the globus pallidus, results in the extrapyrim-
idal motor dysfunction characteristic of manganism. Causes of Mn toxicity
include occupational and environmental exposures as well as mutations in the
SLC30A10 gene, recently identified as a Mn transporter in humans. Current
treatment strategies combine chelation therapy and iron supplementation,
the latter to reduce Mn binding to proteins that interact with both Mn and Fe.

1.3.4.3 Iron and Copper Toxicity

Both iron and copper are characterised by genetic disorders associated with
accumulation of the metal in particular tissues, resulting in toxic conse-
quences. There are two classic disorders of Cu metabolism, which are both
caused by defective copper transporting ATPases.**> Menkes disease is an
X-chromosome linked fatal neurodegenerative disorder of childhood charac-
terised by massive copper deficiency.’® In contrast, Wilson’s disease (WD) is a
chronic disease of brain and liver, accompanied by progressive neurological
dysfunction, due to a disturbance of copper metabolism, with progressive
accumulation of copper in the brain, liver, kidneys, and the cornea of the eye.

WD is caused by mutations in the ATP-driven copper transporter ATP7B,*’
which is expressed in various tissues, including liver and the central nervous
system.’® In the hepatocyte, copper is taken up via CTR1 (Figure 1.3), and
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Figure 1.3 Pathways of copper metabolism in the hepatocyte. Cu - copper. CTR1
- copper transporter 1. MT - metallothioneins. GSH - glutathione. Cp
- ceruloplasmin. Reproduced from The Lancet, 369: 9559, Aftab Ala
et al. Wilson’s Disease, 397-408, Copyright 2007 with permission from
Elsevier.
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the Cu" is delivered by the copper chaperone ATOX1 to ATP7B.>® ATP7B then
transports copper from the cytosol into the lumen of the trans-Golgi network
(TGN) for incorporation into secreted copper-dependent enzymes, such as
ceruloplasmin (Figure 1.4). In conditions of copper loading, it also trans-
ports copper into vesicles for export into bile.*® This biliary excretion process
involves another protein, COMMD1 (originally called MURR1), which inter-
acts directly with ATP7B.

In WD, ATP7B expression, function, and/or intracellular targeting are
disrupted by mutations, resulting in impairment of both copper delivery
to the trans Golgi network and copper excretion, causing copper to accu-
mulate to very high levels in the liver. WD can be effectively treated, the
aim of treatment is to reduce the amount of free copper. WD therapy has
not really evolved over the last two decades and relies essentially on chela-
tion therapy with copper chelators (penicillamine, trientine, and tetrathio-
molybdate), zinc salts, or both.>® Chelating agents bind copper directly in
blood and tissues and facilitate its excretion, whereas zinc interferes with
the intestinal uptake of copper. Early recognition of the disease by means
of clinical, biochemical or genetic examination and initiation of therapy
is essential for a favourable outcome. For WD patients who present with
acute liver failure or end-stage cirrhosis, liver transplantation is the only
effective treatment, see Chapter 4.

Iron overload is essentially due to genetic defects in iron absorption from
the gastrintestinal tract.®»® Systemic iron homeostatic balance is regulated
by hepcidin, a peptide released by the liver that binds to the iron exporter
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Figure 1.4 Regulation of hepatic hepcidin production. Transferrin-iron is a criti-
cal indicator for systemic iron homeostasis and a regulator of hepcidin
expression. Reproduced from Steinbicker and Muckenthaler, 2013.%
This is an open access article distributed under the Creative Commons
Attribution License.
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ferroportin, blocking the export of iron from intestinal cells, hepatocytes and
macrophages when iron is in excess, and permitting its export from these
same cells when iron is in short supply. Hepatic hepcidin synthesis is regu-
lated by iron, bone morphogenetic protein signaling, inflammation, erythro-
poiesis, hypoxia, or endocrine stimuli (Figure 1.4). FPN1, which is expressed
predominantly in hepatocytes, macrophages and enterocytes is internalized
and degraded following hepcidin binding.

Thus, there will be two major classes of disease resulting from disequi-
librium of hepcidin synthesis: anaemia and iron loading. Elevated levels of
hepcidin will decrease ferroportin expression, trap iron within enterocytes,
hepatocytes and macrophages, and decrease gut iron absorption resulting
in iron deficiency. In contrast, inappropriately low levels of hepcidin will
result in uncontrolled expression of ferroportin, increasing iron absorption
from the gut and its release from hepatocytes and macrophages, causing
iron overload. This is what we see in hereditary haemochromatosis (HH),
which will not be considered here since its therapy involves venesection,
but also in secondary haemochromatosis resulting from genetic dysfunc-
tion of erythropoiesis, which clearly requires chelation therapy and is
described in Chapter 4.

1.3.4.4 Molybdeum Toxicity

The last of the essential transition metal ions, molybdenum, is present
within the pterin-based molybdenum cofactor (Moco) in the active site of
four mammalian enzymes and, while there is a large literature concerning
the frequently fatal consequences of Mo deficiency, cases of Mo toxicity are
much rarer.** Epidemiological studies suggest that living near mountaintop
coal mining activities is one of the contributing factors for high lung cancer
incidence. A recent study established the long-term carcinogenic potential of
molybdenum, the main inorganic chemical constituent of MTM particulate
matter.*

1.4 Non-Essential Metals

The toxicity of heavy metals is one of the oldest environmental problems
and remains a serious health concern today. But what exactly are these heavy
metals? Consulting any database for ‘heavy metal’ one might rapidly con-
clude that it concerns the development of a particular form of hard rock
music characterised by a massive, highly amplified, distorted and very loud
sound with aggressive male chauvinist lyrics. Alternatively, heavy metals
used to be defined as dense metals or metalloids, which were potentially
toxic, notably in an environmental context—typical heavy metals are cad-
mium (Cd), lead (Pb), mercury (Hg), and arsenic (As). We prefer to desig-
nate the ‘heavy metals’ as non-essential toxic metals, and we will devote
most of our attention to Cd and Pb, Hg and As, although we will encoun-
ter a few others along the way. These will include chromium, thalium, and,
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why not, aluminium, implicated in Alzheimer’s disease—the curse of our
ageing population. Then again, there is the silent menace posed by radio-
nuclides, when something as disastrous as Chernobyl, Three Mile Island or
Fukoshima occurs, not forgetting polonium-210, hitting the headlines very
publicly when it was used to poison the Russian dissident Alexander Lit-
vinchenko in London in a very English cup of tea. Their selective chelation
is dealt with in Chapter 6.

We will not consider here non-essential metal ions that are employed
in therapy, such as Pt and Ru derivatives in cancer treatment, Li for manic
depression or Au for rheumatoid arthritis, nor those such as Gd derivatives
used as MRI contrast agents—their potential toxicity is the price we are pre-
pared to pay for their therapeutic or diagnostic value.

1.5 Toxicity Due to Non-Essential Metals
1.5.1 Lead

Thirty years ago, Jerome Nriagu argued in a paper,*® which was widely dis-
cussed in the press at the time, that Roman civilization collapsed as a result
of chronic lead poisoning (saturnism). We are now acutely aware that satur-
nism is a major cause of environmental concern, although the Roman world
was clearly unaware of these risks. However, whereas lead is no longer seen
as the prime culprit of the Fall of Rome, a recent study®” has shown that,
nonetheless, “tap water” from ancient Rome had 100 times more Pb than
local spring waters. Pb toxicity affects several organ systems including the
nervous, haematopoietic, renal, endocrine and skeletal systems. It causes
behavioural and cognitive deficits during brain development in infants and
young children, and there is growing evidence that exposure to Pb in early
life may predispose to neurodegeneration later in life. Despite numerous
global initiatives to reduce the use of Pb, Pb exposure remains a widespread
problem,®®® particularly in the developing world. Even in the last decade,
blood lead levels (BLL) in children living in Pb polluted areas of China, India
and Egypt have exceeded the 10 pg dL™ level set in 1991, and subsequently
reduced to zero by the US Disease Control and Prevention Centre, in 10-44%
of tested children.”®

Pb appears to target proteins that naturally bind calcium and zinc.”
Examples of proteins that are targeted by lead include synaptotagmin,
which acts as a calcium sensor in neurotransmission, and d-aminolaevuli-
nate synthase (ALAD), the second enzyme in the haem biosynthetic path-
way (Figure 1.5). Despite its size, lead (1.19 A) can substitute for calcium
(0.99 A) in synaptotagmin and zinc (0.74 A) in ALAD. Human ALAD is acti-
vated by Zn** with a K, of 1.6 pM and inhibited by Pb** with a K; of 0.07 pM.
Pb*" and Zn*" appear to compete for a single metal binding site.”* Like Mn,
Pb causes presynaptic dysfunction but, in contrast to Mn, which affects the
dopaminergic system, Pb*" appears to interfere with hippocampal glutama-
tergic neurotransmission.”
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Figure 1.5 Lead can substitute for calcium in synaptotagmin and zinc in §-amino-
laevulinate synthase (ALAD). Reproduced from Current Opinion in
Chemical Biology, 5, 2, Hilary Arnold Godwin, The biological chemistry
of lead, 223-227, Copyright 2001 with permission from Elsevier.

1.5.2 Cadmium

Cd*", a soft Lewis acid with a preference for easily oxidized soft ligands, par-
ticularly sulphur, can displace Zn** from proteins where the Zn coordination
environment is sulphur dominated, while, on account of the similarity of its
ionic radius with that of Ca*', it can exchange with Ca®" in calcium-binding pro-
teins.”* Both Zn*" and Cd*" induce the iron export protein ferroportin (FPN1)
transcription through the action of Metal Transcription Factor-1 (MTF-1)"> and
it has recently been shown that both Zn*" and Cd*" are transported by FPN1.”®
Cd** bioavailability and retention is favoured by poor iron status.

Cadmium occurs in the environment naturally and as a pollutant emanat-
ing from industrial and agricultural sources. Exposure to cadmium in the
non-smoking population occurs primarily through food, and chronic expo-
sure results in respiratory disease, emphysema, renal failure, bone disorders
and immuno-suppression.”’ Recent data also suggest increased cancer risks
and increased mortality in environmentally exposed populations.”® At the
cellular level, Cd*" affects proliferation, differentiation and causes apoptosis.
However, since Cd*" is not redox active, the generation of reactive oxygen
species (ROS) and DNA damage must be due to indirect effects. Recent stud-
ies indicate that Cd is able to induce various epigenetic changes,”**’ such as
DNA methylation, histone modification, and non-coding RNA expression. It
also modulates gene expression and signal transduction, reduces the activ-
ities of proteins involved in antioxidant defences, and interferes with DNA
repair, see Chapter 3.

The most commonly used therapeutic strategy for heavy metal poisoning is
chelation therapy to promote metal excretion. Chelators such as CaNa,EDTA
and meso-2,3-dimercaptosuccinic acid (DMSA) have been reported to have
protective effects against Cd toxicity.*"*>
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1.5.3 Mercury

The brutal reality of mercury toxicity was highlighted in 1956 by an envi-
ronmental disaster that struck the population of Minamata, Japan and its
surroundings; we now refer to mercury toxicity as Minamata disease.®® Of
the 2265 victims officially recognised by March 2001, 1784 died. This neu-
rological syndrome is caused by severe mercury poisoning with symptoms
including ataxia, numbness in the hands and feet, general muscle weakness,
narrowing of the field of vision and damage to hearing and speech. As we
point out later, it was only in 2004 that the chemical company responsible for
the pollution was obliged to clean up its contamination.

Of the three biological forms of Hg: organic mercury (predominantly
methyl mercury, MeHg), metallic mercury, and inorganic mercury com-
pounds (principally mercuric chloride), MeHg was the one responsible for
the Minamata hecatomb. MeHg is derived from the methylation of inor-
ganic mercury in aquatic sediments and soils, is well absorbed from the
diet and distributes within a few days to all tissues of the body. It is pres-
ent as water-soluble complexes attached to thiol ligands, and crosses the
blood-brain barrier as an MeHg-cysteine complex. The brain is the prin-
cipal target tissue of MeHg and its major toxic effects are on the central
nervous system, accumulating particularly in astrocytes. While it might be
expected that the biochemical targets of Hg would be thiol groups of SH-de-
pendent enzymes, it turns out that selenocysteine has a much higher affin-
ity for Hg than cysteine. In reality, while Se can act as an effective blocker
of Hg toxicity, the biological effects of Hg are much more direct.** Selen-
oenzymes, in particular glutathione peroxidise, thioredoxin reductase and
thioredoxin glutathione reductase, are required to prevent and reverse
oxidative damage in the brain and neuroendocrine system,* and these
enzymes themselves are vulnerable to irreversible inhibition by methyl
mercury (MeHg).*® Selenoenzyme inhibition appears likely to cause most if
not all of the pathological effects of mercury toxicity, as outlined in Figure
1.6. A simplified portrayal of the normal cycle of selenoprotein synthesis is
depicted on the left. Disruption of this cycle by exposure to toxic quantities
of Hg (MeHg) is depicted on the right. Selenide freed during selenopro-
tein breakdown becomes bound to Hg, forming HgSe that accumulates in
cellular lysosomes. If Hg is present in stoichiometric excess, formation of
insoluble Hg selenides abolishes the bioavailability of Se for protein syn-
thesis and results in loss of normal physiological functions that require
selenoenzyme activities, see Chapter 3.5

1.5.4 Aluminium

Al**, although the most abundant metal in the Earth’s crust, has been
excluded from biological systems, essentially due to its lack of bioavail-
ability. However, as we discuss later, several factors have increased the
access of Al to the biosphere.’”®® This enhanced bioavailability has
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Figure 1.6 Schematic of Se sequestration mechanism of Hg toxicity. A simplified
portrayal of the normal cycle of selenoprotein synthesis is depicted
on the left. Disruption of this cycle by exposure to toxic quantities of
Hg (MeHg) is depicted on the right. Reproduced from Toxicology, 278,
N. V. C. Ralston and L. J. Raymond, Dietary selenium’s protective effects
against methylmercury toxicity, 112-123, Copyright 2010 with permis-
sion from Elsevier.

resulted in the accumulation of the metal in living organisms including
humans, particularly in the skeletal system, the liver, and the brain. The
toxicity of AI’" is associated with anaemia, osteomalacia, hepatic disor-
ders, and certain neurological disorders, notably Alzheimer’s disease.®
These disorders can be the consequence of long term chronic exposure to
the metal, for example, in dialysis patients where AI** has been used as a
phosphate buffer.”

The molecular targets of Al toxicity involve disruption of the homeosta-
sis of essential metal ions, notably Fe, Ca and Mg.”**> Al can replace Ca in
the bone and interfere with Ca-based signalling events, while Mg binding
to phosphate groups on cell membranes, ATP, and DNA can be replaced by
Al. However, it is likely that the main targets of Al toxicity are Fe-depen-
dent biological processes. As we pointed out earlier, A’ and Ga*" both have
coordination geometry similar to Fe*", which, in principle, should enable
AI** to subvert the plasma iron transport pathway. Although Al** has a lower
affinity for transferrin (Tf) than Fe**, AI’* can indeed bind to transferrin,”
as illustrated in Figure 1.7 in the structure of AI*-transferrin.”* However,
no interaction between TfAl, and TfR is detectable in in vitro binding stud-
ies.”” In the cytosol, AI** is unlikely to be incorporated into ferritin, which
requires redox cycling between Fe*" and Fe’". It seems likely that most alu-
minium accumulates in mitochondria, where it can interfere with Ca?*
homeostasis.

Regardless of the pathway by which it gains access to cells, AI** exerts many
of its toxic effects by interfering with iron homeostasis, generating oxida-
tive stress (Figure 1.8). Free Fe within the cell produces ROS through Fenton
chemistry, which then interfere with numerous cellular constituents includ-
ing lipids, protein, and nucleic acids.


http://dx.doi.org/10.1039/9781782623892-00001

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00001

View Online

Metal Toxicity — An Introduction 17

Figure 1.7 Aluminum-bound ovotransferrin (PDB: 2D3I) and iron-bound ovotrans-
ferrin (PDB: 10VT) are shown in gray and orange, respectively. Alumin-
ium and iron are shown as gray and orange spheres, respectively. Metal
binding sites and bound carbonate anion of both forms are shown as
stick models. Reproduced from Biochimica et Biophysica Acta (BBA)
- General Subjects, 1820, K. Mizutani et al., X-ray structures of trans-
ferrins and related proteins, 203-211, Copyright 2012 with permission
from Elsevier.

Figure 1.8 Al toxicity leads to defective Fe homeostasis and oxidative stress. Repro-
duced from Journal of Inorganic Biochemistry, 105, J. Lemire and V. D.
Appanna, Aluminium toxicity and astrocyte dysfunction: A metabolic
link to neurological disorders, 1513-1517, Copyright 2011 with permis-
sion from Elsevier.
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1.6 Sources and Routes of Exposure with Particular
Reference to Non-Essential Metals

Sources of low-level environmental exposure to Pb, in addition to water from
lead pipes, include lead-based paint and household dust from surfaces cov-
ered with such paints, and Pb in air and food. The main routes for Pb are
inhalation and ingestion, with inhalation being the more efficient route of
absorption. Since Pb can adsorb onto particulate matter and thus be inhaled,
the removal of the Pb*-derived anti-knock agent (tetraethyl lead), which was
commonly added to petrol to improve automotive engine efficiency, has
greatly reduced blood Pb levels in the urban population.

Minamata disease was caused by the release of methyl mercury in the
industrial wastewater from a chemical factory, where it bioaccumulated in
aquatic food chains reaching its highest concentrations in shellfish and fish
which, when eaten by the local population, resulted in mercury poisoning.
In 1956 symptoms such as sensory disturbance in the distal portions of all
extremities, partial paralysis, cerebellar ataxia, bilateral concentric contrac-
tion of the visual field, disturbed ocular movement, impairment of hear-
ing and equilibrium disturbance were exhibited in increasing numbers of
persons, including newborns. The disease, later described as “Minamata
disease”, affected mainly local fishermen and their families. Fish-eating ani-
mals in the area (cats and seagulls) had similar neurological signs and led to
the identification of an obvious heavy metal intoxication. However, it took
several years to show the connection to a chemical factory that, for 36 years
until 1968, discarded about 30 t of methyl mercury-associated waste into the
Minamata Bay. MeHg present in fish and shellfish from the Bay was con-
sumed in the surrounding area led to the various symptoms. As of March
2001, 2665 victims had been officially recognised as having Minamata dis-
ease (1784 of whom have died).

The second severe epidemic of methyl mercury poisoning happened in
Iraq in 1972 and arose from the consumption of mercury-contaminated
bread. This was the result of baking bread from wheat seed that had been
treated with a mercury-based fungicide and was not supposed to have been
planted.®® As a result, about 7000 people were affected and 460 died from
mercury poisoning. Both the Japanese and Iraq methyl mercury poisoning
incidents produced not only deaths, but also multiple and long-lasting symp-
toms, mainly in children and newborns, that included blindness, deafness,
mental retardation, and cerebral palsy.

Asia is today the largest contributor of anthropogenic atmospheric mer-
cury (Hg), accounting for over half of global emissions, with serious Hg
pollutions to the local environment influenced principally by the chemical
industry and by mining of gold and mercury. Studies have shown that in
humans and selected Arctic marine mammals and birds of prey there has
been and order of magnitude increase in Hg that began in the mid to late
19th century and accelerated in the 20th century. The man-made contribu-
tion to present day Hg concentrations is estimated at 92%.
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There are several factors that account for the increased access of Al** to the
biosphere. Firstly, an increase in anthropogenic acidification of soils, due to
acid rain generated by emissions of sulphur dioxide and nitrogen oxides in
the atmosphere, has resulted in elevated concentrations of Al’* in ground
waters. On account of its lightness and corrosion resistance, aluminium is
widely used for industrial purposes, from the aerospace industry to construc-
tion, from food packaging to pharmaceuticals. Aluminium salts are exten-
sively utilised as a flocculent in water treatment.

Cd*" is a widespread environmental contaminant, with exposure largely
via the respiratory or gastrointestinal tracts. The most important non-
industrial sources of exposure are cigarette smoke and contaminated food
and beverages. Cd*" has a high rate of transfer from soil to plants, and cer-
tain plant species, including tobacco, rice, wheat, peanuts and cocoa accu-
mulate large amounts of Cd** even from soils with a low Cd** content. In
Europe, the highest levels of Cd** were found in topsoil soon after the distri-
bution of P,0;, suggesting that the soil contamination is derived from the
use of rock phosphate fertiliser in intensive arable agriculture. The effects
of chronic oral ingestion of Cd*" first manifested themselves in the form of
Itai-itai disease among the inhabitants of the Jinzu river basin in Toyama
Prefecture, Japan. This was the first time that Cd** pollution was shown to
have severe consequences for human health, particularly in women. The
most important effects were softening of the bones and kidney failure, the
name of the disease deriving from the painful screams caused by the excru-
ciating pain in the joints and the spines of the victims. The cause of the
disease was traced to environmental pollution originating in effluent from
a zinc mine located in the upper reaches of the river (Figure 1.9). In the
case of Itai-itai disease most of the Cd*" ingested orally was derived from
contaminated rice.

1.7 Conclusions

In this brief overview we have outlined the importance of metal toxicity
involving both essential and non-essential metal ions. It is clear that exces-
sive accumulation of either of these classes of metal ion can result in a vari-
ety of toxic effects. The objective of this volume in the RSC Metallobiology
series is to provide a clear and up-to-date perspective on the therapeutic
potential of chelating agents in the management of metal excess. Such che-
lating agents should, as far as possible, fulfil the following criteria: (i) dis-
play a degree of selectivity towards the metal ions that they are intended to
remove (for example, Fe*" can be chelated selectively relatively easily from
other essential transition metal ions); (ii) access potential sites where chela-
tion is desired; (iii) cause minimal, if possible zero, interference with essen-
tial biologically important metal ions and the metabolic processes in which
they are involved; (iv) be excreted from the cellular site of chelation and sub-
sequently eliminated from the body without causing toxic effects en route
(e.g., nephrotoxicity).
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Figure 1.9 Itai-itai disease. Left: the degree of Cd pollution in parts of the endemic
area; right: prevalence of the disease in women over 50 years of age.

Abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
BLL Blood lead levels

HH Hereditary haemochromatosis
MR (MRI) Magnetic resonance (imaging)
ROS Reactive oxygen species

WD Wilson’s disease
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CHAPTER 2

Basic Principles of Metal
Chelation and Chelator Design
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2.1 Introduction

Metals that have an influence on biological systems fall into five general
classes (Table 2.1). Group I and II metals, for instance sodium and calcium,
are present in relatively large amounts, whereas many of the transition met-
als, for example cobalt and nickel, are only present in trace amounts. Toxic
metals are typically “heavy metals” such as lead and mercury. Radioisotopes
are another group and have important roles in medical imaging and radio-
therapy. Metals can also form an essential component of many widely used
pharmaceuticals. The Group I and II metals are highly solvated by water and
are recognised by cells as positive charges of differing radius and charge den-
sity. For this reason they are mainly used to create membrane potentials (Na
and K) and for signaling (Ca), although Mg is often utilised as a coenzyme,
facilitating ternary complex formation with phosphate-containing substrates
(see Chapter 1). Trace metals mainly function as coenzymes, for instance zinc
behaves as a Lewis acid and iron and copper as redox active metals. Toxic
metals are typically those metals which bind to enzymes at coenzyme bind-
ing sites, failing to function as the normal metal occupant; for example, Al
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Table 2.1 Metals that influence biological systems.

General classification Metals

Function in cells Applications

Bulk metals (Gp. I and Na, K, Mg Ca
Gp. I metals.)

Trace metals Mn, Fe, Co, Ni,
(transition metals) Cu, Zn, Mo

Toxic metals (Gp. III  Al, Cd, Sn, Pb,
and heavy metals) Hg, U, Pu

Metals used for Gd, Ga, In, Tc,
imaging and Re, Y
radiotherapy

Metals used for Pt, Au, Mn, Bi
chemotherapy

Control tonicity of Calcium supple-

solution ments and bone
Control membrane formation
potentials
Signaling
Enzyme cofactors (Mg)
Signaling (Fe and Zn) Regularly for-

mulated for
treatment of
anaemia and
zinc deficiency

Enzyme cofactors
Redox centres in
respiratory chains
(Cu and Fe)
Bind to enzyme metal
cofactor sites
Complexes used
in nuclear
medicine
Complexes used
as prescribed
pharmaceuticals

binds to Fe sites on transferrin and Cd binds to Zn sites on metallothionein.?
Essential metals can be toxic if they are present at higher than normal levels
for instance iron >107° M, zinc and copper >10° M and nickel and cobalt
>107'° M. Many non-essential metal ions are poisonous at almost any con-
centration e.g. As®*, Hg**, Pb** and Ag".> A wide range of xenobiotic metals are
used in medicine for imaging, radiotherapy and chemotherapy (Table 2.1).
All metals form complexes with molecules which possess electron rich
centres, such as H,0, -NH, and -CO,", which can donate electrons to pos-
itively charged species such as transition metal ions. Such molecules are
called ligands. A classic example of a metal complex is potassium hexacy-
anoferrate(11), [K,Fe(CN)] 1. This is prepared by mixing colourless KCN
with colourless Fe"(CN),, whereupon the brown-yellow K,Fe(CN), is formed,
which lacks the lethal properties of KCN. Werner originally explained such
phenomena on the basis that metals possess two types of valency: primary
which is ionic and secondary which is covalent.” Most metals possess a fixed
number of secondary valencies, called the coordination number; for iron(11)
this is 6 and for copper(11) this is typically 4. Secondary valencies are direc-
tional in nature; 6 pointing to the corners of an octahedron and 4 pointing
either to the corners of a tetrahedron or a square. These shapes are directed
by the d orbitals of the metal. The metal and all its secondary valency ligands
are written inside square brackets e.g. [Fe(CN)q]*". This species ionizes as an
intact anion 1 and shows none of the properties of its component ions (.e.
the tests for Fe** and CN™ are negative). The anion 1 has a net charge of 4
(Fe** and 6CN") and so is associated with 4 positive ions in Werner’s complex,

K, Fe(CN).
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2.2 Ligand Chemistry

Donor atoms such as O, N, P and S are the most commonly encountered non
metals in ligands. In this section, we focus on O and N as donor atoms, as these
are the most frequently found coordinating atoms in clinically useful chela-
tors. The neutral oxygen donor atom is of little interest because crown ethers
2 and 3, for instance, do not compete efficiently with water for metal complex
formation and thus the affinity of such ligands for metal cations is generally
weak. However many ligands contain negatively charged oxygen donors with
widely differing basicities, such as carboxylate, phenolate, hydroxamate, phos-
phonate and alkoxide (Figure 2.1). The simple dependence of log K,; on ligand
pK, is demonstrated for iron(111) in Figure 2.2. This results in a competition
between protons and iron(111) cations for the negatively charged ligands. Under
strong acid conditions protons tend to dominate the competition and displace
the coordinated metal. The affinities of metal ions for ligands containing neg-
atively charged oxygen donor atoms are strongly related to their affinity for the
hydroxide anion (Figure 2.3A). As the charge density of the cation increases
(Z/r?), so does the affinity for the charged oxygen donor ligands.’

— - 4-
CN
/N
NCC---f-=====-= CN /\
// \Ln//', O O (_ © O‘>
LTINS ( \> o) of
NC™=--=====-f--~ CN o) o] & J
L CN . K/O\) o\_/o
1) (2) 15-crown-5 (3) 18-crown-6

Nitrogen donors can also be separated into two groups, namely those con-
taining either saturated or unsaturated nitrogen donors. Ammonia is a typ-
ical saturated nitrogen donor, as are the alkylamines (RNH,). A particular
problem with ammonia is that most metal ions do not form stable ammonia
complexes in aqueous solution as they favor the reaction:

M(NH;)" + H,0 — M(OH)" V" + NH,"

Thus when ammonia is added to metal ions such as Fe** in aqueous solu-
tion, only the metal hydroxide is obtained.
The order of basicity of some nitrogen donors in water is given in the series:

y N s, AN

NH; > > | > | /> > | > -N=N- ~ -C=N- ~ -C=N
| /> ~ X
N N N N

imidazole pyridine thiazole pyrazine azo Schiff nitrile
compound base

pK 9.2 7.0 5.25 244 0.65 -
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Figure 2.2 Relationship between logK; values for iron(111) complexes with pK,,
and pK,, for a range of mono- and diprotic oxygen-containing bidentate

ligands.

The nitrogen in unsaturated ligands is either sp? or sp hybridized, which
leads to a greater ‘s’ contribution in the orbitals used for bonding to the metal
ion, when compared to the sp® hybridized nitrogen of ammonia or amines.
These unsaturated ligands can exert high ligand field strengths, even though
their proton basicity may be less than that of sp® hybridized nitrogen. How-
ever, a common problem associated with heterocyclic aromatic bases such
as pyridines, pyrazines and thiazoles is the steric hindrance to coordination
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Figure 2.3 (A) Relation between logKk, for chelating ligands containing negative

oxygen donors and logK; for the formation of the hydroxide com-
plex, for a variety of metal ions. Adapted with permission from ref. 5.
© Springer Science + Business Media New York 1996. (B) Affinity con-
stants (K;) of the first row transition metals with a range of bidentate
oxygen-containing ligands.
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of metal ions caused by the hydrogens ortho to the nitrogen donors. These
problems can be overcome by joining pyridyl and other groups to produce
more sterically efficient bi- or multi-dentate ligands.’

The affinity of a metal for a ligand is measured by a series of equilibrium
constants. For a bidentate ligand there are typically 3 different complexes
ML, ML, and ML; and their respective affinity constants are related by the
following equations:

IH + M =—= ML + H" ... K,
LH + ML =—= ML, + H" ... K,
LH + ML, === ML; + H" ... K;
3LH + M =—= ML; + 3H' ... B3

Where f;, = K; X K, X K;.

2.3 Ligand Selectivity

In order to design metal chelators for clinical use, ligand selectivity and
stability are two key parameters for consideration. The selection of an appro-
priate ligand for a given metal can be rationalized according to the theory
of ‘hard’ and ‘soft’ acids and bases.® Soft metal ions prefer ligands with soft
donor atoms, and hard metal ions prefer ligands with hard donor atoms.
Basically, metal ions such as Ca(11), Mg(11), Al(111), Ga(111) and Fe(111) are con-
sidered as hard metal ions and, effectively, rigid spheres whereas Ag(1), Hg(11),
Cu(1) ions are considered to be soft and deformable spheres of relatively low
charge density. Some metal ions such as Mn(11), Fe(11), Co(11), Ni(11), Cu(11)
and Zn(11) are on the borderline between the two classes. The most electro-
negative elements, such as F~ or O7, form the hardest donor atoms and the
less electronegative elements, such as P and N, are soft donors. Particular to
iron, iron(11)-favored ligands usually contain “soft” donor atoms, exemplified
by nitrogen-containing ligands such as 2,2’-bipyridyl and 1,10-phenanthro-
line (Figure 2.4). Although this type of ligand is selective for Fe(11) over Fe(1r1),
they also have a high affinity for other biologically important bivalent metal
ions such as Cu(11) and Zn(11) (Table 2.2). In contrast, high-spin Fe(11) is a
tripositive cation of radius 0.65 A and classified as a hard Lewis acid by virtue
of its high charge density. Oxygen-containing ligands, such as catechols,
hydroxamate and hydroxypyridinones (Figure 2.4), generally prefer tribasic
metal cations over dibasic cations (Table 2.2). This type of ligand possesses
a high affinity for Fe(111), Al(111) and Ga(1m), but as Fe(1r1) is the only tribasic
cation present in appreciable concentration in living cells, such ligands are
effectively selective for Fe(111) over other biologically important metals. In
addition, high-affinity Fe(111)-selective ligands will chelate Fe(11) under aerobic
conditions and auto-oxidise the metal to Fe(111).® Thus, this type of ligand
binds both Fe(111) and Fe(11) under most physiological conditions.
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Figure 2.4 The structures of clinically important chelators; staphloferrin, rhizo-
ferrin and desferrioxamine are bacterical siderophores.

The fact that ligands with a selectivity favoring divalent transition met-
als also bind Fe", Cu", Zn", Co", Mn" and Ni" with similar affinities renders
the design of chelators selective for just one of these cations problematic.
This general trend and lack of selectivity is described by the Irvine-Williams
series (Figure 2.3B) and can be explained by the various different d orbital
populations.®

Ligands lacking a carboxylate function, for instance catechols, hydroxam-
ates and hydroxypyridinones generally possess a low affinity for the alka-
line earth cations Mg(11) and Ca(11).? For heterocyclic N-containing ligands
the affinity for Cu(11) tends to be larger than that for Fe(111) (Table 2.2), and
that for Fe(11) larger than for Fe(111). The reverse is true for the O-containing
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Table 2.2 Metal affinity constants for selected ligands.*

log cumulative stability constant

Ligand Cu(mr)  Zn(mr)  Fe(r) Fe(trr)  Al(ir)  Ga(m)
N-containing ligands
Diaminoethane 19.6 13.2 9.7 — — —
2,2"-Bipyridyl 16.9 13.2 17.2  16.3 — 7.7
1,10-Phenanthroline 21.4 17.5 21.0 14.1 — 9.2
O-containing ligands
DMB 24.9 13.5 17.5 40.2 — —
Acetohydroxamic acid 7.9 9.6 8.5 28.3 21.5 —
Deferiprone 21.7 13.5 12.1 37.2 35.8 32.6
DFO 14.1 11.1 7.2 30.6 25.0 27.6
O- and N-containing ligands
8-Hydroxyquinoline 23.0 15.8 15.0 36.9 33.4 32.9
EDTA 18.8 16.5 14.3 25.1 16.5 21.0
DTPA 21.6 18.4 16.5 28.0 18.6 25.5

“For ligand structures see Figure 2.4.

ligands. For EDTA and DTPA, which contain both aliphatic N atoms and
charged O atoms, the position is intermediate.

2.4 Comparison of Bidentate Ligands

In order to compare the ability of different ligands to bind a given metal
under biological conditions, for instance at pH 7.4, the parameter pM is used
rather than the thermodynamic affinity constant presented in Table 2.2. In
order to compare the behavior of metals under clinically relevant conditions,
pM values which are equal to log[M"] are typically determined under the
conditions: [M" i = 10°° M, [Ligand], = 107° M, at pH 7.4." The pFe®
value for water falls in the range 17-18, thus chelators with a pFe*" value less
than this range will not dissolve Fe[11r1] under neutral conditions, instead
they will form Fe(111) hydroxide and precipitate from solution. In contrast, a
ligand with a pFe®" value greater than 18 will be able to solubilise Fe(111) and
prevent Fe(111) hydroxide formation.

In aqueous solution all vacant coordination positions of metal M are fully
occupied by water molecules (Figure 2.5a). At neutral pH it is possible for pro-
tons to be liberated from some of these coordinated water molecules in order
to produce hydroxyl complexes (Figure 2.5b and c). These hydroxyl complexes
can undergo condensation, leading to p-oxo link formation (Figure 2.5d) and
the elimination of water. As more hydroxyl complexes link up oligomers, and
then polymers, form where the oxide ion acts in a bridging role.

2.4.1 Catechols

Catechols (Figure 2.4) possess an extremely high affinity for tripositive
metal cations resulting from the high electron density of both chelating
oxygen atoms. However, the high charge density of oxygen atoms is also
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Figure 2.5 Metal ion hydrolysis. Dissociation of protons from the hexaaquo M**
complex leads to the formation of hydroxyl species; (b), M(OH)*;
(c), M(OH)," and condensation of these hydroxyl species leads to the
formation of p-oxo links (d).

associated with a high affinity for protons. For instance, the pK, values of
N,N-dimethyl-2,3-dihydroxybenzamide (DMB) are 8.4 and 12.1 (Table 2.3).
Thus the binding of catechol with iron(111) is strongly pH sensitive.” For
simple bidentate catechols, the 2:1 complex dominates in the pH range
5.5-7.5 (Figure 2.6A) and the remaining sites are occupied by water. With
such unsaturated complexes, the iron atom is not completely shielded by
the catechol’s hydroxyl groups. Bidentate catechols tend to have relatively
low pFe* values (Table 2.3).
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Table 2.3 pK, values and affinity constants of dioxo-bidentate ligands for iron(111).

Ligand ClogP* pK, pPK, logp, pFe’*?
DMB 0.05 8.4 12.1 40.2 15
Acetohydroxamic acid -1.59 — 9.4 28.3 13
Maltol 0.10 — 8.7 28.5 15
1-Hydroxypyridin-2-one -1.09 — 5.8 27 16
1-Methyl-3-hydroxypyridin-2-one —0.22 0.2 8.6 32 16
Deferiprone —0.90 3.6 9.9 37.2 20.5

“ClogP were calculated by using ChemBioOffice 2010 from Cambridgesoft (Cambridge, UK).
bpFe’ = —log[Fe**] when [Fe**],oe = 10 ° M and [ligand]oe = 10° M at pH 7.4.

2.4.2 Hydroxamates

Hydroxamate moieties (e.g. acetohydroxamate, Figure 2.4) possess a lower
affinity for metal ions than catechols, although the selectivity of hydrox-
amates, like catechols, favors tribasic cations over dibasic cations (Table
2.2). Unlike catechols, hydroxamates have only one deprotonation constant
(pK, ~ 9). Due to this lower pK, value, the oxygen atom at physiological pH
is relatively more deprotonated than that of catechol ligands, consequently
the 3:1 complex predominates at pH 7.4 (Figure 2.6B). However the affinity
of a simple bidentate hydroxamate for iron(111) is insufficient to solubilise
iron(111) at pH 7.0 at clinically achievable concentrations (Figure 2.6C), L.e. it
has a low pFe*" value (Table 2.3). Note the molar ratio of L: Fe in Figure 2.6B
is 100 whereas in Figure 2.6C it is 10. In the latter plot the hydroxyl com-
plexes make a major contribution to the speciation of iron and precipitation
of iron hydroxide will occur at pH 7.4.

2.4.3 Hydroxypyridinones

Hydroxypyridinones combine the characteristics of both hydroxamate and
catechol groups, forming 5-membered chelate rings in which the metal
is coordinated by two vicinal oxygen atoms. The hydroxypyridinones are
monoprotic acids at pH 7.4 and thus like hydroxamates, form neutral tris-
trivalent metal complexes. There are three classes of hydroxypyridinone che-
lator, namely 1-hydroxypyridin-2-one, 3-hydroxypyridin-2-one and 3-hydroxy-
pyridin-4-one (Figure 2.4). The affinity of such compounds for metal ions is
associated with the pK, values of the chelating oxygen atoms; as an exam-
ple, the higher the pK, value, the higher the affinity for iron(111) (Table 2.3).
Of the three classes, 3-hydroxypyridin-4-ones possess highest affinity and
are selective for tribasic metal cations over dibasic cations (Table 2.2). The
surprisingly high pK, value of the carbonyl function of 3-hydroxypyri-
din-4-one (~3.5) results from extensive delocalisation of the lone pair of
electrons associated with the ring nitrogen atom (Figure 2.7). 3-Hydroxypyri-
din-4-ones form neutral 3:1 complexes with metal ions which are stable over
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Figure 2.6 Speciation plot of iron(ir) in the presence of (A) N,N-dimethyl-2,3-
dihydroxybenzamide, [Fe*']m = 1 X 107° M; [Ligand] = 1 x 107 M; (B)
acetohydroxamic acid, [Fe*"], = 1 X 107° M; [Ligand] = 1 x 10™* M; (C)
acetohydroxamic acid, [Fe**];o.; = 1 X 107° M; [Ligand] = 1 x 107 M; (D)
1,2-dimethyl-3-hydroxypyridin-4-one, [Fe**],, = 1 X 107° M; [Ligand] =
1 x107° M. Speciation is the description of an element in different iden-
tifiable forms; it defines the oxidation state, concentration and compo-
sition of each chemical species under given conditions. The above plots
display the mole fraction of different chemical species as a function
of pH. FeL,, FeL, and FeL; are the three iron(111) complexes that form
with bidentate ligands. Fe(OH), Fe(OH),, Fe(OH); and Fe(OH), are the
iron(111) hydroxyl complexes.

a wide range of pH values (Figure 2.6D). Although bidentate hydroxypyridi-
nones possess lower f; values for iron(111) than that of catechol derivatives,
the corresponding pFe** values are higher (Table 2.3). This difference is due
to the relatively higher affinity of catechol for protons. Thus of all bidentate
dioxygen ligand classes, 3-hydroxypyridin-4-ones possess the greatest affinity
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Figure 2.7 Mesomers of pyridine-4-ones and pyran-4-ones.

for iron(111) over the physiological pH range, as indicated by their respective
pFe’* values (Table 2.3)."

2.4.4 Hydroxypyranones

The 3-hydroxypyran-4-ones (e.g. maltol and kojic acid, Figure 2.4) possess
lower metal affinities than the corresponding 3-hydroxypyridin-4-ones
(Table 2.3). This is because there is a much reduced delocalisation of elec-
trons from the ring oxygen when compared with the corresponding delocal-
isation of electrons from the ring nitrogen of the 3-hydroxypyridin-4-ones
(Figure 2.7).

2.4.5 Aliphatic Diamines

Diaminoethane (Figure 2.4) binds divalent transition metal cations quite
tightly, particularly Cu(tr) (Table 2.2). In contrast it binds tribasic cations
weakly in the presence of water at pH 7.4.

2.4.6 Heterocyclic Amines

Heterocyclic amines are typified by 2,2"-bipyridyl and 1,10-phenanthro-
line (Figure 2.4). Since its discovery at the end of the nineteenth century,
2,2'-bipyridyl has been used very widely as a metal chelator. It forms stable
complexes with a wide range of metal ions. Heterocyclic amine chelators are
neutral ligands and therefore form charged metal complexes favoring low
valent metal ions over high valent ions, i.e. Fe"' > Fe' and Cu' > Cu™.
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2.4.7 Hydroxyquinolines

8-Hydroxyquinoline (Figure 2.4) possesses one pyridine donor and one
phenolate donor that are situated in peri positions with respect to each
other. The deprotonated form is monoanionic and forms neutral bis-diva-
lent metal complexes and tris-trivalent metal complexes. The ligand can be
considered to be a hybrid of 1,10-phenanthroline and catechol and as such
to possess affinity constants for a range of metals which fall between those
of 1,10-phenanthroline and catechol. Indeed this is termed the “Rule of
average environment of chelating ligands” and an example of such a rela-
tionship is presented Figure 2.8.° 8-Hydroxyquinoline has a high affinity con-
stant for Fe(111), Cu(11) and Zn(11). It binds divalent metal ions more tightly
than 3-hydroxypyridin-4-one (Table 2.2).

2.4.8 Aminocarboxylates (Including Oligodentate Ligands)

Simple amino acids are weak chelating agents but polyaminocarboxylate
ligands form excellent chelators. There are two donor groups: the amino
nitrogen and the carboxyl oxygen. The amino nitrogen favors copper

Fe3*
3
In+. ®
2 124 Ga3*
© Cu?*
= Ni2*
=)
S
X 8 Cd2t/ zp2+
3+
5 La
> 0e
< Mn
(-]
> 4 (]
X
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2 ¢
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0 4 8 12

(log K1 PHEN + log K1 CAT)/2

Figure 2.8 The rule of average environment in complex stability, as illustrated by
the relationship between log K; for 8-hydroxyquinoline complexes, and
the mean of logK, (PHEN) (PHEN = 1,10-phenanthroline) and logK;
(CAT) (CAT = catecholate, 1,2-dihydroxybenzene) for the complex of
each metal ion. Data from ref. 5 and 7. Adapted with permission from
ref. 5. © Springer Science + Business Media New York 1996.
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and zinc, and the carboxylate function can chelate almost all metal ions.
Ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepenta-
acetic acid (DTPA) are classic polyaminocarboxylate chelators (Figure 2.4)
and have been extensively used as chelating agents. However, the selectivity
of these compounds is relatively poor (Table 2.2). They tend to bind most
metal cations.

2.4.9 Hydroxycarboxylates (Including Tri- and Hexadentate
Ligands)

Hydroxycarboxylate ligands are powerful trivalent metal chelating agents
and are more selective for iron(111) than the corresponding aminocarboxyl-
ates. All the chelating units are composed of oxygen atoms. The interaction
between iron(111) and citrate (Figure 2.4) has been well characterized" but,
by virtue of its multi-chelating arm nature, a large number of complexes have
been identified™ including iron/citrate polymers. In contrast, hexadentate
hydroxycarboxylate ligands such as staphloferrin and rhizoferrin (Figure 2.4)
have simple iron(111) complex chemistries dominated by the formation of
1:1 complexes.™

2.5 Ligand Denticity — The Chelate Effect

The chelate effect leads to an increased thermodynamic stability of metal
complexes, where polydentate ligands possess higher affinity constants
than unidentate ligands. This is demonstrated by the gradual increase in
K, values of interaction of a series of amines with Ni(11) (Table 2.4). Ligands
can be structurally classified as bidentate, tridentate, tetradentate, hexa-
dentate or generally multidentate according to the number of donor atoms

Table 2.4 logK, values for the interaction of polyamines with nickel(11).

Amine Denticity log K,
HZN/_\NHZ 2 7.47
N Wa W :
H2N/_}-}N—/_ '\"\-i—F}N_\—NH2 > 174
HoN

\L (\NH2
N/\/N\L 6 19.1
HN_ NH;
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that each ligand possesses. A factor of great importance relating to the sta-
bility of a metal complex is the number and size of chelate rings formed in
the resultant ligand-metal complex. The most favorable chelate ring sizes
consist of five or six atoms. The number of chelate rings can be enhanced
by increasing the number of donor atoms attached to a single chelator; for
example, a metal ion with coordination number six may form three rings
with a bidentate ligand or five rings with a hexadentate ligand (Figure 2.9).
The metal affinity for the ligand generally decreases in the sequence: hexa-
dentate > tridentate > bidentate. For example, although the overall stability
constant for bidentate may be not much different compared to that of a
hexadentate congener (for example, acetohydroxamic acid vs. DFO at 28.3
vs. 30.6, respectively), the pFe** value of DFO (25.0) is 12 log units different
when compared to that of its bidentate congener (13 for acetohydroxamic
acid). pM values, unlike the stability constants, take into account the effects
of ligand protonation and metal hydrolysis as well as differences in metal-
ligand stoichiometries.

The formation of a complex will also be dependent on both free metal
and free ligand concentrations and as such will be sensitive to concentra-
tion changes. The degree of dissociation for a tris-bidentate ligand-metal
complex is dependent on the cube of [ligand] whilst the hexadentate ligand-
metal complex dissociation is only dependent on [ligand] as indicated in the
following equations:

B, [M(Lg);]H,01°
M(H,0) + 3Lp M(Lp)s + 61,0 Ps= Ty o P

X, M3 JH,01°
M(H,0)s +Ly === MLy +6H,0 37 MH,0)l[Ly]

Ly, bidentate; Ly, hexadentate ligand

FO\M/O 1 O\MzN)
Bidentate ligand Tridentate ligand Hexadentate ligand
3:1 complex 2:1 complex 1:1 complex

Figure 2.9 Schematic representation of chelate ring formation in metal-ligand
complexes.
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Hence the dilution sensitivity to complex dissociation for ligands follows
the order hexadentate < tridentate < bidentate. It is for this reason that the
majority of natural siderophores are hexadentate compounds and can there-
fore scavenge iron(111) efficiently at low metal and low ligand concentrations.™

The origin of the chelate effect has been explained by Schwarzenbach.
When the first ‘unident’ has attached itself to the metal ion, the second and
subsequent ‘unidents’ can only move in a restricted volume around the metal
ion. Thus, the entropy of these subsequent donor atoms is markedly reduced
as compared to an equal number of unidentate ligands." Schwarzenbach’s
model predicted that the chelate effect would indicate itself by a more favor-
able entropy for the forming complex than the analogous unidentate ligand
complex. It also predicted that an increase of chelate ring size leads to a
decrease in complex stability as this permits the second donor atom to trans-
late in a larger volume after the first donor atom has been attached. This is
an important factor in chelating agent design.

2.6 Complex Lability

The rates at which ligands substitute for water molecules or other ligands
coordinated to a metal ion fall into a typical range for each metal ion. There
is an extensive range of rates at which water in the inner coordination sphere
of the metal ion exchanges with water in the bulk solvent as indicated in the
following equation for D,O:

[M(H,0)¢]*" + D,0 = [M(H,0),(D,0)]*" + H,0

Water exchange rates are typical of the rates at which a metal ion forms
complexes with other ligands, and may thus be taken as representative of
reaction rates for that metal ion, as summarized in Figure 2.10. There is an
enormous range of exchange rates from 10" s™ for the large alkali metals to
107% s* for Rh(111), i.e. from 10" exchanges per second to 1 exchange every 3
years! When one ligand competes with another already attached to the metal
ion, in general, there are two possible mechanisms. In both mechanisms
the incoming ligand would first form an outer-sphere complex in order to
be correctly positioned into the inner sphere. In the Sy1 mechanism, the
metal ion first loses a ligand from its coordination sphere to create a space
which is then filled by the incoming ligand; in the Sy2 mechanism the incom-
ing ligand moves into the coordination sphere and at the same time as the
departing ligand is lost. In general, the mechanism is determined by how
tightly ligands chelate with the metal ion. The small Be(11) ion, with its strong
covalent M-L bonds, strongly favors tetrahedral four coordination, being
reluctant to form either three- or five-coordinate complexes, and so typically
reacts very slowly with all ligands. In contrast a large metal ion such as Sr(11)
has predominately ionic M-L bonds, and displays a variable coordination
number. It thus changes coordination number with ease and so ligand sub-
stitution reactions are rapid. There are three general rules which give an indi-
cation of whether a metal ion will undergo rapid or slow ligand substitution
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reactions; these rules relate to factors that cause stronger M-L bonds and
strongly defined coordination geometries:

(1) For metal ions with the same ionic charge, substitution rates with the
same ligand will increase with increasing metal ion size. Typical reac-
tion rates are in the sequence (see Figure 2.10):*

Be(11) < Mg(11) < Ca(11) < Sr(11) < Ba(11) or Al(111) < Ga(111) < In(111) < T1(111).

(2) For metal ions with similar size, rates of reaction will increase with
decreasing cation charge, for example, In(111) < Mg(11) < Li(1).

(3) Electrons in d-orbitals in arrangements that lead to ligand field stabili-
zation energy (LFSE) cause slower rates of ligand substitution in direct
relation to the extent of the LFSE, e.g. Cr(111) < Ga(111).

In general, rule 3 overrides rules 1 and 2. For example, rule 1 would sug-
gest that the M-L bond lengths for the trivalent ions of Group VIII tend to
increase: Co(111) < Rh(m1) < Ir(1r). However, LFSE converts the reaction rate
sequence to: Co(111) > Rh(111) > Ir(111). Rule 3 also overcomes rule 2, as Ru(11)
reacts more slowly than most trivalent non-transition metal ions. An import-
ant point for rule 3 is that when a metal ion changes spin state, a large change
in lability may happen. Thus, high-spin complexes of iron(11) are labile and
low-spin complexes are inert.

Al3+ Ga3* In3+
| 11
Rh3+ Cra+ V3 Fed

L 1

Be2+ Mg2*+ Ca2+ Slj"’j_'_, Ba2+

1 1 N

Ni2+ Fe?* Mn2+ Cu2*

LAl 1
/

Co2+ Li* K*

Na*

L | L L
-8 -5 0 5 10

log Rate Constant (S-)

Figure 2.10 Logarithms of characteristic rate constants (s™) for substitution of
inner-sphere water molecules on various metal ions (see Chapter 4).
Adapted with permission from ref. 5. © Springer Science + Business
Media New York 1996.
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As mentioned above, the metal affinity sequence is hexadentate > triden-
tate > bidentate. Hexadentate metal complexes tend to be inert, the rate of
dissociation of the complex being vanishingly small at neutral pH."* This
renders such molecules ideal metal scavengers. In contrast to the kinetically
inert hexadentate metal complexes, bidentate and tridentate metal com-
plexes are kinetically more labile and they tend to dissociate at low ligand
concentrations, thereby possibly facilitating metal redistribution. Partial
dissociation of bi- and tridentate ligand-metal complexes renders the metal
cation surface accessible to other ligands or water. Such a property is unde-
sirable for most therapeutic applications, where efficient metal excretion is
required. In order to avoid appreciable metal redistribution in mammalian
body tissues, chelators possessing a high metal affinity are essential.

2.7 Redox Activity

Chelators that are capable of binding both iron(11) and iron(111) at neutral
pH exhibit redox cycling, a property that has been utilised by a wide range
of enzymes."”” However, this is an undesirable property for iron-scavenging
molecules, as redox cycling can also lead to the production of reactive oxy-
gen radicals (Figure 2.11). Significantly, the high selectivity of siderophores
for iron(111) over iron(11) minimises redox cycling under biological conditions.
Most hexadentate ligands with oxygen-containing ligands such as DFO are
kinetically inert and reduce hydroxyl radical production to a minimum by fail-
ing to redox cycle. The redox potentials of the iron complexes of enterobactin
and desferrioxamine are extremely low, namely —750 and —468 mV (vs. NHE),"*
thus they bind Fe(111) much more tightly than Fe(11) (see Table 2.2). In princi-
ple, iron complexes with redox potentials above —200 mV (vs. NHE) are likely
to redox cycle under aerobic conditions. Due to their high iron(111) affinity

Vit C Vit C

Reduced oxidised
M@D+, M"" L

OH +OH_ H,0,

Figure 2.11 Redox cycling of a metal complex.
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constants, bidentate 3-hydroxypyridin-4-ones cause minimal hydroxyl radical
production;'® iron-deferiprone has a low redox potential (—620 mV vs. NHE)."
Ligands with a nitrogen-coordinating atom tend to possess higher redox poten-
tials, and the coordinated iron can be reduced enzymatically under biological
conditions. Such complexes may redox cycle under aerobic conditions.

In order to minimise free-radical production, iron should be coordinated
in such a manner as to avoid direct access to oxygen and hydrogen perox-
ide. Most hexadentate ligands such as DFO are kinetically inert and reduce
hydroxyl radical production to a minimum by entirely masking the surface
of the iron. However, not all hexadentate ligands are of sufficient dimensions
to entirely mask the surface of the bound iron, in which case the resulting
complex may enhance the ability of iron to generate free radicals. This phe-
nomenon is particularly marked at neutral or alkaline pH values when the
solubility of non-complexed iron(111) is limited. The classic example of this
type of behavior is demonstrated by EDTA, where a seventh coordination
site is occupied by a water molecule. This water molecule is kinetically labile
and is capable of rapidly exchanging with oxygen, hydrogen peroxide and
many other ligands present in biological media. As a result iron(111) EDTA is
toxic, readily generating hydroxyl radicals under in vivo conditions.* In con-
trast to the kinetically stable ferrioxamine complex, bidentate and tridentate
ligands are kinetically more labile and the iron(111) complexes tend to disso-
ciate at low ligand concentrations. Partial dissociation of bi- and tridentate
ligand iron complexes renders the iron(111) cation surface-accessible to other
ligands. However, the concentration dependence of 3-hydroxypyridin-4-one
iron complex speciation is minimal at pH 7.4 when the ligand concentration
is above 1 pM, due to the relatively high affinity of the ligand for iron(111).
Thus, bidentate 3-hydroxypyridin-4-ones behave more like hexadentate
ligands as the 3:1 complex is the dominant species at pH 7.4 (Figure 2.6D)
and the iron atom is completely coordinated. Even at low hydroxypyridinone
concentrations there is minimal hydroxyl radical production.'®

In principle, complexes of copper, chromium, vanadium, titanium and
cobalt can also cycle between two oxidation states, but in practice only
copper and iron are found to readily redox cycle under biological conditions.
Copper exists in two oxidation states: Cu(1) and Cu(11). Cu(1) prefers relatively
soft polarizable ligands such as thioethers, nitriles, cyanides, iodide and
thiolates to form complexes with flexibility in geometric arrangement, while
the oxidized state, Cu(11), favors amines, imines and oxygen donors to form
square-planar, trigonal-pyramidal and square-pyramidal geometric confor-
mations.”' The geometry of the ligand field influences the redox state of cop-
per and therefore leads to the possibility of redox cycling. For example, Cu(1)
complexes with 2,2"-bipyridyl and 1,10-phenanthroline adopt a tetrahedral
geometry and may be readily oxidized to a more stable square-planar Cu(11)
species in the absence of restricting steric effects, rendering Cu(1) complexes
susceptible towards oxidation. However, 2,9-dimethyl-substituted phenan-
throline disfavors octahedral tris-chelate or square-planar bis-chelate coor-
dination due to the steric interference of the methyl substituents ortho to
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the imine nitrogen. The molecule preferentially binds Cu(1) in a tetrahedral
geometry rendering it less likely to participate in redox cycling.*

2.8 Biological Properties

Having established the features of chelator design which control the affinity
and metal selectivity in the absence of living systems, we now must consider
the influence of living cells on both the free ligand and the metal complex
and the influence of such ligands and complexes on cellular biochemistry.
Ligand behavior in vivo is largely governed by distribution and disposition,
which in turn is influenced by the ability of the ligand to permeate mem-
branes, the rate of ligand metabolism and the extent of protein binding by
the ligand (particularly to serum albumin).

2.9 Lipophilicity and Molecular Weight

Ideally, a chelating agent should be orally active as this greatly facilitates drug
formulation (it need not be sterile) and drug administration (patients prefer
pills to injections). In order to exert its pharmacological effect, a chelating
drug must be capable of reaching the sites of excess metal deposition. Typi-
cal target organs are the liver, heart, endocrine tissue and brain. Thus a key
property for an orally-active chelator is its ability to be efficiently absorbed
from the gastrointestinal tract and to cross biological membranes thereby
gaining access to intracellular sites. Two major factors influence the non-
facilitated penetration of biological membranes, including the absorption of
a drug from the lumen of the gastrointestinal tract: the oil/water distribution
coefficient (log D, ,) and the molecular weight. Whereas there is considerable
quantitative information concerning distribution coefficients,* there are few
studies devoted to the influence of molecular size on membrane penetration.

With respect to the oil/water distribution coefficient, n-octanol is widely
adopted as a suitable model for the membrane lipid phase. The aqueous
phase should be buffered to pH 7.4 with MOPS (25 mM), as the presence
of charges on the ligand will severely limit the rate of non-facilitated diffu-
sion. The charged state of many ligands is strongly pH dependant. MOPS is
a useful buffer when working with metals and ligands as it possesses weak
chelating properties. In general terms, a logD, , value falling in the range
5-0.1 will ensure that most ligands (subject to molecular weight restrictions,
see below) will penetrate membranes.’ However values at the higher end of
this range are likely to be toxic, particularly for copper- and iron-selective
ligands,”?* and so a suitable range for chelators (ligands) with clinical poten-
tial is for the log D, , to fall in the range 2-0.1.

Regarding the influence of molecular weight on the absorption of small
molecules from the lumen of the small intestine, the cut-off molecular
weight value for the transcellular route of absorption, as judged by polyeth-
ylene glycol permeability, is 500.>° This value agrees with the value presented
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by Lipinski and coworkers?® based on the analysis of 2245 compounds, where
they state that a compound with a molecular weight in excess of 500 is likely
to be associated with poor absorption from the intestine and poor perme-
ation of biological membranes. Thus as a general guide, clinically useful
chelators should possess a molecular weight less than 500 and a logD, ,
falling between 2 and 0.1.

2.10 Ligand Metabolism

Xenobiotics tend to be metabolised by enzymes which are present in
the intestine walls and the liver. The major objective of metabolism is to
render xenobiotics, which in the context of this review are ligands, more
hydrophilic and water soluble. This facilitates excretion via the urine and
the bile. The efficacy of deferiprone (Figure 2.4) is to some extent limited
by the rapid glucuronidation of the iron-coordinating site of the ligand

O O
A ] OH Phase Il ] O\glucuronic acid
N metabolism N

Deferiprone

O\
B. Phase Il glucuronic acid
metabolism
CP94
Phase |
metabolism
O
(0]
% “glucuronic acid

OH

O -
glucuronic acid

Figure 2.12 Metabolism of (A) deferiprone and (B) CP94.
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(Figure 2.12A).””* More hydrophilic analogues are less rapidly glucuroni-
dated, for instance CP102 (4), whereas more hydrophobic analogues, for
instance CP94 (5), are more rapidly glucuronidated.?® Interestingly, metab-
olism can vary between species, for instance CP94 (5) is glucuronidated
extremely rapidly in guinea pig and man, but is predominately hydroxyl-
ated in rat,” yielding an iron-coordinating metabolite (Figure 2.12B). Con-
sequently CP94 is extremely active at iron removal in the rat, but not in
man.** The choice of an animal model for the study of chelators can be
critical, see for instance the plasma stability of desferrioxamine (DFO) in
different species (Figure 2.13).”" Clearly rodents and the rabbit are not suit-
able for desferrioxamine-based investigations, whereas the guinea pig, dog,
monkey and human are suitable. Interestingly man does not metabolise
desferrioxamine rapidly (Figure 2.13) but some metabolism does occur and
significantly all the major metabolites coordinate iron(1r1) (Figure 2.14).*
Metabolite B is formed in appreciable amounts and this may influence the
distribution of scavenging chelators, as the net charge of both metabolite B
and its iron complex is 17, whereas the net charge of both desferrioxamine
and ferrioxamine is 1.

o CO,H
OH N OR
() Y
HO
OH
6a HBED, R =H
CP102 (4) CP94 (5) 6b Monoethyl ester of HBED, R = Et

Chelator metabolism has been investigated for potential enhancement
of oral activity. HBED (6a) is an extremely powerful scavenger of iron(111)
but it possesses poor oral bioavailability. In an attempt to enhance oral
absorption, the mono-ethyl ester of HBED (6b) was investigated and
found to possess a marked enhanced oral absorption in marmosets.** On
absorption, the monoesters were hydrolysed, so generating HBED. Unfor-
tunately the monoesters proved to be toxic and were not developed fur-
ther as ‘prochelators’. Hydroxypyridinone-based prochelators have also
been investigated where hydrophobic esters are converted to hydrophilic
chelators,’* however, the enhancement of iron excretion was only found to
be marginal.

2.11 Ligand Binding to Serum Albumin

With hydrophilic chelating agents, albumin binding does not have a major
influence on chelator distribution, as alarge portion of the chelator remains
non-protein-bound (typically greater than 50%). This unattached chelator
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Figure 2.13 The stability of DFO in Human, Dog, Rat, Mouse, Cebus Monkey,
Guinea Pig and Rabbit plasma over 3 hours. Adapted with permission
from ref. 31, 1996 Blackwell Science Ltd.

will be available to penetrate the different tissues perfused by the blood.
Furthermore, chelator binding to albumin is generally readily reversible
and so as the concentration of free chelator is reduced, it is rapidly replen-
ished by dissociation from albumin. This situation holds for a wide range
of chelators, for instance, penicillamine (7), EDTA, deferiprone and des-
ferrioxamine (Figure 2.4). However, for more hydrophobic chelators, for
instance deferasirox (8), albumin binding has a major influence on chela-
tor distribution. 99% of serum deferasirox is bound to albumin and 99.5%
of the iron-deferasirox complex is albumin bound.?” This phenomenon
has a major influence on the distribution of the chelator as the resulting
concentration of the unbound ligand is extremely low and therefore has
less opportunity to enter peripheral tissue. Indeed as the logP (octanol/
water) value for deferasirox is high (3.6), albumin binding probably pro-
tects tissues from exposure to this hydrophobic chelator. Deferasirox is
currently in worldwide use for the removal of iron from iron-overloaded
patients.
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Figure 2.14 Metabolism of desferrioxamine in man.
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2.12 Chelator Pharmacokinetics

The pharmacokinetic properties of chelators vary over a wide range, some
are orally active, for instance deferiprone, and others are almost completely
non-absorbed when presented via the oral route, for instance desferrioxam-
ine. This difference is predicted by Lipinski’s guidelines, namely, poor oral
absorption is associated with molecular weights >500; log P > 5; number of
H-bond donors >5 and number of H-bond acceptors >10.?° For desferrioxam-
ine the molecular weight is 547, number of H-bond donors is 7 and the num-
ber of H-bond acceptors is 9; for deferiprone the corresponding numbers are
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139, 1 and 2. Desferrioxamine (Figure 2.4) is also cleared by the kidney very
rapidly (7" = 20 min) and so is presented to patients as an intramuscular
infusion over a period of 5-8 h. In contrast, deferiprone is rapidly absorbed
from the gastrointestinal tract (Figure 2.15A).”” The peak serum value is typ-
ically attained between 40 and 80 minutes and the concentration resulting
from a 50 mg kg™ dose decreases from 300 pM to 30 pM over a 6 h period.
Due to the extensive glucuronidation of deferiprone, the concentration of
the non-chelating metabolite (Figure 2.12) is higher than that of the free
ligand 60 min after the oral dose (Figure 2.15A). As deferiprone is cleared
from the blood quite rapidly it is usually administered in three equal doses
every 24 h.

350 —
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Figure 2.15 (A) Pharmacokinetics of deferiprone in man (M, deferiprone; 0O,
deferiprone glucuronide) following an oral dose of 50 mg kg™'. (B)
Pharmacokinetics of deferasirox in man following an oral dose of
35 mg kg™
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Deferasirox (8), another iron-selective chelator in clinical use, is also orally
active, again as predicted by Lipinski’s guidelines: molecular weight, 353;
log P, 3.6; number of H-donors, 3; number of H-acceptors, 5. However, in
contrast to deferiprone, the maximum serum concentration of deferasirox
is reached after 4 h and the drug remains in the blood stream for much
longer periods of time experiencing a slow renal clearance (Figure 2.15B);*
this is a direct result of its tight binding to albumin. Indeed, in many patients
there are appreciable levels of the chelator present after 24 h.*® Consequently
deferasirox is usually administered once every 24 h (see Chapter 4).

2.13 Toxicity of Chelators

A prime cause of toxicity of a metal chelator is its lack of selectivity for the
particular metal that needs to be removed from an overloaded individual.
Thus the use of EDTA or DTPA (Figure 2.4) is likely to lead to toxic side effects
by virtue of their ability to coordinate a wide range of metals with relatively
high affinity (Table 2.2). Even the clinically proven iron chelators desferri-
oxamine and deferiprone are known to cause increased excretion of zinc
when administered to patients in high dose. This occurs even though there
is an enormous difference in the affinity constants for iron(111) and zine(t1);
for desferrioxamine the logK; values are 30.6 and 11.1, respectively, and for
deferiprone the log cumulative stability constants are 37.2 and 13.5, respec-
tively (Table 2.2).

In addition to metal selectivity, other potential causes of toxicity are asso-
ciated with kinetic lability (Section 2.6) and redox activity (Section 2.7). These
three biochemical parameters can lead to different forms of chelator toxicity,
in particular inhibition of enzymes, nephrotoxicity, neurotoxicity, immuno-
toxicity and genotoxicity.

2.13.1 Inhibition of Metal-Dependent Enzymes

In addition to insufficient metal selectivity, another cause of chelator toxic-
ity is enzyme inhibition. In principle chelating agents can inhibit metallo-
enzymes by reducing the concentration of labile metal pool in the cytosol
or mitochondrial matrix via three different mechanisms: removal of the
essential cofactor, formation of a stable ternary complex at the active site
or deprivation of the normal source of metal ion for the apo enzyme. Haem-
or iron-sulfur cluster-containing enzymes, e.g. cytochrome P450-dependent
enzymes and succinate dehydrogenase, are generally not susceptible to inhi-
bition by chelating agents, but enzymes that contain single metals directly
coordinated to protein side chains for instance Fe", Cu" and Zn" are suscep-
tible towards the presence of chelators (Table 2.5).

Lipoxygenases are generally inhibited by hydrophobic chelators, par-
ticularly those containing a long alkyl substituent (Figure 2.16), however
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Table 2.5 Metalloenzymes that are inhibited by chelators.

Enzyme Metal at active site
Lipoxygenase family (5-, 12- and 15-) Fe

Aromatic hydroxylase family (Phe, Tyr and Trp hydroxylase) Fe and Cu
Ribonucleotide reductase Fe

Ferrochelatase Fe

Iron(11) 2-oxoglutarate dioxygenases (prolyl-4-hydroxylase, Fe
lysine-4-hydroxylase, HIF, histone demethylases)

Carboxypeptidase Zn
Carbonic anhydrase Zn
Superoxide dismutase Zn and Cu
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Figure 2.16 Relationship between the chemical nature of the ligand and the inhi-
bition of 5-lipoxygenase; HPOs with different R, substituents.

the introduction of a hydrophilic group into the chelator reduces the abil-
ity to inhibit this enzyme family.>® The aromatic amino acid hydroxylases
are particularly susceptible towards inhibition induced by hydroxypyridi-
nones due to the similarity of the molecular characteristics of some che-
lators to those of the normal substrates. However, the introduction of an
alkyl function at position 2 of the pyridinones markedly increases the Ki
value into the mM range.*® The iron(i1)-2-oxoglutarate dioxygenases form
an extremely large enzyme family; there are more than 400 present in the
cytosol of hepatocytes, many can be inhibited by decreasing the level of
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the labile iron pool as their iron(11) affinity constants fall in the range 1078~
107° M." These relatively low affinity constants render this large group of
enzymes susceptible to chelator-induced inhibition. Ferrochelatase is the
enzyme which inserts iron(11) into heme, the protoporphyrin IX binding
site is hydrophobic and hydrophobic iron chelators tend to inhibit this
important enzyme. Ribonucleotide reductase has a rapid turnover; conse-
quently; full activity is dependent on normal levels of the labile iron pool.
Scavenging this pool leads to inhibition of the enzyme which, in turn,
causes depletion of deoxynucleotide pools, thereby inhibiting DNA synthe-
sis, interfering with the G1 — S transition and blocking the cell cycle.”
This activity is probably associated with the well-documented antiprolifer-
ative property of some chelators.

2.13.2 Nephrotoxicity

The kidney has many essential transport functions having a high energy
requirement and so this organ is sensitive to loss of ATP. The levels of creat-
inine in the urine are generally used as a reliable marker for renal function.
EDTA and deferasirox (8) have both been reported to elevate urine creatinine
levels. Desferrithiocin (9) and some of its analogues cause structural changes
in the proximal tubules which give rise to nephrotoxicity.*

2.13.3 Neurotoxicity

Neurotoxicity is associated with various changes in morphology, physiol-
ogy and biochemistry in the central and peripheral nervous systems. These
changes may lead to either behavioral or motor defects. Halogen-containing
8-hydroxyquinolines, for instance clioquinol (10), are neurotoxic, as demon-
strated by the induction of myelo-optic neuropathy.** At high doses, desfer-
rioxamine is neurotoxic and has been directly associated with both auditory
and ocular defects.

cl
N s A
7 %< ] com P
— N 2 I N
OH CHs OH
Desferrithiocin (9) Clioquinol (10)

2.13.4 Immunotoxicity

Immunotoxicity is mainly expressed as hypersensitivity in the presence of
chelating agents and results in an exaggerated immune response. Many
chelator-induced hypersensitivity reactions are idiosyncratic and difficult
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to predict. Penicillamine (7) can cause anaphylactic reactions in patients
that are allergic to penicillin. Desferrioxamine, deferiprone and deferasirox
can all give rise to rashes in a small proportion of patients receiving these
compounds for the treatment of iron overload.

The most serious side effect of deferiprone is agranulocytosis and
related neutropenia. The precise mechanism of the induction of these
conditions is unknown, but is likely to have immunological cause.*’ In
a careful 4-year clinical study, Cohen et al. demonstrated an incidence of
0.5% for agranulocytosis and 8.5% for mild neutropenia in a cohort of
187 thalassaemia patients.® Both conditions are induced apparently irre-
spective of dose, but are fully reversible on the cessation of deferiprone
treatment.

2.13.5 Genotoxicity

Genotoxicity occurs when there are changes induced in the genetic mate-
rial. Chelators may possess both mutagenic (changes in the chemistry of the
DNA molecule) and clastogenic (changes to chromosomal structure) proper-
ties. Mutagenicity can be investigated by the Ames test and the mouse lym-
phoma assay. Clastogenicity can be investigated by the mouse micronucleus
test. Many chelators possess mutagenic properties at high concentration for
instance HBED (6a) and deferiprone, but lack mutagenicity at concentra-
tions less than 100 uM.*” Surprisingly, desferrioxamine and 1,10-phenanth-
roline are mutagenic at concentrations as low as 1 pM. In contrast, EDTA is
not mutagenic at any dose tested.”’

Many chelators possess some clastogenic activity and in particular all iron
chelators have been demonstrated to possess this property, however those in
clinical use possess a low level of activity. In a careful study comparing chro-
mosomal aberration frequencies in patients with thalassaemia, deferiprone
and desferrioxamine were demonstrated to possess low clastogenic activities
which were not significantly different from each other.*®

2.14 Chelators and Nutrition

Normally humans receive trace metals through the diet, however under
conditions of famine, food preferences, ageing and disease, the diet some-
times fails to meet the body’s requirements. Mineral supplementation
in humans typically uses the oral route, the supplement being given as
a capsule, tablet, solution, or as fortified food. Iron, zinc and copper are
the most prevalent metals in supplementation treatments. Typically, sim-
ple salts or preferably weak complexes are used in such therapy. Weak
complexes permit the donation of the coordinated metal to the endoge-
nous transport systems. Typical complexes are iron(11) gluconate, iron(11)-
EDTA, iron(111) polymaltose,” copper-methionine, zinc acetate and zinc
picolinate.*
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2.15 Conclusions

This chapter presents an overview of the chemistry and biology underlying
the design of selective metal chelators. Although many high affinity iron
chelators are based on siderophore structures, some relatively new chelating
moieties have been demonstrated to possess clinical potential.

The design of highly selective chelators for different divalent metals, for
instance Zn**, Cu**, Cd**, Co*", Ni*", Ca** is difficult and indeed may not be pos-
sible. The successful design of relatively selective Fe** chelators is dependent
on the fact that Fe’" is the only kinetically labile trivalent cation present in bio-
logical tissue. Indeed most so-called Fe**-selective chelators will also bind AI*,
Ga’* and In*, a property which extends their application to medical imaging.

Abbreviations

LFSE Ligand field stabilisation energy
NHE Normal hydrogen electrode
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CHAPTER 3

Chelation Therapy For Heavy
Metals

PETER NIELSEN?

“Institute of Biochemistry and Molecular Cell Biology, Centre of
Experimental medicine, University medical Centre Hamburg-Eppendorf,
20246 Hamburg, Germany

*E-mail: nielsen@uke.de

3.1 Introduction

Out of 118 elements known today, about 80 of them are metals. So-called
heavy metals comprise a group of naturally occurring elements that form
positive ions in solution and have a density five times greater than that of
water. Some heavy metals are essential trace elements (e.g, iron, zinc, cop-
per, manganese) and are toxic only in cases of overload, as outlined in Chap-
ter 1, whereas others have no physiological function and may be toxic even
at low levels of exposure. The term toxic heavy metals describes a subgroup
of metals, notably lead, mercury, arsenic, and cadmium, all of which appear
in the World Health Organisation’s list of 10 chemicals of major concern to
health.! Exposure to heavy metals can occur from geogenic or anthropogenic
sedimentation and emission. Metals may be inhaled as dust or fumes, or
may be ingested involuntarily through food and drink. Once a heavy metal is
absorbed, it distributes among tissues and organs and can disturb metabolic
pathways and damage cells.
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Following industrial development, since the middle of the 19th century
the production of heavy metals has increased steeply for more than 100
years, with concomitant emissions into the environment. From the end
of the 20th century, however, there has been an increasing global public
health concern associated with heavy metal contamination and between
1990 and 2001” the emissions have fallen in developed countries (USA,
Europe) by over 50%.

Nevertheless, in developing or industrialised transition countries,
where mining, smelting, and other metals-based industrial operations are
important economic factors but where environmental protection and con-
trols are poorly developed, nationwide or local exposure to heavy metals
continues.

The term “heavy metals” is poorly defined and describes a rather heteroge-
neous group of metals ion with different properties.

According to the Pearson concept of “hard/soft” (Lewis) acids and bases
(HSAB), and the class A/B classification of heavy metals, “soft” (or class B)
metal ions such as Hg*", Pb*, Cu*, Au’, Ag*, Cu’, Pd*>" and Pt** preferentially
bind to “soft” bases such as sulphur- or selenium-containing groups to form
stable complexes (Figure 3.1).>*

Class A metals ions (Na*, Ca**, Mg?*, AI**) bind more to hard bases such as
F-, Cl” and O. A borderline group of metals: As**, Fe****, Mn?**, Cd*" and Cu*,
show features intermediate between the A and B classes.

50
45 [ A
® Hg>
40 | ® class B I->Br>ClI>F- Se>S>N>0>
Cu*
. 35 & P———
£ N
>§ 3.0 B Y [ As(in)
% " @Fe Fe".
£ 25 e
= borderline
L 20 [
g -
O 15
@ Mg AP'.
1.0 _. Na
05 class A F->ClI>Br>1I O>N>S>Se
0.0 1 1 1 1 | ligands donor atoms

0 4 7 11 14 18

lonic index Z%r

Figure 3.1 Classification of heavy metal ions (class A, class B, borderline). Modi-
fied from E. Nieboer and D.H.Richardson.* Class B or borderline metal
ions such as As*" and Hg?* bind in vivo preferentially to donor groups
containing S or Se. Adapted from ref. 4.
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3.2 General Strategies Against Heavy Metal
Intoxication

3.2.1 Toxicology of Heavy Metals

While the toxic effects of heavy metals have been acknowledged for a consid-
erable time, the underlying molecular mechanisms are complex and still not
entirely understood.

At the cellular level, heavy metals and metalloids:>”

- bind to enzymes and proteins and perturb their function and activity
- generate reactive oxygen species and elicit oxidative stress

- cause DNA damage and/or impair DNA repair mechanisms;

- interfere with nutrient assimilation

A modern mechanistic view reflects two general mechanisms which are
responsible, at the molecular level, for all metal toxicity:

- primary displacement of essential metals (“ionic mimicry”)®
- a secondary effect of oxidative stress that interferes with enzymes that
maintain reducing state in cells (Figure 3.2).°

In addition, some heavy metals may also induce carcinogenesis. The
International Agency for Research on Cancer (IARC) classifies cadmium as
an established carcinogen, inorganic lead as a probable carcinogen, and
methylmercury as a possible carcinogen.'’

Stimulation of oxidative stress lonic mimicry effect

HvMe+
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Me+
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affinity

Oxidative
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ROS formation

Cell damage
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Figure 3.2 Mechanism of heavy metal toxicity. Heavy metal toxicity often includes
the onset of oxidative stress by various mechanisms (down regulation
of antioxidative defense or increased ROS formation). Heavy metals can
also mimic physiological metals in their natural surroundings in the
active centres of peptides or proteins. Due to partly much higher affin-
ities for the target structure, even picomolar concentrations of a given
heavy metal such as Pb*>" can replace a physiological element such as
Ca™.
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During unpreventable low exposition to heavy metals, cells and organisms
always try to maintain metal homeostasis within physiological or sub-toxic
levels, both by use of physiological regulation mechanisms and by metal
detoxification. However, their capacity to handle toxic metals is limited and
in cases of extended contamination, only a fast and efficient medical inter-
vention can limit the damage to cells and organs.

3.2.2 Treatment for Heavy Metal Intoxication

Heavy metal poisoning and the need to have an effective antidote in cases
of acute or chronic intoxication has a very long history in the medical pro-
fession. A rational approach started with “British anti-Lewisite” (BAL), an
antidote against the arsenic warfare agent Lewisite."’ This and more mod-
ern chelators are rather unspecific but can be used for different toxic heavy
metals. In the following sections, I will review their benefits, limitations and
side-effects in detail.

For professional handling of acute or chronic intoxications with a heavy
metal a number of strategies are available which are based on prevention,
supportive care procedures, and treatment with a metal chelator (Figure 3.3).

The most efficient strategy is to reduce the global use of highly toxic heavy
metals, replace them in products wherever possible, identify contamination
and emission sites, educate adults and especially children about the risk of

Prevention —— Identify sources, eliminate or control sources, monitor
environmental exposures and hazards

Acute poisoning
Supportive Care: Chelators - Combination Therapy
- forced diuresis  _ gjassical chelators: - with antioxidants
- natural antidotes -EDTA - with second chelator
- antioxidatives -BAL
-DMSA
-DMPS
- new chelators:
Chronic poisoining - DMSA monoester

- DMSA diesters

l Remove from source.
Chelators?

Figure 3.3 Strategies used and discussed in the treatment of intoxication by heavy
metals such as arsenic, mercury or lead. On a global view, prevention
strategies are most relevant to diminish low-dose exposure which could
lead to chronic intoxication in the most vulnerable groups, such as
small children. Supportive care combined with chelator treatment is
the method of choice in case of acute intoxication. Modified from Kalia
and Flora, 2005."2
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heavy metal intoxication and remove workers and the normal population
from sources of acute or chronic heavy metal exposure.'

When heavy metal intoxication has occurred or is suspected, a healthcare
professional should be consulted as quickly as possible. Detailed information
is important: which metal, at which dosage and by which route has it been
received. Supportive healthcare measures are saving life in the first phase,
before rational diagnosis and a treatment strategy is established, and the
appropriate antidote is ready for use. For example, forced diuresis can pre-
vent death in acute arsenic poisoning but is not as useful in other heavy metal
intoxications." Not every medical unit can provide expert knowledge and will
not have experienced many heavy metal poisonings, so the assistance from
specialized physicians or toxicologists is mandatory for optimal results.

Some food ingredients have been suggested to reduce absorption or
reabsorption of toxic heavy metals and to support natural detoxification
pathways. Micronutrients such as vitamins, sulphur-containing amino acids,
antioxidants, and essential minerals (selenium, calcium, zinc) can reduce
adverse effects of toxic elements.'*

Nutritional status also affects uptake since toxic cations are transported by
the same proteins as essential nutrients, for example magnesium, zinc, and
iron. Therefore children, particularly those with chronic deficiencies of these
essential elements, have a greater risk of chronic toxicity of heavy metals
such as lead or cadmium. Calcium supplementation reduces lead mobiliza-
tion from bones and iron supplementation blunts lead accumulation.™

The principles of chelation selectivity are discussed in Chapter 2.

Crucial properties of a successful chelator for medical use include a high
affinity towards the toxic metal combined with a low toxicity, and appropri-
ate pharmacokinetics of excretion of the metal chelate (see Chapter 2).

Depending on the heavy metal, a number of chelating agents have been
developed and used as antidotes against a variety of heavy metal poisons
(Table 3.1).

Table 3.1 List of FDA approved chelators for treatment of heavy metal poisoning or
removal of radioisotopes.

Compound Metal
Dimercaprol (BAL) (1) arsenic, gold, and mercury poisoning;
acute lead: concomitantly with EDTA.

Edetate calcium disodium acute and chronic lead poisoning
(calcium EDTA)

Succimer (DMSA) (4) lead, mercury and arsenic.

Penicillamine (5) Copper

Trientine hydrochloride Copper

Deferoxamine mesylate iron

Deferiprone iron

Deferasirox iron

Pentetate calcium trisodium Plutonium and americium

(Ca-DTPA) (6)
Pentetate zinc trisodium (Ca-DTPA) (6)  Plutonium and americium
Prussian blue (Radiogardase) Radiocaesium (**’Cs), thallium
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3.2.2.1 Conventional Chelators

The chemical structures of well known chelators for toxic heavy metal poi-
soning in humans are outlined in Figure 3.4. All these compounds have
shown their effectiveness against serious poisoning with a toxic metal or
radionuclide. As far as heavy metal intoxication is concerned, chelators form
non-toxic metal complexes, remove metals from soft tissues and are nor-
mally very effective against acute poisoning.

There is a trend to use combined treatment with different chelating agents
in order to improve the efficiency in mobilising the body’s burden of toxic
metals. The rationale is that different chelators are likely to mobilize met-
als from different tissue compartments and can also act synergistically in a
shuttle mechanism. Therefore combined treatments tend to be superior to
monotherapy. Interesting results in this direction were obtained when two
isoforms of DMSA (either meso- and racemic-) were given simultaneously with
CaNa,EDTA to reduce tissue lead concentrations in rats.®

3.2.2.2 New Chelators

Most of the currently used chelating agents have limitations in their effec-
tiveness, mainly against subacute or chronic metal poisoning but also on
account of their serious side effects.!” Thus, it is of immediate concern to
develop new drugs that are more effective, especially in cases of low, long-
term exposure to toxic metals.

One attractive starting point for new drugs is meso-2,3-dimercaptosuccinic
acid (DMSA) which,is effective by itself against lead poisoning in children. It
has a large therapeutic window and is the least toxic among the dithiol com-
pounds. However, its hydrophilic properties are thought to prevent it crossing
cell membrane, which limits its capacity to chelate metals from inside cells. In

0] SH

" SH O“s _OH HO)WOH
DMPS © HerH Dsl\l/-:SAo
BAL
OH;C CH; o Os_OH

0
HO. O
HO/U\‘)<SH X HKOH y CJ\NIKCHg
N/\/N 3 H SH

;\ HaC

N-acetyl-penicillamine

Figure 3.4 Chelators that have been used therapeutically in man as an antidotes
for acute or chronic heavy metal poisoning. BAL: British anti-Lewisite,
DMPS: 2,3-Dimercapto-1-propanesulfonic acid, DMSA: dimercapto-
succinic acid, EDTA: ethylenediaminetetraacetic acid and its Na or Ca
salt.
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the last decades a variety of mono- and di-esters of DMSA have been synthe-
sized to achieve optimal chelation and transport effects.'®'® In order to render
the compounds more lipophilic, the carbon chain length of the parent DMSA
was increased by controlled esterification with the corresponding alcohol
(methyl, ethyl, propyl, isopropyl, butyl, isobutyl, pentyl, isopentyl and hexyl).
It has been reported that these analogues of DMSA are capable of crossing
cell membranes and were more effective in reducing, for example, the arsenic
burden in acute and sub-chronic intoxication.>® Monoesters such as monoi-
soamyl DMSA (MiADMSA) or monomethyl DMSA (MmDMSA) are regarded as
attractive new chelator candidates to reduce intracellular heavy metal burdens
including cadmium, which is one of the most challenging tasks.*!

Important future research topics should address the interaction between
intracellular and extracellular chelation for the mobilization of metal depos-
its accumulated over long periods of time and to limit the redistribution of
mobilized metals from regions where they are relatively innocuous into more
sensitive organs, especially the brain.

A global technical aspect also involves removing and clearing heavy metals
from contaminated soils.*** In this expanding scientific field, chelators can
be used to solubilize heavy metals which can then be removed by a phyto-
extraction technique, in which specialized plants function as metal hyper-
accumulators.? However, this more specialised application of chelators will
not be discussed in this Chapter.

3.2.3 Drawbacks and Misuse of Chelators

The increasing environmental contamination with heavy metals in some
countries can result in slow, low-dose, chronic metal poisoning (especially
with lead and arsenic).

To date, prevention, education, and removal of toxic metals from sources
are successful whereas the use of chelators is mostly equivocal. Dietrich
et al. enrolled 780 lead-exposed children with referral blood lead levels
between 20 and 44 pg dL™ (0.96-2.12 umol L") at 12 to 33 months of age
into a randomized placebo-controlled double-blind trial with DMSA. At age
7 years, the follow-up found no improvement in the scores on behaviour
or neuropsychological functions in the chelator-treated group.* Since all
chelating medicaments do have side effects, this study clearly showed that
the use of chelators should be limited to manifest metal poisonings or
metal overload diseases diagnosed by appropriate clinical and laboratory
evaluation. Low-level exposure to lead, mercury or arsenic also may not
justify the use of chelators.

However, experience shows a different handling of metal chelating drugs
worldwide. In 2007, the National Centre for Health Statistics in the USA
reported that 111000 adults and 72000 children under the age of 18 used
chelation therapy.”® Unfortunately, unconventional testing for metal over-
load and non-indicated chelation therapy has become an interesting field for
complementary and alternative medicine in many countries.”® Unnecessary
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chelation therapy can be associated with fatalities.”” For example, a 53-year-
old woman without evident heavy metal poisoning died during chelation
therapy by a naturopath; a 2-year-old girl with mild lead poisoning died after
the wrong chelation drug caused her blood calcium to drop too low,*® while
a 5-year-old boy with autism died after being inappropriately treated in a
doctor’s office with a chelating drug.?

3.3 Arsenic

The word arsenic has its origin in the Syrian language meaning “gold-
coloured, yellow”. This metalloid represents only a trace amount (1.7 ppm,
0.00017%) of the Earth’s crust, but can become concentrated in some parts
of the world because of natural mineralization.’® Despite its long-known
toxicity, arsenic compounds are today widely used in the microelectronics
industry (gallium arsenide), in wood preservatives, pesticides, herbicides,
and insecticides. Arsenic has been used as a pharmaceutical since ancient
times and is still part of non-western traditional medicine products in China.
The German scientist Paul Ehrlich developed Salvarsan (a mixture of tri-
aminotrihydroxy-arsenobenzol and pentaaminopentahydroxy-arsenoben-
zol) as the first successful antibiotic to treat syphilis from 1910 onwards.*’
A remarkable new application of arsenic trioxide (in combination with all-
trans retinoic acid) is the treatment of acute promyelocytic leukaemia (APL),
which transformed this highly fatal form of blood cancer to a highly curable
form.** Arsenic-based drugs are still used in treating certain tropical diseases
such as African sleeping sickness and amoebic dysentery.

3.3.1 Absorption and Metabolism of Arsenicals

Arsenic exposure mostly occurs by ingestion of contaminated water, which is
a serious global health problem."** The high concentrations in drinking water
derive either from contact of water sources with arsenic-rich geological forma-
tions or from industrial mining or processing of arsenic compounds. According
to the US Environmental Protection Agency (EPA) the maximum permissible
limit (MPL) for arsenic consumption through drinking water is 10 pg L™,**
but millions of individuals not only from Bangladesh, parts of China, Japan,
Taiwan, Argentina, but also the USA have access to drinking water with much
higher arsenic concentrations (>50-3200 pg L™).>> A major source of arsenic
exposure is also food, of which the main contaminated forms are seafood, rice,
mushrooms and poultry. However, arsenicals in fish represent primarily non-
toxic organic compounds, such as arsenobetaine and arsenocholine, which are
efficiently absorbed but also rapidly excreted in the urine in unchanged form.
Arsenic trioxide is the most prevalent form found in air. A minor absorption of
arsenic takes place from inhalation and skin contact (Figure 3.5).

Arsenic compounds resemble those of phosphorus. The most common
oxidation states for arsenic are: —3 in the arsenides, +3 in the arsenites, and
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Figure 3.5 Absorption, distribution, and excretion of arsenic compounds. Arsen-
icals are absorbed from the gut and the lung quite efficiently. Methyl-
ation to mono- or dimethyl arsenic (MMA,DMA) take place in the liver
and a large fraction of absorbed As is then excreted in the urine mainly
in form of DMA.

+5 in the arsenates and most organoarsenic compounds.*® A large variety of
organoarsenic compounds are known, which are in general less toxic than
inorganic arsenic. When exposed in water, food, or chemicals, at least 90% of
ingested arsenic is absorbed mostly in form of As(111). Only a small fraction
of As(v) can be transported through membranes and is reduced to As(111) in
vivo. Arsenic is mainly metabolized in the liver by conversion to monomethy-
larsonic acid (MMA") or dimethylarsinic acid (DMA") by arsenic methyltrans-
ferase (AS3MT).*” Both inorganic and organic forms of arsenic are excreted
by the kidneys.*® The biological half-life of inorganic arsenic compounds
ranges from several days up to months, whereas organic compounds are
cleared more rapidly.*

3.3.2 Toxicity of Arsenicals

3.3.2.1 Mechanism of Arsenic Toxicity

Many mechanistic studies of arsenic toxicity have shown that the generation
of reactive oxygen (ROS) and nitrogen species (RNS) plays an important role
during inorganic arsenic metabolism in living cells.*’ In addition, trivalent
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arsenic inhibits the production of glutathione, which protects cells against
oxidative damage. The consequence of overwhelming the antioxidative
defences within cells can be carcinogenic. Exposure to arsenicals can lead to
cancers mainly of the skin, but also lung, bladder, liver and kidney cancers.*!

Inorganic As(111) binds the thiol and sulfhydryl groups of tissue proteins
in the liver, lungs, kidney, gastrointestinal mucosa and keratin-rich tissues
and nails and hair. As—-GSH complexes are formed which mimic substrates
for a transport system using “multiple drug resistance proteins” (MRPs).**
As(v) forms less stable structures which, however, inhibit a great number
of enzymes involved in cellular energy production and DNA replication and
repair, such as pyruvate dehydrogenase. Arsenic disrupts cellular energy
production through several mechanisms. At the level of the citric acid cycle,
arsenic inhibits pyruvate dehydrogenase and, by competing with phosphate,
it uncouples oxidative phosphorylation, thus inhibiting energy-linked reduc-
tion of NAD", mitochondrial respiration, and ATP synthesis. Hydrogen per-
oxide production is also increased, which might initiate the formation of
reactive oxygen species and oxidative stress. These metabolic interferences
can lead to death from multi-system organ failure.***>

3.3.2.2 Clinical Toxicity of Arsenicals

Given the toxic nature of this element and that most of its compounds are
colourless and tasteless, the name arsenic was, in public life, synonymous
for poison to bring about homicide. Napoleon Bonaparte might have been a
victim of arsenic poisoning. One hundred years ago “Good Mary” of Leiden,
Netherlands, was convicted as a notorious poisoner, who offered arsenic
trioxide in hot milk to at least 102 friends and relatives (45 became seriously
ill, 27 died) in order to profit from their life insurance policies.*’

A precise lethal dose of ingestion is not available in acute arsenic poison-
ings. An estimate from older clinical reports resulted in the minimum lethal
dose to be about 130 mg (about 2 mg kg™*).*® However, single cases have sur-
vived even higher doses of 13 mg kg™ (ingestion of arsenic trioxide)."* After
ingestion, symptoms such as vomiting, diarrhoea, weakness, and abdominal
pain are frequently present. If the first 24 h are survived, death can still occur
over the next days from irreversible circulatory insufficiency, or from hepatic
or renal failure. Cardiac manifestations include acute cardiomyopathy, sub-
endocardial haemorrhages, and electrocardiographic changes. A fatal case of
arsenic trioxide inhalation manifested widespread tracheobronchial muco-
sal and submucosal haemorrhages with mucosal sloughing, alveolar haem-
orrhages, and pulmonary edema.*’

Intake of inorganic arsenic over a long period can lead to chronic arse-
nic poisoning (arsenicosis) which is observed in a mild form in millions of
people worldwide who have access to contaminated drinking water. Accord-
ing to WHO, consumption of arsenic-contaminated drinking water in Ban-
gladesh resulted in about 9100 deaths and 125000 disability-adjusted life
years (DALYs*) in 2001.*® Variable effects, which can take years to develop
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depending on the exposure level, include skin lesions, peripheral neuropa-
thy, gastrointestinal symptoms, diabetes, renal system effects, and cardiovas-
cular diseases. There is also good evidence that the most striking long-term
effect of chronic exposure to arsenicals is cancer development in humans,
but not in animals, if exposed orally (skin cancer) or by inhalation (lung can-
cer).” Animal studies suggest that ingested arsenic may induce a high rate of
p53 mutations in skin cancer cells, but the data so far are too limited to show
the exact molecular basis of arsenic-induced carcinogenesis.

Acute arsenic intoxication is much less frequent today than 50-100 years
ago. Nevertheless, arsenic poisoning is still an important issue in toxicology.

3.3.3 Diagnostic Measures and Interventional Levels

Arsenic (or metabolites) concentrations in blood, hair, nails and urine have
been used as biomarkers of exposure.*®* Arsenic in hair and nails can be
useful indicators of past arsenic exposure. Urinary arsenic is generally con-
sidered as the most reliable indicator of recent exposure to inorganic arsenic.
Increased urinary As in excess of 50 pg L™' urine sample or 100 pg in 24 h of
urine. Levels between 0.1 and 0.5 mg kg ™" in a hair sample indicate chronic
poisoning.

3.3.4 Chelation Therapy for Arsenic Intoxication

Medication with arsenic chelators offers clear therapeutic benefit in acute
intoxication if administered promptly, within minutes to hours after an expo-
sure.”® The first chelating agent, “British anti-Lewisite” (BAL, dimercaprol
or 2,3-dimercaptopropanol) 1 was developed during the Second World War
as an antidote against the highly toxic gas, lewisite (2-chlorovinyldichloro-
arsine)" 2.

It was recognized that the inhibition of important enzymes, such as pyru-
vate dehydrogenase, was the main problem in arsenic intoxication and that
binding to sulthydryl groups was the mechanism. Lipoic acid, a component
of active PDH has vicinal SH groups and therefore various dithiol compounds
were tested, and BAL turned out to be most active as an antidote. The results
were published after the Second World War. It was subsequently shown that
BAL was helpful against other acute heavy metal intoxications and was the
first therapeutic agent for the treatment of Wilson’s disease to remove access
copper.”

The most stable complexes between BAL 1 and metal ions are formed with
Class B metals (arsenic, mercury, and gold). BAL is the drug of choice for
treatment of acute arsenic, inorganic or elemental mercury, gold, and inor-
ganic lead poisoning,” as well as antimony, bismuth, chromium, copper,
nickel, tungsten, or zinc poisoning. One of the major advantages of chelation
with BAL is its ability to remove heavy metals from intracellular sites because
of its lipophilic nature. One of the few controlled studies was performed 1948
in pediatric patients with inorganic arsenic intoxication at Charity Hospital
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in New Orleans, USA.>* In 111 controls with supportive care treatment only,
46.2% were symptomatic on admission and 29.3% after 12 h. The average
length of stay in the hospital was 4.2 days and three children died. By com-
parison, in 42 patients treated with BAL, 47.6% were symptomatic on admis-
sion, but 0% after 12 h. The average length of stay was 1.6 days, and there
were no deaths. It should be noted, however, that these children presented
only mild symptoms at hospital admission and that the full efficacy of BAL
and its modern derivatives is more pronounced in cases with severe arsenic
exposure. The administration of BAL is typically 3-5 mg kg™ intramuscularly
every 4 hours for 2 days, two times on the third day, and once daily thereafter
for ten more days.” BAL is suspended in peanut oil and therefore special
caution is needed in allergic patients. The injection is painful and may need
a local anaesthetic at the injection site. The half-life of dimercaprol (in BAL)
is very short, with complete excretion within 4 hours. Free BAL may be rap-
idly metabolized to inactive products, some of which are glucuronide-con-
jugated.”® BAL has a low therapeutic index and the major adverse effects
include a possible redistribution of arsenic to brain and testes.>®> Common
adverse symptoms include fever, conjunctivitis, crying, constricted feeling,
headache, paresthesias (tingling sensation), tremor, and nausea. More seri-
ous complications include infections (abscesses) at the injection site, liver
damage, elevated blood pressure and heart rate, and hemolysis in patients
with glucose-6-phophate deficiency.*

During the period of the Cold War, the antidote capability of compounds
with vicinal SH groups was independently investigated both in Russia and
China. This resulted in the development of two water-soluble chelators,
namely 2,3-dimercaptopropane sulfonic acid 3 also known as unithiol or
DMPS, and dimercaptosuccinic acid 4 known as succimer or DMSA.>*¢

cl O SsH
\
HS OH H  As=Cl SHO, on OH
/\sc\ = Hs A8, HO
o’ H o SH O
BAL (1) trans-Lewisite (2) DMPS (3) DMSA (4)

Animal experiments have established that early treatment with BAL 1,
DMPS 3, and DMSA 4 can prevent the lethal effects of inorganic arsenic poi-
soning. Aposhian has shown in a series of publications that DMPS and DMSA
have lower toxicity and clearly a higher therapeutic index than BAL in the
treatment of acute arsenic poisoning®”® (Table 3.2).

DMPS and DMSA reversed, in vivo, the inhibitory effect of arsenite on pyru-
vate dehydrogenase. In addition, DMPS does not redistribute arsenic, lead,
or inorganic mercury to the brain and DMSA chelation decreases the depo-
sition of lead and methylmercury in the brain.*® Following all these positive
results, the two water-soluble compounds have replaced BAL in Europe for
the treatment of arsenic intoxication. However, with severe intoxication by
organic arsenicals, when a point-of-no-return is a limiting factor, BAL may
still have a place as an arsenic antidote.>**
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Table 3.2 Therapeutic index of dimercaprol and the disulfides: DMPS and DMSA
in mice which were given an Ld,, of NaAsO, subcutaneously (data from
Aposhian et al. 1984.)"7

Compound Therapeutic index* LD,y (mmolkg™)  EDs,” (mmol kg?)

dI-BAL (1) 8.76 1.48(1.11,1.97)  0.169 (0.088, 0.325)
dI-DMPS (3) 119 6.53 (5.49,7.71)  0.055 (0.026, 0.082)
meso-DMSA (4) 369 13.7 (11.4,15.2) 0.037 (0.026, 0.047)

“Therapeutic index, TI = LD;,/ED;,
bGiven 10 min after 0.15 mmol kg ! NaAsO,.

3.3.4.1 Chronic Arsenic Poisoning

An important health problem which still remains is the lack of an efficient
treatment regime in cases of chronic arsenic intoxications, which is a serious
worldwide problem involving millions of people with contaminated drink-
ing water.®® Guha Mazumder and colleagues conducted one of the few ran-
domized, placebo-controlled trials of DMPS in 21 adults with chronic arsenic
ingestion (average duration of exposure 20 years). All subjects had dermal
manifestations of chronic arsenicism and had been removed from expo-
sure for less than 3 months.® However, no significant difference was found
between patients treated with 2,3-dimercaptosuccinic acid and those treated
with a placebo. It should be recalled that the hydrophilic DMSA can only act
extracellularly and cannot mobilize intracellular arsenic stores directly. Also
other clinical trials using different chelators failed to show a clear benefi-
cial effect in cases of chronic arsenic intoxication.®* Further studies with new
lipophilic chelators or combination strategies are awaited which can remove
arsenic stores and improve symptoms of chronic arsenicosis.

3.4 Mercury

Mercury (Hg, hydrargyrium, “silver water”) occurs in the Earth’s crust in
low amounts (40 ppb).*° It is produced by melting of HgS (cinnabar ore)
as a by-product of gold or aluminium mining. In its elemental form, Hg is
liquid at room temperature. Mercury has numerous technical applications
worldwide as chemical catalyst, in paints, preservatives or pigments, in den-
tal fillings, electric switches, batteries and control equipment, lamps, and
in fungicides. This heavy metal exists in three oxidation states Hg’ (metal-
lic), Hg" (mercurous) and Hg** (mercuric) mercury. All these forms play a
distinct role in the environment as the result of natural processes (emission:
1500 tonnes annually) and human activities (2320 tonnes per year).*>"* Due
to its well-known toxicity, the industrial demand for mercury has declined
substantially in recent years.

A most important property of elemental Hg is the relatively low vapor pres-
sure of 0.0013 mm Hg (0.17 Pa) at 20° forming at room temperature already
a saturated atmosphere of 14 mg Hg m, which is 140 times higher than the
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maximum allowable concentration (MAC) of 0.1 mg Hg m™.°® Hg? is highly
volatile in the vapor phase, can remain suspended in the atmosphere for up
to 1 year, and is transported and deposited globally (Figure 3.6). Hg® can be
oxidized in air to its inorganic forms (Hg*, Hg"*) and is then released rather
quickly in heavy rain and deposited in soil, or into the waters of oceans,
lakes, and rivers. Inorganic mercury, derived from industrial release and
from contaminated water, becomes methylated or can be transformed into
other organomercurials. The methylation is believed to involve a methylco-
balamine compound that is produced by bacteria.®” This reaction takes place
primarily in aquatic systems by bacteria and phytoplankton.®® The intestinal
bacterial flora of various animal species, including fish, are also able to
convert ionic mercury into methyl mercuric compounds (CH;Hg"), although
to a much lower degree.®

In addition, methanogenic and sulfate-dependent bacteria are thought to
be involved in the conversion of Hg*' to MeHg" under anaerobic conditions
in river sediments, wetlands, as well as in certain soils. So far, the detailed
mechanisms by which mercury enters the food chain from microorganisms,
to small fish, then to fish-eating species including man, are still incom-
pletely understood. Mercury-cycling pathways in aquatic environments are

) Atmospheric Hg
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Figure 3.6 Global cycling pathways of mercury between the atmosphere, water,
sediment and soil. Mercury is emitted to the atmosphere from volca-
noes and industrial sources of pollution. Different forms of Hg can be
transformed into one another. Most important is the methylation of
inorganic mercury by bacteria forming highly toxic organic mercuri-
als which can accumulate in the food chain. There are two main types
of reaction in the mercury cycle that convert mercury through its var-
ious forms: oxidation-reduction and methylation-demethylation. In
oxidation-reduction reactions, mercury is either oxidized to a higher
valence state (e.g. from relatively inert Hg® to the more reactive Hg>")
through the loss of electrons, or mercury is reduced to a lower valence
state.
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complex.®” The various forms of mercury can be interconverted; the most
important is the conversion to methylmercury, which is the most toxic form.
Mercury can accumulate in the food chain (biomagnification), and termi-
nates in sediments, fish and wildlife, or escapes back to the atmosphere by
volatilization.

3.4.1 Absorption and Metabolism of Mercurials

The different chemical forms of ingested mercury have different biodistribu-
tions, toxicity profiles and implications for health.”® In general, exposure to
metallic (Hg") and organic (CH;Hg) mercury leads to accumulation mainly
in the brain, whereas mono- and divalent salts of mercury affect mainly the
kidneys (Figure 3.7, Table 3.3).

3.4.1.1 Hg’

Due to its uncharged, monoatomic and highly volatile behaviour, Hg® is highly
diffusible within in the lipid bilayer of cell membranes and cell organelles,
such as mitochondria. It enters the body after inhalation, where 80-100% is
absorbed by alveoli in the lungs.

Absorption

ee

95 % <80 % organic CH;Hg
significant low <10% inorganic Hg*2*
26% | 80% /  <001% elemental Hg?
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Figure 3.7 Absorption and distribution of elemental, inorganic or organic mer-
cury in humans. The absorption, distribution, storage or excretion of
mercury strictly depends on its chemical form (elemental, inorganic,
organic).
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Table 3.3 Estimated intake of mercury from various sources in adults. Data taken
from ref. 70 and 75.

Daily Intake (retention) pg per day

elemental inorganic organic
atmosphere 0.04-0.2 0 0
Food: Fish 0 0.6 2.4
Non-fish 0 3.6 ?
Drinking water 0 0.05 0
Dental fillings 1.2-27 0 0
Total 1.2-27 4.3 2.4

Hg" enters the blood stream, is transported to cells and can cross the blood-
brain barrier and the placenta.”" The principal organs for inhaled mercury
deposition are the brain and kidney dependent upon the concentration and
the duration of mercury exposure. Within cells, elemental mercury can be oxi-
dized by the action of catalase to form Hg"™, which can then only be exported
from these cells with difficulty. Experimental studies in human volunteers
have shown a median retention of elemental mercury after 30 days of 69% of
the inhaled dose.” This would correspond to the estimated half-life of approx-
imately 60 days for elemental mercury. However, this relatively low value does
not exclude relevant bioaccumulation in particular tissues, such as the brain,
with a rather longer half-life in the range of years. The most typical exposure
to elemental mercury today results from inappropriate clean-up of spilled
mercury from broken thermometers.”” However, this does not lead to demon-
strable harm if the exposure period is short and the mercury is adequately
cleaned up. Another frequent exposure comes from the use of dental amal-
gam fillings, which today should contain no more than 3% of metallic Hg (Fig-
ure 8). This material has been used for over 100 years, is relatively cheap and
has an increased durability compared to modern alternative dental materials.
The problem is that amalgam surfaces release mercury vapor into the mouth.
The Hg vapor levels are greatly increased by mildly abrasive action, such as
chewing gum and brushing, and the ingestion of hot beverages (Figure 3.8).”*

The estimated average daily pulmonary absorption of mercury vapor from
dental fillings varies between 3 and 27 pug Hg (Table 3.3). Amalgam bearers
have therefore about 2- to 12-fold more mercury in their tissues, including
the brain, than individuals without amalgams.”* The ongoing question is
controversial as to how relevant these findings are, as all measured values
are clearly below any threshold risk concentration.”

3.4.1.2 Inorganic Mercury

The absorption of Hg*>" in the digestive tract is relatively low (Figure 3.7),
however, a large intake of Hg>', such as in accidental or suicidal ingestion,
causes digestive tract and kidney disorders often resulting in death.”
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Figure 3.8 Fate of inhaled elemental mercury vapor in the body from atmospheric
contaminations and also from dental amalgams. The latter continu-
ously release small amounts of Hg® in mildly abrasive actions, such as
chewing gum and brushing, and through the ingestion of hot bever-
ages. Mercury absorbed from amalgams ranges from 9 to 17 ug per day.
Teeth grinding and intensive chewing of gum increases the release of
mercury.

Inorganic mercury itself cannot access the brain directly. However, as
elemental mercury, ethylmercury and methylmercury, are all metabolised
to inorganic mercury within the brain, the biochemistry of inorganic mer-
cury within the cell is relevant to mercury neurotoxicity.”” The half-life of
inorganic mercury in the human brain is regarded as an important factor. A
recent re-evaluation using model calculations excludes a short half-life and
suggests a value of at least several years and even up to decades.”® As is briefly
described in Chapter 1, inhibition of selenium enzymes, due to the higher
affinity of mercury for selenium rather than sulphur, is the principal cause of
mercury toxicity, leading to increased neurodegeneration.

3.4.1.3 Organic Mercury

While the gastrointestinal (GI) tract is the primary route of absorption, the lipo-
philic organic mercurials, mainly methylmercury, can also be absorbed through
the skin and the lungs. Once absorbed into the circulation, methylmercury
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enters erythrocytes where more than 90% is bound to haemoglobin. Lesser
amounts will be bound to plasma proteins. About 10% of the burden of meth-
ylmercury is found in the brain where it slowly undergoes demethylation to an
inorganic mercuric form. Methylmercury readily crosses the placenta to the
fetus, where deposition can occur within the developing fetal brain.

The rate of excretion of mercury in both laboratory animals and humans is
directly proportional to the simultaneous body burden and can be described
by a single-compartment model with a biological half-time, for instance in
fish-eating humans, of 39-70 days.”®

3.4.2 Toxicology of Mercury

Mercury intoxication has long been a major focus of clinical toxicology. Mercury
has no known physiological role in humans and is among the most toxic of
metals.”*”7®

3.4.2.1 Mechanism of Mercury Toxicity

Mercuric ions have a high affinity for biomolecules containing thiol (SH) or
seleno groups (SeH), such as glutathione (GSH), cysteine (Cys), homocyste-
ine (Hcy), N-acetylcysteine (NAC), metallothionein (MT) and albumin. Thus,
in biological systems, mercuric ions are always bound to one or more of
these compounds or proteins. Lund et al. demonstrated that inorganic or
organic mercury-induced oxidative stress in rats by GSH depletion, increased
lipid peroxidation as well as the formation of H,0, in the kidneys.”® For a
more detailed account of the biochemistry of mercury toxicity, in particular
its effects on selenium-containing enzymes, see Chapter 1, in particular
Figure 1.6.

Mercuric-thiol conjugates formed under these conditions appear to be sta-
ble in an aqueous environment from pH 1 to 14. The kidney is the primary
target organ that takes up and accumulates Hg?*" from the blood.** Within
the kidney, the segments of the proximal tubule are the principal portions
of the nephron that take up and accumulate Hg** in the form of Cys-S-
Hg-S-Cys that can serve as a mimic of cystine at the active site of its amino
acid transporter. A similar effect is assumed for the transport of HgCH; into
the brain. CH;Hg-S-Cys is easily formed which can act a substrate for the L
neutral amino acid carrier. Within all these cells, mercury compounds will
cause serious, deleterious effects on intracellular processes which are not
known in detail.?

Mercury and methylmercury induce mitochondrial dysfunction, which
reduces ATP synthesis and increases lipid, protein and DNA peroxidation.
The levels of metallothioneins, GSH, selenium and omega-3 fatty acids
appear to be strongly related to the degree of inorganic and organic mercury
toxicity, and with the protective detoxifying mechanisms in humans.
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3.4.2.2 Clinical Toxicity of Mercury

The clinical presentation depends upon the dose, the duration, and form of
exposure. Acute toxicity is more commonly associated with the inhalation
of elemental mercury or ingestion of inorganic mercury. Chronic toxicity
is usually as a result of exposure to organic mercury. For all mercurials, the
kidney and the brain are the main target organs of toxicity (Table 3.4).

Acute intoxications following the inhalation of mercury vapor, oral intake
of inorganic or organic mercury or intoxication with chemicals were fre-
quently described in the past, but are less common today, although there
have been some recent case reports. Children are more sensitive to mercury
and are at greater risk than adults after certain mercury exposures.®

Organic mercury, particularly methylmercury, is the most prevalent and
most toxic form of mercury exposure outside occupational settings. Organic
mercury compounds can be found in processed woods, plastics, and paper.
They are also used in antiseptics, pesticides, fungicides, insecticides, and
diuretics. Methylmercury, in the form of thimerosal, has been used as an
additive to vaccines since the 1930s because of its efficacy in preventing bac-
terial contamination. The FDA Modernization Act of 1997 revealed that some
of the vaccines currently in use in the United States contain thimerosal and
that infants who receive such vaccines at several visits may be exposed to
more mercury than recommended by federal guidelines for total mercury
exposure.

The action of organic mercury is characterized by a latent period between
exposure and onset of symptoms which can be several months. The most
dramatic example of a fatal poisoning was a case of a chemistry professor
who was exposed to some drops of dimethyl mercury on her gloves.®* It took
6 months before symptoms appeared, which then increased quickly, and

Table 3.4 Clinical symptoms of acute or chronic mercury poisoning.

Target system Acute exposure Chronic exposure
Digestive tract Inflammation, gingivitis, Constipation, diarrhea
nausea, severe pain,
diarrhea
Pulmonary tract Inflammation, pneumo-

nitis, dyspnoe, edema,
cough, fibrosis, respira-
tory distress syndrome

Central nervous system Tremor, convulsion, Tremor, erethismus,
decreased reflexes, memory loss, depression,
lethargy, confusion ataxia,

Peripheral nervous system Polyneuropathy,

paraesthesia

Kidney Oliguria, anuria, hematu- Polyuria, polydipsia,
ria, proteinuria, organ albuminuria

failure
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could not be cured despite all the treatment procedures known today, includ-
ing chelators.

Historically, the most widespread and harmful exposure to inorganic
mercury was caused by the use of calomel (mercurous chloride) in teething
powder. These exposures caused thousands of cases of acrodynia in children
from the 1920s into the 1950s.”°7®

There are two epidemics that have occurred from MeHg poisoning events
that dramatically illustrated the risk of environmental mercury contamina-
tion. Firstly, in the Japanese villages of Minamata Bay where 10 000 Japanese
lived®** there were 2665 victims of which 1784 have died.*® Secondly, where
bread was contaminated with methylmercury and eaten by local residents in
Iraq® (see Chapter 1.)

3.4.3 Diagnostics and Intervention Levels

Diagnosis of mercury overload is difficult. Reliable laboratory tests for a given
mercury intoxication must pay attention to the different chemical natures
of mercury exposure and the timepoint of intoxication. It is also important
to recall that blood, hair, and urine mercury levels mostly reflect recent
exposure and do not correlate well with the total body burden.?”

Among the poor determinants of body burden of mercury from long-term
exposure to elemental or inorganic (but not organic Hg), urine samples are
considered to be the best, and the US Federal Biological Exposure Index (BEI)
is currently set at 50 pg Hg L™" urine.”” In acute intoxication, concentration
of methyl mercury in red blood cells is high, but it varies in chronic toxicity.
A mean value of 2 pg L™ is regarded as the background blood level of mercury
in persons who do not eat fish. Concentrations greater than 100 pg L™ produce
clear neurological signs while levels greater than 800 pg L™ are often associ-
ated with death.®

Hair has a high sulfhydryl content and mercury compounds have strong
tendencies to bind sulfur. In general, mercury concentrations in the hair do
not exceed 10 mg kg™.%” After exposure to methylmercury, total mercury lev-
els in hair and blood can be used as biomarkers to evaluate the extent of poi-
soning (moderate-to-severe: 200-2400 mg kg ').%® However, as summarized
by Kazantzis, it has so far not been possible to set a level for mercury in blood
or urine below which mercury-related symptoms will not occur.*

Because of these difficulties, chelation challenge with DMPS 3,
2,3-dimercaptopropane sulfonic acid, has been proposed as a more reliable
estimate of body burden, safer than BAL 1 and more potent than DMSA,
dimercaptosuccinic acid 4.°° However, controversies in the discussion of che-
lation therapies also include criticism against inappropriate comparisons of
results from such chelation challenge tests. Some go so far as to say that any
testing for heavy metals, when the exposure has not been identified, is inap-
propriate because of the possibility that false positives may lead to inappro-
priate, ineffective therapies and their attendant risks.”!
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An increased urinary excretion of high molecular mass proteins (albumin,
transferrin, IgG) is indicative of an early glomerular dysfunction; the proxi-
mal tubular cells are also affected as shown by an increased urinary excre-
tion of lysosomal B-galactosidase activity. These biomarkers of tubular and
glomerular effects correlate significantly with urinary Hg. A threshold of
50 pg Hg ¢™' creatinine demonstrates a reversible effect of glomerular and/or
tubular proteinuria.®?

3.4.4 Chelation Treatment for Mercury Poisoning

Experience with chelators to treat acute mercury intoxication dates back to
the late 1940s, when BAL was first used in the treatment of patients acutely
poisoned by suicidal ingestion of mercuric chloride. From 86 patients who
presented after consuming >1 g of mercuric chloride and treated by conven-
tional supportive methods within 4 h, there were 27 deaths (mortality rate of
31.4%), whereas from 41 patients treated with BAL within 4 h, there were no
deaths.”

Animal experiments in rats supported the efficacy of different dithiol che-
lators when used promptly in the treatment of acute intoxication by inor-
ganic mercury salts, such as mercuric chloride (Table 3.5). Intervention with
DMPS 3 after a delay of 24 h showed no protective effect.”

The standard dosage regime of BAL 1 for inorganic mercury poison-
ing is 3 mg kg™" i.m. every 4 hours for 2 days, and every 12 hours thereafter
for 7 to 10 days or until 24-hour urinary excretion levels are less than
50 pg L. Contraindications to BAL include concurrent use of medicinal
iron (which can form a toxic complex with BAL), organic mercury poison-
ing, pre-existing renal impairment, and pregnancy (except in life-threaten-
ing circumstances). Adverse effects are dose related and may include: pain;
a self-limited increase in heart rate and blood pressure; nausea; vomiting;
headache; burning sensation of the lips, mouth, throat, and eyes; lacri-
mation; rhinorrhea; salivation; muscle aches; burning and tingling in the
extremities; tooth pain, diaphoresis; chest pain; anxiety; and agitation.
BAL, however, has been found to increase brain mercury in mice exposed
to short-chain organic mercury; such an increase could lead to increased
neurotoxicity.

Table 3.5 Effectiveness of BAL, DMPS, and DMSA against acute mercury intoxica-
tion using oral HgCl, in rats.”

Chelator Dose Mortality Death (%)
Control — 9/10 90
BALi.p. 1 400 uM (50 mg kg ™) 5/10 50
DMSA oral 4 1600 pM (291 mg kg*)  4/10 40
DMPS 2 1600 pM (336 mg kg™) 0/10 0

“HgCl, (109 mg kg™ p.o.) was given to rats. A single dose of chelator was given 15 min later.
Mortality was assessed within 14 days. Data is from ref. 94.
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D-Penicillamine 5 can also mobilize mercury and can be combined with
BAL treatment. However, it is inferior to DMSA 4 and DMPS 3 in removal of
mercury from animals, with no effect on levels in the brain and is not useful
for organic mercury toxicity.

OH3C CHs,

HOVSH

NH,
D-penicillamine (5)

Succimer, DMSA 4, is a water-soluble analogue of BAL, approved by the FDA
in 1991. DMSA prevents mercury-induced symptoms and is used in addition
to BAL for treatment of inorganic mercury poisoning in adults in the USA.
In children where the urine mercury levels are equal to or greater than 50
pg mL™ creatinine, even if they are asymptomatic, WHO recommends that
DMSA should be started.’

Unithiol, DMPS 3, is also a water-soluble analogue of BAL. It has been
approved for use in Russia since 1958 and in Germany since 1976. Together
with DMSA it has replaced BAL for heavy metal poisoning in Europe almost
completely. In the body, DMPS is oxidized to the disulfide form within the
first 30 minutes. Approximately 84% of total DMPS is excreted by the renal
system. DMPS penetrates the kidney cells and removes mercury from renal
tissues by excretion into the urine. Based on clinical and experimental evi-
dence, it has been shown that DMPS removes mercuric mercury deposits in
all human tissues except brain. DMPS is given either orally or by iv. injection.
The adult dose is 250 mg intravenously every 4 hours for the first 48 hours then
250 mg i.v. every 6 hours for the second 48 hours and subsequently 250 mg i.v.
every 8 hours. After iv. administration, oral therapy may be started with 300
mg, 3 times per day, for 7 weeks. The duration of treatment depends on the
concentration of mercury in blood and urine. Side effects are rare but, rash,
nausea, and leucopenia are possible. Although not currently FDA-approved,
DMPS 3, showed statistically significant increases in urinary mercury output
in mercury exposed workers. In a large study in the Philippines, gold min-
ers who sustained ongoing exposure to elemental mercury were compared
to another group of people eating fish contaminated with methylmercury,
and to a final control group without significant known mercury exposure.
Probands from the two exposed areas were chosen with elevated blood, urine
and hair mercury levels, and appropriate symptoms (tremor, sleeplessness,
memory loss, etc.). Controls had normal levels and were asymptomatic. One
hundred and six probands completed the fourteen day trial with oral DMPS
at 400 mg per day. Whereas blood mercury remained unchanged during the
trial, urine mercury increased up to 85-fold. Despite the short (fourteen day)
duration of the trial, significant improvements were observed in objective
measures such as hypomimia, Romberg test, and tremor and ataxia.’® In a
study involving two subjects with occupational exposures to mercury vapor
in the USA, DMPS (100 mg per day) was given orally for 8 weeks. Reduction of


http://dx.doi.org/10.1039/9781782623892-00056

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00056

View Online

78 Chapter 3

symptoms, such as muscle twitching, arthralgias, paresthesias, night sweats
and weight loss, closely paralleled urine mercury output which tapered over
time.”’

Due to the low toxicity and high efficacy of DMSA and DMPS, both com-
pounds are chosen today as the antidotes of choice in various forms of mer-
cury poisoning.”® The animal experimental data and the limited human
data indicate that DMPS is a highly effective chelation antidote in acute and
possibly chronic intoxication with inorganic Hg compounds, including ele-
mentary Hg vapor, while DMSA is more effective for detoxification of organic
mercury compounds.”

3.5 Lead

Lead is a heavy post-transition metal that is found at low concentrations
(18 ppm) in the earth’s crust predominantly as lead sulphide.’® Lead is a soft
metal with attractive properties, such as high malleability, high ductility,
low melting point and resistance to corrosion. It was therefore discovered
very early in human history and has been utilized in numerous applications
such as construction, paint, ceramics, pipes, batteries and leaded gasoline.
The production of lead, now 2.5 million tons per year, has accompanied
population and economic growth.'® Lead poisoning, known as saturnism
or plumbism, has been a companion to humans for thousands of years. For
example, it has been suggested that lead intoxication from drinking vessels
may have contributed to the fall of the Roman Empire.'’" High concentra-
tions of lead in paints may also have caused illnesses, such as deafness, in
famous painters like van Gogh, Goya, and Rembrandt. The widespread use of
lead in the past has resulted in extensive present-day environmental contam-
ination, human exposure and significant public health problems in many
countries of the world.'"?

In Europe, USA and many other countries the use of lead has been banned
from industry during recent decades. Especially, the replacement of leaded
gasoline in many countries has resulted in a substantial decrease in blood
lead levels (BLL).'” However, lead never disappears completely from our
environment and the current focus of attention is on the subclinical effects of
exposure which may be especially harmful in small and growing children.'*

3.5.1 Lead Absorption and Metabolism

Lead incorporation comes from environmental and anthropogenic sources
mainly by inhalation or ingestion of lead compounds and less through cuta-
neous absorption (typically far less than 1%, organic more than inorganic
lead). Fine lead particles in vapor or fumes generated during burning, smelt-
ing and recycling, or from leaded gasoline, are absorbed directly through the
lungs, whereas larger particles are carried more by mucus to the throat, then
swallowed and absorbed via the gastrointestinal (GI) system.'??
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The percentage of lead absorption through the GI tract is variable. Chil-
dren are at greater risk for lead absorption than adults. In general, approx-
imately 30-50% of lead ingested by children is absorbed, compared with
approximately 10% of that ingested by adults (Figure 3.9). Lead absorption is
dependent on several factors, including the physical form of lead, the parti-
cle size ingested, the GI transit time, and the nutritional status of the person
ingesting. Lead absorption is augmented in the presence of iron, zinc, and
calcium deficiency which use the same absorption mechanism.'’ Iron defi-
ciency leads to increased absorption of divalent cations in the duodenum
and may thus increase blood concentration of neurotoxic lead or cadmium
metals in children.'”’

After absorption, lead enters the blood compartment and is distributed
between plasma and red blood cells (RBCs). Although the blood generally
carries only a small fraction of the total lead body burden, it serves as the
initial pool and distributes lead throughout the body, making it available to
other tissues or for excretion. Lead moves quickly in and out of soft tissues.'®
Animal studies indicate that the liver, lungs, and kidneys have the greatest
soft tissue lead concentrations immediately after acute exposure. The brain
is also a site of lead retention, selective brain accumulation may occur in the
hippocampus. Lead in soft tissues has an approximate half-life of 30-40 days.
Children retain more lead in soft tissue than adults do. Most retained lead in
the human body is ultimately deposited in bones.'”” The bones and teeth of
adults contain more than 90% of their total lead body burden, and those of
children contain approximately 75%. Lead in mineralizing tissues is not uni-
formly distributed, with a labile compartment (trabecular bone), where the
elimination half-life is 90 days, and a deep inert compartment (cortical bone)
where the elimination half-life may be 10-30 years. The labile component
readily exchanges bone lead with blood, whereas lead in the inert component
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Figure 3.9 Uptake, distribution, and excretion of lead.
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may be stored for decades. In times of physiologic stress, the body can mobi-
lize lead from bone, thereby increasing the level of lead in the blood."*®

There is no active elimination of lead. Elimination occurs mainly by glo-
merular filtration (90%) and biliary secretion (10%). Minor amounts are lost
through skin desquamation, and by nail growth. Under normal conditions,
the daily uptake of lead from inhalation (70%) and from food is approxi-
mately 200 pg in adults, which is similar to the excreted amount of lead per
day. Any increase of lead intake leads to an accumulation of lead in the body,
mainly in the form of lead phosphate in bones and teeth (90%).

Other toxic forms of lead include organic forms such as tetraethyl lead
(TEL), a former lead fuel additive, which is well absorbed through the skin
and lung. TEL is rapidly metabolized to triethyl lead and is slowly processed
to inorganic lead.'”

“Modern forms” of lead intoxication are caused through gunshot wounds
and exist among consumers of Ayurvedic medicine, which can in part be
directly enriched with lead and other heavy metals."'®''! In 2007, around the
Saxon city of Leipzig in Germany, a series of 35 subjects with signs of undi-
agnosed lead intoxication were hospitalized. A hitherto unknown common
source of exposure was revealed as marijuana that had been adulterated with
lead chloride. Symptoms were colic, nausea, chronic fatigue, and hypochro-
mic anemia.'"?

3.5.2 Toxicity of Lead

Lead is known to induce a broad range of physiological, biochemical, and
behavioural dysfunctions in vivo, including the haemopoietic system, kidneys,
liver, central and peripheral nervous systems, cardiovascular system, and
male and female reproductive systems.

3.5.2.1 Mechanism of Lead Toxicity

Oxidative stress is induced by lead. Lead has a high affinity for sulthydryl
groups with obvious essential target proteins such as superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx). This clearly represses
the antioxidative defence system leading to increased lipid peroxidation of
red blood cells.'"

The ionic mimicry effect of lead has long been recognised for replacing
divalent cations such as Ca**, Zn*', Mg*", Fe*" in various enzymes and trans-
porters (see Chapter 1, Figure 1.5, illustrating the replacement of lead for
zinc and calcium in é-aminolevulinic acid dehydratase and synaptotagmin,
respectively). One of the oldest known targets of lead toxicity is the haem
synthesis pathway by inhibiting d-aminolevulinic acid dehydratase (ALAD)
where Pb* replaces Zn?*. This leads to a cascade of ALA-accumulation which
can then stimulate the production of reactive oxidative species (ROS).""* In
the same pathway, ferrochelatase is also inhibited which can affect erythro-
cyte fragility and shape.'®
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Lead can interact with stereospecific Ca*" sites reflecting its much higher
affinity compared to the physiological Ca*>"."'® As Ca®" is a key player in sec-
ond messenger systems, this replacement dramatically affects different bio-
logically significant calcium-dependent processes, Ca®>* channels and the
Ca** pump transport systems especially in mitochondria, energy metabo-
lism, apoptosis, ionic conduction, cell adhesion, enzymatic processes, pro-
tein maturation, and genetic regulation.'"®

Ionic mimicry for calcium contributes to neurological deficits, as some
forms of lead are able to cross the blood-brain barrier (BBB) and accu-
mulate in astroglial cells.""” In addition, lead, even at picomolar concen-
trations, can replace calcium, thereby affecting key transmitters such as
protein kinase C, which regulates long-term neural excitation and memory
storage. Lead can also interfere with sodium ion concentration, which is
responsible for numerous vital biological activities like the generation of
action potentials in the excitatory tissues for the purposes of cell to cell
communication (see Chapter 1), the uptake of neurotransmitters (acetyl-
choline, dopamine and GABA) and the regulation of uptake and retention of
calcium by synaptosomes.

The clinical toxicity of lead may include symptoms from various organs. Renal
toxicity may be reversible with lower exposure, as early pathological changes
affect only the proximal tubules. Higher exposure leads to interstitial fibrosis
and progressive nephropathy. Lead also affects the renin-angiotensin system,
causing hypertension.'"® Compared to other organ systems, the nervous sys-
tem appears to be the most sensitive and the main organ for lead-induced tox-
icity.""® The effects on the peripheral nervous system are more pronounced in
adults while the central nervous system is more prominently affected in chil-
dren. Encephalopathy with a progressive degeneration of certain parts of the
brain is a direct consequence of lead exposure and the major symptoms in
children include irritability, agitation, poor attention span, headache, confu-
sion, ataxia, drowsiness, convulsions and coma."?® Before 1925, toxic neurop-
athy caused by lead was a frequent phenomenon. Today it is a distinct rarity.

However, humans are in positive lead balance from birth. In the United
States the average blood lead concentration has been reported at 0.03 mg L™
(3 pg dL™) in children aged 1 year and 11 pg dL™" in children aged 5 years.
Recent research demonstrates that there is no safe threshold for lead and, in
small children, even in the BLL range <10 mg dL " there is a significant inverse
relationship between BLL and mental and psychomotor development.'?"!*?

The adverse health effects of lead exposure range, both in adults and
children, from impaired cognitive and behavioral development to death
(Figure 3.10).

Fatal lead poisoning in developed countries has rarely been reported in
recent decades. However, in resource-poor countries, local intoxications are
being reported with increasing frequency. An outbreak in Senegal in 2007
associated with unprofessional lead-acid battery recycling resulted in the
poisoning of children with a mean blood lead level (BLL) of 130 mg dL™" in 50
children of which 18 died."*
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Figure 3.10 Lead blood levels in children and adults associated with adverse health
effects (modified from Meyer et al. 2008)."*!

3.5.3 Diagnostic Measures and Intervention Levels

Blood Lead Level (BLL) testing is the most useful screening and diagnostic test
for recent or ongoing lead exposure. The intervention level for children has
been lowered several times during the past decades (from 60 pg dL™" in 1960 to
5pg dL™in 2012) as it became clear that even minute amounts of lead have det-
rimental health effects on brain development in small children (Table 3.6).**

From May 2012 the Centre for Disease Control and Prevention lowered the BLL
threshold to 5 pg dL™! which would affect about 450000 children in the United
States between the ages of 1 and 5 who have blood lead levels in this range.'"
It is hoped that lowering the threshold will impact efforts to address this public
health problem, improving detection so that action can be taken sooner.'?*'?*

To date, no safe blood lead threshold for the adverse effects of lead on
infant or child neurodevelopment has been identified.’** Comorbidities such
as iron deficiency can enhance lead absorption.’”” Several management pro-
tocols are available for children and adults based on the blood lead level. At
low concentration, confirmation with a blood test, general education on lead
sources in the home and in food, and a follow-up strategy are most import-
ant. When the BLL is greater than 45 pg dL™" in children, chelator treatment
should be considered. In adults, a BLL of <20 pg dL™" in all workers seems
feasible and should be permitted. Removal from work should be initiated at
60 pg L™, and chelator treatment is advised at BLL < 100 pg L.

3.5.4 Treatment of Lead Poisoning

Due to the high affinity for lead, sodium calcium ethylenediaminetetraacetic
acid (CaNa,EDTA) alone or in combination with BAL has been the main
therapeutic agent for lead poisoning over the last 50 years.'* Both have
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Table 3.6 Intervention levels for lead intoxication derived from blood lead levels
and supposed handling procedures.

BLL Handling procedures

Children

5-19 pg dL™ Confirm BLL within 3 months, test on iron deficiency, educate
on general nutrition (e.g., calcium and vitamin C levels)

20-24 pg dL™ Confirm BLL within 1 month, erythrocyte protoporphyrin
(EP) potential sources?, physical exam, iron treatment if
deficient

25-44 pg dL™! Confirm BLL within 1 week, EP, complete diagnostic evalua-

tion, neurodevelopment monitoring, potential sources?,
test other children in house, education on lead; DMSA only
if persists at this level

45-69 pg dL™ Confirm BLL within 1 week, EP, complete diagnostic evalua-
tion, neurodevelopment monitoring, test other children in
house, education on lead; hospitalize for 5 days: DMSA
chelation, follow up program

>70 pg dL™? Chelation treatment: 1. DMSA, 2. CaNa2-EDTA if DMSA is not
tolerated; follow-up program, home chelation with DMSA

Adults

<5pgdL™ Normal

<20 pgdL™ Workers blood lead levels: prudent and feasible

10-40 pg dL™ Remove from source (??), repeat level 3-6 months

40-50 pg dL™ Remove from source (?), repeat level 1-2 months

50-60 pg dL™* Remove from work, chelation possibly considered

80-99 pg dL™! Chelation treatment strongly considered, DMSA chelation,
EDTA if neurological features

<100 pg dL™ Chelation treatment recommended

to be administered intravenously (iv.) because they are poorly absorbed
from the gastrointestinal tract. CaNa,EDTA is the safer variant of EDTA,
which had previously shown a fatal danger of inducing severe hypocal-
caemia. CaNa,EDTA is appreciably metabolized, and is almost entirely
excreted in the urine, with an elimination half-life of between 1.4 and 3
hours.'? A typical dose is 50-75 mg kg™* day * for adults, and 1000-1500 mg
m > day™* for children for 5 days, followed by a two-day interruption, with
repeated course(s) when necessary.”” Contraindications for medication
with CaNa,EDTA are anuria or active renal disease, hepatitis, and hyper-
sensitivity to Edetate products.'® For the use of CaNa,EDTA in patients
with severe lead poisoning, numerous case histories have documented the
rapid improvement in the severe features of lead poisoning,'**'*° including
severe encephalopathies.'?*3!

Clinical improvement is usually evident within 24-48 h of commencing
treatment. Byers et al. (1959) treated 45 children with severe lead poison-
ing, of whom 17 (38%) had acute lead encephalopathy. Treatment was with
intravenous or intramuscular CaNa,EDTA at 65 mg kg™* day ™ in two divided
doses for 3-4 days. Each patient received at least two courses separated by a
4-day rest period. Of the encephalopathic children, four died, five remained
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severely brain damaged, and six returned to normal or near-normal. From 45
cases, 21 made a full recovery, 15 made a partial recovery, and 4 died."** How-
ever, following findings in animal studies where CaNa,EDTA causes internal
redistribution of lead during therapy with no net loss of lead from liver and
brain, it is generally advised today to treat cases with high blood lead levels
with a combined iv. medication of CaNa,EDTA and BAL.'?**'*3 As an alterna-
tive treatment, DMSA can be used together with EDTA."**

Less severely poisoned patients were also found to improve symptomati-
cally following administration of CaNa,EDTA. It was shown that CaNa,EDTA
chelation therapy can effectively delay the progression of chronic kidney
disease in patients with measurable body lead burdens as far as estimated
glomerular filtration rate (eGFR) and creatinine clearance rate (Ccr) are con-
cerned. However, proteinuria could not be decreased.™®

In recent years, DMSA 4 has gained wide acceptance as an effective drug
which can be much more easily applied, also under suboptimal conditions
in developing countries. In a review, Bradberry and Vale (2009) compared
CaNa,EDTA and DMSA 4 in the treatment of inorganic lead poisoning.'*
Both antidotes are distributed predominantly extracellularly, have short
half-lives of less than 60 min and do not cross the blood-brain barrier.

Using equimolar chelator doses.

e DMSA is generally more effective than CaNa,EDTA in reducing the kid-
ney lead concentrations (“soft lead”)

e CaNa,EDTA is generally more effective than DMSA in reducing bone
lead concentrations (“hard lead”).

e There are inconsistent observations concerning brain lead reduction,
however, several studies demonstrated that sodium calcium EDTA
could increase brain lead concentrations.

Although there is less extensive experience with DMSA, a rapid, life-saving
treatment was also reported with this oral chelator. For example, nine lead-
intoxicated smelters with a mean blood lead concentration of 97 pug dL™
experienced headache, insomnia, abdominal pain, and constipation. All
symptoms were completely alleviated within a few days of starting a 5-day
course of oral DMSA at 8.4-42.2 mg kg ' day."*’

Fatal lead poisonings from local intoxication are being reported with
increasing frequency from undeveloped countries. In a large retrospective
analysis of clinical data from a cohort of more than 1000 lead-poisoned chil-
dren <5 years of age from rural Zamfara, Nigeria, Thurtle et al. evaluated the
changes in BLL after oral chelation treatment with DMSA and the occurrence
of adverse drug effects associated with the medication."*® It was concluded
that DMSA is suitable for use as a single agent in children with severe lead poi-
soning, particularly in resource-limited settings. The establishment of chela-
tion treatment in parallel with an environmental remediation programme to
reduce ongoing exposure was associated with a large and rapid decrease in
the number of deaths due to lead poisoning. Only six deaths were considered
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to be solely due to lead poisoning, and occurred during the 13 month period
analysed, compared with over 400 fatalities in the three preceding months.

There are academic centres that use D-penicillamine (DPA) 5 also for lead
poisoning. Its safety and efficacy, however, have not been established. The
American Academy for Pediatrics considers DPA to be a third-line drug for
lead poisoning.'*’

3.6 Cadmium

Cadmium is a soft, malleable and ductile, silver-white metal which has a
relatively high vapor pressure. It occurs in the earth’s crust in ores together
with zine, copper and lead at low amounts of about 0.1 part per million.*
Like zinc, cadmium prefers oxidation state +2 in most of its compounds and
shows a chemical behaviour similar to that of Zn. Cadmium is widely used in
industrial processes, in Ni-Cd batteries, as a colour pigment, as a stabilizer
in PVC products, in electroplating, as an anticorrosive agent, in television
screens, as a neutron absorber in nuclear power plants, and in fluorescent
nanoparticles and quantum dots. The actual production of cadmium is in
the range of 20000 tons per year but has declined in recent years because of
its well known environmental accumulation and toxicity.'*° Discharge of cad-
mium into natural waters is mainly from the electroplating industry, but also
from the nickel-cadmium battery industry and from smelter operations.'*!
Volcanic activities are a natural source of Cd exposure that increases envi-
ronmental cadmium deposits by 140-1500 metric tons per year. The global
cadmium emission from anthropogenic sources (mainly non-ferrous metal
production) is twice as high, but declined from 7600 tons in 1983 to 3000
tons in 1991. Although some cadmium-containing products can be recycled,
a large proportion of the general cadmium pollution is caused by dumping
and incinerating cadmium-polluted waste.'** In Scandinavia, for example,
the cadmium concentration in agricultural soil increases by 0.2% per year.
Inhalation due to industrial exposure can be significant in occupational
settings, for example, welding and soldering. People who live near hazardous
waste sites or factories that release cadmium into the air experience a risk of
exposure to cadmium in both the air and from eating locally-produced food.
Such local contaminations of cadmium were frequent in the past and are still
occurring in developing countries. In many Western countries strict regulations
now limit the amount of cadmium that can be released into the atmosphere.'**
The most common form of cadmium exposure for the general population
is through food and cigarette smoke; the contribution from other pathways
to total uptake is small."** Daily intake of cadmium through food varies
by geographic region. Intake is reported to be approximately 8 to 30 ug in
Europe and the United States versus 59 to 113 pg in various areas of Japan.'*
Shellfish, liver and kidney meats, leafy vegetables and raw potatoes are
relatively rich in Cd, whereas fruits and beverages contain low amounts of
cadmium.
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Tobacco is a plant, which accumulates Cd from a contaminated soil. A sin-
gle cigarette typically contains 1-2 pg of cadmium. When burned, cadmium
is present at a level of 1000-3000 ppb in the smoke. Approximately 40-60% of
the cadmium inhaled from cigarette smoke is able to pass through the lungs
and into the body. Smokers thus absorb additional amounts of Cd compa-
rable to those from food; therefore organ concentration of Cd in smokers is
twice as high as in non-smokers.'*"'*?

3.6.1 Absorption and Metabolism of Cadmium

Cadmium is more efficiently absorbed from the lungs (25-60% absorbed)
than the gastrointestinal tract (5-10% absorbed) (Figure 3.11). It is estimated
that adults absorb 1.4-8 pg of cadmium per day by oral exposure. Gastroin-
testinal absorption is largely dependent on the solubility of the cadmium

dermal | pulmonary |
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25 60 % Cd fumes 5 10 %
/
Distribution ) l/
Blood
—_—>
1/3 <
other &———| Cd-serum
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Metabolism \
short Ty, :
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Figure 3.11 Absorption and metabolism of cadmium. Inhaled Cd fumes are effi-
ciently absorbed from the lung. Gastrointestinal absorption is some-
what limited but higher in subjects with iron deficiency because the
commonly used absorption mechanism via DMT1 is upregulated when
the essential trace element iron is deficient in the body. Absorbed
Cd is bound to serum albumin and distributed mainly to the liver from
where it returns in part bound to metallothionein (Cd-MT). Cd accu-
mulates in the body because the half-life is in the range of years.'*®
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compound but physiological and nutritional factors may also modify the
amount absorbed. Cadmium absorption is decreased in the presence of
divalent and trivalent cations (Zn**, Mg**, Cr*") and stimulated in subjects
with iron and calcium deficiencies indicating that absorption of non-
physiological Cd follows the regulation of absorption mechanism of essen-
tial metals.'*”'*® The divalent metal transporter 1 (DMT1), which has been
identified as the main non-heme food iron transporter, also plays a role in
cadmium absorption.*®

Absorption of cadmium via inhalation is dependent on solubility and the
particle size and hence the site of deposition in the respiratory tract. Small
particles in cadmium fumes for example are taken up efficiently by the lung
alveoli. Absorption of cadmium through the skin is extremely low (0.5%) and
would be of concern only in situations where concentrated solutions would
be in contact with the skin for several hours or longer."*!

After uptake from the lung or the gastrointestinal tract, cadmium is
transported in blood plasma initially bound to albumin or high molecular
weight proteins, as demonstrated in experimental animals.'* Protein-bound
cadmium is then preferentially taken up by the liver. In the liver, cadmium
induces the synthesis of metallothionein and, a few days after exposure,
metallothionein-bound cadmium appears in the blood plasma. Metallo-
thionein (MT) is a low molecular weight protein (6500 Da) with high cysteine
content and high metal affinity which plays a major role in the kinetics of
absorption and the metabolism of cadmium. The balance between Cd-MT
and non-bound Cd in renal tissue has been shown to be of crucial impor-
tance for expression of toxicity. The extensively studied metallothioneins
MT1 and MT2 are expressed in almost all mammalian tissues.'*® Since the
blood-brain barrier keeps Cd outside the CNS, reported neurotoxic effects of
Cd during development are likely to be secondary, due to interference of Cd
with Zn metabolism and not a direct effect of Cd on brain cells.

Because of its low molecular weight, cadmium-metallothionein (Cd-MT)
is efficiently filtered through the glomeruli and thereafter taken up by the
tubules. Cadmium accumulates in the human kidney over the entire lifetime.
For individuals who are chronically exposed to environmental levels of
cadmium either through diet or by smoking, the highest concentrations
of cadmium are measured in the renal cortex.”*® Following gastrointestinal
absorption, most of the oral dose is excreted in the faeces. Following inhala-
tion, excretion via the urine and faeces are approximately equal. In individ-
uals continuously exposed to cadmium, the amount excreted in urine will
progressively increase in proportion with body burden. However, the amount
excreted is only a small fraction of the total body burden, unless kidney toxic-
ity occurs in which case urinary cadmium increases substantially.

3.6.2 Toxicity of Cadmium

Cadmium is extremely toxic and has biological effects at lower concentration
than most other metals."*"'3!
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3.6.2.1 Mechanism of Cadmium Toxicity

Cadmium has high affinity for thiol groups and the major thiol antioxidant,
glutathione (GSH) is a primary target for free Cd ions."” Cadmium also binds
to O- and N-containing ligands. Cd is non redox-active and it cannot induce
ROS production directly. However, there is clear evidence that oxidative stress
is the principal molecular basis underlying cytotoxicity because Cd indirectly
provokes oxidative damage to the DNA, leading to the induction of cellular
proliferation, inhibition of the apoptotic mechanisms and blocking of DNA
repair mechanisms."*

Cadmium can also influence the absorption and distribution of essential
elements and can replace them in enzymes (Fe and Zn). The formation of a
Cd-Se-cysteine complex in the livers and kidneys of mice can lead to a sele-
nium (Se) depletion affecting the function of GSH."”"'>* In the liver, the tox-
icity of cadmium is reduced because sufficient amounts of metallothionein
(MT1 and MT2) can be synthesized to bind all accumulated Cd. MT-bound
cadmium is released from the liver into the blood where it is cleared by glo-
merular filtration in the kidney and taken up by the renal tubules, where the
MT is cleaved and cadmium is released. The synthesis of MT in the kidney is
insufficient to bind all the free cadmium, resulting in tubular damage or cell
membrane destruction via activation of oxygen species.™’

3.6.2.2 Clinical Toxicity of Cd

The most dangerous characteristic of cadmium is the long biological half-
life, from 17-30 years in man, and its accumulation in the liver and kidneys,
leading to severe kidney damage.' For acute oral ingestion of cadmium,
lethal doses of cadmium of 350-8900 mg have been reported."> Nausea and
vomiting occur, normally without delay. Death is caused by massive fluid
loss, edema, and widespread organ destruction (Table 3.7). Acute exposure
by inhalation can result from brief inhalation exposure to high concentra-
tions of cadmium compounds. These exposure types can occur in occu-
pational settings such as in cadmium alloy production, welding involving
cadmium-coated steel, and cadmium smelting and refining. The lethal con-
centration of cadmium oxide fumes for humans has been estimated to be
about 5 mg cadmium m™’ for an 8-hour exposure."°

Onset of symptoms from inhalation is usually delayed for 4-10 hours. Ini-
tial symptoms resemble the onset of a flu-like illness, fever and myalgias.
Later symptoms include chest pain, cough, and dyspnea. Bronchospasm and
hemoptysis may also occur."®® An informative case was reported of a healthy
34 year-old welder who worked for 30 minutes with an oxyacetylene torch
and a silver solder. His workbench was in a large airy building with a high
ceiling and large, open doors. He died 5 days later with both lungs showing
changes typical of acute pneumonitis.'* The source of cadmium was the rod
of solder which, unsuspectedly, contained 20% cadmium!
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Table 3.7 Dose levels and symptoms of acute cadmium intoxication from inhala-
tion or oral ingestion (modified from ref. 157).

Dose Signs and symptoms

Inhalation (mg m™)

0.01-0.15 Cough, irritation of the throat, gastroenteritis
symptoms: vomiting, abdominal cramps, diarrhea

0.5 Threshold for respiratory effects after 8 hour
exposure

1-5 Immediately dangerous to health - facial edema,

hypotension, dysrhythmias, confusion, oliguria,
metabolic acidosis, acute centrilobular necrosis
of the liver, pulmonary edema, tracheobronchitis,

pneumonitis

5 Lethal after 8 hours

39 Lethal after 20 min

Oral ingestion (mg kg™)

0.07 Emetic dose

>15 Gastrointestinal symptoms: vomiting, abdominal
cramps, diarrhea

20-30 Extensive fluid loss, shock, pulmonary edema, hypo-

tension, oliguria, multiorgan failure, death

Chronic oral exposure leads to renal failure, characterised by proteinuria.
Chronic inhalation causes loss of renal tubular function, leading to protein-
uria and impairs lung function by causing bronchitis, obstructive lung dis-
ease and, in some cases, interstitial fibrosis.

The dangerous exposure to chronic environmental cadmium was first rec-
ognized in the Toyama Prefecture Japan around 1950 in elderly women who
suffered from symptoms such as strong pains, kidney disease and osteomala-
cia and/or osteoporosis, representing a new disease which was named “itai-
itai” (“it hurts - it hurts”) disease.' The cause was linked to the presence
of cadmium in the drinking water from the Jinzugawa River basin derived
from a mining and smelting company. The effect on the bone is not caused
by substantial uptake of Cd into the bone but by a strong effect on vitamin
D metabolism in the kidney leading to impairment of gut absorption of
calcium and derangement of collagen metabolism.*®"

Cadmium has also been shown to induce chromosome damage and DNA
strand breaks. Cadmium has been classified as a category 1 carcinogen, i.e.,
is carcinogenic to humans following inhalation only, not oral exposure.'>*'>

As a summary, high-level Cd exposure can clearly give rise to nephropathy
and osteopathy and, after inhalation, may lead also to cancer. In addition,
recent epidemiological studies suggest that levels of Cd body burden occur-
ring commonly in the general population can significantly increase risk of
renal tubular damage and osteoporosis, as well as vascular diseases, cancer,
diabetes, and total mortality.">>"*” Cd may thus be one of the most toxic
environmental contaminants.*®”
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3.6.3 Diagnostic Markers and Intervention Level for Cd
Intoxication

Cadmium levels in blood, urine, faeces, liver, kidney, hair, and other tissues
have been used as biological indicators of exposure to cadmium. For recent
exposure to Cd, blood concentration is the best measure of exposure, but is
not a good measure for whole-body Cd accumulation.™*! In the United States,
the 50" percentile of blood cadmium concentrations in adults was 0.330 pg
L™ (Table 3.8). Environmental or occupational exposure can elevate blood
cadmium concentration substantially.

For long-term, low-level exposure, urine cadmium concentration best
reflects the total body burden, provided renal tubular function is normal.*®
Impaired kidney function has been followed by measuring proteins in the
urine which are normally not excreted, such as ,-microglobulin, a,-micro-
globulin, or retinol-binding protein. However, all these sensitive markers
are not specific for cadmium-induced damage in the kidney. Roels et al
correlated a number of cadmium markers in blood and urine in workers
occupationally exposed to cadmium. It was concluded that a recommenda-
tion of 5 pg Cd g™* creatinine in urine as the biological exposure limit for
occupational exposure seems justified to prevent the earliest damage to the
kidney."*

3.6.4 Chelation Treatment for Cadmium Poisoning

The treatment of acute and chronic cadmium poisoning has been a topic of
clinical interest for decades. As far as chelation therapy is concerned the sum-
mary of the scientific discussion in reviews and toxicology report over the
last 40 years is disappointing—there is still no effective, safe and approved
drug.'*"'°® Nevertheless, a number of animal studies and a few anecdotal
human studies have investigated chelators to prevent acute cadmium poi-
soning. The most promising candidates are so far polyaminocarboxylic acids
(CaNa,EDTA or CaNa;DTPA) 6.'°° In animals, the body burden of cadmium
is reduced and the urinary excretion of cadmium increased.'®® EDTA seems
to be superior to other chelators such as DMSA in mobilizing intracellular
Cd. On the other hand, EDTA has also been demonstrated to increase the

Table 3.8 Biomarkers used to identify or quantify exposure to cadmium. Data from
ref. 141 and 164

Environmental
Parameter General population exposed Exposed workers
Blood Cd (pgL™)  0.330 50
Urine Cd (pg g* 0.247 50 50
creatinine)
Kidney cortex 25-40 300

(ng gt wiw)
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nephrotoxicity of cadmium after repeated exposure in rabbits.'®” However,
the efficacy of EDTA can apparently be improved with concomitant use of
glutathione which also protects against nephrotoxicity.'®® Efficacy may also
be improved with concomitant use of antioxidants.*°

rcozH

Hozc/\)N/\/N\/\N(\cozH

HO,C CO,H

DTPA (6)

Dreisbach (1983) proposed in cases of acute cadmium poisoning 15-25 mg
EDTA kg™ (0.08-0.125 ml of 20% solution per kg body weight) in 250-500 ml
of 5% dextrose intravenously over a 1-2-hour period twice daily. The maxi-
mum dose should not exceed 50 mg kg™ day . The drug should be given in
5-day courses with an interval of at least 2 days between courses.'®

Cotter (1958) reported the case of three men exposed to cadmium fumes
who were subsequently treated with calcium disodium EDTA at a dose of
0.5 g every 2 hours for 1-2 weeks.'” At the end of the treatment period the
patients were either asymptomatic or had made a significant recovery, as
indicated by a reduction in blood urea nitrogen, blood cadmium and urinary
cadmium.

Dimercaprol (BAL) should not be used in cases of acute cadmium poison-
ing because it increases the uptake of cadmium in the kidneys.'”*

The use of various chelators has been found to reduce gastrointestinal
absorption following acute oral exposure to cadmium in various animal
studies.'”?"'”* CaDTPA, ZnDTPA and DMSA appeared to be the most effective
antidotes, but DMSA increased the Cd-kidney concentration.'”>

Concerning chronic cadmium poisoning, the current consensus appears
to be that there is so far no recommended chelation treatment.'’*'”

In a retrospective analysis of blood samples from a trial in children with
lead poisoning who were treated with DMSA (4), Cao et al. found that the
blood cadmium levels from the background exposure did not decrease
during treatment.'’® One reason could be that most of the Cd is stored tightly
bound to MT intracellularly and cannot be mobilized by chelators.

On the other hand, Fatemi et al. studied the efficacy of desferrioxamine
(DFO) and deferasirox (DFX) in removing cadmium from whole-body stores
in rats over 7 days, following cadmium accumulation from drinking water of
60 days. Individually, and in combination, DFO and DFX removed cadmium
from the body leaving the iron stores unchanged.'””'”® (See Chapter 2, Figure
2.14 for structures.)

However, so far no controlled studies are available to show the reduction of
cadmium burden or an improvement of kidney damage in humans affected
with a chronic cadmium intoxication. This may reflect the fact that chelators
have poor access to the interior of cells where most Cd is stored in the form
of Cd-MT."®
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Among the new chelators, DMSA monoesters 7 are reported to be capable
of mobilizing intracellularly bound cadmium as well as promoting antiox-
idant effects by removing cadmium from the site of deleterious oxidation
reactions. Jones et al. exposed mice to cadmium for seven days, observed
that administration of MmDMSA 8 and MchDMSA 9 produced significant
reductions in whole body cadmium levels. Furthermore, no redistribution of
cadmium in the brain was observed.'”®

o CHs o Q
HS
HS o/\)\c:H3 OCH, o Q
OH HS OH
S S HS  SH

MIADMSA (7) MinDMSA (8) MchDMSA (9)

The successful treatment of chronic cadmium intoxication is yet to be
clarified. Unfortunately, both cross-sectional and prospective epidemiolog-
ical studies have linked high-normal Cd body levels with increased risk
for osteoporosis, nephropathy, vascular disease, cancer, diabetes, and total
mortality.>'”

Many individuals in Europe already exceed these exposure levels.
Therefore, measures should be taken to reduce cadmium exposure in the
general population in order to minimize the risk of adverse health effects.
Avoiding cigarette smoke is the most obvious way to limit Cd exposure.
Excessive intake of shellfish or organ meats may also be inadvisable in
this regard.

3.7 Noble Metals

Besides the most relevant toxic heavy metals, As, Hg, Pb and Cd, others can
also result in acute or chronic poisoning. This is less common but can be
serious—sometimes deadly. Some of these intoxications can also be treated
with chelation therapy.

3.7.1 Silver Poisoning

Silver has a long and intriguing history as an antibiotic in human health-
care.'® The antimicrobial action of silver or silver compounds is propor-
tional to the bioactive silver ion (Ag*) released and its availability to interact
with bacterial or fungal cell membranes. Silver nanoparticles in deodorants
or in textiles act in the same way and are important new developments.
Nanocrystalline silver dressings may become an important part of local
MRSA (Methicillin-resistent Staphylococcus aureus) management. Silver exhib-
its low toxicity in the human body and minimal risk is expected due to clin-
ical exposure by inhalation, ingestion, or dermal application. However, the
inappropriate swallowing or inhalation of silver compounds, mainly in the
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form of alternative medicines, can lead to local or generalized argyria.'®' The
most dramatic symptom of argyria or argyrosis is that the skin turns blue
(“blue-man”).'®> Generalized argyria affects large areas of the visible sur-
face of the body. Local argyria shows in limited regions of the body, such as
patches of skin, parts of the mucous membrane or the conjunctiva. Argyria
is usually believed to be benign and limited to skin discolouration, but there
are isolated reports of more serious neurological, renal, or hepatic complica-
tions. A silver dose of 50-500 mg per kg body weight is described as the lethal
toxic dose in humans.!® The formation of silver selenides as stable, rather
non-toxic compounds may explain the permanence and irreversibility of the
metallic tinge in the skin and the unsuccessful attempts of chelation with
BAL and DMSA to remove silver from the body.'®

3.7.2 Gold Poisoning

The use of gold compounds in medicine is called “chrysotherapy”. Since 1929,
when a French doctor discovered its anti-inflammatory properties, gold com-
pounds in drugs have been used to treat rheumatoid arthritis.'** Four gold(1)
complexes are widely used throughout the World (10-13). Auranofin 13 has
the advantage of being orally active, the others having to be administered by
injection. Gold(1) is a soft metal cation and consequently favours sulphur and
phosphorous as ligands. Chrysotherapy is an effective treatment for approx-
imately 70% of rheumatoid arthritis patients. Gold drugs have a well known
anti-inflammatory action, with some patients achieving long-term remis-
sion of the disease. It is still not known exactly how these drugs work, but
they clearly modify the immune response in these patients. The complexes
undergo rapid metabolism via thiol exchange, generating substantial levels
of Au(1)-glutathione. It is possible that this gold complex is responsible for
the immunomodulatory properties of clinically used gold-based drugs. Due
to frequent side effects and the availability of better drugs (low dose metho-
trexate) the use of gold in rheumatoid arthritis treatment has declined since
1990. However, in recent years these gold compounds have been shown to be
promising agents for HIV and cancer treatments.

HO
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Na* O OH -9 Qo O _s-Au-PEty
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The toxic complications of gold therapy include frequent initial hyper-
sensitivity reactions or rare cumulative toxic manifestations.'® A typical
course of medication using either sodium aurothiomalate (Myochrysine) or
aurothioglucose (Solganol-B) is to give increasing doses of gold until a rather
high total dose of 1800-2000 mg is reached which can cause unpredictable
toxicity, such as dermatitis, urticaria, purpura, secondary anemia, exfoliative
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dermatitis, stomatitis, thrombopenic purpura, or agranulocytosis.'® It has
been found in those rare cases that treatment with BAL can mobilize gold
into the urine and can have considerable merit in the treatment of the toxic
complications of gold salts.'®® Experiments with acute gold intoxication in
rats have shown that DMPS can also remove gold from the body.'®*

3.8 Other Metals

3.8.1 Acute Iron Poisoning

Acute iron poisoning is a frequent problem in developed countries where
iron preparations are easily available at pharmacies. Unintentional ingestion
of iron preparations by children younger than 6 years accounts for 16 000
intoxication per year in the USA; suicide attempts are rare but more typical
of adults.'?

Iron has two distinct toxic effects. First, it is directly caustic to the gas-
trointestinal mucosa, leading to vomiting, diarrhea, and abdominal pain. In
severe cases, it can result in hemorrhagic necrosis with bleeding, perfora-
tion, and peritonitis. Second, it impairs intracellular metabolism, primar-
ily through lipid peroxidation and free radical formation. One of its most
important consequences is the impairment of mitochondrial adenosine
triphosphate synthesis. Results from examination of the poisoned subjects
may show overlapping phases of clinical manifestation:'*

e Gastrointestinal phase: (30 minutes to 6 hours) Abdominal pain, vom-
iting, diarrhea, hematemesis, melena, lethargy, shock (from capillary
leak and third spacing), metabolic acidosis

e Latent phase: (6 to 24 hours) Improvement in gastrointestinal symp-
toms; may have poor perfusion, tachypnea, tachycardia

e Shock and metabolic acidosis: (4 hours to 4 days) Hypovolemic, distrib-
utive, or cardiogenic shock with profound metabolic acidosis, coagu-
lopathy, renal insufficiency/failure, pulmonary dysfunction/failure,
central nervous system dysfunction

e Hepatotoxicity: (within 2 days) Coma, coagulopathy, jaundice. Severity
is dose dependent.

e Bowel obstruction: (2 to 4 weeks) Vomiting, dehydration, abdominal
pain, usually gastric outlet obstruction

If the patient has ingested more than 20 mg kg™ of elemental iron or
shows signs of mild toxicity, whole bowel irrigation with polyethylene glycol
electrolyte lavage solution is recommended, 1.5-2 L h™ in adults, 20-40 mL
kg™ h™* for children until the rectal effluent is clear. The serum iron peak
should be monitored, which typically occurs 3-5 hours after ingestion, but
may also be delayed (Table 3.9). If peak serum iron levels are greater than 500
pg dL ™', intravenous deferoxamine (DFO) therapy should be commenced at a
starting dose of 15 mg kg™ h™™.
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Table 3.9 Symptoms and intervention levels in acute iron intoxication. Data taken
from ref. 187 and 188

Peak serum iron (ug dL™') Toxicity Desferrioxamine

50-150 none —

150-300 Mild —

300-500 Moderate (rarely develop —
serious complications)

>500 Severe (serious systemic  Should be initiated
toxicity) 15 mg kg™ h™

>1000 Significant morbidity and Strongly recommended
mortality (15-35 mg kg™ h™)

The utility of other oral iron chelators (deferiprone, deferasirox) for acute
iron poisoning in humans has hitherto not been described.

3.8.2 Acute Copper Poisoning

Copper sulphate ingestion is a rare form of poisoning usually found
especially in the Indian subcontinent, were this chemical is sold over the
counter. It is commonly used as a pesticide, in the leather industry and
also in the preparation of homemade glue. Ingestion of more than 1 g
of copper sulphate results in symptoms of toxicity such as intravascular
haemolysis, methaemoglobinaemia, acute kidney injury and rhabdomy-
olysis. The lethal dose for ingested copper sulphate is 10-20 g, but can
also be lower."’

Several chelators have been used in different single cases such as D-peni-
cillamine 5,"° or EDTA."" For severe cases of cupric poisoning, Takeda et al.
recommended BAL 1 (4 mg kg™ every 5-6 hours over 5-7 days), and 250-500
mg D-penicillamine (5) every 8-12 hours."”

3.8.3 Thallium Poisoning

Thallium (Tl) is one of the most toxic metals. Until the early years of the
20th century, thallium salts were used extensively to treat syphilis, to reduce
night sweats in tuberculosis patients and also to kill rodents. As thallium
salts are odourless, tasteless and extremely toxic, these aspects made thal-
lium compounds the choice for homicidal poisoning during the early part of
the 20th century. Thallium salts are rapidly absorbed by virtually all routes,
with gastrointestinal exposure being the most common route to produce
toxicity. Thallium enters cells by a unique process governed by its similarity
in charge and ionic radius to potassium. Although the exact mechanism of
toxicity has not been established, thallium interferes with energy production
at essential steps in glycolysis, the Krebs cycle, and oxidative phosphoryla-
tion. Additional effects include inhibition of sodium potassium adenosine
triphosphatase and binding to sulfthydryl groups. The major manifestations
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of toxicity consist of a rapidly progressive, ascending, extremely painful sen-
sory neuropathy and alopecia. The continued use of thallium as a rodenti-
cide in many developing countries and its increasing use in an expanding
number of new technologies raise concerns about exposure risk to animals
and humans.'”?

A report published in 1934 reviewed 778 cases of human thallium poison-
ing of which 46 were fatal. Today, thallium is no longer readily available, thus
accidental poisonings or suicides have become rare.

There are no controlled trials of treatments in thallium-poisoned patients.
Strong evidence speaks against the use of traditional metal chelators such as
dimercaprol (British anti-Lewisite) (1) and penicillamine (5); the latter may
cause redistribution of thallium into the central nervous system.'*® Like-
wise, forced potassium diuresis appears harmful. The use of single- or multi-
ple-dose activated charcoal is supported by in vitro binding experiments and
some animal data, and charcoal haemoperfusion may be a useful adjunct.

A rather specific possibility to remove thallium comes from the chemical
similarity to potassium which has the same charge and a similar ionic radius.
Thallium salts thus follow potassium distribution pathways and alter a num-
ber of K-dependent processes. The same is true for caesium ions, which rep-
resent a serious contamination problem in the form of '*’Cs in any nuclear
catastrophes. Cs and Tl ions have a high affinity for crystal lattice sites of
potassium in Prussian blue (soluble and insoluble Prussian blue)."** Prus-
sian blue when orally applied, is almost not absorbed, but can interrupt the
enterohepatic cycling of Tl, thus enhancing fecal elimination of the metal.’®®

Multiple animal studies give evidence for enhanced elimination and
improved survival with Prussian blue. Unfortunately, despite the fact that
many humans have been treated with Prussian blue, the data presented are
insufficient to comment definitively on its efficacy. However, Prussian blue’s
safety profile is superior to that of other proposed therapies and it should
be considered the drug of choice in acute thallium poisoning. Public health
efforts should focus on greater restrictions on access to, and use of, thallium
Salts.195'196

3.9 Conclusion

Heavy metal poisoning, especially with the most relevant: arsenic, mercury,
lead and cadmium, has followed the technical development and accompa-
nied medical history for many centuries (Table 3.10). Heavy metals can be
very reactive within biological systems. The toxicity generally is provided by
(i) a mimicry effect in which ions of essential, non-heavy metals are replaced
due to higher affinities for the respective binding sites in the various proteins
and (ii) a strong increase of oxidative stress caused by inhibiting the antioxi-
dative defence systems or by stimulation of ROS or RNS formation.

Cases of acute poisoning with heavy metals still occur today due to various
causes, however, at a much lower frequency than 100 years ago. Symptoms may
begin after a few hours, can be non-specific and are not easy to interpret at a
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Table 3.10 Medical impact, symptoms and treatment of acute and chronic heavy
metals poisoning.

As Hg Pb Cd
Acute poisoning
Importance today rare, today rare, today rare, Very rare
suicide, suicide, suicide,
homicide homicide homicide
Symptoms
Treatment DMSA, DMPS, DMSA, DMPS, CaNa,EDTA CaNa,EDTA
BAL BAL DMPS, DMSA
Chronic poisoning
Importance Global impact Local organic Local lead con-  Exposure
with chronic ~ Hg contam- taminations levels also
exposure inations; possible; very in Europe
in contami- unclear den- toxic to devel- critical
nated drink- tal amalgam oping brain in
ing water Hg children, no
safe levels in
vivo
Symptoms Neuropathy, Central + impaired cog- Osteoporosis,
diabetes, peripheral nitive and nephropa-
renal system, neuropathy behavioral thy, vascu-
cardiovascu- development lar disease,
lar diseases, cancer,
cancer
Treatment No HgO0, inorganic: DMPS? CaNa,EDTA,
DMPS?; DMSA
organic Hg:
DMSA?

first glance. However, every minute counts and detailed information on the
respective heavy metal exposure is critical to the individual outcome. If the cor-
rect chelator is available during the first hours, many symptoms can be reversed
within a short time and the patient can survive even after deadly doses.

However, subacute and even more chronic poisoning with heavy metals
is still an unsolved problem, especially with arsenic or cadmium exposure.
Therefore, on a global perspective, prevention strategies are important and
more successful than the widespread intake of chelators without medical
indications.

Abbreviations

BBB Blood-brain barrier

BEI US Federal biological exposure index
BLL Blood lead levels

DALYs Disability-adjusted life years

EPA US Environmental Protection Agency
FDA  (US)Food and Drug Administration
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GI

MAC
MPL
MRP
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Gastrointestinal

Maximum allowable concentration
Maximum permissible limit
Multiple drug resistance protein

MRSA Methicillin-resistant staphylococcus aureus

RBC
RNS
ROS

Red blood cell
Reactive nitrogen species
Reactive oxygen species
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CHAPTER 4

Treatment of Systemic Iron
Overload

JOHN PORTER?

Joint Red Cell Disorders Unit, UCL and Whittington Hospitals, UK
*E-mail: J.porter@ucl.ac.uk

4.1 Consequences of Transfusional Iron Overload

4.1.1 Iron Homeostasis in the Absence of Blood Transfusion

Iron metabolism in humans is essentially conservative, so that once excess
iron has accumulated in the body, it can only be removed by phlebotomy or
with iron chelators. In health, total body iron is typically about 40-50 mg kg™,
of which 30 mg kg™ is contained within red blood cell haemoglobin.! Stor-
age iron, ferritin and haemosiderin, is the largest remaining component of
body iron—about 20 mg kg* (or 1-2 g in a healthy adult). This iron storage is
found mainly within macrophages of the liver, spleen and bone marrow and
in hepatocytes. The quantity of other iron pools is relatively small but is met-
abolically critical, consisting of about 4 mg kg™ as muscle myoglobin and
about 2 mg kg™ as cellular iron-containing enzymes. Transferrin-bound iron
is only about 4 mg at any moment but is a pool, through which about 20-30
mg of iron is delivered daily to tissues expressing transferrin receptors. Most
storage iron is found in the liver and body iron stores and can be predicted
accurately from the liver iron concentration (LIC) (total body iron stores in
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mg kg™ =10.6 x the LIC (in mg g™' dry weight)).” In health, LIC rarely exceeds
1.8 mg g~" dry weight (dw).

Body iron homeostasis is achieved by modulating dietary iron absorption
to balance iron losses from the skin, gut, through menstruation or during
pregnancy. By contrast, iron excretion cannot be modulated physiologically.
About 1-2 mg of iron or 10% of dietary iron is absorbed daily from food in
health but this increases with anaemia or ineffective erythropoiesis through
modulation of ferroportin channels in gut enterocytes. This mechanism of
iron absorption is modulated by plasma hepcidin which, after synthesis in
liver hepatocytes, binds to ferroportin in enterocytes, resulting in its degra-
dation and hence decreased iron absorption. When hepcidin levels are low,
such as with anaemia, hypoxia, ineffective erythropoiesis (IE), or the pres-
ence of variant HFE genes, iron absorption is increased. Inherited disorders
that result in increased iron absorption in the absence of anaemia are not
addressed directly in this chapter. These are typically associated with dys-
regulation of hepcidin synthesis with inappropriately low hepcidin levels
and are referred to as hereditary haemochromatosis. Readers are referred
elsewhere to recent reviews of genetic haemochromatosis.” However, it is
important to point out here that the treatment of these conditions differs
fundamentally from that of transfusional iron overload. The first line treat-
ment for most forms of haemochromatosis is phlebotomy, where typically
one unit of blood (about 470 mL) removes about 200 mg of iron. This can be
repeated weekly in a patient with normal erythropoiesis capability. However
when an individual is anaemic, it is not possible to remove blood therapeuti-
cally so iron chelation therapy is then necessary.

4.1.2 Effects of Inherited Anaemias and Blood Transfusion
on Iron Homeostasis

Inherited anaemias are usually associated with increased iron absorption.
Haemoglobin disorders such as thalassaemia and sickle cell disorders are
the most common worldwide. Thalassaemia disorders result from imbal-
anced globin chain synthesis and, depending on the extent of imbalance,
result in varying levels of anaemia. In non-transfusion-dependent thalas-
saemias (NTDT) often referred to as ‘thalassaemia intermedia’, as well as in
other conditions associated with ineffective erythropoiesis, increased eryth-
roferrone, and possibly other bone marrow derived factors, inhibit hepcidin
synthesis and lead to increased dietary iron absorption.” The variable degree
of ineffective erythropoiesis (IE), the extent of erythroid expansion and the
severity of the anemia will impact on this mechanism. Iron absorption is
about 0.1 mg kg™ per day>® but varies considerably’” from 5-10 times nor-
mal. NTDT patients absorbed 60% (range: 17-90%) of a 5 mg dose of ferrous
sulfate while healthy controls absorbed 10% (range: 5-15%).® In HbE/B-thal-
assemia, similar iron absorption was found which correlated with plasma
iron turnover, transferrin saturation and liver iron concentration in un-
chelated patients.’ In other anaemias, the extent of excess iron absorption is
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anticipated to be related to the degree of bone marrow expansion from inef-
fective erythropoiesis and hence the degree of erythroferrone production.
In sickle cell disease, the degree of marrow expansion is less than in NTDT,
consequent to less ineffective erythropoiesis (IE)'*-so that iron absorption
and iron overload is less than in NTDT even at similar levels of anaemias;
furthermore urinary iron excretion can be substantial in sickle cell disease as
high levels of intravascular haemolysis may be present."

In transfusion-dependent thalassaemia (TDT), the rate of iron accu-
mulation from blood transfusion is about 10 times greater than dietary
absorption in NTDT, most commonly between 0.3 and 0.5 mg kg™ day™ or
20-35 mg day in a 70 kg adult.” The average rates of body iron accumula-
tion from transfusion in TDT and from iron absorption in NTDT have been
reported'>"? together with recent data about the average iron loading rates
in NTDT.® In TDT, the objective of transfusion is not only to treat anaemia
but also to suppress the IE, which was historically responsible for the bony
deformities and facial changes characteristic of under-transfused patients.
Blood transfusion also suppresses excessive iron absorption to some extent
by suppressing erythroid expansion in the bone marrow. The current recom-
mended transfusion strategy in TDT aims to suppress IE while not transfus-
ing unnecessarily. IE suppression can be monitored by measuring soluble
transferrin receptors, although this is not necessary in routine clinical man-
agement. IE shows more suppression when pre-transfusion hemoglobin is
maintained greater than 9.5-10.5 g dL™".'*"> With less aggressive transfusion
regimes, iron absorption rises to 3-5 mg day ' with consequently 1-2 grams
of additional iron loading yearly."”” In practice, pre-transfusion Hb values
are between 9.5 and 10.5 g dL™' in most patients, and maintained between
12 and 14 g dL™" post-transfusion. Exceptions to this are that some patients
experience low back pain when Hb values fall below 10-11 g dL™, presum-
ably due to cyclical bone marrow expansion from erythropoietic stress as Hb
values fall. In these circumstances pre-transfusion Hb about 1 g higher can
be effective; this approach is often successful in preventing back pain from
this cause. A higher transfusion rate may also be required if the spleen size is
expanding. Transfusion requirement is on average 30% higher in un-splenec-
tomised patients,” but is not in itself a justification for splenectomy because
modern chelation therapy should keep pace with blood transfusion other
than in exceptional cases. Hyper-transfusion, with complete suppression of
endogenous erythropoiesis is often successful over a period of 6 months to
two years, shrinking the spleen size and ultimately reducing the transfusion
requirement. Splenectomy is best avoided whenever possible because of the
high thrombosis risk in TDT and particularly in NTDT.'®

The impact of blood transfusion on iron balance in any individual can
be calculated from the volume transfused and the haematocrit of the blood
given. Transfused iron (in mg mL™ of blood) can be estimated from 1.16 x
the haematocrit of the transfused blood product. In some centres the hae-
matocrit and volume of each blood unit is, or can be, provided by the blood
transfusion centre and this is important when assessing novel chelation
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regimes in a trial situation. However it is generally acceptable to know the
mean haematocrit of the blood product provided by the transfusion centre
and the mean volume given. For a very approximate, quick assessment of
iron loading rate it is useful to assume that a unit of blood contains about
200 mg of iron. Without chelation therapy, LIC reaches 15 mg g dw after
less than 5 years of blood transfusion. This level is associated with a high
rate of liver dysfunction'” and progression of fibrosis,'® and prolonged high
LIC levels can be associated with an increased risk of cardiomyopathy.'**°
The rates of iron accumulation vary considerably between different patients
however."” While most patients have transfusion rates between 0.3 and
0.5 mg kg™ day !, about one third of patients have requirements below or
above this range. This impacts on the time taken to reach defined levels of
iron overload and on the most appropriate chelation regime. It is therefore
particularly important to calculate the rate of iron accumulation periodically,
particularly in growing children.

Transition from NTDT to TDT can occur in some patients who thus become
dependent on regular transfusion, and this can happen as early as the first
decade and as late as the 6th decade. Much has been written about the crite-
ria for transitioning from NTDT to TDT. Some guidelines give absolute cut-
off values for initiating transfusion, for example <7 g dL™'. However this is too
rigid as, for example, generally patients with EBThal tend to tolerate lower
Hb values between 6 ¢ dL ™" and 7 g dL™ better than classic Bthal intermedia
because of the right and left shifts of the oxygen dissociation curves, respec-
tively. Transitioning to transfusion should be based on factors such as failure
to thrive, or growth in childhood and the development of worsening exercise
tolerance, pulmonary hypertension or thrombotic complications later in life.
This transitioning will inevitably require chelation and will also increase the
risk of myocardial iron accumulation (see below).

4.2 Impact of Transfusion on Iron Distribution and
its Consequences

In order to manage patients appropriately with chelation, it is necessary to under-
stand the risks and consequences of under-chelation as well as the extent of
reversibility of iron overload and/or its consequences. Transfusion-dependent
thalassaemia (TDT) is the condition in which both the consequences of trans-
fusional iron overload and the benefits of chelation therapy are best described.
The transfused red cell is the predominant route of iron entry into the body
where iron accumulates initially in the erythrophagocytic macrophage system
(EMS) after phagocytosis of effete red cells. After haemoglobin catabolism
in the EMS, iron can be rapidly released from macrophages for extracellular
binding to transferrin, or can be retained within macrophages as storage iron
(ferritin or haemosiderin). Egress of iron(11) from the EMS is through mem-
brane ferroportin, which is modulated (decreased) by the binding of hepcidin
to membrane ferroportin. The capacity of the macrophage system to store
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iron is thought to be about 10 g of iron (or about 50 units of transfused blood).
Once the macrophage system is replete, increasing proportions of storage
iron are delivered to hepatocytes though diferric transferrin and/or through
iron species that are found in plasma when transferrin saturation exceeds
about 75%. This is a paradigm shift in tissue iron delivery whereby plasma
iron species are present that are unbound to transferrin (plasma non-trans-
ferrin-bound iron, NTBI). These iron species are cleared rapidly by hepato-
cytes but also by the endocrine system and myocardium, probably through
LVDCC in the myocardium®' and possibly also through ZIP14 in the endo-
crine system.*>** NTBI is thought to account for both the distribution and
pathology of transfusional iron overload. Evidence is based on cellular and
animal models as the clinical evidence for the association between NTBI and
iron distribution is not strong. Nevertheless, NTBI is considered to be the key
mechanism for myocardial iron loading. Several factors other than iron over-
load determine NTBI levels, however."” While NTBI is raised by iron overload,
it is also lowered when erythropoiesis is active but raised when erythropoie-
sis is relatively inactive, such as following blood transfusion. Iron chelation
has only transient effects on NTBI levels.**** Another issue is that NTBI is
heterogeneous,’*®*” so NTBI, as currently measured, may not be representa-
tive of the key NTBI species responsible for extrahepatic iron distribution. It
is possible that the redox active component of NTBI, as measured by the LPI
assay,”®* is more representative of the species responsible for extrahepatic
iron distribution but this remains to be shown convincingly.

The concept of a ‘threshold’ of body iron load that increases the risk of
extrahepatic iron distribution is controversial as many factors are involved in
addition to absolute body iron load. These include iron chelation and levels
of erythropoiesis. However there is convincing evidence of a link between the
volume of blood transfused and the risk of myocardial iron accumulation.
The first data of this kind comes from post-mortem analysis of myocardial
iron in transfused patients with a range of anaemias in the ‘pre-chelation
era’.’® It was found that 100% of patients with over 200 transfusions had
increased myocardial iron at post-mortem. This fell to 60% after 100 units
and 10% after 25-50 units of blood.*® In an early MRI study, a link between
myocardial iron and units of blood transfused was found in unchelated or
lightly chelated patients with myelodysplasia.’! Others have failed to find a
link between liver iron and myocardial iron by MRI,** (see Chapter 7). How-
ever, such analysis failed to take into account the rapid reduction of LIC
by recent chelation compared with a slower reduction in myocardial iron.
Therefore any cross-sectional attempt at linking liver and heart iron in che-
lated patients is likely to miss the underlying relationship between heart
and liver iron. The importance of examining trajectories of heart and liver
iron in chelated patients rather than ‘one off” cross-sectional measures has
been recently demonstrated.”® However, it is not just iron chelation that
confounds the relationship between liver and heart iron. For example, it is
clear that in NTDT, very high levels of LIC are frequently found without extra-
hepatic iron spread.” This is likely to be due to high levels of erythropoiesis in
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NTDT acting as a ‘sink’ for iron turnover and directing iron released from
macrophages to erythropoiesis via transferrin.'’ Furthermore, when patients
transition from NTDT to TDT, iron overload subsequently develops in the
heart. Clearly then, the rate of iron accumulation from transfusion impacts
on iron distribution, partly due to its effects on suppressing endogenous
erythropoieis. Indeed, patients lacking endogenous erythropoiesis (such as
those with Diamond-Blackfan anaemia) are more susceptible to extrahepatic
iron overload than patients with a more active bone marrow.’

The pathological consequences of NTBI uptake into extrahepatic tissues
are best understood from data obtained in the pre-chelation era, as body
iron distribution is fundamentally altered by chelation therapy.® In patients
dying from transfusional iron overload, high iron concentrations were found
in the liver, endocrine tissues and heart, and very low concentrations in
striated muscle and the CNS.?”> While nearly all these patients died of heart
failure, the myocardial iron concentrations were only a fraction of hepatic
iron concentrations. Today, MRI can be used to examine the distribution of
storage iron, usually by T2* or more recently T1.** The myocardial iron con-
tent has been calibrated with post-mortem material and it has been shown
that average myocardial iron concentrations in patients dying from iron-
mediated heart failure was only about 6 mg g™ dw*” which is only a fraction
of that which can be accommodated by the liver, where levels <7 mg g™ dw
are regarded as acceptable for iron control. Thus, the myocardium is less
capable of withstanding increased tissue iron concentrations than the liver.
Whereas heart failure can develop as early as in the second and third decades
of life, cirrhosis and hepatocellular carcinoma typically take longer being
rare before 40 years of age.

The pathophysiogical mechanisms by which tissue damage occurs have
recently been reviewed by this author.! In this chapter, the focus will be on
how this impacts on chelation strategy. There is no doubt that chelation
therapy has radically impacted on complications of iron overload, including
mortality in TDT. In the pre-chelation era, iron-mediated cardiomyopathy
was the major cause of death and endocrine damage, including hypogonad-
otrophic hypogonadism, hypothyroidism, hypoparathyroidism and diabetes
mellitus were common. For example, in birth cohorts Italy from 1970-74,
65% of patients had hypogonadism, 16% diabetes, and 18% hypothyroid-
ism. Regular subcutaneous desferrioxamine was introduced in the late 1970s
and early 1980s and complications fell to 14%, 0.8% and 5%, retrospectively,
in the birth cohort from 10 years later.*®*

Hypogonadism is often the earliest presenting feature of transfusional
iron overload and is still common (typically hypogonadotrophic hypogo-
nadism) as the anterior pituitary seems particularly sensitive to the effects
of iron overload. In TM, this typically presents with primary or secondary
amenorrhea in females or poor growth and delayed puberty.*® It is notewor-
thy that most guidelines still suggest waiting to begin chelation until the fer-
ritin reaches 1000 pg L™ or until 2 years of age, although this is later than
ideal if it were not for the fear of over-chelation.*”*' These recommendations
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were based on experience with desferrioxamine, where starting treatment
before 2 years of age or when ferritin was <1000 pg L' was associated with
audiometric and bone toxicity."*** It is likely that lower thresholds for start-
ing chelation could be used with newer chelation regimes. While this is in
principle highly desirable, and could decrease the risk of HH still further, the
safety of such an approach needs to be carefully demonstrated before it can
be adopted into official guidelines.

The commonest cause of mortality in TDT until recently has been iron-
induced cardiomyopathy.’®*” This typically presents as left- or right-sided
ventricular failure. Importantly, heart failure can be reversible using desferri-
oxamine, if recognized early. Clinically evident heart failure is often preceded
by a more subtle decline in LVEF which allowed early intensification of che-
lation therapy.*®* Many patients are alive today, decades after presenting with
heart failure and receiving emergency desferrioxamine infusions.*®** While
heart failure can be reversed within days or weeks of intensive continuous
intravenous desferrioxamine infusions**”° it takes longer to remove iron
from the heart as evidenced by MRI monitoring of cardiac iron using the T2*
techniques®® (see Chapter 7). This technique has been validated by ex vivo
calibration’” and has shown a link between cardiac T2* and the risk of devel-
oping heart failure in the next 12 months. Myocardial T2* values <20 ms indi-
cate increased myocardial iron, whereas T2* values <10 ms indicate increased
risk of developing heart failure and values <6 ms indicate a very high risk.”’
In recent years the incidence of heart failure in TDT patients under regular
monitoring has declined.’* This is most likely due to increased recognition
of high-risk patients using T2* of the myocardium as well as the availability
and application of an increasing range of chelation regimes (see below).

The relationship between levels of iron overload and risk of extra-hepatic
spread has also been hotly debated but has been unnecessarily confused by
using only cross-sectional analysis and including patients who have received
varying degrees of chelation therapy. This is not simply a theoretical issue
as it has practical implications for managing patients with chelation (see
below). It is important to know the duration of blood transfusion neces-
sary for this extra-hepatic spread to occur, particularly to the myocardium,
for practical clinical reasons. Without chelation, increased myocardial iron
is seen in 100% of patients post-mortem after 200 units of blood transfu-
sion; myocardial iron correlated with liver iron and the number of units
transfused.’® Generally thalassaemia patients died in their second and third
decades from blood transfusions without chelation.> Early work suggested a
close relationship between the control of LIC with desferrioxamine and long-
term outcome from cardiomyopathy.'® Similarly, long-term control of serum
ferritin (SF) was associated with better outcome than when SF remained
above 2500 pg L™ on more than two thirds of occasions.*® This was consis-
tent with post-mortem data in other diseases where a relationship between
transfusional iron load rate (ILR), LIC and MI was found in patients who had
not received chelation therapy.’*** However, when CMR cardiac T2* became
available, only weak correlations between LIC and myocardial iron (mT2*)
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were seen. It was then argued that control of LIC was therefore not important
to control of MIC in TM.**> However this lack of correlation was mainly due to
the high proportion of patients in this study having been on intensive chela-
tion therapy with DFO, which removes iron rapidly from the liver and slowly
from cardiomyocytes, thus obscuring a link between liver and heart iron.*>*
An interesting recent study among a large population of Chinese ‘poorly
chelated’ TDT patients (based on inadequate dose or persistently high SF)
observed increased myocardial iron as early as 6 years of age by T2*.> Noetzli
and colleagues® have provided insight into this issue by examining longitu-
dinal trajectories of LIC and myocardial T2*. They showed that changes in
LIC in both directions typically preceded changes in myocardial T2*. It can
be concluded that LIC control (and thus ferritin control) is important both
for limiting liver damage and for controlling myocardial iron, thus markedly
reducing the risk of iron-mediated cardiomyopathy with heart failure.

Cirrhosis and hepatocellular carcinoma are becoming increasingly com-
mon as thalassaemia populations live longer.’®*’ Cirrhosis is present in about
50% of patients at post-mortem, particularly in those with chronic hepatitis.
Similarly, hepatocellular carcinoma® is also becoming more common par-
ticularly in NTDT patients. This may reflect the early accumulation of iron in
hepatocytes through iron entry via the portal system and the relatively late
use of iron chelation in this population.

The importance of bacterial infection to morbidity and mortality in iron
overload is often overlooked. In fact it has been the second commonest cause of
death in TDT over many decades.*® Some organisms are particularly virulent in
the presence of free iron. A particularly important example is Klebsiella®®* but
other organisms such as Pseudomonas can cause serious complications such
as meningitis.®” Another organism that has been associated with increased
virulence during iron overload is Klebsiella enterocolitica, whose virulence is
further enhanced by desferrioxamine as its iron bound form, ferrioxamine can
be used as a growth enhancing siderophore by this organism.®

4.3 Desirable Features of Clinically Useful Iron
Chelators

4.3.1 High Iron Binding Constant and Selectivity for Iron

Iron chelators need to have access to chelateable iron pools and to selectively
bind iron(111). The iron complex needs to be sufficiently stable for excretion in
urine or bile and to prevent redox cycling of chelated iron. For example, EDTA
does not diminish the reactivity of iron salts in the Fenton reaction and may
actually catalyze such reactions.®®> Another example of the relevance of stabil-
ity of iron-chelate complexes is that of bidentate hydroxypyridinones, which,
being less stable than the hexadentate DFO, can generate free radicals and
damage cell membranes with increased lipid peroxidation, particularly if the
chelators have high lipid solubility.”> Coordination of all six sites of iron(11r)
can be achieved by one chelator molecule possessing six coordination sites
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(hexadentate chelation), two molecules possessing three coordination sites (tri-
dentate chelation) or three chelator molecules binding two sites each (bidentate
chelation). Hexadentate chelators tend to be more stable in their iron-complexed
form but are typically larger molecules than bidentate or tridentate chelators
and are therefore not readily absorbed through the oral route. The strength
and stability of iron(111) binding can be expressed by the binding (stability) con-
stant,*® but a modification of this measure which has been termed the pM is a
more clinically relevant expression of iron binding and is defined as —log of the
uncoordinated metal (iron) concentration calculated at pH 7.4, 10 pM ligand
concentration and 1 pM iron(1t1) (Table 4.1). This measure takes into account
the tendency of bidentate chelators to dissociate at low concentrations and is
therefore a more useful indicator of the ability of a chelator to scavenge iron at
low chelator concentrations (Section 2.3 and 2.4).

Chelators also need to have a degree of selectivity for iron(111) over other
metals such as zinc and copper. For example, a chelator that was clinically
evaluated in early trials, DTPA, lacked this selectivity and led to zinc defi-
ciency. In practice, all chelators exhibit some affinity for other metals such as
zinc, copper and aluminum but clinically available chelators do not appear to
be limited in their use by such metal binding.

4.3.2 Chelation of Iron Pools for Balance Without Inhibition
of Key Metabolic Pools

The bio-distribution, and hence the access of chelators to iron pools intra-
cellularly and extracellularly, is determined by the size, charge and lipid sol-
ubility of the chelators.®®” Smaller molecules can be absorbed from the gut
more effectively so that orally active chelators tend to be bidentate or triden-
tate. It is difficult to design hexadentate molecules with molecular weights
less than 400 and thus desferrioxamine has very little oral absorption. In
addition to being absorbed more rapidly from the GI tract, small neutral-
ly-charged bidentate molecules such as the hydroxypyridinone DFP are able
to access intracellular iron pools more rapidly than DFO.®*¢

Chelatable iron is quantitatively derived mainly from two major iron pools
and is excreted in urine and/or the faeces depending on the chelator used but
the major chelateable pools are essentially the same with all chelators. This
accounts for about half of all chelateable iron. Iron derived from red cell catabo-
lismisreleased to plasma transferrin or, if this is saturated, is present as plasma
NTBI. Iron chelators can potentially intercept this source of iron released from
macrophages before it binds to transferrin or to plasma albumin and citrate
to form NTBI. Evidence from both studies in animals®® and in humans® show
that iron derived from the breakdown of red cells in macrophages is chelated
directly by DFO and excreted in urine. With deferiprone, macrophage-derived
iron is also excreted in urine’® but with deferasirox (Exjade®), iron derived
from red cell catabolism is excreted in bile and hence faeces.”

The ability of chelators to bind these pools will be relatively independent
of factors that affect access to intracellular iron and will be significantly
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Table 4.1 Pharmacokinetics and metabolism of chelators.

Compound Desferrioxamine (DFO) Deferasirox (DFX) Deferiprone (DFP)

Route of absorption Subcutaneous, intravenous, Oral Oral
intramuscular

Route of iron excretion Urinary and faecal Faecal Urinary

Max. plasma levels (uM) of 7-101%8 80°" 90-450"%

iron-free drug
Concentration of iron
complex

Min. plasma level (uM) with
daily dosing
Elimination of iron complex

Metabolism

Recommended dose
mg kg™ day™*

Chelation efficiency (% of
drug excreted iron-bound)

Main adverse effects (for more
information see text)

Potential drug interactions

Complex remains similar (about
7 uM) with ascending doses but
iron-free drug and metabolites

increase®®

0

Urine and faeces

Iron complex removed more
slowly than free drug

Intrahepatic to metabolite B
which binds iron'*°

30-60 5-7 times per week
13

Ocular, auditory, bone growth
retardation, local reactions,
allergy

Vitamin C (in doses >200 mg)
Prochlorperazine

Complex accounts for about 10% of
plasma drug in steady state*"’

20

Faeces

>90% eliminated in faeces, 60% unmet-

abolised. Metabolism mainly in liver
to glucuronides. Oxidative metabolism

by cytochome P450 accounts for <10%.

Most metabolites bind iron*®

20-40 once daily
27

Gastrointestinal increased creatinine,
Hepatitis

- Inducers of uridine diphosphate glucu-
ronosyl transferase
- Bile acid sequestrants

- Cytochrome P450 (CYP) 3A4/5, CYP2CS,
or CYP1A2 substrates'®’

Complex correlates with
urine iron excretion
and predicts response
to therapy®

0

PDOLLIIAQO UOLT 21u23SKS JO JuawiIna.]

Urine

Glucuronide formed in
liver does not bind
iron?®’

75-100 in 3 divided doses
7

Gastrointestinal, arthral-
gia, agranulocytosis/
neutropenia

Drugs inducing
neutropaenia

Aluminium-based
antacids

Vitamin C ?

STT
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determined by duration of plasma residency (long plasma half-life) and by
slow rates of inactivation by metabolism. Once a chelator is cleared from
the plasma compartment, NTBI and labile plasma iron rebound rapidly*
because NTBI and LIP are highly labile.*®

By contrast, the mobilization of intracellular iron (and hence hepato-
cyte iron) by chelators is favoured by properties such as lipid solubility, low
molecular weight and neutral charge® > (see Chapter 2, Section 2.9). Thus
hydroxypyridinones, such as deferiprone, access labile iron pools more rap-
idly than DFO,°*%777¢ the latter taking about 4 hours whereas hydroxypyrid-
inones may take only a few minutes. Deferasirox (DFX, Exjade®) appears to
access labile intracellular iron rapidly as well as having access to iron pools
within organelles.®””*

The second major chelateable pool, accounting for about half of all che-
lated iron, is intracellular iron derived from ferritin catabolism in hepato-
cytes, which is excreted in faeces with all of the above chelators. Iron stored
as ferritin and haemosiderin (and MRI visible) does not directly damage cells
and is not directly chelateable at clinically relevant rates. However its catabo-
lism within cells every few days contributes to the labile iron pool. The mag-
nitude of this labile iron pool is proportional to the amount of storage iron
within cells and the rate of turnover within cells. Turnover and catabolism of
storage iron is faster in hepatocytes than cardiomyocytes, making chelation
more efficient in the former. Interaction of chelators with isolated ferritin in
vitro, in cell culture, in experimental animals®®”” or in the clinic® is not direct
at any moment in time. Only the potentially toxic transient chelateable iron
pool fraction, derived from ferritin or haemosiderin catabolism, accounting
for up to 20% of cellular iron, is available for rapid chelation.”® This means
that simply increasing a chelation dose may not be beneficial if all the labile
iron pools have already been chelated. Indeed if the dose is increased beyond
this point, this increases the risk of chelating metabolically critical iron
pools, with inhibition of metalloenzymes such a ribonucleotide reductase.”
Unfortunately, the same properties that favour rapid absorption also favour
inactivation and inhibition of essential metalloenzymes, such as ribonu-
cleotide reductase, within cells.”” Thus larger and less lipophilic molecules
tend to interact with intracellular metalloenzymes more slowly than small
lipid-soluble molecules.”®”?

Because both major chelateable iron pools are being constantly generated,
either by red cell catabolism within the macrophage system or by ferritin
catabolism mainly in hepatocytes,® continuous exposure to moderate doses
of iron chelation are preferable therapeutically to intermittent high doses. In
addition to maximizing iron excretion, continuous exposure to chelation will
remove NTBI and labile plasma iron (LPI) while present in plasma. Thus suc-
cess of iron chelators is also affected by their pharmacokinetic and pharma-
codynamic interactions. Depending on the rate of absorption, elimination
and metabolism, plasma and cellular concentrations of chelators and their
iron complexes differ considerably. The metabolism of chelators has been
shown to have a key bearing on their efficacy and toxicity both in laboratory
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animals®®* and in humans.® It is often forgotten that the iron-chelate com-

plex can be considerably slower to be eliminated than the free ligand. Thus,
for example, the iron complexes of DFP can be detected in the plasma of
patients a week after the last dose of the drug, and levels can be used to pre-
dict chelation response.5¢

As these two chelateable iron pools are finite at any moment, increasing the
dose of a chelator may not have a proportionately increased effect on iron excre-
tion, while increasing the risk of toxicity disproportionately due to an excess
of free chelator. This limits the efficiency of chelation therapy (the proportion
of the drug that ends up being excreted in the iron-bound form). Thus the effi-
ciency of DFO is about 13% in iron-overloaded patients, whereas that of DFP
is about 4%, and DFX about 27%.%*® The variable efficiency of these different
chelators can be understood from the principles that have just been discussed.
Thus the relatively low efficiency of DFP relates not only to its rapid metab-
olism to forms that do not bind iron but also to its short plasma half-life.*
Conversely, the long plasma half-life of DFX together with its slower metabolic
inactivation® contributes to the higher efficiency of this drug.”* Also, consis-
tent with these principles is the observation that iron excretion with DFX,*>
as with DFO,”** is directly proportional to the AUC (area under the curve). A
further advantage of slow elimination of chelators is that 24 h protection from
labile iron species in plasma or within cells can be achieved.*»*

At this time there are 3 chelators that are licensed for the treatment of
transfusional iron overload: desferrioxamine (DFO), deferiprone (DFP) and
deferasirox (DFX) (Table 4.1). It can be seen from Table 4.2 how the molecu-
lar size and pharmacokinetics of the three chelators differ.

4.4 Monitoring Iron Overload and Its Treatment

Monitoring iron overload and the effects of chelation is critical to the success
of chelation treatment. The monitoring of iron overload in patients receiving
blood transfusion and chelation therapy falls into three categories:

- monitoring trajectory of iron overload and distribution
- monitoring for end-organ damage from iron overload
- monitoring for unwanted effects of iron chelators

4.4.1 Monitoring Trajectory of Iron Overload and
Distribution

4.4.1.1 Serum Ferritin (SF)

Serum ferritin is the most convenient marker of iron overload as it is inex-
pensive and simple to repeat, for example, at the time of cross-matching and
the taking of other blood samples. SF is measured immunologically which
takes no account of the iron content of SF which is typically very low as SF
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Table 4.2 Physicochemical properties of chelators.

Lipid solubility  Lipid solubility

Molecular Chelator:Iron  Stability Charge of free = Charge of iron of free ligand of iron complex
Chelator  weight binding ratio  constantlogfn pM complex complex (log Kpare) (log Kpar)
DFO 561 1:1 33 26.6 1+ 1+ —2.0 -1.5
DFP 139 3:1 37.2 20.5 0 0 —0.8 -1.1
DFX 373 2:1 26.5 22.5 1- 3= +6.3 Not known
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is secreted from macrophages in its iron-free glycosylated form.* Iron-rich,
unglycosylated ferritin may be found in serum when hepatocellular damage
occurs®®®” but the contribution of this form of SF under different clinical
scenarios has not be fully characterized. SF mainly reflects iron in the eryth-
rophagocytic macrophage system (EMS) (formerly called the reticuloendo-
thelial system, RES) and in the hepatocyte once the macrophage system is
‘full’. SF measures do not always predict body iron or trends in body iron
accurately and variation in body iron stores account for only 57% of the vari-
ability in plasma ferritin* in thalassaemia major. This variability is partly
because inflammation increases serum ferritin and partly because the distri-
bution of liver iron between macrophages and hepatocytes in the liver has a
major impact on plasma ferritin. A sudden increase in serum ferritin should
prompt a search for hepatitis, other infections, or inflammatory conditions.
As most SF assays were developed for detecting iron deficiency, the linear
range of the assay at high SF values has not always been validated. SF must
therefore be performed in a laboratory that has established the linear range
of the assay at high SF concentrations.

It is important to appreciate that while SF does not measure iron in
the endocrine system or myocardium, there is an important relationship
between the control of ferritin and the risk of extrahepatic iron, which has
sometimes been underplayed by those who measure myocardial iron more
than treating patients. Early work showed the long-term control of ferritin
or indeed liver iron over many years is key to treatment success and long-
term survival.*®*1%%® Specifically there was a significantly lower risk of car-
diac disease and death in at least two-thirds of cases where serum ferritin
levels had been maintained below 2500 pg L™ (with DFO) over a period of
a decade or more.*® Observations with larger patient numbers show that
maintenance of an even lower serum ferritin of 1000 ug L™ confers addi-
tional advantages.*®

SF is most useful in the management of iron-overloaded patients on chela-
tion therapy in identifying trends. This may reflect the efficacy of treatment
or patient compliance with treatment. A decreasing trend is good evidence of
decreasing body iron burden, as there is rarely any other explanation (other
than vitamin C deficiency). On the other hand, the absence of a deceasing
trend does not exclude a decreasing iron burden. While an increasing SF
trend implies an increasing iron burden, other factors such as inflamma-
tion or tissue damage may increase SF sometimes making interpretation
difficult.

Particularly, at higher levels of SF, the relationship between body iron and
SF is not always linear and body iron can fall considerably from a high start-
ing point (e.g. LIC > 30 mg g ' dw) before a change in ferritin is clear. Below
3000 pg L™, SF values are influenced mainly by iron stores in the macro-
phage system whereas above 3000 pg L' they are determined increasingly
by ferritin leakage from hepatocytes.’®*® Day-to-day variations are particu-
larly marked at these levels. The relationship between serum ferritin and
body iron stores may also vary with the chelator being used® and with the
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duration of chelation therapy.'” A lack of decrease in SF in response to chela-
tion may not be a true indication of lack of response: thus while among 374
patients who showed no SF response to 1 year of deferasirox, 52% actually
decreased their LIC, indicating that a lack of SF response should be inter-
preted with caution; half the patients may be responding with respect to iron
balance.'”" Conversely, since a decrease in SF predicts a decrease in LIC in
80% of patients, MRI measurement (where available) can be prioritized for
patients with SF increase or no change (see below).

4.4.1.2 Liver Iron Concentration (LIC) Monitoring

Liver iron concentration (LIC) is the most reliable indicator of body iron
stores. Total body iron stores in mg kg™ = 10.6 x the LIC (in mg g™ dry
weight).? Adequate control of LIC is linked to the risk of hepatic damage, as
well as the risk of the extrahepatic spread of iron. Normal LIC values are up to
1.8 mg g~ dw, with levels of up to 7 mg g ' dw seen in some non-thalassaemic
populations without apparent adverse effects. Sustained high liver iron con-
tent (LIC) (above 15-20 mg g ' dw) have been linked to worsening progno-
sis,'®1%% liver fibrosis progression'® or liver function abnormalities."” In the
absence of prior iron chelation therapy, the risk of myocardial iron loading
increases with the number of blood units transfused and hence with iron
overload.’™*' However, the relationship between LIC and extra-hepatic iron is
complicated by chelation therapy. This is because iron tends to accumulate
initially in the liver and only later in the heart, but also because it is removed
more rapidly from the liver than the heart by chelation therapy.”>*° Thus
in patients receiving chelation therapy, whilst high LIC increases the risk of
cardiac iron overload, a single measurement of LIC will not reliably predict
myocardial iron and hence cardiac risk. The trend or trajectory of LIC, and
SF, are more important indicators of the trajectory of myocardial iron.>

Because of the issues with SF measurement described above, sequen-
tial measurement of LIC is the best way to determine whether body iron is
increasing or decreasing with time (iron balance). Sequential LIC determi-
nation is the gold standard in assessing new chelation therapies in clinical
trials. In routine clinical practice, LIC determination should be considered
for those patients whose SF levels deviate from expected trends. LIC deter-
mination should also be considered more frequently for those patients with
suspected co-existing hepatitis or patients on chelation regimens with vari-
able or uncertain responses. Patients with SF values <1000 pg L™ may also
benefit from LIC determination as, in all these cases, LIC determination may
reduce the risk of giving either inadequate or excessive doses of chelation
therapy. LIC may be particularly useful when new chelating regimes are being
used where the relationship between iron balance and SF may not have been
established. When a patient fails to show a fall in SF over several months, the
change in LIC can identify whether the current regime is adequate or needs
to be modified (increased frequency or adherence, increased dose, or change
in regime).
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4.4.1.3 Methods for Measuring LIC

Biopsy: Chemical determination on a liver biopsy sample (fresh, fixed or
from dewaxing of paraffin-embedded material) was the so-called gold stan-
dard for many years. This has a number of disadvantages however. Biopsy is
an invasive procedure which, in experienced hands, has a low complication
rate'® but this is not zero and patients find the procedure uncomfortable
and occasionally frightening. Misleading results can also be obtained due to
inadequate sample size (<1 mg g™ dry wt, 4 mg g™* wet wt or about a 2.5 cm
core length) or uneven distribution of iron, particularly in the presence of cir-
rhosis.'” An advantage of biopsy is that it also allows the evaluation of liver
histology, which cannot yet be reliably estimated by non-invasive means. The
use of fibro-scanning,'® with or without serological markers of liver damage,
as a tool for determining cirrhosis in iron overload has yet to be fully vali-
dated so biopsy is still required, when histology is essential, particularly in
the presence of concomitant hepatitis.

MRI: MRI techniques are now becoming the most widely used methods for
quantitation of liver iron concentration (LIC). However there are a variety of
methods, which may not be equivalent (see Chapter 7). It is critical that any
measurements are validated and calibrated and that a consistent technique
is used for any given patient in order to interpret trends. The principle shared
by all currently used MRI techniques is the application of a radio frequency
(RF) magnetic field pulse to the tissue (e.g., liver or myocardium), whereupon
the protons take up energy, altering their spin orientation before they later
relax returning to their original state.

Spin echo and gradient echo techniques have been used. With spin echo,
after the pulse, the time the nuclei take to relax gives the relaxation times:
T1 in the longitudinal plane and T2 in the transverse plane. High tissue iron
increases the rate (R) of decline in this signal. Gradient echo techniques are
achieved by applying a strong and graded magnetic field to the RF pulse. An
important point is that tissue iron concentration is not linearly related to
either T2* or T2 but is linearly related to their reciprocals 1/T2* and 1/T2 (also
referred to as R2* and R2, respectively). Both gradient and spin echo tech-
niques can be achieved with a single held breath while T2 or R2 take a little
longer to acquire data. The strength of the magnetic field applied is measured
in tesla (T) units; 1.5 T machines are more suitable for iron measurement
because 3 T machines give worse susceptibility artefacts and the maximum
detectable iron level is also halved (which is too low for many patients).'***"”
Liver biopsy was used to calibrate the first widely used T2* technique®* but it
now appears that LIC was significantly underestimated by a factor of two.'*®
While this has now been recalibrated'®® the technique is still not equivalent
to a widely used and externally validated technique (FerriScan®) which mea-
sures 1/T2 (or R2)'*. This technique shows acceptable linearity and reproduc-
ibility up to LIC values of about 30 mg g™ dry wt'® and can be introduced into
hospitals with little training, as data acquired is sent electronically for central
analysis by dedicated FerriScan® software (payment is per scan analyzed).
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4.4.1.4 Mpyocardial Iron Estimation (T2* or Other Measures)

The principles of iron measurement for the heart are the same as for the
liver but there is the extra challenge of measuring a moving object, the myo-
cardium. The shorter acquisition time for T2* allowed data collection over
a single breath hold.’™ A T2* of <20 ms (and especially <10 ms) was asso-
ciated with a decreased left ventricular ejection fraction.** Subsquently the
T2* method has been correlated with biochemical iron measurement in
post-mortem samples.'! Myocardial iron concentrations associated with
heart failure were only 5.98 mg g~* dry wt; levels that would not be harmful in
the liver. Myocardial iron concentration (mg g™* dry wt) can now be derived
from T2* = 45 x (T2* ms)."**> The proportion of patients developing heart fail-
ure in the next year increases progressively to 18%, 31% and 52% with T2*
values of 8-10 ms, 6-8 ms and <6 ms, respectively.''? These risks may be con-
siderably less in patients taking regular chelation. Indeed, prospective stud-
ies of patients with T2* < 10 ms receiving DFX, failed to develop heart failure
over a 2-3 year period. EPIC'™ mT2* has been validated internationally*'*
and is now recommended for yearly monitoring. The method in a given treat-
ment centre must be independently validated and calibrated. More recently,
T1 has been used to assess myocardial iron and may be more sensitive to
mild levels of myocardial iron overload.*®

Heart function: Prior to the development of mT2*, sequential monitor-
ing of LVEF was adopted.”®'® When LVEF fell below the reference value
there was a 35-fold increased risk of clinical cardiac failure and death with
a median interval to progression of 3.5 years, allowing time for intensifica-
tion of chelation therapy. This approach requires a reproducible method for
determination of LVEF. MUGA was originally used here but assessment of
LVEF is now more convenient by MRI. Echocardiogaraphy is generally too
operator-dependent for sequential monitoring, although much useful infor-
mation can be obtained in the hands of an experienced cardiologist. As only
a subset of patients with T2* values less than 20 ms have abnormal heart
function, sequential measurement of LVEF can identify the patients who
develop decompensation of LV function and are at exceptionally high risk,
thus requiring very intensive chelation therapy. This should ideally be with a
regime containing 24 h desferrioxamine, which can reverse LV dysfunction
and heart failure if started in a timely way.>>**®"

4.4.1.5 Monitoring of Other Organ Functions and Iron-Mediated
Damage

Endocrine function has to be monitored in order to detect and correct defi-
ciencies but usually by the time diabetes, hypothyroidism, hypoparathy-
oidism or hypogonadotrophic hypogonadism (HH) have been identified,
irreversible damage has occurred. The focus is then on replacing the missing
hormones. Endocrine failures of this nature are late effects and the primary
aim of chelation therapy is to prevent such damage. There is some data that
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glucose tolerance can be improved when iron levels are brought very low''®
but generally endocrine damage is irreversible.

Iron overloaded patients should be monitored for evidence of damage
to the most susceptible tissues. Hypogonadotrophic hypogonadism (HH)
occurs early in the evolution of endocrine dysfunction and affects growth and
sexual development as well as biochemical markers of HH. Diabetes mellitus
needs to be screened by yearly oral glucose tolerance testing and random
urine screening. Hypothyroidism and hypoparathyroidism can be screened
by simple blood testing. There has been recent interest in using MRI as a way
of identifying the risks of iron-mediated damage to the endocrine system.
Early work in this area showed good correlation between MRI findings (loss
of pituitary volume) and biochemical markers of pituitary damage."® With
improved MRI imaging, other endocrine organs have also been evaluated.'*
The close correlation between iron deposition in the heart and deposition in
endocrine tissues such as pituitary and pancreas is of interest.'*"'?*> This is
consistent with the notion of shared uptake mechanisms for NTBI in heart
and endocrine tissue.

4.4.1.6 Urinary 24 h Iron Estimation

This is used less frequently than in the past for a variety of reasons. Firstly,
day-to-day fluctuation of urine iron is considerable, sometimes varying by
100% within an individual patient. Secondly, DFX excretes virtually no iron in
the urine. Thirdly, the proportion of urinary iron seen with DFO is also vari-
able, varying considerably with transfusion cycle but consisting of approxi-
mately half of the total iron excretion.'* Thus the urine iron measurement is
mainly used for assessing excretion with DFP.**'** However the inherent vari-
ability of urine iron values and the inconvenience of 24 h collections mean
that this is not widely used in routine monitoring.

4.4.1.7 Plasma Non-Transferrin Iron (NTBI) and Labile Plasma
Iron (LPI)

Plasma NTBI and LPI are a heterogeneous collection of plasma species
unbound to transferrin, some of which are bound to citrate and plasma pro-
teins.” Various assays provide variable reference ranges but generally cor-
relate with each other.’>® NTBI can be estimated using a chelation capture
method followed by HPLC'® or by colorimetric analysis.'”” Alternatively
NTBI species can be estimated by their ability to oxidize a fluorochrome,
such as in the LPI assay.*>* This may be better suited to measurements when
iron chelators are present in plasma.**® More recently, a bead assay that
measures NTBI directly using a hexadentate ligand has been compared to
established methods."*® Because NTBI is considered the main route through
which iron is distributed to liver and extrahepatic tissues in thalassaemia
major, NTBI levels might be expected to correlate with the risk of damage
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to these tissues. NTBI broadly correlates with transferrin saturation,* as
does LPL'* Weak correlations with serum ferritin and LIC have also been
noted."® More recently, clear correlations of LPI with the transfusional iron
loading rate have been observed as well as an inverse relationship with cir-
culating transferrin receptors and hence transferrin iron clearance by the
erythron.'' LPI values also decline immediately after a single dose of chela-
tor,"** and progressively with chelation treatments."** However whilst some
loose associations of NTBI,'*® or LPI'** with some markers of cardiac iron
or response to chelation have been reported,'’ so far measurements have
not been sufficiently strongly predictive of cardiac risk to be recommended
for routine clinical practice. This is partly because NTBI and LIP are highly
labile, rapidly returning or even rebounding®* after an iron chelator has been
cleared.” NTBI is also affected by other factors such as ineffective erythropoi-
esis, phase of the transfusion cycle and rate of blood transfusion,"** adding
to the complexity of interpreting levels."*® In addition, it is not clear whether
the various methods identify the species most stringently linked to myocar-
dial iron uptake. Therefore, although the measurement of NTBI (or LPI) has
proved a useful tool for evaluating how chelators interact with plasma iron
pools, its value as a guide to routine treatment or prognosis has yet to be
clearly demonstrated.

4.5 Properties and Clinical Beneficial Effects of
Available Iron Chelators

4.5.1 Desferrioxamine (Desferal) DFO
4.5.1.1 Physicochemical Properties and Iron Binding

Desferrioxamine (DFO) is a naturally occurring, hexadentate siderophore
derived from Streptomyces pilosus. DFO has a hexadentate structure where
one molecule completely coordinates the 6 potential iron binding sites of
one iron(111) atom. For one molecule of a chelator to achieve this, a relatively
high molecular weight of 560 results, which severely limits gastrointestinal
absorption, so that parenteral administration is necessary. Due to its hexa-
dentate structure Fe*', is efficiently scavenged even at low concentrations of
iron, as evidenced by the high pM (Table 4.2). The resulting DFO-iron com-
plex, ferrioxamine (FO), is very stable (stability constant = 10°!). Other metals
are bound with a much lower affinity; only the chelation of aluminum has
clinical significance (stability constant = 10**-10%°) and DFO has been suc-
cessfully used to treat aluminum overload in renal dialysis patients at doses
of 5-10 mg kg™' once weekly."*” The affinity of DFO for other metal ions is
much lower, namely, Cu®* (10'*), Co*" (10'"), Zn** (10'"), Fe** (10'%), Ni** (10'),
and Ca** (10%).%

The distribution of DFO and its iron complex ferrioxamine (FO) are deter-
mined by molecular size, charge and lipid solubility of both species. The pos-
itive charge of DFO, together with the negative resting potential of vertebrate
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cells, favours cellular uptake of DFO, but this is counteracted by the low lipo-
philicity and the high molecular weight of DFO.** Thus uptake of DFO is slow
in cells, as has been demonstrated in K562 cells in vitro, where concentrations
approaching those outside cells are not seen for about 4 hours.®®”® Hepato-
cytes however appear to have a facilitated uptake mechanism for DFO. The
iron complex FO also has a uni-positive charge that tends to retard the egress
of the iron complex from cells such as cardiomyocytes.’® In hepatocytes how-
ever active excretion mechanisms exist for excretion in the bile. Furthermore
metabolism of DFO to metabolite B, which has a negative charge, favours
egress of this metabolite from hepatocytes.”® DFO enters most cells much
more slowly than deferiprone (DFP) because of its low lipid solubility, high
molecular weight and charge.”*

4.5.1.2 Pharmacokinetics of Free Ligand and Iron Complexes

The plasma half-life is short with an initial half-life of 0.3 hours and a ter-
minal half-life of 3 hours."*® Mean steady state concentrations of 7.4 uM are
achieved with an intravenous infusion of 50 mg kg™ day™ 24 138. The major
iron-binding metabolite and levels of metabolite B are generally lower than
those of DFO."*® DFO is cleared by the liver and by the kidney, but once iron
is bound to form ferrioxamine in the plasma, clearance is almost exclusively
renal as ferrioxamine is not cleared by the liver. This means that in renal
disease the iron complex ferrioxamine rather than the free ligand DFO accu-
mulates in plasma. Fortunately, as ferrioxamine is highly stable it does not
redistribute iron significantly within the body. Metabolism of the iron-free
drug, but not the iron complex, occurs within hepatocytes, a decrease in the
availability of chelateable iron increases the proportion of metabolites.”*"*
Faecal iron excretion as ferrioxamine is almost entirely due to intra-hepatic
iron chelation after uptake of DFO into hepatocytes. This results in chelation
of cytosolic and possible lysosomal iron to form ferrioxamine that is then
excreted in the bile.”” About a third of chelated iron is excreted through bile
into the faeces, and this increases proportionately relative to urinary excre-
tion with higher DFO doses.'*® By contrast, urinary iron is mainly derived
from iron released into the plasma compartment after red cell catabolism in
macrophages.'*!

4.5.1.3 Effects on Iron Balance and Ferritin

The ability of DFO to induce negative iron balance has been known for three
decades and is usually effective at excreting enough iron in urine plus faeces
to keep pace with iron accumulated by transfusion.'? This requires treat-
ment as an infusion 5-7 nights per week over 12 hours. Most information
obtained about the doses and frequency required for iron balance were not
randomised studies and will not be reviewed here. However, formal evaluation
of DFO as a comparitor has occurred in more recent randomised studies that
compare its effects with DFX. These studies have clarified the relationships
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between dose, iron loading rates and iron balance, and hence response to
treatment. At typical transfusional ion loading rates (0.3-0.5 mg kg™ day ™)
negative balance was achieved in 75% of patients prescribed 35-49 mg kg™
day ™ given subcutaneously 5 days per week, whereas at doses of 50 mg kg™
day ™’ or greater, response rates increased to 86%. At higher iron loading rates
(0.5 mg kg™ day™) a response was seen in only half (50%) of the patients
prescribed 35-49 mg kg™' day™ given subcutaneously 5 days per week, but
this increased to 89% at doses of 50 mg kg™ or greater." As described above,
SF is a convenient marker of trends in iron overload and dose-dependent
reductions with DFO have been recognized for several decades. In general,
the trend in serum ferritin often reveals more about compliance and trends
in iron balance than do body iron levels. The impact of dose on ferritin dec-
rements has been shown in a large-scale trial.'** At a daily dose of 40 mg kg™
5x per week in thalassaemia major, the mean serum ferritin fell by approxi-
mately 360 pg L' at 1 year, and by 1000 pg L™" at 50 mg kg™*. The planned dose
should be increased if the transfusional iron intake is higher than average.

4.5.1.4 Long-Term Effects on Survival

After the introduction of infused subcutaneous DFO in the late 1970s, the
impact of this regime on overall survival began to emerge in the 1980s'** but
the full impact was clearly documented only subsequently.'®?%444653 A study
of nearly 1000 Italian patients in 2004 showed that cohorts born in 1970-74
showed 5% mortality by the age of 20 whereas this fell to 1% in cohorts born
from 1980-84 after subcutaneous DFO infusions were in widespread use
from about 1980.%® The age of starting treatment is also a key factor in sev-
eral studies'”®*® although the optimal age has not been formally assessed.
Adherence to therapy is key to long-term survival. Life table analysis shows
that patients who comply well with treatment can have 100% survival at age
25 whereas survival for patients who comply poorly is only 32%.'° When sub-
cutaneous infusions of DFO are more than 250 times a year (equivalent to
about 5 times per week) survival is 95% at 30 years of age but below this
frequency, survival is only 12%.** The setting in which patients are treated
impacts on adherence and hence on survival; in patients treated by DFO at
a single expert institution, survival at 40 years was 83% and in compliant
patients born after 1975 survival at 25 years was 100%,'** contrasting with
survival in the UK as a whole.'*®

4.5.1.5 Effects on the Heart

Cardiac mortality has decreased markedly since DFO infusions were first
introduced in the late 1970s though this remained the leading cause of death,
mainly due to inadequate adherence with the demanding subcutaneous infu-
sion therapy 5-7 nights per week. This, together with the reversal of cardiac
failure with continuous intravenous DFO, provides strong evidence of its
cardio-protective effects. DFO can thus prevent,'***** and can also reverse,
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cardiac toxicity from iron overload."*** MRI evidence shows that that DFO
also removes myocardial iron, even in very severe cases of myocardial iron
loading (T2* values of 5 ms), a 58% improvement in mT2* was seen over 1
year of intravenous therapy."”® Improvement in LVEF preceded changes in
T2*, suggesting that beneficial chelation of labile iron pools functions inde-
pendently of changes in storage iron (visible as mT2*). However, unless stor-
age iron has been cleared from the heart, with mT2* > 20 ms interruption of
intensive treatment carries high risk. Furthermore, nomalisation of mT2*,
even with continuous intravenous DFO, may take up to 5 years in the most
severely loaded patients.'** Intravenous therapy is not necessarily required
provided heart function is good and myocardial iron loading is moderate
(10-20 ms). Thus, subcutaneous DFO, 5 days per week also improved myo-
cardial iron in such patients in the context of randomized clinical trials over
1 year.”! Reported response to such regimes is variable for reasons that are
not entirely clear but may relate to baseline liver iron concentration. Thus
change in T2* over 1 year differed considerably in patients in different cen-
tres but given similar regimes (1.1% change'*° vs. 2.2% change in mT2* %),

4.5.1.6 Other Long-Term Effects on Morbidity

The other documented improvements with DFO therapy include: improve-
ment in liver fibrosis,”* decreased severity of hypogonadism,'** improved
glucose tolerance'* and decreased incidence of diabetes,'® hypothyroidism
and hyperparathyroidism in successive birth cohorts of patients.*® Unlike
heart failure, once evidence of advanced endocrine dysfunction has devel-
oped, reversal has not been documented. Evidence of prevention of iron-
mediated organ damage is also persuasive. Very early studies showed that
intramuscular DFO at relatively modest doses stabilized hepatic fibrosis. In
patients receiving subcutaneous infusions of DFO, in the absence of histolog-
ical evidence of active hepatitis, hepatic fibrosis was stabilized over an 8 year
period.” Introduction of subcutaneous infusions of DFO before the age of
10 years significantly reduces gonadal dysfunction from iron overload, with
improvement in pubertal status and growth.'”® Concomitant improvement
in fertility has also been seen, although secondary amenorrhea is still com-
mon."*® The onset of glucose intolerance is delayed and may be improved*>*
by the timely use of DFO. Hypothyroidism can be prevented and may also be
reversed."”’

4.5.2 Deferiprone (DFP)

4.5.2.1 Physicochemical Properties and Iron Binding

1,2-Dimethyl-3-hydroxypyrid-4-one, deferiprone (DFP, L1, CP20, kelfer, ferriprox)
is a bidentate iron chelator and a member of the family of 3-hydroxypyrid-4-one
chelators.””® DFP is less hydrophilic than DFO, with about one third the
molecular weight (M, = 139), but is still not truly lipophilic, being about 5
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times more soluble in water than lipid."®® The simple stability constant
for iron(111) is about six orders of magnitude higher than for DFO. How-
ever, more clinically relevant is the pM (—log of the uncoordinated metal)
[M = iron] concentration, calculated when: pH = 7.4 with 10 uM ligand and
1 uM iron(111), which is 20, and lower than that of DFO at 26.6 (see Chapter 2,
Section 2.4.3).'® Thus, while iron(111) binding is efficient at high concentra-
tions of DFP, at lower chelator concentrations, such as 10 pM, and at clin-
ically relevant iron concentrations of 1 pM, DFO will scavenge iron more
efficiently than DFP. The lower pM also increases the potential to redistrib-
ute iron within the body'®" with the potential formation of incomplete 1:1
and 1:2 iron-chelate complexes which, theoretically, could participate in the
generation of hydroxyl radicals.® This may explain the arthropathy occasion-
ally seen in heavily iron-loaded patients possibly due to free radical genera-
tion by iron complexes in the joint space.'®® There is a potential advantage
to the low pM, however, because as chelateable iron concentrations fall in
tissues, the risk of over chelation, such as occurs with DFO, may be less. DFP
and its 3:1 iron complex are both neutrally charged which, together with
the less hydrophilic nature of the iron chelator and its complex than DFO,
encourages a rapid diffusion of the free chelator into cells, and its iron com-
plex out of cells. This is unlike DFO, which slowly accumulates within cells
reaching concentrations exceeding those in the plasma; DFP egresses rela-
tively quickly,*®”®* although the iron complexes of DFP are still detectable in
plasma a week after ceasing regular clinical dosing of this drug and levels can
be used to predict chelation response.®®

4.5.2.2 Pharmacokinetics

Absorption is rapid following oral administration and DFP is detectable in
plasma within 5 to 10 minutes (see Chapter 2, Figure 2.15A). In contrast to
DFO, iron excretion with DFP in humans is almost exclusively in the urine.'®*"
1% High DFP concentrations are achieved at commonly prescribed doses,
with plasma levels exceeding 300 uM after a 50 mg kg™ dose orally.*'*° Such
levels are 5 to 10 times higher than infused DFO."**'** Cell culture studies in
myocytes show that these high concentrations, together with rapid access
to intracellular iron, may favour the scavenging of chelateable iron.”* How-
ever, these high levels are short-lived with an elimination half-life of 1.52
hours.* This means that at currently prescribed dosing, three times daily,
low plasma and tissue levels are likely between doses, particularly overnight.
DFP is metabolized in hepatocytes to the inactive glucuronide, which is the
predominant form recovered in the urine.'*®'*” A constant ratio of AUC of the
DFP-glucuronide to DFP at increasing doses indicates that increasing the
dosage does not influence deferiprone biotransformation.'®® Rapid hepato-
cellular glucuronidation® may limit effective iron chelation in the liver.*® By
contrast, in other cells, such as myocytes, glucuronidation is predicted to be
less than in liver, which may explain why DFP appears to be more effective in
the heart than the liver. A more recent study'*® found the C,,,,, and the AUC as
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well as the urine iron excretion, were significantly higher in splenectomised
patients than in non-splenectomised patients possibly due to higher levels of
iron overload in this group as ferritin and NTBI also correlated with AUC and
UIE. Further analyses using multiple linear regressions indicated that the
iron profiles (non-transferrin-bound iron and ferritin) were significant pre-
dictors of the pharmacokinetic parameters of non-conjugated deferiprone,
deferiprone-chelated iron and UIE.

4.5.2.3 Effects on Iron Balance

At 50 mg kg " daily of either DFO (12 infusion) or DFP, mean daily urinary
iron excretion was lower during DFP.'** In sickle cell disease, total daily excre-
tion of 0.53 mg kg™! day ' was observed with excretion mainly in the urine.'®
Long-term LIC trends from meta-analysis of several studies show consid-
erable inter-study variation, reflecting the heterogeneity of dosing sched-
ules, transfusion rates, baseline LIC values, and follow-up periods.’”® The
response rate (percentage of patients showing an LIC decrease) was variable
but is higher at high baseline LIC values. 76% of patients with TM showed an
LIC response (decrease in LIC) at a mean of 3 years,'”! but this decreased to
56% after further follow-up.'’? In another 2 year prospective study, only 24%
of patients overall showed negative iron balance within 2 years but this was
higher (50%) in patients where LIC exceeded 9 mg ¢! dry wt.'*

Considerably more data are available with SF used as a surrogate marker of
iron balance in studies comparing DFP with DFO."*"'7*"'° The relative effects
of the two drugs differ considerably among the studies, most likely reflecting
different study population characteristics. Pooled analysis'’® shows a statis-
tically significant decrease in serum ferritin at 6 months, in favour of DFO.
Ferritin response rates (percentage of patients showing decrements in serum
ferritin) are lower at baseline SF < 2500 mg L. The response rate for ferritin
tends to be greater (e.g., 58%) than for LIC (24%) and ferritin response is
lower when baseline values are less than 2500 mg L.

4.5.2.4 Effects on the Heart

A beneficial effect on cardiac deaths has been reported although outcomes
vary considerably between studies. An early study showed continued cardiac
mortality in thalassaemic patients treated with DFP: in 51 patients previously
poorly chelated with DFO, four died of cardiac causes while receiving DFP."*
In alarge retrospective analysis of 532 Italian thalassemia major patients over
3 years of treatment, 9 died of heart failure while being treated with DFP."”’
However, another retrospective analysis of survival in seven Italian hospi-
tals over 4.3 years reported significantly better survival in DFP- than DFO-
treated patients.'”® In a retrospective analysis of patients treated in Cyprus,
improving mortality over time was attributed to the introduction of DFP.'”®
In a prospective randomized MRI study, high DFP doses (92 mg kg™ day™)
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were compared with subcutaneous DFO at 53 mg kg™ given 5 days per week
at standard doses (mean daily dose 43 mg kg™ day™)."*® After 1 year there
was significant improvement in T2* and increase in left ventricular ejection
fraction (LVEF) with DFP treatment, which was greater than that seen at the
standard DFO doses. In an earlier randomized study, where lower doses of
DFO were used (75 mg kg™ day '), a similar and significant improvement in
cardiac MR signal was seen with DFO- and DFP-treated patients.'’® The dos-
ing and patient selection is likely to be important to the relative outcomes
when two chelators are compared.

4.5.3 Deferasirox (Exjade®) DFX

4-[3,5-bis(2-Hydroxyphenyl)-1,2,4-triazol-1-yl|benzoic acid (DFX, deferasirox)
has a molecular weight of 373. The tridentate structure results in the chela-
tor binding iron(111) in a 2:1 ratio. This results in an iron complex coordi-
nated by 4 oxygen and two nitrogen atoms. The stability of this complex, as
estimated by the pM values, is intermediate between DFO and DFP. DFX is
lipophilic but highly protein-bound in plasma. Despite the protein binding,
good tissue penetration is seen with faster mobilization of tissue iron than
DFO.""'8! Mobilization of myocyte iron appears to be efficient;”"’* this has
been confirmed in studies with iron-overloaded gerbils."**

4.5.3.1 Pharmacokinetics and Metabolism

The drug has low water solubility and is given as an oral suspension once
daily. More recently a tablet preparation has been developed by Novartis that
is clinically available in the USA, but not yet in Europe. Pharmacokinetics
(PK) by the oral route were examined in the first Phase I randomized dou-
ble-blind study using single doses, in 24 patients with thalassemia major who
received single oral doses of dispersible tablets ranging from 2.5-80 mg kg.”!
Absorption was rapid with plasma half-life of 11-19 hours, supporting once-
daily oral administration (see Chapter 2, Figure 2.15B). The AUC 0-24 h and
Cnax Of the iron-free ligand increased proportionally with the dose. At doses of
10-40 mg kg™ day ™" the AUC of the iron complex was approximately 20-30%
of the iron-free drug. Once-daily repeat dosing at 20 mg kg™ resulted in peak
plasma levels of 80 pM with trough values of 20 pM'®*. Administration of
single doses of '*C DFS showed that metabolism occurred at several sites, but
predominantly by glucuronidation in the liver at a position not involved in
iron coordination.’® Elimination of this and other metabolites was predom-
inantly via the faeces. The urinary excretion of DFX and its iron complex is
less than 0.1% of the dose. The final elimination of DFX, the iron complex,
and metabolites appears to be by hepatobiliary anion transport and dose
adjustment is required for patients with hepatic impairment.

Drug interactions may in principle affect either levels of co-administered
drugs or of DFX itself. A recent review suggested that co-administration of
DFX with strong uridine diphosphate glucuronosyl transferase inducers
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or bile acid sequestrants should be avoided where possible, and patients
should be monitored if there is co-administration with cytochrome P450
(CYP) 3A4/5, CYP2C8, or CYP1A2 substrates.'® Using in vitro assays, some
displacement of both diazepam and warfarin from albumin was observed
but only at very high DFX concentrations (268 pmol L™). There is broad
agreement however that the clinical relevance of this protein displacement is
minimal with no requirement for dose adjustment.>*° Interactions between
DFX and midazolam suggest modest induction of CYP3A4/5 by DFX:'® the
label recommends close patient monitoring for reduced efficacy with co-ad-
ministration of any drug metabolized by CYP3A4/5.'% Interactions between
DFX and repaglinide, a substrate for Cytochrome P,;,2C8 (CYP2C8), indicate
moderate inhibition of (CYP2C8) by DFX.'® Interactions between DFX and
theophylline (a substrate for CYP1A2) suggest weak inhibition of CYP1A2 by
DFX. Patients should therefore be closely monitored for signs of drug toxic-
ity when the chelator is co-administered with CYP2C8 or CYP1A2 substrates,
particularly with substrates possessing a narrow therapeutic range.'®® Specif-
ically, possible theophylline dose reduction should be considered with DFX
co-administration. With respect to drug interactions leading to changes in
DFX levels, co-administration of rifampicin led to induction of the glucu-
ronidation pathway (through UGT1A), resulting in a 44% reduction in DFX
AUC." Dose increase may be therefore required when DFX is administered
with strong UGT inducers.'®® Use of DFX with bile acid sequestrants is not
advised, although a higher DFX dose may be considered if treatment is
essential.'®

4.5.3.2 Iron Excretion and Iron Balance

Iron excretion in metabolic iron balance studies is dose dependent and almost
entirely faecal,”** averaging 0.13, 0.34, and 0.56 mg kg™ day ' at doses of 10,
20, and 40 mg kg™ day ', respectively. This predicts iron balance at daily doses
of about 20 mg depending on the blood transfusion rate.”” Over 1 year in a
study with conservative dosing, dose-dependent reduction in LIC was seen.'*
The importance of blood transfusion rate to iron balance was demonstrated
so that at low transfusion rates <0.3 mg kg™ day™, 96% of patients had a
negative iron balance at 30 mg kg™ day ' whereas at higher transfusion rates
only 82% of patients had a negative iron balance at the same dose.'” The
broad ferritin trends also reflect iron balance, as shown by the significant
correlation between the SF trend and LIC trend across a wide range of diag-
noses.'” However, a lag in ferritin response may occur, possibly reflecting
preferential iron removal from hepatocytes compared with macrophages'®®
which are the main source of serum ferritin at levels below 4000 mg L.
The finding of a lack of SF response in 52% of patients showing a reduc-
tion in LIC is consistent with preferential early removal of hepatocellular,
rather than macrophage, iron.’ This is also consistent with the proportion
of patients with downward ferritin trends increasing with duration.'® In the
1 year EPIC of 1700 patients, dosing was adjusted successfully at a median of
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24 weeks, based on baseline ferritin, trends in ferritin, and transfusional iron
loading rates.' Based on these findings, and the theoretical considerations
discussed earlier, dose escalation based on ferritin trends should typically be
considered only after at least 3 months of treatment and ideally confirmed
by serial LIC determination.

4.5.3.3 Effects on the Heart

Early pilot observations of improved cardiac T2*,'' showed significant
improvement in mT2* using variable dosing from 10 to 30 mg kg™ day™*
with 73% of patients showing improved T2* at 12 months. Larger prospec-
tive studies with defined dosing regimens then followed.'”* Patients with
beta-thalassemia with T2* from 5 to 20 ms, left ventricular ejection fraction
(LVEF) of 56% or more, serum ferritin of more than 2500 pg L™, and liver
iron concentration of more than 10 mg Fe g™ dry wt'** were followed up to
3 years; a significant improvement in mT2* from 14.6 to 17.4 ms was seen at
1 year at mean doses of 33 mg kg™' day." In patients with baseline T2*
values less than 10 ms, the T2* also increased significantly from 7.4 to 8.2
ms over 1 year. The response rate for improvement of mT2* at 1 year was
70% in this study. 71 patients elected to continue into the third year. 68.1%
of patients with baseline T2* of 10 to <20 ms normalized mT2* and 50.0% of
patients with baseline T2* >5 to <10 ms improved to 10 to <20 ms. There was
no significant variation in left ventricular ejection fraction over the three years
and no deaths occurred."” In a randomized controlled trial of deferasirox
(target dose 40 mg kg') versus deferoxamine for myocardial iron removal in
beta-thalassemia major (CORDELIA),'”® the geometric mean G,,.,, myocar-
dial T2* improved with deferasirox from 11.2 ms at baseline to 12.6 ms at 1
year.'”® At 2 years,'* sustained improvement was seen with mT2* increased
from a baseline of 11.6 to 15.9 ms with improvement across all subgroups of
baseline T2* with LVEF remaining stable. These studies have included only
patients with normal LVEF’s and no significant changes have been seen.'®

4.6 Unwanted Effects of Iron Chelators

4.6.1 Role of Iron Deprivation in Chelator Toxicity

A detailed discussion of the unwanted effects of over-chelation, as well as
unwanted effects of chelators that are not related to over-chelation, has been
undertaken elsewhere. Readers are referred to a recent review by this author
for more detailed discussion.®" Most of the unwanted effects have an increased
probability at higher doses of the chelator and/or when iron overload is less
apparent. The increased risk of neurotoxicity with DFO at higher doses and
at lower levels of iron overload has been known for decades and led to the
development of a therapeutic index which combined these two variables into
a risk score.'® Such work has not been undertaken with oral chelators. There
are no studies on deferiprone where an attempt has been made to investigate
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the relationship of the key unwanted effects of this drug (agranulocytosis) to
dose or level of iron overload. However it is the authors view that should such a
relationship be sought, it may be found. This is based on observations in non-
iron-overloaded patients who have received deferiprone for neurological disor-
ders and where incidence of agranulocytosis appears to be above 1% (personal
communication), although the small series so far published does not report
on either neutropaenia or agranulocytosis.”””'*® On a theoretical basis, inhibi-
tion of RR by DFP, a key enzyme in cell cycle progression, in a dose-dependent
manner combined with dose-dependent marrow hypoplasia in animal mod-
els'® makes this a plausible mechanism. However, it must be noted that pre-
dicting patients most likely to develop agranulocytosis on the basis of dose
and iron load is not straightforward. Thus while a clear link between dose, iron
overload and agranulocytosis has not been systematically investigated, reason-
able precaution about reducing the dose in patients without iron overload or
with low levels of iron overload would seem sensible.

In the case of deferasirox, the majority of unwanted effects have been
linked to the dose given. Mild to moderate gastrointestinal disturbances are
the most common unwanted effects and can be improved by dose reduction
or by dividing the dose. However the most important and dose-limiting toxic-
ity is renal dysfunction. A 30% increase in serum creatinine is seen in about
one third of patients but this is usually manageable without dose interrup-
tion. In patients who start with high baseline creatinine levels, such as older
patients with myelodysplasia, such an increase is more likely.

4.6.2 Desferrioxamine Tolerability and Unwanted Effects

Most of the toxic effects of DFO are dose-related; thus effects on growth,
skeletal changes, and audiometric and retinopathic effects are more likely
at higher doses. These effects are unlikely with subcutaneous infusions in
adults if the dose does not exceed 50 mg kg ™" and care is taken to reduce the
dose as ferritin levels fall. Retinal effects can present with a loss of visual
acuity, field defects, and defects in night or color vision, particularly with
continuous 25 h infusions. Doses of 100 mg kg™* day™, at which these effects
were originally described,*” are rarely given today. Drug-related ototoxicity is
typically symmetrical, high-frequency sensorineural.®® Some adverse effects
are more likely when iron stores are low particularly neurotoxic complica-
tions, where standard doses can be associated with coma in patients without
iron overload. Audiometric and retinopathic effects are more likely at lower
serum ferritin levels,'*® particularly less than 1000 mg L™.?°! In patients who
develop complications whilst receiving DFO, treatment should be temporar-
ily stopped and reintroduced at lower doses when symptoms or signs have
improved. In children, doses greater than 40 mg kg ™' have been associated
with an increased risk of impaired growth and skeletal changes. Thus growth
retardation was seen when DFO was started early (<3 years) or at higher
doses."" Rickets-like bony lesions and genu valgum may occur. Metaphy-
seal changes, in the vertebrae may give a disproportionately short trunk, with
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vertebral demineralization and flatness of vertebral bodies.** Local skin reac-
tions, allergic reactions, and Yersinia enterocolitica infections are less obvi-
ously dose-related.

4.6.3 Deferiprone Tolerability and Unwanted Effects

An International Study Group on Oral Chelators found the most frequent
complications were nausea and other gastrointestinal symptoms, arthralgia,
zinc deficiency, and fluctuating liver function tests, especially in patients
positive for anti-hepatitis C virus antibodies.?”* The effect of dose on tolera-
bility has not been studied systematically. Agranulocytosis is the most seri-
ous effect, occurring in about 1% of patients*” but the effect of dosing on
agranulocytosis in humans has not been reported. In animal studies, bone
marrow hypoplasia with leucopaenia is dose-related however."®® In view of
the risk of agranulocytosis, weekly blood counts are recommended for all
patients on DFP therapy. Agranulocytosis may require GMFSF to aid recovery.
Progression of liver fibrosis has been reported'’> but not confirmed in other
studies.’® Arthropathy, most commonly affecting the knees, may be more
common with high levels of iron overload'®* suggesting a possible effect
of the iron complex. The duration of observation may also influence the
frequency of arthropathy, increasing from 6% at 1 year to 13% at 4 years.>*

4.6.4 Deferasirox Tolerability and Unwanted Effects

More than 3000 patients have been studied in prospective trials of DFX,
where the frequency of unwanted effects has been reported. Most studies
lasted 1 year, several have been extended up to 5 years. Discontinuation rates
were generally lower than those seen with long-term DFP administration.
The most common adverse effects are generally mild to moderate gastroin-
testinal events, including abdominal pain, nausea and vomiting, diarrhea,
and constipation, occurring in approximately 15% of patients with thalas-
semia,'*>-and somewhat higher numbers of older patients with myelodyspla-
sia. Skin rashes occur early in approximately 10% of patients and are usually
transient.'””> Mild dose-dependent increases in serum creatinine in approxi-
mately one-third of patients were seen, occurring within a few weeks of start-
ing or increasing therapy. These increases were usually not progressive and
reversed or stabilized when doses were adjusted. Occasional cases of renal
failure have been reported. It is important to monitor serum creatinine and
to decrease or interrupt the dose if creatinine increments exceed 30% or if
the creatinine increases above the normal range. Failure to do this can result
in renal failure. Proteinuria, with or without a Fanconi type renal tubular
acidosis,**® has been reported and regular monitoring of urinary protein is
recommended. In the presence of severe sepsis or hypotension, it is wise
to interrupt dosing. Increased liver enzymes, judged to be related to DFX,
occurred in fewer than 1% of patients. In a large prospective study 0.6%
of patients showed increased liver enzymes 10x above the upper limit of
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normal attributable to DFX."° Improvement or stabilization in liver pathol-
ogy of patients with beta-thalassemia treated with DFX for at least 3 years has
been reported in a prospective trial.?” Audiometric effects and lens opacities
did not differ significantly from the control arm treated with DFO,'** and no
clearly drug-related agranulocytosis has been observed in clinical trials. In
pediatric patients, growth and development proceeded normally.>*® Follow-up
data from the five core phase II/III studies, now at a median of 3.5 years,
show no inhibitory effects on growth.>®

4.7 Practical Use of Chelators: A Personal Approach

The correct choice regimen and dose titration combined with attention
to adherence are key to successful chelation therapy which requires the
background knowledge described above. When iron overload is already at
unacceptably high levels, iron excretion needs to exceed iron input from
transfusion and/or dietary iron absorption. If iron has distributed to the
heart as evidenced by an mT2* < 20 ms, then further consideration to dose
and regime may be necessary. This requires an understanding of iron load-
ing rates, factors affecting iron distribution and its consequences, as well as
an understanding of how and where iron chelators act and at what dose.

4.7.1 Patients with Acceptable Levels of Body Iron but
Continuing Transfusion

If a patient starts chelation when ferritin reaches 1000 pg L™ and it is taken
regularly at recommended doses and transfusion requirements are not
above average, then standard doses of chelation will usually be effective at
maintaining body iron to acceptable levels (keeping ferritin <1000 pg L7,
LIC <7 mg g ™' dry wt, myocardial T2* > 20 ms).

Table 4.3 shows how the daily dose of DFX or DFO infusions, 8-10 h for 5
days per week, can be adjusted depending on the transfusional iron loading

Table 4.3 Percentage of responders (percentage in negative iron balance) by dose
and transfusion rate.”

Chelator Transfusion rate Transfusion rate Transfusion rate
Dose (mg kg™) Low <0.3 mg kg™ Intermediate 0.3-0.5 High >0.5 mg kg™
day™ mg kg™ day™* day™

Desferrioxamine

35-<50 76 75 52

>50 100 86 89
Deferasirox

10 29 14 0

20 76 55 47

30 96 83 82

“Adapted from ref. 41, Chapter 3, Porter and Viprakasit.
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rate. This is typically 25-30 mg kg ™' of DFX and 40-50 mg kg ™' of DFO 5 days
per week. Studies relating variable DFP doses to iron excretion have not been
undertaken systematically but presumably the highest licensed dose of 100
mg kg™ in 3 divided doses will excrete more iron than 75 mg g™'. Only about
one third of patients treated with DFP at this standard dose will be in iron
balance and, for this reason, DFO has often been added to DFP (see below)
when control is inadequate with monotherapy. For these reasons and for
reasons of convenience, DFX at 25-30 mg kg™ day™ is usually the first-line
treatment in this situation.

4.7.2 Patients with Unacceptably High Levels of Body Iron

If iron has been allowed to accumulate in the liver and hence ferritin values are
high, then treatment will need intensification. Poor adherence to treatment is
the commonest cause of poor control (see below) but if this has been excluded
or worked upon and cannot be improved further, then dose escalation is likely
to be needed. The dose of chelator can be adjusted according to the transfusion
iron loading rate (Table 4.3). If the ferritin trend still fails to improve, work with
the patient on adherence issues (including a clinical psychologist) is advisable.
It is helpful to check sequential LIC values by MRI as about half of patients
failing to show a clear downward trend after 1 year at a given dose of DFX are
actually in negative iron balance which is not reflected by serum ferritin.'”!
Occasionally a failure to show a downward trend in ferritin or LIC at maximum
tolerated doses will require switching regimen either to another form of mono-
therapy or to a combined therapy regime. Here the individual preference of the
patient and the willingness of the doctor to explain that treatment works if it is
taken regularly can be the key to success. A willingness of the clinical team to
listen carefully to issues a patient may have with the current regime will often
provide insights into why this may be failing to show a clear improvement.

4.7.3 Patients with Unacceptably High Levels of Myocardial
Iron

The risks of developing heart failure in the next year have been linked to myo-
cardial T2* values.'"? This risk is low if myocardial T2* is abnormal (<20 ms)
while remaining >10 ms. Under these circumstances I usually work carefully
on adherence issues and escalate the dosing of the currently prescribed che-
lator. This is because it is now clear that all 3 licensed chelators are effective
at removing myocardial iron effectively if they are taken by the patient. Per-
sonally I would not prescribe 5 days per week of DFO at 40 mg kg™ to patients
with increased myocardial iron loading; this dose was used in several trials
and I'regard this dose as inadequate when there is increased myocardial iron.
If the ferritin is not <1000 pg L™, increasing the DFO exposure is an option,
either by increasing the dose to 50-60 mg kg™ and/or encouraging therapy >5
times per week. This can be a simple and effective strategy. Another approach
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under these circumstances, particularly if increased dosing cannot be tol-
erated or low levels of body iron increase the risk of chelator toxicity, is to
switch patients from monotherapy to some form of combined therapy. The
most extensively evaluated is DFP given at standard doses with DFO at stan-
dard dose and infusion times (8-10 h) added 2-5 times per week. The fre-
quency of the DFO may be determined by levels of body iron (reducing the
frequency when ferritin is <1000 pg L) or if the patients will not take DFO as
often as may be therapeutically indicated.

It is difficult to compare the relative efficacy of different chelators under
these circumstances unless they were examined head-to-head in a random-
ized trial. Even then the doses chosen for one arm of the trial may not have
been optimal; such results need to be interpreted with caution. It must be
remembered that improvement in myocardial T2* is slow so that, provided
the trajectory of mT2* shows improvement, patience and persistence with
treatment are important.

Provided the ferritin and/or LIC are improving, treatment is being taken
regularly and the last T2* was >10 ms, the current therapy can be continued.
If the ferritin trend is worsening this is usually an indication of continued
poor compliance or inadequate dosing. It may be necessary then to consider
changing to another monotherapy or a combined regime to aid adherence
and patient acceptability. When the T2* is 7-10 ms, the risk of heart failure
is increased but, with the caveat for patients described above, my approach
to the regime is similar to that described immediately above. When the T2*
is <6 ms there is a high risk of developing heart failure, particularly if treat-
ment is not being taken often enough. Under these circumstances switching
the regimen to a combined therapy may be unavoidable. When myocardial
iron is increased, there is a risk of decreased left ventricular function and of
heart failure. The nature of this risk has been defined by studies using T2* to
estimate myocardial iron.

4.7.4 Patients in Heart Failure

In patients with decreased left ventricular function or in frank heart failure,
continuous DFO infusion is more beneficial than intermittent infusions
because it reduces the exposure to toxic free iron (NTBI), which rebounds to
pre-treatment levels within minutes of stopping infusions.** 24 hour intra-
venous DFO administration via an implanted intravenous delivery system''®
or subcutaneously®® has been shown to normalise heart function, reverse
heart failure, improve myocardial T2*°>'" with long-term survival, pro-
vided treatment is maintained. A dose of at least 50 mg kg ™' day ' and not
exceeding 60 mg kg™ day™ is recommended."® The question of whether to
add DFP to this regimen needs to be considered as combined DFP-DFO has
been found to improve T2* more rapidly than conventional doses of DFO.">?
However, patients in this study were not in heart failure. Furthermore these
studies compared conventional intermittent non-intensified DFO with the
DFP-containing regimes; such low DFO doses should not be recommended
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for patients with heart failure. The only randomized study to examine the
effect of additional DFP to intensified DFO found no difference between the
two study arms with or without DFP.'"” No major extra toxicities in the study
arm containing DFP were seen, so that the addition of DFP to intensified
DFO would seem a reasonable course of action. DFX has not been formally
evaluated for patients in heart failure.

4.7.5 Patients with Rapidly Falling Serum Ferritin or Low
Values <1000 p L™

It is as important to decrease dosing as iron overload falls as it is to escalate
when levels are too high. Having dealt with the challenges of achieving ade-
quate chelation, it is to some extent gratifying that we are now in an era when
we have to consider what to do when chelation is effective and ferritin is fall-
ing fast or has reached low levels. Here the drug licensing and guidelines
have fallen behind what clinicians working in iron chelation every day would
recommend. It is bad clinical practice to operate a ‘stop-start’ approach
with chelation therapy. This is because both plasma NTBI and intracellular
iron pools rebound rapidly after chelation has stopped, leading to potential
iron toxicity and resurgent uptake into endocrine and myocardial tissues.
Furthermore in TDT, iron loading continues apace so there is no logic in
stopping chelation (unlike NTDT). Instead a policy of a ‘soft landing’ is prefer-
able.”” This means that as the ferritin trend shows that a value of 1000 pg L™
is approaching, the dose is modified downwards (not interrupted) so that
the dose is changed in relation to the degree of iron overload and the loading
rate is not excessive. Here personal experience is helpful because drug label-
ling is inadequate and clinical trials about what to do are almost completely
lacking with some chelation regimes.

Current guidelines recommend downwardly adjusting mean daily DFO in
line with the SF so that the ratio of the dose to the SF is not excessive. A ther-
apeutic index was developed based on retrospective analysis of audiometric
toxicity in relation to these parameters (mean daily dose in mg kg™ day™
divided by SF (in pg L™) to be <0.025)"°. Further fine-tuning of this principle
has been suggested using the LIC rather than the SF*'! although the LIC is
rarely performed often enough for this to be practical. However, it is worth
noting that SF can give a misleading indication of iron overload (see below).

Current guidelines recommend interruption of deferasirox when SF reaches
500 pg L' It is preferable to reduce the deferasirox dose before this value is
reached. Provided the dose is downwardly titrated the risk of over-chelation
can be minimised and patients can be maintained around, or slightly below,
500 ug L™ at lower doses. However there are cases where a sudden rise in creat-
inine occurs when SF is >1000 pg L™ (while falling rapidly) only to find that LIC
was undetectable by MRI. I suspect that a careful analysis of the relationship
between absolute levels or relative changes in LIC and serum creatinine for
example would lead to clearer guidelines on achieving soft landings.

While it is clear that over-chelation relative to iron overload is the principle
cause of DFO and deferasirox toxicity, there is virtually no data relating the


http://dx.doi.org/10.1039/9781782623892-00106

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00106

View Online

Treatment of Systemic Iron Overload 139

dose of DFP to either its bone marrow or liver toxicities. Although this drug is
licensed up to 100 mg kg™, the number of patients studied in prospective trials
is very small and there is no study comparing toxicity at 50, 75 and 100 mg kg ™.

4.7.6 Patients not Responding to Monotherapy Regimes:
Combined Chelators

The use of DFO with DFP in the context of low myocardial T2* of <10 ms has
been discussed (in Section 4.7.3) but there are other circumstances under
which some combination of chelators may be useful. Combined use of iron
chelators has attracted much debate. This is partly because the term ‘combi-
nation therapy’ has been used as a 'catch-all' phrase to cover a wide variety
of ways in which chelators can be combined, and partly because the quality
of data available has not always been of a quality that allows clear interpre-
tation. Nevertheless the use of more than one chelator can be valuable to: (a)
improve the efficacy of a given drug that is not keeping pace with iron loading
rates; (b) to improve adherence with, and exposure to, iron chelation over-
all; (c) to improve tolerability or patient acceptance relative to monotherapy.
Combinations of chelators may improve outcome because there is increased
overall exposure to chelators, or because there may be genuine synergisitic
interaction of the chelators. Although there are in vitro data for true syner-
gism in plasma*'? or in cells,'® the clinical evidence for true synergism is
rather sparse, particularly when using DFP during the day and DFO at night
when the opportunity for drug interaction is limited.

4.7.7 Combinations of DFP with DFO

Deferiprone when used as monotherapy at standard recommended doses
fails to keep up with rates of transfusional iron loading in about two-thirds
of cases. For this reason and others (see below) the addition of subcutane-
ous DFO to DFP, as often as a patient is prepared to take DFO, is practically
valuable as it leads to increased overall exposure to chelation and leads to
improved SF and LIC trends*"*?'* compared with DFP monotherapy.

Adding DFP to a patient already on DFO results in the two drugs being used
as above but has a different genesis. While this concept may superficially
seem the same, it differs because the starting point differs. Many patients
still begin their treatment with DFO or have been on this as monotherapy
for many years. DFP has been added to DFO monotherapy to improve adher-
ence and overall exposure to chelation when patients tire of taking DFO 5-7
nights per week. The ferritin trend was found to be largely unaltered in one
ramdomised study.*"® However, outside formal trial conditions, improved
removal of storage iron may be achieved with a combination regime due to
improved compliance and this overall exposure to chelation.

A third reason that these drugs have been used together is when patients
have developed myocardial iron overload. In a randomized study the combina-
tion of DFP with DFO (subcutaneously 5 nights per week) was more effective
at removing heart iron than DFO at low-to-standard doses 5 days per week.">!
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Whether this difference would have been shown if higher doses of DFO were
used is debatable. Indeed, I have achieved myocardial iron removal in patients
who can take their DFO by simply increasing the dose to 50 or 60 mg kg™ day™*
at the same frequency. In practice, however, it can be difficult to persuade
patients to take DFO subcutaneously more than 5 nights per week, although
this is certainly possible and effective in the right patient. Practically speaking,
this combination is often a useful option when monotherapy with DFO is not
acceptable to the patient or deferasirox cannot be tolerated. The necessity to
adopt this combination will depend on the degree of myocardial iron load. My
practice is to work on adherence and dosing with patients when myocardial
iron overload is mild to moderate (i.e., >10 ms and heart function is normal)
and to consider combination of DFP with DFO when myocardial iron overload
is more severe and when monotherapies have failed.

4.7.8 Combinations of DFO Plus DFX

Rather than adding DFP to DFO when body iron or myocardial iron is not con-
trolled, another option is to add DFX. Early studies suggested this might be a
well tolerated combination for increasing iron removal from heart or liver.*"®
This has recently been evaluated in a prospective 24 month Phase II study
(HYPERION) in 60 patients with severe transfusional myocardial siderosis
(mT2* < 10 ms and LVEF > 56%). Mean dose was 30 mg kg™ day ™ DFX and
36 mg kg ' day ™ DFO on a 5 day regimen. This led to a significant improvement
in mT2* over 24 months with a stable LVEF and an impressive 52% reduction
in LIC.?* I have used this combination when monotherapy with either drug
has been slow, or simply to improve LIC at a greater rate than with mono-
therapy, or when myocardial T2* is <10 ms. The regime appears to be well
tolerated and consistent with the known side effects of the monotherapies.

4.7.9 Combination of DFP Plus DFX

A further possible combination is that of the two oral drugs. In vitro, this
combination performed particularly well with evidence of synergism.'®!
One randomised study has been reported in 96 young thalassaemia major
patients®!” using a combination of DFP with DFO as a comparator. The com-
bination of DFX with DFP appeared more effective at improving compliance,
quality of life and mT2* than DFO with DFP. I have used this combination
occasionally when other options were not possible.

4.8 Conclusions

Iron overload causes progressive damage to tissues where it is present
in excess, although levels that cause toxicity vary from tissue to tissue.
Iron chelation therapy is a highly effective treatment modality. Morbidi-
ties to the endocrine system and mortality from cardiomyopathy have
decreased progressively since the introduction of chelation, initially with
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desferrioxamine, in the late 1970s. Recent additions of oral chelators
together with improved monitoring of iron overload, using MRI techniques
for heart and liver, have improved outcomes further. The full benefits of
chelation in patients with transfusional iron overload are yet to accrue.
Challenges remain however in achieving optimal outcomes. These chal-
lenges relate to adherence by patients to daily chelation therapies or to
increasing chelator toxicities as body iron levels approach normal levels.
The latter limits the ability to achieve normal body iron levels with chela-
tion therapies. Future strategies should aim to identify chelation regimes
that allow greater adherence by the patients and to identifying better how
chelators can be combined to improve adherence and to decrease chelator
toxicities.

Abbreviations

AUC Area under the curve

CMR Cardiac magnetic resonance

CNS Central nervous system

EMS Erythrophagocytic macrophage system
gdwe gram dry weight

gWWe gram wet weight

HH Hereditary haemochromatosis

HPLC High pressure liquid chromatography
IE Ineffective erythropoiesis

ILR Iron load rate

LIC Liver iron concentration

LPI Labile plasma iron

LV Left ventricular

LVDCC L-type voltage dependent channels
LVEF Left ventricular ejection fraction
MI(C) Myocardial iron (content)

MR (MRI) Magnetic resonance (imaging)
MUGA Multiple-gated acquisition

NTBI Non-transferrin bound iron
NTDT Non-transfusion-dependent thalassaemia
RF Radio frequency
SF Serum ferritin
TDT Transfusion-dependent thalassaemia
™ Thalassaemia major
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5.1 Introduction

Brain iron plays a crucial role in neuronal function. Although brain iron rep-
resents less than 2% of total body iron, homeostasis of iron is mandatory
for normal physiological brain function. Iron plays an important role in var-
ious proteins and enzymes which are involved in neurotransmitter synthesis
and the myelination of the axons of motor neurones; such iron-containing
enzymes include tryptophan hydroxylase (serotonin synthesis) and tyro-
sine hydroxylase (dopamine synthesis) as well as the being the precursors of
adrenaline and noradrenaline.
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5.2 The Aging Brain

5.2.1 Brain Iron Homeostasis and Aging

Although systemic iron homeostasis has been elucidated over the past
decade,’ its regulation within the brain is still unclear. Figure 5.1 summa-
rizes our current understanding of iron homeostasis in the brain.

Iron bound to transferrin, Tf, enters the endothelial cells of the blood
brain barrier (BBB) by the transferrin/transferrin receptor system, Tf/TfR,
TFR1 being highly expressed on the luminal side of endothelial cells.’ Iron
traverses the endothelial cell, to be released at the abluminal membrane by
an unknown pathway, which might involve ferroportin, Fpn, and/or other
transporters, in an unknown form, possibly as low molecular weight com-
plexes (e.g., citrate, ATP, ascorbate). The iron released in the extracellular
compartment would then be taken up by glial cells and neurons. Transferrin
is synthesized in the brain by the choroid plexus and oligodendrocytes, but
only that in the choroid plexus is secreted. It is thought that neurons acquire
most of their iron using the Tf/TfR system, and it is likely that they can export
iron via Fpn, since many neurons co-express TfR and Fpn.’ Because their
perivascular end—foot processes ensheath the abluminal membrane of the
BBB® and also form direct connections to neurons, astrocytes are thought to

® &

» D
3 Citrate, ATP. or Asc

a

Microglia

Figure 5.1 Iron homeostasis in the brain - a hypothesis. Adapted from The Lancet
Neurobiology, 13, Roberta J. Ward, Fabio A. Zucca, Jeff H. Duyn, Robert
R. Crichton and Luigi Zecca, The role of iron in brain aging and neuro-
degenerative disorders, Copyright 2014 with permission from Elsevier.
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play a key role in regulating brain iron absorption.” Astrocytes may take up
iron via DMT1, which is expressed at the end-foot processes associated with
the BBB.® Ferroportin, together with glycophosphatidylinositol-anchored
ceruloplasmin constitutes the major efflux pathway by astrocytes.”'® There
is continuous signalling between neurons, microglia and astrocytes, thereby
reflecting any changing environment within the brain such that appropri-
ate action can be taken when required. Iron must also be transported down
the axons of neurons to synapses, by unidentified mechanisms. Brain iron
is unevenly distributed throughout the brain, with the highest concentra-
tions found in the basal ganglia'' with notable amounts also in the globus
pallidus, caudate nucleus, putamen, and substantia nigra,'? (Figure 5.2). The
explanation as to why such a differential in iron content occurs between dif-
ferent regions is unclear.

There is little doubt that iron concentration increases in different brain
regions with age, maximal values being attained in approximately the sixth
decade, specifically in the putamen,”® the globus pallidus,'*"* caudate
nucleus,'*' basal ganglia,'”'® as well as the cerebral cortex, cerebral white
matter, brain stem and cerebellar cortex,'® pallidus,'® red nucleus'® and sub-
stantia nigra (SN).">'® Characterisation of such iron forms in the ageing brain
awaits elucidation. In one study it was shown that the concentrations of neu-
romelanin and H- and L- ferritins were higher in the substantia nigra than
locus coeruleus, and this increased with age, the concentration of H- ferritin
being higher than L- ferritin.'® Both isoforms of ferritin were present in glial
cells. The iron content of neuromelanin is variable.?” Whether such marginal
increases of iron will attenuate neuronal function or disrupt connectivity
remains unclear, as there does not appear to be any drastic adverse effect on
brain cellular function.

50 -
45 -
40 -+
35 4
TZ* 30 4
Measure * -
20 +
15
10
5
0 T T !

Caudate Putamen Dendate Pallidum SN Red nucleus

Figure 5.2 Graph showing variation of iron in different brain regions as assessed
by MRI.


http://dx.doi.org/10.1039/9781782623892-00153

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00153

View Online

156 Chapter 5

5.2.2 Brain Copper Homeostasis and Aging

Copper is required as a cofactor for numerous critical enzymes that are
involved in CNS processes, such as respiration, neurotransmitter synthesis,
activation of neuropeptides and myelination. The redox cycling of Cu** to
Cu' is utilised by enzymes involved in these processes for catalytic reactions.
It is important that there is precise regulation of copper levels in the brain for
the maintenance of such brain functions. The exchange of copper between
the periphery and the brain is highly regulated, copper primarily entering
via the blood brain barrier. Copper fluxes into the brain parenchyma and the
cerebrospinal fluid, CSF, are regulated by copper transporters CTR1, ATP7A
and ATP7B (reviewed in ref. 21). Astrocytes may play an important role in
copper transport from the blood and CSF toward neurons (reviewed in ref.
21); the transporter ATP7A is postulated to play the key role in such copper
distribution.

In a recent study of young and aged rats, Fu et al.>> showed that the sub-
ventricular zone (SVZ) along the wall of brain ventricles (which is in direct
contact with cerebrospinal fluid) contained the highest Cu level compared
with other brain regions analysed and the SVZ Cu level of old animals was
7.5- and 5.8-fold higher than those of young and adult rats, respectively. In
addition, significant positive correlations were identified between age and
copper levels in this region and choroid plexus. Quantitation by qPCR of
the transcriptional expressions of Cu regulatory proteins showed that the
subventricular zone expressed the highest level of the Cu storage protein
metallothioneins while the choroid plexus expressed the highest level of Cu
transporter protein, Ctrl. Another study of aging mice identified increases in
global cerebral content* while lower concentrations were noted in the stri-
atum and ventral cortex.** In human studies, the copper content decreased
with age in the locus coeruleus while there were no significant changes in
the substania nigra."” In a study of aged human brains, (range 50-101 years),
the highest levels of Cu were assayed in the putamen (36 + 13 pug g ') and
the lowest in the medulla (11 + 6 pg g'),* the copper levels being negatively
correlated with age.

5.2.3 Brain Zinc Homeostasis and Aging

Zincis a structural or functional component of many proteins, being involved
in numerous physiological functions. Within the CNS, zinc can be either
tightly bound to proteins, free within the cytoplasm or extracellularly bound
within presynaptic vesicles. This latter zinc is released from a subclass of glu-
tamatergic neurons (zincergic neurons) and serves as a signal factor (Zn**)
both within the intracellular and extracellular compartments. Such signal-
ling is dynamically linked to glutamate signalling and may be involved in
synaptic plasticity, e.g., long-term potentiation and cognitive activity.® Metal-
lothioneins also play an important role in zinc homeostasis. In the human
brain the highest levels of Zn are found in the hippocampus (70 + 10 pg g ™)
and superior temporal gyrus (68 + 10 ug g ') and the lowest in the pons
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(33+8ugg which increases with aging. Under normal CNS conditions,
homeostatic controls prevent excesses or deficiencies of zinc, by controlling
uptake, excretion and intracellular storage/trafficking of zinc. These proteins
include membranous transporters ZnT and Zip, and metallothioneins.

Metallothioneins (MTs) are low molecular weight, zinc-binding, anti-
inflammatory, and antioxidant proteins that play an important role in the
aging brain via zinc-mediated transcriptional regulation of genes involved
in cell growth, proliferation, and differentiation. Although, there is a ten-
dency for an age-related increase in Zn in most brain regions, treatment with
metal chaperones, such as PBT2 to increase the zinc content of specific brain
regions, e.g., the hippocampus, could prevent age-related cognitive decline.?”
Preliminary studies in aged C57Bl/6 mice showed improvements in cognitive
function such as memory, as well as increases in dendritic spine density,
hippocampal neuron number and markers of neurogenesis.

—1),25

5.3 Inflammation and Aging

With aging there are increased inflammatory responses, although the cause
for this is unclear. Immune dysfunction occurs, with the concentration of
various pro-inflammatory cytokines increasing—inflamm-aging—with the
regulatory mechanisms responsible for dampening such responses becom-
ing ineffective.”® With aging, microglia become less efficient in function and
tend to be over activated in response to stimulation, thereby instigating a
too potent reaction. Activated microglia will assume an M1 phenotype, alter
the expression of various iron efflux and influx proteins, e.g., down regula-
tion of ferroportin expression, caused by increased levels of hepcidin (as a
result of the inflammation) interacting with ferroportin to form a complex
which is then internalised. Therefore iron will accumulate within these cells.
Whether such iron is available to the chelators is an important question.
Blocking hepcidin expression or function represents a novel approach to
control inflammation. Ferroportin expression would be increased such that
iron bioavailability would be enhanced.

5.4 Neurodegenerative Diseases

Aging is a major risk factor for the development of neurodegenerative dis-
ease. Although some genetic defects have been identified in the rarer neu-
rodegenerative diseases, such as neuroferritinopathy, aceruloplasminaemia
and Friederich’s ataxia (which help to explain the increase in iron content in
specific brain regions and organelles), the exact mechanisms which are trig-
gered in the more common neurodegenerative diseases, such as Parkinson’s
and Alzheimer’s diseases, remain unknown. What has become apparent over
the last decade has been the identification of alterations in brain metal ion
homeostasis, particularly iron, copper and zinc, in many of these diseases.
However, it remains unknown whether such metal dysregulation is a primary
or secondary event. In each case, such perturbation of the metal ions may
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drive the progression of the neurodegenerative disease, such that it has been
suggested that: (a) its removal by metal ion chelators may slow the progres-
sion of the neurodegeneration, thereby improving cognition and brain func-
tion and hence the quality of life, or (b) supplementation with metal ions
may correct the dysfunctional metal ion homeostasis.

5.5 Blood Brain Barrier

The blood brain barrier, BBB, is composed of capillary endothelial cells,
basal lamina and astrocytes, and acts as a two-way diffusion barrier. Peri-
cytes are also present (mesenchymal-like cells surrounding the endothelial
cells) which play an important role in contracting brain capillaries, thereby
altering blood flow (reviewed in ref. 29). The specific phenotype of the endo-
thelial cells with their tight junctions will limit the paracellular flow of water,
ions and larger molecules into the brain. Gases, such as O, and CO,, are
exchanged through the lipid membranes as a result of gradient diffusion,
while the influx of amino acids and glucose is regulated through specific
transporters. Larger molecules are transported by receptor-mediated trans-
cytosis, while other molecules with a molecular weight higher than 500 Da,
as well as all other hydrophilic compounds including drugs, will be highly
restricted under normal conditions. Therefore, for the chelators to cross
the blood brain barrier, transporters may facilitate their movement across
membranes, either by transcytosis or by association with transmembrane
receptors, in addition to simple diffusion.

Astrocytes may play an important role in regulating the BBB and its perme-
ability by controlling protein expression and distribution in endothelia via
astrocyte-derived signals such as vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), and the glial cell line-derived neuro-
trophic factor (GDNF).

For many years it has been suggested that changes in the permeability of
the BBB occur with age, thereby allowing the passage of toxins and other
molecules to access the brain and lead to an increase both in inflammation
(inflammaging) and metal ion fluxes, such as iron, into the brain. For exam-
ple, leakage of the BBB may induce microglial activation by allowing abnormal
molecules (such as toxins from the gut) to pass into the brain parenchyma
and in turn evoke the release of pro-inflammatory cytokines and free radicals
from the microglia, thereby further altering the BBB, in a vicious cycle. In a
recent review,”® Farrall and Wardlaw assessed 31 permeability studies (1953
individuals) and showed that aging in healthy humans was associated with
increased BBB permeability. It was also demonstrated that gut microbiota
in older adults correlates with diet, location of residence and a basal level of
inflammation which could ultimately enhance susceptibility to diseases.’ Gut
microbiota may aggravate inflammation during diet-induced obesity**> which
has been confirmed by brain imaging studies.*® Manipulation of the microbiota
and microbiome of older adults holds promise as an innovative strategy to
influence the development of comorbidities associated with aging.
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5.6 Metal Ions and Neurodegenerative Diseases

The etiology of the enhanced metal ion content in various neurodegenera-
tive diseases may be attributable to a variety of factors which include changes
in metal ion transport mechanisms across the BBB and local dysregulation
of metal ion homeostatic control, possibly induced by neuroinflammation.
Whether this is a primary event in each of these diseases, or is as a result of an
initial insult remains unclear. However, in each case, the perturbation of the
metal ions may drive the progression of the neurodegenerative disease, such
that it has been suggested that its removal by metal ion chelators may slow the
progression of the neurodegeneration, thereby improving cognition and brain
function and hence the quality of life. In the majority of neurodegenerative
diseases it is either iron, copper, or both, where there may be some dysregula-
tion of their brain homeostatic control. Parkinson’s and Alzheimer’s diseases,
as well as multiple sclerosis, are associated with iron dysregulation in regions
of the brain where the specific pathology is most highly expressed. However
the diversity of the pathological processes involved in these pathologies would
indicate that this is not a primary abnormality of brain iron metabolism. There-
fore, even if such disturbances in iron metabolism are secondary phenomena,
the control of iron levels is a worthwhile therapeutic target. Disease-modifying
therapies aimed at removing excess iron, without affecting iron-containing
enzymes involved in neurotransmitter function, could be part of the therapeu-
tic approaches utilised to prevent the progression of Parkinson’s disease (PD).
However, such iron is not in a free form but bound to various iron storage pro-
teins such as ferritin and neuromelanin. Several commercially available iron
chelators, e.g., desferrioxamine (also known as deferoxamine, deferrioxamine,
desferoxamine, DFO - hexadentate) 1, deferiprone (bidentate) 2, and defera-
sirox (tridentate) 3, could potentially be utilised to treat PD. Although early
studies reported that the BBB was relatively impermeable to DFO,* or showed
restricted uptake,*® our later studies of these three iron-chelating compounds
showed that each was able to cross the BBB.*>*°
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5.6.1 Parkinson’s Disease (PD)

In early studies we demonstrated that the neurodegenerative process in PD
was associated with elevated iron levels in the substantia nigra (SN),”*° and
that individual dopaminergic neurons in this brain region showed raised
iron levels. There were changes in the ratio of H- and L- ferritin in the SN of
PD patients, the SN concentration of L- ferritin in PD (52.5 + 26.0) was lower
than in the control (97.9 + 54.9) while the H- ferritin in PD (534.2 + 223.1) was
higher than in the control (374.8 + 169.3). It was suggested that the decrease in
L- ferritin may limit the amount of iron which could be safely sequestered into
this iron storage molecule, such that there would be a higher availability of
free iron."” Neuromelanin granules containing iron were observed both intra-
and extra-neuronally in the SN of Parkinsonian patients.* As the iron content
increases excessively in the SN of PD patients, there was a direct correlation
with adverse changes in clinical scores, i.e., UPDRS III and PDQ-39 mobility
scores." Glial iron will be mainly ferritin while neuronal iron is predominantly
bound to neuromelanin. Copper levels are reportedly decreased in the SN of PD
patients®> which has implicated a possible role for ceruloplasmin in the iron
accumulation. In a rat model of PD, the 6-hydroxydopamine model, 6-OHDA,
(where ferroportin and ceruloplasmin co-localised in the SN), the number of
dopaminergic neurons was reduced by 50% after 1 day, iron levels increased,
and the mRNA and protein expressions of ceruloplasmin decreased compared
with the control.** Such results possibly indicate that the lack of ceruloplasmin
may play some role in the iron accumulation in the SN of PD patients.

Although alterations in iron homeostasis in the brain of PD patients have
been suggested, various studies where the expression of a number of iron
genes have been quantitated in the SN of PD brains, have not confirmed
such alterations. Crichton et al,** identified gene expression patterns that
were typical of iron deficiency and inflammation, with no evidence of down-
regulation of genes associated with iron overload, and the activity of IRP1*
and IRP2 did not change in the iron-loaded SN.*

Chelation of the iron in the SN of PD brains has been proposed as a possi-
ble therapy. In our initial animal studies®>*® we showed that chelators in cur-
rent clinical use for the treatment of systemic iron overload, desferrioxamine
1, deferiprone 2, and deferasirox 3, were able to cross the BBB, reduce the
iron content in various brain regions, as well as induce neuroprotection after
their systemic administration in an animal model of PD. This was exempli-
fied by the preservation of SN dopaminergic cell counts and the normalisa-
tion of dopamine metabolism in the striatum. Importantly, our microdialysis
studies also indicated for the first time that focal administration of these che-
lators reduced hydroxyl radical formation induced by 6-OHDA. Such results
have enabled us to embark on a clinical trial of deferiprone in PD patients to
ascertain: (a) its tolerability and (b) whether there are decreases in SN iron
content after chelation for 6 months measured by T2* MRI techniques.

One earlier study, in 2010, reported the effects of deferiprone in one PD
patient. The PD patient presented with a variety of symptoms including
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dysarthria and orofacial dystonia, with iron accumulation in many brain
regions including the dentate nuclei, substantia nigra and red nuclei (as
assessed by T2* MRI), and was administered deferiprone 30 mg kg™ day™*
for 32 months. After 6 months there was an improvement in many of the
symptoms, at 1 year an improvement in the UPDRS score, while the T2* MRI
showed a rapid onset decrease in iron accumulation in the bilateral den-
tate nuclei, with a milder but later decline in the substantia nigra. No sig-
nificant change in the iron content of the red nuclei was reported.”” More
recently two further clinical trials have investigated the efficacy and safety
of deferiprone in double-blind placebo studies for the treatment of Parkin-
son's disease. Either R2* or T2* MRI sequences were utilised to assess iron
content, UPDRS motor scores were acquired at various intervals and serum
ferritin, a marker of iron stores and inflammation, was also measured. Both
studies indicated that deferiprone, 30 mg kg™ day™, slightly improved motor
signs after 6 months of treatment, decreased motor handicap progression
(mean change in UPDRS motor score = —2) while the iron content in the sub-
stantia nigra was significantly decreased in the first study after one year,"®
while the second study showed decreases in the SN after 6 months in some
PD patients administered 30 mg kg™ day'.** In both studies, neutropenia or
agranulocytosis occurred in approximately 8% of the subjects which resolved
rapidly with cessation of the oral therapy.*®*° In the latter study the iron con-
tent of other brain regions were assayed after administration of the iron che-
lator and showed that there were progressive decreases of the iron content in
different brain regions—after only 3 months in the caudate nucei and in the
dentate nuclei at 6 months. In other brain regions investigated, the putamen,
red nuclei, and pallidum, no change in their iron content was evident over
the period of the clinical trial (6 months). Clearly the positive results from
these 2 clinical trials indicate that chelation therapy may be of benefit in
the treatment of PD. Furthermore, the efficacy of iron chelation in the PD
patients was improved if the subject showed a low inflammatory index, ie.,
low ferritin and low IL-6 serum concentrations.*® In a recent clinical study of
deferiprone in PD patients, those subjects with the lower CP activity in the
serum and cerebrospinal fluid responded better to iron chelation,*® thereby
confirming that low systemic inflammatory profile was associated with che-
lator efficacy.

The relationship between activated microglia and iron accumulation in
the SN is worthy of further investigation. Activation of microglia in the SN to
an M1 phenotype will enhance iron uptake and reduce iron efflux. From our
recent study it would suggest that the ability of the chelators to remove this
iron will be reduced.”

A range of other iron chelators have been tested for their ability to che-
late iron in vitro or in animal models of PD as well as to prevent neurotoxic-
ity and restore nigral degeneration. These include 2-pyridylcarboxaldehyde
isonicotinoyl hydrazine (PCIH, 4),°" as well as the antibiotic metal chelator,
5-chloro-7-iodo-8-hydroxyquinoline (clioquinol, 5)** and its various deriv-
atives, PBT2 6, and derivative PBT434 (8-hydroxyquinazolin-4-(3H)-one).
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Clioquinol (CQ, 5), may be of use in PD as it increased nigral tyrosine
hydroxylase activity after a 5 month treatment of symptomatic tau KO
mice; cognitive deficits were improved and there were raised BDNF levels
in the hippocampus, attenuation of brain atrophy, and reduced iron con-
tent in the brain.” Selective natural plant-derived polyphenol flavonoids
are claimed to have metal-chelating capacity, e.g., green tea catechins and
(—)-epigallocatechin-3-gallate (EGCG, 7), and possess neuroprotective
actions.” In various animal models of neurodegeneration, EGCG reduces
lipid peroxidation, apoptosis and attenuation of pro-inflammatory cyto-
kines production. Such neuroprotection may not be related to its iron
chelating ability but to its ability to down-regulate the RhoA protein.*
Rho-associated kinase activates p38-MAPK, which is involved in the regu-
lation of the pro-inflammatory cytokines, cyclooxygenase-2 and inducible
nitric oxide synthase. Other intracellular pathways are also modulated by
EGCG, such as NFkappaB, ERK1/2, AKkT, JAK/STAT and JNK, thereby indi-
cating the possibility of the development of EGCG derivatives with a higher
potency than EGCG.
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The development of multifunctional anti-PD drugs has also been advocated,
with two compounds being linked, namely the iron-chelating phamacophore
of VK-28 8 and the propargylamine MAO inhibitory activity of rasagiline to
form M30 9 and M30a 9a. This compound is a potent iron chelator, radical
scavenger and brain-selective irreversible MAO-A and -B inhibitor, with little
inhibition of peripheral MAO.>®* Such compounds have been reported to have
neuroprotective activity in both in vitro and in vivo models of PD, increas-
ing brain dopamine, serotonin and noradrenaline. However, what must be
emphasised here is that to bring such molecules to the clinic would require
enormous sums of money (>£500 million UK). Their further development
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must be questioned, particularly now that it has been shown that clinically
available chelators can cross the BBB and induce neuroprotection.
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5.6.2 Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is the most common cause of dementia. AD is char-
acterized by discrete and predictable neuronal loss in the temporal lobe,
parietal lobe, and parts of the frontal cortex and hippocampus, while areas
such as the visual cortex and cerebellum are spared. Two hallmark deposits
are associated with the disease: amyloid beta peptide, AB, and neurofibrillary
tangles of hyper-phosphorylated microtubule-associated tau. There is exten-
sive literature on the effects of metal ions such as copper, zinc and iron, on Ap
aggregation and AD symptoms; such metal ions alter the structure of amyloid
aggregates and inhibit fibril formation. Furthermore, the presence of metal
ions may alter the kinetic pathway of AB, directing its aggregation away from a
more stable fibrillar structure and towards a pathway resulting in more neuro-
toxic structures. Such enrichment of the amyloid plaques with these essential
metals may induce deficiency of these essential metals in brain cells.

Previous studies have shown that in brain specimens of AD patients, amy-
loid deposition and neurofibrillary tangles co-localise with neuronal iron
accumulation.’”® Iron is enriched approximately 3-fold in the affected regions
(reviewed in ref. 59). Studies of the distribution of iron, and the iron-binding
storage proteins, ferritin and haemosiderin, in sections of AD hippocam-
pus® showed that ferritin was present in the coronal region associated with a
non-beta-amyloid component and in the periphery of plaques, together with
haemosiderin, in sulphur-rich dense bodies of dystrophic neurites. Haemo-
siderin was also found in lysosomes and siderosomes of glial cells. Ferritin
was present in the cytoplasm and nucleus of oligodendrocytes and abundant
in myelinated axons in association with oligodendrocyte processes. Whether
this represents a dysfunction of ferritin in AD,** or merely evidence of inflam-
mation with the incumbent changes in iron distribution, awaits identification.
In a study of 191 AD patients the presence of both the C2 variant of transfer-
rin (TF) gene and the C282Y allele of the haemochromatosis (HFE) gene was
identified as a risk factor for developing AD®® which could induce an excess of
redox-active iron in some brain regions and the induction of oxidative stress
in neurons. In animal models of AD L- ferritin accumulated in the cores of the
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plaques in the frontal cortex as well as throughout the brain co-localising with
AB-42 particularly in the vicinity of blood vessels.*® H- ferritin was limited to
hippocampal neurons and did not co-localise with AB-42.%

Variable results have been reported for the levels of zinc in AD brains.
Although early studies reported no difference in zinc levels between AD and
controls, later studies identified a decrease in zinc levels in the neocortex,
superior frontal and parietal gyri, the medial temporal gyrus and thalamus,
while there was an elevation of zinc in Alzheimer’s-affected amygdala, cere-
bellum, olfactory areas and superior temporal gyrus (reviewed in ref. 59). In
the hippocampus, variable results are reported, some indicating an increase
while others show a decrease of divalent zinc (reviewed in ref. 59). Later stud-
ies also showed enriched zinc levels in amyloid plaque (reviewed by ref. 59),
AB-42 binding to zinc at residues 6-28 with up to three zinc ions bound to his-
tidines 6, 13 and 14. Zinc binding will rapidly induce the aggregation of A into
insoluble precipitates, typical of AD pathology. Such zinc sequestration into
amyloid deposits induces loss of functional zinc in the synapse (reviewed in
ref. 59). Overall it is suggested that there is mis-compartmentalization of zinc
in the AD brain, with plaques containing three to four times the amount of
zinc compared to the adjacent neuropil. The cause of this zinc dysregulation
in AD remains unknown, but probably involves the failure of one or more of
the proteins involved in zinc homeostasis, such as metallothionein I, II and
111, and the zinc transporters, ZnT1, ZnT3, ZnT4 and ZnT6 (reviewed in ref. 59).

The concentration of copper is also decreased in the areas affected by AD,
with the plaques and tangles containing high amounts of copper, (Ap inter-
acts with copper), modifying AB-42 and accelerating its aggregation. Such
copper complexes are cytotoxic. There is a loss of copper in the synaptic
clefts which in normal circumstances would be released into the glutama-
tergic synaptic cleft, facilitated by ATP7A, to cause S-nitrosylation of NMDA
receptors and inhibit their activation.

Reducing AB-42 levels within the brain by inhibiting its production or
removing it with immunotherapy, have been the approaches most exten-
sively investigated but as yet with no conclusive results. This could reduce
the metal ion content of these aggregated proteins. Another strategy would
be to inhibit the interaction between AP and transition metals by the use of
agents which could facilitate redistribution of these metals into their appro-
priate physiological compartments. Whether iron chelators could be of use
in AD is debatable since it remains unknown whether the affinity of the metal
ions is higher for the amyloid protein than the iron chelator. Only one study
where AD patients received an iron chelator has been reported,® where 48 AD
patients received DFO 1, 125 mg intramuscularly twice daily, 5 days per week,
for 24 months. A significant reduction in the rate of decline of their daily
living skills was observed, such that it was concluded that sustained admin-
istration of the drug may slow the clinical progression of the dementia.

Various studies of animal models of AD have further explored the benefits
of chelation for this disease. The iron chelators (—)-epigallocatechin-3-gallate 7
and M-30 9 reduced APP expression in cultured cells,**® which could reduce
AP production since APP contains an iron-responsive element that will
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induce translation of the protein in a high-iron environment.®” Desferriox-
amine (1) inhibited amyloidogenic APP processing in cultured cells and in
APP/PS1 mice, which attenuated the A burden within the brain and reversed
spatial memory impairment.

Animal studies have shown that when deferasirox was conjugated to lac-
toferrin molecules by a carbodiimide-mediated coupling reaction, this novel
drug delivery system was shown to have higher brain permeability through
receptor-mediated transcytosis. Intraperitoneal injection of such a lactofer-
rin conjugate was able to significantly attenuate learning deficits induced by
beta amyloid injection in a rat model of Alzheimer's disease.®®

It is thought that restoring normal copper homeostasis in the brain of AD
patients by removing the excess copper from the amyloid plaques may be of
therapeutic benefit.® The metal-binding attenuating compound, clioquinol 5,
was rediscovered to be a candidate drug for Alzheimer's disease when it was
shown that it rapidly reduced plaque formation in Tg2576 transgenic mice.”’ A
Phase 2 clinical trial in AD patients showed that the compound was well toler-
ated and cognitive function was improved.”* This neuroprotection was possi-
bly attributed to chaperoning of the various biometals’>”* involved in disease
pathogenesis™ ie., as chelators for copper, zinc,”” and iron.’® Despite such
promise, the phase II clinical trial of clioquinol concluded that there was no
significant loss in plaque levels as compared to controls, no improvement in
neural function or hippocampal atrophy and no change in cognitive function.
It has recently been proposed that 8-HQs possess an additional mechanism of
action that neutralizes neurotoxic AB oligomer formation through stabilization
of small (dimeric) nontoxic Ap conformers. New tetradentate ligands based on
bis(8-aminoquinoline) are now being developed, 10a and 10b, while specific
copper chelators maybe able to extract copper(ir) from the amyloid plaque.”
Interestingly, one of these copper ligands, PA1637, is able to efficiently delay
the loss of episodic memory and is currently under preclinical development.®

bis(8-aminoquinoline)s (10)

X = OH (10a)
X =N(CHz), (10b)

Another lipophilic zinc/copper/iron chelator, DP-109 11, reduces the bur-
den of amyloid plaques in brains from aged hAbPP-transgenic Tg2576 mice.”
Despite these positive results significant controversy remains as to whether
copper excess is involved in AD pathology. Some data suggests that increas-
ing copper in the brain via amplification of the copper transporter ATPase7b,
will reduce B-amyloid accumulation” - indeed, copper supplementation
in APP23 transgenic mice lowered B-amyloid production. Therefore the
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controversy remains as to whether too much, too little or abnormal redistri-
bution of these metals is involved in AD pathogenesis.
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Recent studies have shown that zinc supplementation in the pre-symp-
tomatic stages of the disease in AD transgenic mice could be beneficial by
delaying the hippocampal-dependent memory deficits and strongly reducing
both AP and tau pathology in the hippocampus. In addition, the age-dependent
respiratory deficits were prevented and increased levels of brain-derived
neurotrophic factor (BDNF) were assayed.”’

Recent drug development has attempted to design and develop new AD
drugs which are multifunctional. In one study a compound was developed
which showed metal attenuation, anti-Af aggregation and anti-acetylcho-
linesterase activity. 3-Hydroxy-4-pyridinone (3,4-HP 12) and benzothiazole
molecular moieties, were selected as starting frameworks due to their well
known affinity for iron and AP peptides, respectively.”® The linkers between
these two main functional groups were selected on the basis of virtual screen-
ing, so that the final molecule could further inhibit the acetylcholinesterase
responsible for cholinergic losses. Other multifunctional drugs have been
reported, for example, benzylideneindanone derivatives have been synthe-
sised and one was shown to inhibit both AB-42 aggregation and MAO-B in
vitro, as well as being an excellent antioxidant and metal chelator. In addi-
tion, it was capable of inhibiting Cu(11)-induced AB-42 aggregation and disas-
sembling the well-structured A fibrils.”®
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5.6.3 Intracerebral Haemorrhage

Intracerebral haemorrhage, ICH, is associated with approximately 15% of all
strokes and shows high morbidity and mortality rates. Erythrocyte rupture
into the brain induces a 3-fold increase in non-haem iron levels which can
remain high for at least one month.
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Iron has been shown to play an important role in ICH-induced brain
injury in experimental animals and patients. Brain injury after ICH shows
two phases: 1. An early phase involving the clotting cascade activations and
thrombin production. 2. A phase involving erythrocyte lysis and iron toxic-
ity, after which the iron content in the surrounding area increases dramati-
cally (Figure 5.3). High serum ferritin levels are associated with severe brain
oedema and poor outcome in ICH patients.

Various individual reports have shown the beneficial effects of iron chela-
tion. A 65 year-old man presented with headaches and seizuresin 2006 and was
found by angiography to have subarachnoid hemorrhage associated with a
transverse sinus thrombosis. Administration of deferiprone at 30 mg kg™ day™*
was commenced, gradually decreasing to 15 mg kg™ for 1 year. MRI showed
areduction in hemosiderin deposition in the cortex and cerebellum after the
treatment which correlated with the improvement in his symptoms, specif-
ically in the brain stem.*® Iron chelation therapy studies using deferiprone
(2) to remove the excess iron showed decreased levels of hemosiderin, as
detected by lessening of the T2 hypointensity, in four of nine subjects fol-
lowing a 90 day course of deferiprone (15 mg kg™, twice daily), while three
subjects had no change and two patients had slightly more hemosiderin.®
Patient reporting of symptoms indicate that four patients had an improve-
ment in symptoms, four were unchanged, and two were worse.?' Longer term
administration of deferiprone, e.g., for 38 months in one patient, revealed
resolution of ataxia and hearing loss, which were present prior to the initia-
tion of treatment.®*

Intracerebral Haemorrhage

Release of free haem and iron

v

Activation of glial cells

Microglia Astrocyte Oligodendrocyte
Activation Activation Activation
Release of cytokines Release of haptoglobin
Release of free radicals Prevention from free iron

l l toxicity

Neuronal cell damage

Figure 5.3 Involvement of iron in intracerebral haemorrhage by inducing neuro-
nal cell loss via glial cell activation.


http://dx.doi.org/10.1039/9781782623892-00153

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00153

View Online

168 Chapter 5

5.6.4 Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disorder of the CNS character-
ized by inflammatory destruction of the myelin sheaths of axons in the
CNS. Myelin is wrapped around the axon, electrically isolating it from the
surrounding media. Myelin is produced by the oligodendrocytes in the CNS.
The oligodentrocyte is a principal target of attack in MS. Initially inflam-
mation is transient and remyelination occurs but it is not durable. Elevated
iron levels occur in certain brain regions in MS, in deep grey structures often
with bilateral representation whereas in the white matter pathological iron
deposits are usually located at the sites of inflammation. Such excess iron
may amplify the activation of the microglia, promote mitochondrial dysfunc-
tion and catalyse ROS production.

MRI scans have revealed iron deposition in the cortical and deep GM areas
(e.g., the red nucleus, thalamus, dentate nucleus, lentiform nucleus, caudate
and rolandic cortex) in comparison with age-matched normal controls. Such
changes were associated with brain atrophy, disability progression, and cog-
nitive impairment in patients with MS.%

In initial studies the ability of desferrioxamine to improve symptoms was
tested in two animal models of MS, experimental autoimmune encepha-
lomyelitis (EAE), where a positive response was observed, as well as in the
myelin basic protein-induced EAE model, when no response was evident
when desferrioxamine was administered in a preclinical phase. However, if
administered later, during a time of clinical symptoms, it effectively attenu-
ated the disease. Dexrazoxane 13 also attenuated the course of EAE, but was
less effective than DFO (reviewed in ref. 83). In one clinical trial of secondary
progressive MS patients,* nine patients received up to 8 courses of desferri-
oxamine 1. The drug was well tolerated but had little effect on their disability.
One patient improved, 3 patients were unchanged, and 5 patients worsened.
The oral iron chelators, deferasirox and deferiprone, may be more desirable
for possible use in MS, although close patient monitoring and a carefully
considered administration regimen will be needed.
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5.6.5 Friederich’s Ataxia

Freiderich’s ataxia is caused by a reduction in the expression of a small mito-
chondrial protein, frataxin, due to an anomalous expansion of unstable nucleo-
tide repeats in a non-coding region of the frataxin gene. The major consequences
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of its deficiency include impairment of biosynthesis of iron-sulphur clusters,
alterations in cellular iron metabolism, and mitochondrial dysfunction, which
is accompanied by iron overload and increased oxidative stress.®

In a clinical trial, deferiprone (10-15 mg kg™, twice daily) was adminis-
tered to Friedreich’s ataxia patients in a small clinical trial over a 6 month
period. A reduction of iron in the dentate nuclei was evident after this period,
as well as improved scores on the ICARS (International Cooperative Ataxia
Rating Scale) and a lessening of some clinical signs, e.g., gait, balance.*® In
addition, there was restoration of impaired mitochondrial membrane and
redox potential, increased ATP production and attenuation of mitochondrial
DNA damage.? In a second clinical study, combined therapy of deferiprone
(10 mg kg™, twice daily) with idebenone (an analogue of coenzyme Q,,,
with antioxidant properties, that protects the heart and possibly the CNS in
Friedreich's ataxia patients) at 20 mg kg™ per day was evaluated in 20 Friedreich's
ataxia patients.®® After 11 months of treatment iron content in the dentate
nucleus was reduced, as assessed by MRI (T2*), steady ICARS scores resulting
from improved kinetic function were observed, but there was worsening of
posture and gait compared to baseline in Friedreich's ataxia patients.?

5.7 Neurodegeneration with Brain Iron
Accumulation (NBIA) Diseases

Neurodegeneration with brain iron accumulation is a group of progressive
extrapyramidal and cognitive disorders, which include aceruloplasminae-
mia, neuroferritinopathy and the most common NBIA disorder, pantothen-
ate kinase-2-associated neurodegeneration, PKAN. NBIA are characterised by
iron accumulation, predominantly in the globus pallidus, as well as exten-
sive axonal spheroids in various regions of the brain. Recent studies indicate
multiple genetic causes, although the illness can occur without an obvious
genetic background.

5.7.1 Mutation in Genes Associated with Iron Metabolism

Two forms of brain iron loading have been linked to mutations in genes
directly involved in iron metabolism: first, neuroferritinopathy associated
with mutations in the FTL gene and secondly, aceruloplasminaemia, where
the ceruloplasmin gene is defective. Table 5.1 shows neurodegenerative dis-
eases that are associated with brain iron accumulation caused by an enzyme
deficiency and/or mutation.

5.7.1.1 Aceruloplasminaemia

Aceruloplasminaemia is an autosomal recessive disorder where there is an
absence of active ceruloplasmin (Cp). It is often diagnosed in adulthood
although it may present at a younger age, e.g., 16 years. Iron overload has
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Table 5.1 Neurodegenerative diseases where there is brain iron accumulation asso-
ciated with an enzyme deficiency and/or mutation (adapted from ref. 97
under the terms of the Creative Commons Attribution License (CC BY):
http://creativecommons.org/licenses/by/3.0/).¢

Location of brain iron

Human disorder Gene defect deposition
Acaeruloplasminemia Caeruloplasmin Dentate nucleus, globus
absence pallidus, putamen, caudate
nucleus
Neuroferritinopathy FTL Dense ferritin spheroid inclu-

sions in dentate nuclei,
globus pallidus, putamen,
caudate, thalamus, red nuclei

Pantothenate kinase- PKAN, NBIA Globus pallidus
associated (Hallervorden- type 1
Spatz syndrome)
Phospholipase-2 group VI- PLAN, NBIA type Globus pallidus, substantia
associated (Karak syndrome) 11, INAD1 nigra (50% patients)
Mitochondrial membrane MPAN Globus pallidus, substantia
protein nigra
Fatty acid hydrolase FAHN Globus pallidus, substantia
nigra in some patients
COASY protein (CoPAN) COASY Globus pallidus, substantia
nigra
Beta propeller protein BPAN Globus pallidus, substantia
nigra
Kufor-Rakeb syndrome Globus pallidus, substantia
nigra in few cases
Woodhouse-Sakati syndrome Globus pallidus, substantia

nigra in few cases

“Adapted from Levi and Finazzi, 2014.

been identified by MRI T2* in the basal ganglia, the red nuclei and deep
cerebellar nuclei as well as in the cortex as the disease progresses (Figure
5.4). In normal circumstances ceruloplasmin is synthesised as a glycophos-
phatidtylinositol-anchored protein associated with astrocytes, this possibly
being its major form in the CNS.

Over 50 mutations of the Cp gene have been reported. For example, Cys-881
is essential for the trafficking and secretion of the truncated mutant Cp in
aceruloplasminaemia,® therefore a mutant protein without Cys-881 accumu-
lates in the ER, inducing ER stress and eventually cell death. Since Cp plays
an important role in iron metabolism (promoting the oxidation of Fe** to Fe**
after efflux of iron from the cell via ferroportin), an inability for such an occur-
rence will result in the accumulation of iron within cells. It is thought that iron
will initially accumulate in a non-toxic form within ferritin, which gradually
becomes filled to capacity because of the reduced ability of the cell to efflux
iron. Iron accumulates in neurons and astrocytes of the brain, as well as in the
retinas, the liver, and RE cells in the spleen and pancreatic cells. The cascade
of events leading to neuronal death is not fully elucidated but oxidative stress,
exacerbated by heavy metal accumulation, is the primary cellular toxic event.
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Figure 5.4 Aceruloplasminemia. (A-C) Gradient echo (GE) T2*-weighted images
reveal profound hypointensities (iron deposition) in the caudate
nucleus, putamen, globus pallidus, thalamus and midbrain with ven-
triculomegaly in a 56 year-old male proband. (D-F) Similar, but less
florid, lesions of the basal ganglia and thalamus are demonstrable on
neuroimaging of the proband's sister. Reproduced from Biochimica
et Biophysica Acta (BBA) - Molecular Basis of Disease, 1822, Hyman M.
Schipper, Neurodegeneration with brain iron accumulation — Clinical
syndromes and neuroimaging, 350-360, Copyright 2012 with permis-
sion from Elsevier.

There have been several attempts to treat aceruloplasminaemic patients
with the iron chelator, desferrioxamine, to remove the excess iron from both
the liver and the brain. Variable results have been obtained, some reporting
an improvement in clinical symptoms®* > while others have not.”*> However
there was no evidence for a decrease in brain iron accumulation.’ In another
study, three aceruloplasminemia patients were administered the oral che-
lator, deferasirox (17-20 mg kg™ day '), for periods of between 1 week and
5 months. Again decreases in liver iron were apparent but there was no
change in brain iron content.’* A case study that examined the combina-
tion of plasma (as a source of ceruloplasmin) together with desferrioxam-
ine reported an improvement in clinical signs, i.e., less ataxia and reduced
choreoathetosis,” but it was unclear which compound was potentially
responsible for the observed effect.

Lastly, there is a report of one aceruloplasminaemia patient who was
administered desferrioxamine. This 52 year-old female patient, homozygous
for the ¢G848C mutation in exon 5 of the Cp gene, presented with diabetes
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mellitus, mild anaemia, retinal degeneration, and a range of neurological
symptoms. A MRI scan showed pronounced hypointensity signals in the
bilateral dentate nucleus, red nucleus, substantia nigra and basal ganglia.
Administration of desferrioxamine, 500 mg in 5% glucose by intravenous
infusion once per week for 4 years, although not improving her anaemia or
other clinical parameters, showed interesting changes in the iron concen-
tration in different brain regions before, and 4 years after, desferrioxamine
treatment, with decreases in the iron content of substantia nigra and caudate
nucleus of 25-30% with smaller changes in other regions. Such results clearly
demonstrated that desferrioxamine is able to cross the blood brain barrier
and induce changes in specific brain regions.’® Such results would indicate
that high doses of the chelators need to be administered for a considerable
time to remove such iron in the brain of aceruloplasminaemic patients.

5.7.1.2 Neuroferritinopathy

A rare monogenic autosomal dominant disorder, where there is a nucleo-
tide insertion in the ferritin light chain (FTL) polypeptide gene, causes muta-
tions in the gene encoding the L chain ferritin, FtL. An insertion of adenine
in the FTL gene was initially identified which has now been extended to a
further 6 other alterations.”” Changes in exon 4 of the FTL gene result in
alterations of helix E of the FtL which determines a change in the C-terminal
part of the protein. In addition, a mis-sense mutation causing A96T substitu-
tion on helix C may also be a causative agent of the disease.”” Such changes
induce substantial protein conformational changes localized at the 4-fold
pore of ferritin, and reduce physical stability of the protein such that there
is a greater propensity of ferritin to precipitation induced by iron. Aggre-
gates of ferritin are present in the cerebral cortex, putamen, globus palli-
dus and thalamus (Figure 5.5), as well as in glial cells (reviewed in ref. 97).
Structural evaluation of the mutations has shown that the mutated L chain
overlaps exactly with wild type as far as glycine 157 while the downstream
portion of the amino acid sequence has not been resolved, indicating that it
is the final part of the chain that is unstructured.”® There is no disease-modi-
fying treatment for neuroferritinopathy but benzodiazepines and botulinum
toxin may alleviate dystonia while tetrabenazine may relieve chorea and facial
tics. It would appear that there is no role for iron chelation in this disease.”

5.7.1.3 Pantothenate Kinase-Associated Neurodegeneration

Pantothenate kinase-associated neurodegeneration, PKAN, occurs in child-
hood or in atypical cases during adolescence. Iron overload in PKAN is
thought to be secondary to cysteine accumulation, cysteine binding iron
to form a complex, which is as a result of the underlying genetic enzymatic
defect in the PKAN isoform, present particularly within the basal ganglia
(PANK2). In normal circumstances PANK2 generates phosphopantothen-
ate and then condenses with cysteine in the coenzyme A synthesis pathway.
This was the first neurodegenerative disease shown to be associated with a
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FtL AS6T

FtL LIKKM I

460InsA KAGWPGGWAGRVSLRKAHSQARLRAF
458InsA----—f--- QQOAGWPGGWAGRVSLRKAHSQARLRAF

498INSTC ==-==eccccmccccccmeae= SSKGSLSSTTKSLLSPATSEGPLAK
442InsC----PPDQPPQAGWPGGWAGRVSLRKAHSQARLRAFZ
442InsGACC-RPPDQPPQAGWPGGWAGRVSLRKAHSQARLRAFZ
469-484duplébp-========== RPGGWAGRVSLRKAHSQARLRAF

Figure 5.5 Pile-up of the C-terminus amino acid sequences of L-ferritin and the
mutants causing neuroferritinopathy. All mutations, localized in the
exon 4 of FTL, are nucleotide insertions that cause large alterations of
the C-terminal region of the subunit. This peptide portion forms the
E-helix region, which is involved in the formation of the hydrophobic
channel of the ferritin shell. Position of the A96T mutation is indicated
by a blue arrow along the C-helix. Reproduced from ref. 97 under the
terms of the Creative Commons Attribution License (CC BY): http://cre-
ativecommons.org/licenses/by/3.0/.

mutation in a specific gene—pantothenate kinase 2 (PanK2). MRI analysis of
the brains of such patients shows a specific pattern—‘the eye of the tiger’—at
T2* weighted MR images which corresponds to bilateral areas of hypointen-
sity in the medial globus pallidus with central spots of hyperintensity'®
(Figure 5.6). The ‘eye of the tiger’ is characterized by a T, hyperintense core
surrounded by T, hypointensity indicating pallidal iron deposition. A marked
astrogliosis, microglial activation and overall parenchymal rarefaction were
observed within the medial globus pallidus. The specific mechanism(s) by
which defective pantothenate kinase 2 leads to neuronal degeneration, with
the formation of neuroaxonal spheroids and iron deposition is(are) still
unclear. Iron accumulation is present in the globus pallidus.

Variable results have been reported for chelation therapy in such patients.
In one small study of PKAN patients, desferrioxamine (250 mg day ') was
administered by intramuscular injection for 6 months,'" but no improve-
ment in clinical symptoms was noted. However, in another study where
deferiprone was administered (15 mg kg™, twice daily) a modest clinical
improvement was seen in two out of three patients with PKAN.'** Lastly,
some modest improvement was evident when oral deferiprone was com-
bined with intrathecal baclofen in one PKAN patient.’® The results of the
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Figure 5.6 Brain MRI of subject with pantothenate kinase 2-associated neurode-
generation (PKAN). T2*-weighted echo-planar sequence demonstrates
characteristic “eye-of-the-tiger” sign in the globus pallidus (arrow).'"!
Reproduced from Biochimica et Biophysica Acta (BBA) - Molecular
Basis of Disease, 1822, Hyman M. Schipper, Neurodegeneration with
brain iron accumulation — Clinical syndromes and neuroimaging,
350-360, Copyright 2012 with permission from Elsevier.

first phase 2 pilot open trial of deferiprone in PKAN patients assessed the
clinical and radiological effects of the oral iron chelator deferiprone at a dose
of 25 mg kg ™' day ' over a 6 month period.'** Of nine patients who completed
the study, six had classic and three had atypical disease. Median disease
duration was 11 years. No serious adverse effects were noted from the use
of deferiprone. A significant (median 30%) reduction in globus pallidus iron
content was observed, from 15-61%, although no clinical benefit, as rated
on the Burke-Fahn-Marsden Rating Scale and SF-36 scale was reported. This
may be due to the relatively short treatment duration, the dose and mode of
deferiprone administration, or perhaps due to the fact that the long disease
duration of neuronal damage was too advanced to allow a rescue of function.

5.7.1.4 Huntington’s Disease

Huntington’s disease (HD) is a genetic disorder caused by a defect on chro-
mosome 4 in which a CAG repeat in exon 1 of the gene for huntingtin (Htt) is
present many more times than in unaffected individuals, i.e., 36-120 repeats vs.
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10-28 repeats, respectively. Mutant Htt induces a selective loss of neurons in the
basal ganglia. Mitochondrial dysfunction is often associated with the pathogen-
esis of HD, i.e., impaired mitochondrial ATP synthesis and deficits in the activ-
ity of complexes I, IT and III, particularly in advanced disease. The exact nature
and causes of mitochondrial dysfunction in HD remain unknown. Several stud-
ies have determined that mutant Htt physically associates with mitochondria.
Post-mortem brain tissue from HD patients shows an increase in the expression
of mitochondrial fission proteins, Drp1 and Fis1, and decreased expression of
fusion proteins, mitofusin and OPAL1. In addition, wild type Htt interacts with
Drp1 increasing its enzymatic activity. Mutant Htt can impair mitochondrial
function via several mechanisms. It will bind to Drp1 more tightly than wild
type Htt, such that the balance of mitochondrial fission-fusion dynamics will be
in favour of fission. There may be decreased axonal transport of mitochondria,
and by binding to peroxisome proliferator-activated receptor coactivator-1o
(PGC-10) protein, its transcription factor activity will be reduced, resulting in
the reduced expression of PGC-1a target genes. Such genes are involved in mito-
chondrial biogenesis and antioxidant defences. Overall ATP production will be
reduced resulting in neuronal dysfunction followed by neuron death.

Iron accumulation does not seem to be an initial event in HD but may
be an early indicator of a pathological cascade. Iron accumulates in the
basal ganglia of both HD patients and murine models of HD, particularly in
myelinating oligodendrocytes and in microglia. The release of inflammatory
cytokines from activated microglia will result in premature myelin break-
down and subsequent remyelination as well as increasing iron levels which
may contribute to HD pathogenesis.

Htt appears to be required for transferrin receptor 1 (TfR1)-mediated iron
uptake. Because erythroid cells acquire iron via transferrin endocytosis, this
might indicate a role for Htt in supporting iron uptake by transferrin-mediated
endocytosis. Therefore, perturbation of the normal role of Htt in iron uptake
by polyglutamine tract expansion may contribute to the iron accumulation
that is observed in HD pathology.'”> Accumulation of copper in HD brain could
result in interaction with low affinity binding sites on diverse biomolecules.

5.7.1.5 Wilson’s Disease

Wilson's disease is a chronic disease affecting both brain and liver with pro-
gressive neurological dysfunction due to a disturbance of copper metabo-
lism. It is characterised by progressive degeneration of the basal ganglia of
the brain. Wilson disease is inherited as an autosomal recessive disorder with
the affected gene located on Chromosone 13. The gene locus encodes a copper-
transporting P-type ATPase which permits the efficient excretion of copper
in the bile. The hepatocyte plays a key role in copper homeostasis both
as a storage site (mostly in metallothioneins) and as the determinate which
regulates biliary excretion, the only physiological route for copper excretion.
In normal circumstances ATP7B regulates cytosol copper levels by transport-
ing copper from the cytosol into the lumen of the ¢rans-Golgi network where
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it is incorporated into secreted copper-dependent enzymes such as ceru-
loplasmin. The mutation in the ATP7B gene induces an impaired functioning
of a Cu-ATPase, causing impaired Cu detoxification in the liver, resulting in
copper overload in the body. Such copper in excess will promote cytotoxic
reactions leading to oxidative stress. D-Penicillamine 14 is currently the most
widely used treatment worldwide'’® while triethylenetetramine 15, and the
powerful copper complexing agent tetrathiomolybdate (TTM, 16) is available
only in the USA. All show therapeutic efficacy.® TTM forms a stable complex
with copper that is unavailable for cellular uptake, and when administered
with food, binds copper preventing its absorption and leading to increased
faecal excretion.”® Supplementation with zinc salts, such as zinc acetate, has
also shown efficacy, the zinc salts stimulating metallothionein synthesis in
the enterocytes which have a higher capacity to chelate dietary Cu and there-
fore limit Cu-transfer into the portal circulation (reviewed in ref. 106). This
medication is mainly used to treat pre-symptomatic patients, such as siblings
known to have the genetic disease prior to manifesting any visible symptoms.
Chelation is necessary for life and is not necessarily efficient in many cases.
The development of a new generation of copper chelators is urgently needed.

OH3C CHs, H
HO SH HN A~y >N
N NH,
NH, H
Penicillamine (14) Triethylenetetramine (15)

s. S
- Mo__
s s

Tetrathiomolybdate (16)

5.8 Macular Degeneration

Age-related macular degeneration is the most common cause of irreversible
vision loss in the elderly population throughout the world. There is evidence to
show that iron may contribute to the pathology of this degeneration of the ret-
ina. Iron levels are higher in the retina of such subjects by comparison to age-
matched controls, which could indicate that iron-mediated oxidative stress is
contributing to retinal degeneration.'”” Retinal iron accumulation is present in
aceruloplasminaemic patients (due to the lack of ferroxidase activity),'® as well
as in ceruloplasmin and hephaestin double knockout mice.’® Cultured reti-
nal pigment epithelial (ARPE-19) cells and ceruloplasmin/hephaestin double
knockout mice were administered deferiprone at doses of 60 uM, or 1 mg mL™*
in their drinking water, respectively, which induced decreases in retinal iron
levels as well as oxidative stress.''® Such results indicate that deferiprone could
provide protection against retinal and retinal pigment epithelial degeneration
and is worthy of investigation in further clinical studies.
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5.9 Conclusion and Perspectives

It is only during the last decade that the use of chelators to treat a range of
neurological diseases (where there is an increase of metal ions in specific
brain regions) has been accepted. Indeed, clinical trials which have investi-
gated their safety, tolerance and efficacy have shown positive results in the
main. However, such drugs have the disadvantage that they will be distrib-
uted throughout the body and show poor specificity towards the pathological
site and may induce unwanted side-effects. Therefore, an ability to target the
chelator to the actual site in the brain where the excess metal ion has accu-
mulated presents a challenge for the design of future chelators. Combina-
tion therapy where anti-inflammatory agents, monoamine oxidase inhibitors
as well as chelators are administered to the patient maybe the way forward
for the treatment of neurodegenerative diseases.

Abbreviations

AD Alzheimer’s disease

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor

bFGF Basic fibroblast growth factor

CNS Central nervous system

EAE Experimental autoimmune encephalomyelitis
ER Endoplasmic reticulum

GDNF Glial cell line-derived neurotrophic factor

HD Huntington’s disease

ICH Intracerebral haemorrhage

MR(MRI) Magnetic resonance (imaging)

MS Multiple sclerosis

NBIA Neurodegeneration with brain iron accumulation
PD Parkinson’s disease

PKAN Pantothenate kinase-2-associated neurodegeneration
RE Reticular endothelial cells

SN Substantia nigra

Svz Sub-ventricular zone

VEGF Vascular endothelial growth factor
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CHAPTER 6
Chelation of Actinides
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6.1 The Medical and Public Health Relevance of
Actinide Chelation

The use of actinides in the civilian industry and defense sectors over the past
60 years has resulted in persistent environmental and health issues, since a
large inventory of radionuclides, including actinides such as thorium (Th),
uranium (U), neptunium (Np), plutonium (Pu), americium (Am) and curium
(Cm), are generated and released during these activities.! Controlled process-
ing and disposal of wastes from the nuclear fuel cycle are the main source
of actinide dissemination. However, significant quantities of these radionu-
clides have also been dispersed as a consequence of nuclear weapons testing,
nuclear power plant accidents, and compromised storage of nuclear materi-
als.! In addition, events of the last fifteen years have heightened public con-
cern that actinides may be released as the result of the potential terrorist use
of radiological dispersal devices or after a natural disaster affecting nuclear
power plants or nuclear material storage sites.>* All isotopes of the 15 ele-
ments of the actinide series (atomic numbers 89 through 103, Figure 6.1)
are radioactive and have the potential to be harmful; the heaviest members,
however, are too unstable to be isolated in quantities larger than a few atoms
at a time,” and those elements cited above (U, Np, Pu, Am, Cm) are the most

RSC Metallobiology Series No. 8

Metal Chelation in Medicine

Edited by Robert Crichton, Roberta J. Ward and Robert C. Hider
© The Royal Society of Chemistry 2017

Published by the Royal Society of Chemistry, www.rsc.org

183



Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00183

View Online

184 Chapter 6

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa u Np Pu Am Cm Bk cf Es Fm Md No Lr

Figure 6.1 The actinide series encompasses the 15 chemical elements with atomic
numbers from 89 to 103, actinium to lawrencium.

likely to be encountered. Because of the impending growth of nuclear power
and threats of nuclear weapon use, the amount of produced and released
radioisotopes is increasing daily,’ as is the risk of environmental contamina-
tion and larger human exposure to actinides. Internalized actinides have, in
turn, the potential to induce both radiological and chemical toxicities, lead-
ing to serious health effects. In the past few years the challenge of limiting
such exposure, contamination, and subsequent deleterious effects has given
rise to unprecedented interest in developing therapeutic actinide decorpora-
tion agents, as well as cost-effective bioremediation approaches for environ-
mental decontamination.®’

6.1.1 Actinide Metabolism and Clinical Course

Contrary to some heavy metals, actinides have no known essential role in the
normal biochemical reactions occurring in living organisms, and are a partic-
ular hazard due to their ionizing radiation properties.®’° Independent of the
contamination route (inhalation, ingestion or wound), actinides are absorbed,
then transported by the blood prior to deposition in the target organs (bone,
liver and kidney), in which they are stored, then slowly and partially excreted
through urine and feces. The biokinetics and bioinorganic chemistry of
actinides following inhalation, ingestion and injection have been well studied
in the past 50 years: models were reviewed and adopted in publications from
the International Commission on Radiological Protection (ICRP) and from
the U.S.-based National Council on Radiation Protection & Measurements
(NCRP)."'"" Such biokinetic models have been extremely useful in providing
guidance for treatment, although they cannot be relied upon to clearly deter-
mine whether a chelating agent is conferring benefit at post-exposure time
points in humans following internal contamination with actinides.

The actinides are all radioactive, and most of their isotopes decay by alpha
particle emission.! Once internalized, the actinides are distributed to various
tissues with patterns that depend on the chemical and physical form of the
contaminant in question. The densely ionizing alpha particles emitted by
actinides retained in bone and liver, and in the lungs if inhaled, damage and
induce cancer in those tissues, in a dose-dependent manner.'® Therefore,
the tissue distribution of an actinide will determine the pattern of injury
observed. Sufficiently high doses will also cause manifestations of acute radi-
ation syndrome in absorption (as in the gastrointestinal tract) or inhalation
(as in the pulmonary system) areas.’®'* Although they belong to the same
denomination in the periodic table, elements of the actinide series exhibit
very different coordination chemistries affecting their biological behavior
and distribution, as described briefly below for selected examples.
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Among the four oxidation states of uranium (111, 1v, V, vi), the uranyl ion
(U0,**, U(v1)) is the most stable form in aqueous solutions and in vivo, and
uranyl compounds have therefore been the focus of most pharmacology
studies.®’ In humans, biokinetic models predict the following distribution of
uranium 24 hours after an intake: skeleton 15%, kidneys 17%, other tissues
5% and urine 63%."* Renal injury is the primary chemical damage caused by
uranium poisoning, and is related to heavy metal toxicity. Nearly all of the
long-retained uranium in the body remains in the bones.’

In comparison to uranium, much less is known about the coordination
chemistry of the transuranic elements, neptunium, plutonium, americium,
and curium. The scarcity and high specific activity a-emission of the common
isotopes **’Np, ***Pu, **'Am, and ***Cm have limited the study of their chem-
ical and structural properties. Biological evidence indicates Pu(1v), Am(111),
and Cm(111) are the main oxidation states present under physiological condi-
tions, while all three of Np(1v), Np(v) and Np(v1) have been observed in living
systems, with Np(v) as the neptunyldioxocation (NpO,") being the most com-
mon.'"">" Both Pu(1v) and Am(111) are linked to Fe(111) transport and stor-
age systems in mammals, which may explain their retention patterns in soft
tissue.’ Although the deposition pattern of Np(1v) is similar to that of Pu(1v)
in the liver, the rapid plasma clearance and urinary excretion of Np(v) resem-
ble those of U(v1) and account for the chemical toxicity of Np, as even small
fractional kidney deposition may result in renal tubular injury.’ In contrast
to U, one primary target tissue of all three actinides (Np, Pu and Am) is the
skeleton. The endosteal bone surfaces are the preferential sites of Pu bone
deposition, whereas Am and Np deposit nearly uniformly on all anatomical
bone surfaces.” The carcinogenicity of Np, Pu and Am results mainly from
the radiation damage caused by their retention in the skeleton. The substan-
tial differences in actinide transport and retention in the body are depicted
in Figure 6.2, which displays the 24 h excretion and tissue distribution of
intravenously injected U(vi), Np(v), Pu(1rv) and Am(111) in mice.

1004 Il Feces 50+ Eal [ JLiver
[ urine Skeleton
[ Body [ Soft Tissues
80+ 40 B2 Kidneys
g
M /
60| 30+
40| 204
20 10+ J[L F
o 1

Pu(lv)  Am(l)  Np(V) ) 0 Pu(lV)  Am(ll)  Np(V) u(vI)

Distribution of Actinide (%ID)
Retained Actinide (%ID)

Figure 6.2 Actinide transport and retention in mice. Excretion (left) and tissue
distribution (right) of soluble actinides, as % of injected dose (%ID)
in young adult female Swiss Webster mice, 24 hours after intravenous
injection (1 ng of ***Pu, 7 ng of >*'Am, 1.7 pg of >**U, 4.1 ug of *’Np).


http://dx.doi.org/10.1039/9781782623892-00183

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00183

View Online

186 Chapter 6

6.1.2 Current Treatment Recommendations for Actinide
Contamination

The currently available treatments mainly vary as a function of the intake path-
way, the level of contamination (mass and activity), the chemical and biological
speciation of the radioisotope, as well as the intervention time after the inci-
dent.'>"” For contamination by inhalation, which mainly results from inter-
nalization of aerosols that display different chemical solubilities, treatments
include lung washing and chelation therapy. Such treatments aim at increasing
the solubility of the actinides deposited in the human respiratory tract, remov-
ing the actinide mechanically, and allowing chelation of the absorbed blood
fraction. For contamination by ingestion, treatments include gastric dressing,
precipitation, purge and chelation therapy. For wound contamination, several
treatments have been used including washing, surgical excision and dressings
with additional specific chelating gels, as well as chelation therapy. Over the
past fifty years, a great amount of work has been dedicated to developing meth-
ods for increasing the natural slow rate of elimination of actinides from the
human body by the administration of chelating agents.'*"® The rationale for
chelation therapy is that the agent will chelate the targeted metal and form a
stable complex that can easily be excreted, thus reducing both the radiation
dose delivered to sensitive cells and the risk of late radiation effects such as
cancer. Current chelation treatment recommendations have been reviewed
extensively and are only briefly summarized below.'*'®!71920

The only currently approved chelation drugs designated for the decorpora-
tion of the transuranic actinides Pu, Am and Cm are the diethylenetriamine-
pentaacetic acid trisodium calcium and trisodium zinc salts, CaNa;-DTPA and
ZnNa,-DTPA (marketed as Ca-DTPA and Zn-DTPA, respectively) 1. Although
both drug products have been used investigationally for over 40 years,' the
U.S. Food and Drug Administration (FDA) approved the corresponding New
Drug Applications from the German manufacturer Hameln Pharmaceuticals
GmbH. only recently, in 2004.>' Ca-DTPA and Zn-DTPA can be administered by
nebulizer or intravenously. If the route of internal contamination is through
inhalation alone, then nebulized chelation therapy may suffice. If the routes of
contamination are multiple (e.g., inhalation and through wounds), then intra-
venous chelation therapy is preferred. The level of internal contamination and
the individual’s response to therapy dictate the duration of treatment: levels
of internal contamination should be ascertained weekly during chelation ther-
apy to determine when to terminate treatment. Treatment recommendations
are based on decorporation efficacy and safety data collected in animals and
humans.' For the Ca-DTPA product, the label recommended initial human
dosage is a single administration of 1 g for adults and adolescents, and 14 mg
kg™ (not to exceed 1 g) for pediatrics. If prolonged therapy is needed, then
Zn-DTPA is recommended at the same dosage.*' The well-documented Han-
ford Americium accident® is the only human evidence to support the hypoth-
esis that decorporation therapy and resulting acceleration of the natural rate
of elimination of the contaminant will reduce the amount of radioactivity in
the body, thus reducing the radiation dose received by sensitive tissues and
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producing an at least proportional reduction in the risks of induction of seri-
ous radiation effects. In the Hanford treatment case, 583 g of DTPA, primarily
as Zn-DTPA were administered to the patient over a 4 year period without any
observed toxicological effects. It is believed that the aggressive treatment with
Ca- and/or Zn-DTPA reduced the liver burden of **'Am enough to prevent the
victim’s early death from radiation-induced liver failure.**

OH O

6.1.3 Limitations of Current Therapies

In contrast to the transuranic elements Pu, Am and Cm, little progress has
been made on the decorporation of Np and U. While the results of several
studies in laboratory animals have shown that Ca-DTPA was ineffective at
promoting Np elimination, independent of the isotope used, the ligand dos-
age or the mode of administration, Ca-DTPA and Zn-DTPA are still the only
recommended substances for Np decorporation, despite some added risk
of nephrotoxicity.”” The substance recommended by the NCRP for U decor-
poration is sodium bicarbonate, although there may be undesirable side
effects such as hypokalaemia and alkalosis.** The use of DTPA salts is con-
traindicated for treatment of U contamination because of the added risk of
renal damage.”>** Finally, the approved chelation treatments, Ca-DTPA and
Zn-DTPA, can only be administered intravenously or through a nebulizer,
which would make chelation therapy in mass casualty situations cumber-
some and challenging and is a considerable limitation for the treatment of
actinide contamination of a very large population of contaminated individ-
uals in a crisis setting.»*® Therefore, the development of new orally active
and effective broad-spectrum chelating agents for the treatment of actinide
contamination remains critical for emergency human use.

6.2 Designing Chemical Structures for Actinide
Chelation

The potential health hazards of the actinides were recognized early, especially
for those synthetic heavy elements that were created by nuclear fission and that
garnered great attention during the Manhattan Project.?*?” The first efforts to
identify effective ways to promote the removal of internally deposited radionu-
clides from the body therefore date back to the late 1940’s.®*° Nevertheless,
owing to the limited understanding of actinide biological chemistry and to
the challenging task of specifically targeting toxicants over endogenous metal
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ions without inducing toxicity, only a limited number of chelating molecular
structures have stood out with the promise of therapeutic application.” The
pace of research and development for new actinide chelation methods has also
been greatly hampered by the non-existent profit prospects for such drugs and
a resulting lack of interest from the pharmaceutical industry.

6.2.1 Coordination Chemistry Criteria

Although they belong to the same chemical series and display large simi-
larities, the actinides exhibit different coordination properties determined
mainly by their outermost electron shells. The lighter members of the series
(Th through Pu) are known to exhibit multiple stable oxidation states,
whereas the heavier elements (i.e., Am and Cm) predominantly display the
trivalent oxidation state.”*° However, complexation and hydrolysis under the
conditions encountered in biological fluids favor specific oxidation states
such as Th(1v), U(v1), Np(1v, v), Pu(1v), Am(111), and Cm(111), where the (v1) and
(v) states of U and Np are the linear dioxocations uranyl and neptunyl, respec-
tively.®?! Actinides are hard cations (where “hard” applies to species that have
high charge states and are weakly polarizable according to the Pearson acid
base concept) that preferentially bind organic ligands containing hard elec-
tron donors such as oxygen atoms. Bonding with such ligands is then mostly
ionic. Partially covalent bonding is observed with softer nitrogen and sulfur
donors as well as with halides other than fluoride.’'** Coordination numbers
for actinide ions vary from 5 to 12, depending on the oxidation state of the
metal center, but most common coordination numbers are 5 for uranyl and
neptunyl, 8 to 9 for trivalent Am and Cm, and 8 for tetravalent Pu and Np spe-
cies. These relatively large coordination numbers, necessary to fully satisfy
the electronic requirements of the metal ions, will favor multidentate ligands
that can form multiple bonds with actinides. Common classes of chelating
ligands are those bearing several donor atoms that will form a five- or six-mem-
bered heterocyclic ring upon binding to the metal ion. Following those rules,
the most stable actinide (111) and (1v) complexes are formed with ligands such
as octadentate structures containing four chelating units, each incorporat-
ing two donor atoms, resulting in a complex with a 1:1 metal:ligand stoichi-
ometry.””** Relatively less stable complexes will be formed with tetradentate
ligands containing only two chelating units (four electron donors) and result-
ing in a 1:2 metal:ligand stoichiometry. The geometry of the complex and its
stability under physiological conditions also depend on the type of chelating
units and scaffold incorporated in the ligand.**

6.2.2 Synthetic Approaches to New Actinide-Selective Agents

Early investigations to enhance actinide excretion rates targeted metabolic
pathways of essential divalent metals through manipulation of dietary calcium,
magnesium, and phosphorous and supplementation with vitamin D, para-
thyroid hormone, and ammonium chloride to increase Ca absorption, bone
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resorption, and Ca excretion, respectively.?®*>>” None of these attempts
affected the biodistribution of actinides. Other unsuccessful attempts used
the British anti-Lewisite (BAL, also known as dimercaprol 2) treatment, which
is known for its effectiveness against arsenic poisoning but only incorporates
sulfur chelating groups (see also Chapter 1 and Chapter 3) that do not complex
actinides strongly.*® One method that ameliorated acute U poisoning was treat-
ment with sodium bicarbonate, NaHCO,,*® which produces a uranyl bicarbon-
ate complex in tubular urine that is less toxic than the unchelated uranyl, but
it also promotes migration to extracellular fluids and deposition in the bone.
Oral doses or infusions of sodium bicarbonate must be accompanied by diuret-
ics and carefully monitored in order to keep the urine alkaline. Although not
a chelator per se, sodium bicarbonate is currently the only treatment against
contamination with U recommended by organizations such as NCRP."

SH
Ho._h_sH

BAL 2

6.2.2.1 Polyamino-Carboxylic Acid Derivatives

The hexadentate polyaminocarboxylic acid ethylenediaminetetraacetic acid
(EDTA, 3) had become widely distributed for a variety of industrial chemical
applications by the early 1950’s. Known for the high stabilities of its metal
chelates,”® as compared to other polycarboxylic acids, EDTA 3 was therefore
among the first chelators to be tested for actinide chelation.*' The calcium
disodium salt of EDTA (CaNa,-EDTA), which does not deplete calcium and
is therefore not as toxic as the protonated version of EDTA, was shown to
enhance the excretion of Pu(1v) and Am(111) in rats. However, in vivo actinide
chelation was only achieved after high doses and repeated injections, reach-
ing toxic levels.”” The octadentate analog of EDTA, DTPA 1 was purposely
designed to overcome these limitations.”® Because of the higher denticity
of this ligand, the stabilities of the actinide complexes formed with DTPA
are higher than those of the corresponding EDTA compounds, with a better
selectivity over divalent metal ions such as Ca*"."* The CaNa,-DTPA salt was
quickly recognized for its better ability to decorporate Pu(1v) from rats and
has been studied extensively in vitro and in vivo, and used in humans since
then.'»* However, frequent CaNa,-DTPA injections are still nephrotoxic and
may result in manganese and zinc (Zn) depletion as DTPA forms stable che-
lates with those metals.” Although it is less effective than CaNa,-DTPA at
removing exogenous metals, the ZnNa,;-DTPA salt is less toxic and allows
frequent injections or continuous infusion over extended time.'**® The EDTA
and DTPA molecules have been the subject of many structural alterations,
including elongation or replacement of the central aminoalkane skeleton,
addition of aminocarboxylate moieties, and incorporation of ethyl alcohol
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or hydroxamic acid units, but none resulted in increased affinity towards
actinide ions.*" Further modifications were predominantly aimed at
increasing the low absorption of DTPA salts in the gastro-intestinal tract,
leading to the formation of lipophilic pro-drug derivatives,'** as detailed in
a later section on formulation development approaches.

fNH*OH
VN by

EDTA 3

6.2.2.2 Siderophore Mimics

Siderophores, the microbial low molecular weight molecules used by bacte-
rial organisms to scavenge iron, constitute another class of natural molecules
that prompted early investigation for their actinide removal properties. The
hundreds of known siderophores can be of different denticities, but all form
thermodynamically stable hexacoordinate octahedral Fe(111) complexes and
typically employ oxygen-containing iron-binding moieties.*® The hexadentate
ligand desferrioxamine B (DFO, Desferal, 4), a siderophore from Streptomyces
pilosus, has been used for several decades as a therapeutic iron chelator for the
treatment of iron-overload diseases.*” However, DFO displayed lower efficacy
than DTPA at removing Pu(1v) in vivo, presumably due to its lower denticity, and
the weaker acidity of its hydroxamate iron-binding units.’* Among biologically
relevant metal ions, the ferric ion stands out as having a high charge/radius
ratio, similar to that of Pu**.® In the late 1970’s, Raymond and coworkers at the
University of California, Berkeley, hypothesized that synthetic ligands adapted
from siderophores but with increased denticity would form extremely stable
actinide complexes and structures suitable for in vivo metal scavenging.’*' In
collaboration with Durbin from the Lawrence Berkeley National Laboratory,
Berkeley, over 60 multidentate synthetic ligands were produced and evalu-
ated for their in vivo Pu(1v) decorporation properties and potential toxicity, as
described in detail in the literature.'** These chelating structures used sid-
erophore-inspired bidentate chelating units such as functionalized catechol-
amides CAM, CAM(C), and CAM(S), for the unsubstituted, carboxylated, and
sulfonated versions, respectively, attached to a variety of molecular polyamine
backbones, enabling the development of new and improved chelating agents
to evolve by providing an understanding of some of the relationships under-
lying the efficacy of a ligand for the decorporation of actinides (e.g., dentic-
ity, binding group acidity, backbone flexibility, and solubility).*> Examples of
these ligands include the octadentate H(2,2)-CAM 5 as well as the tetradentate
5-LICAM(C) 6 and 5-LICAM(S) 7. The isomeric hydroxypyridinone metal-bind-
ing groups, 1,2-HOPO and Me-3,2-HOPO, are ionized at lower pH than cate-
cholamide moieties, making them better ligands for the actinides, which are
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more acidic than iron. Ligands incorporating these groups were among those
most selective and efficacious at removing actinides in vivo, with little to no
observed toxicity in animals.'*?*°* After extensive toxicity and efficacy studies
in mice and a limited number of tests in dogs and baboons, two particular
molecules, 3,4,3-LI(1,2-HOPO) 8 and 5-LIO(Me-3,2-HOPO) 9, were selected as
promising orally available candidate actinide decorporation agents.’**° Both
compounds were found to be 30 times more potent than DTPA for the decorpo-
ration of Pu(1v), and to sequester a wider spectrum of radionuclides, including
U and Np, as well as particulate contaminants from mixed oxide fuel.***” In
addition, unlike DTPA, both molecules have the advantage of being efficacious
in the oral delivery format.>® Over the last 10 years remarkable progress has
been made in the preclinical development of both agents. With 5-LIO(Me-3,2-
HOPO) 9 remaining in the pipeline, the most efficacious octadentate struc-
ture, 3,4,3-LI(1,2-HOPO) 8, was taken forward through a series of non-clinical
efficacy, safety, pharmacology, and toxicology assessments, all necessary to
demonstrate its viability as a therapeutic product.®®”*
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6.2.2.3 Poly-Phosphonic Acid Chelators and Macrocyclic
Structures

Knowing that actinide ions tightly bind phosphate groups on the bone
mineral surface,”” a series of cyclic and linear polyphosphates and poly-
phosphonic or phosphinic acids were tested in rats, revealing enhanced
urinary excretion of U but little reduction of U-induced nephrotoxicity."”°
Ethane-1-hydroxy-1,1-bisphosphonate 10 (EHBP), also known as etidronic
acid, stood out as it inhibits bone resorption and had been used to treat
bone remodeling disorders. Studies in rats contaminated with 50% lethal
amounts of uranyl nitrate demonstrated the efficacy of EHBP, which pre-
vented mortality with a 100% rate and significantly increased urinary U
excretion and reduced U content in kidneys when injected intramuscularly
at a wound site or intraperitoneally promptly after contamination.”” More
recent work identified a series of uranyl-binding diphosphonate ligands
through novel high-throughput screening methods.”®”® Several compounds
showed promise in significant reduction of the uranium burden in the kid-
ney (up to 50% for the structure named “3 C” 11) liver, and skeletons of rats
contaminated with uranyl. However, no further data has been reported since
with these compounds. Finally, another more recent approach to actinide
chelation has been the use of macrocyclic calixarene structures, previously
developed as selective actinide extractants for analysis purposes.*® Injection
of the 1-hydroxy-4-sulfonatobenzene hexamer or octamer in rats did not
alter uranyl retention.®" However, these cage-like molecules provide confor-
mational flexibility and can be functionalized with chelating groups. Sub-
stitution of the hexamer p-tert-butylcalix[6]arene structure with 3 carboxylic
groups arranged in C3 symmetry provided much higher affinity for uranyl
and led to the discovery of 1,3,5-OCH;-2,4,6-OCH,COOH-p-tert-butylcalix[6]
arene 12 as a very promising compound for U decontamination.®***
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6.3 Evaluating Actinide Chelation Efficacy

6.3.1 Invitro Evaluation Techniques

The presumed mechanism of action of new actinide-binding ligands is
expected to be a chelation mechanism, in which the compound binds the
targeted actinide and forms a stable complex that can be eliminated through
excretion pathways. Chelation is likely to be clinically efficacious if the affin-
ity of the chelating agent for the targeted actinide metal ion is higher than
those of potential biological ligands (such as proteins and bone matrices),
and if its affinity for the targeted actinide metal ion is more specific than
for essential divalent metal ions. Several tools are available to determine the
affinity of new molecules for metal ions in vitro and are used to predict their
invivo actinide decorporation efficacy.

6.3.1.1 Solution Thermodynamics

Solution thermodynamic equilibrium constants define the quantitative limits
of designed ligands to compete for a particular metal. The strength of metal
binding will not only dictate the actinide sequestration ability, it may also
determine the mechanisms of actinide release (ligand exchange, redox reac-
tions, or complex degradation), which make solution thermodynamic stability
and metal exchange kinetics crucial parameters to assess. Complex formation
constants are dependent on both the acidity of the ligand and the stoichiome-
try of the metal-ligand complex. By standard convention, overall equilibria are
expressed as f3,,;; values, as defined in eqn (6.1). However, very large differences
in the acidity of various ligands at physiological pH do not account for the fact
that ligands may still be protonated, as determined by their respective stepwise
protonation association constants Ky, (eqn (6.2)—(6.4)).

mM +IL + hkH" < M, LH, f,, = % (6.1)
[M]"[L][H"]
H, L+H o HL K, = & (6.2)
[H, L][H"]
L+hH o HL B, = [H—’lL]h (6.3)
L]
[HnL] —_ ﬂoln (6.4)

K = =
o [Hn—lL][H+:| ﬂol(n—l)

Hence, protons and metal cations compete with each other for binding to the
ligand. In addition, different formation constants must be taken into account
to compare ligands of varying denticities. To compare the true relative ability
of different ligands to bind a metal, independent of proton concentration or


http://dx.doi.org/10.1039/9781782623892-00183

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00183

View Online

194 Chapter 6

denticity, a parameter that is proportional to the free energy AG released by
metal-ligand binding must be used. To that extent, the pM value, defined as the
negative logarithm of the free metal ion concentration, is calculated from the
different conditional constants for a given metal-ligand system under defined
conditions, such as pH and metal and ligand concentrations. Standard refer-
ence conditions for the purpose of comparing actinide chelating agents and
biological ligands are physiological pH 7.4 and total concentrations of 10 pM
ligand and 1 pM metal. For such comparisons, a higher pM value is indicative
of a more competitive, therefore better, chelator. Examples of proton-indepen-
dent stability constants as well as corresponding pM values are provided in
Table 6.1 for the common chelator DTPA and the ligand under development,
3,4,3-LI(1,2-HOPO) 8. (These properties are also discussed in Chapter 2.)

6.3.1.2 High-Throughput Screening Methods

While the determination of thermodynamic constants is a rigorous tool pro-
viding a quantitative measurement of the affinity of a particular ligand for
specific metal ions, it is often tedious and may not be adequate for the eval-
uation of libraries of new molecules in the era of high-throughput synthesis.
Recent methodologies for the evaluation of actinide ligands have included
high-throughput in vitro screenings based on the competitive displacement
of reference chelating agents.”® A particular microtiter colorimetric assay fol-
lowing the disappearance of a chromogenic uranyl complex preformed with
sulfochlorophenol S was applied to screen over 40 known ligands including
polycarboxylate, hydroxamate, catecholate, hydroxypyridonate and hydroxy-
quinoline derivatives as well as 50 new bisphosphonate ligands for their
U-binding properties.”” More recently, an immunoassay based on surface
plasmon resonance analysis was developed to measure uranyl affinity for
proteins and small molecules and was described as fast, sensitive, and cost-
effective.® This technique involves the immobilization of a specific monoclonal
antibody raised against uranyl and uses 1,10-phenanthroline-2,9-dicarboxylic
acid as the probe of uranyl capture by the antibody. While limited to specific
conditions (pH, concentration, etc.) such screening methods offer a rapid and

Table 6.1 Examples of solution thermodynamic parameters determined for
selected actinide complexes of 3,4,3-LI(1,2-HOPO) and comparison with
corresponding DTPA complexes.

Ligand Cation log 110 pM Reference
3,4,3-LI(1,2-HOPO) Th* 40.1 41.0 33

UO0,** 18.0 18.8 119

Pu** 43.5 44.5 120

cm® 21.8 22.7 34
DTPA Th* 28.7 26.8 44

U0,*" 11.8 9.9 121

Pu*f 33.7 31.7 44

Cm?* 21.7 21.1 122



http://dx.doi.org/10.1039/9781782623892-00183

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00183

View Online

Chelation of Actinides 195

robust readout and allow focusing on further in vivo evaluations. Combined
with combinatorial synthetic methodologies, a high number of molecules may
now be discovered and evaluated for their actinide affinity properties.

6.3.1.3 Invitro and Ex vivo Binding

The most important tissue biological ligands are the mineral phase of bone,
for all actinides,®® liver ferritin for trivalent and tetravalent actinides,®>®”
and the renal tubular epithelium for UO,>". Few experimental examples
have investigated the ex vivo or in vitro actinide removal efficacy of the most
studied ligands from these biological pools. Ex vivo preparations of con-
taminated skeleton have been described in the literature: ashed bone sam-
ples were obtained from mice injected intravenously with uranyl chloride
(***U0,Cl,) and sacrificed four hours later when uptake of bone U appears
to be complete.®® Bone ash in buffer was incubated without stirring or with
occasional mixing for one or two hours at 20 or 37 °C with ligands such as
Ca-DTPA and 3,4,3-LI(1,2-HOPO) 8 at ligand: U molar ratios of 75 and 250,
respectively. Net removal of U from bone ash was about 2% for Ca-DTPA and
4% for 3,4,3-L1(1,2-HOPO). Removal of Pu and Am sorbed to well-character-
ized hydroxyapatite powder was also evaluated for 3,4,3-LI(1,2-HOPO) and
Ca-DTPA.?**® Ca-DTPA was ineffective for Pu removal (100 uM, 24-48 hours
contact) while 3,4,3-LI(1,2-HOPO) showed removal of 3.8%. The most effec-
tive ligand for Am (100 pM, 24-48 hours contact) was 3,4,3-LI(1,2-HOPO)
showing 14.5% removal while Ca-DTPA removal was about 1.4%. The com-
pound 3,4,3-LI(1,2-HOPO) also removed useful amounts of both Pu and
Am from bone mineral.** These were the first successful demonstrations of
removal of Pu or U from bone mineral with chelating agents in ex vivo or in
vitro systems. Finally, in vitro studies have also investigated actinide removal
from liver cytosol, to address mainly the binding of soluble liver proteins
such as ferritin.* Using the highest concentrations of Ca-DTPA, less than 5%
of the protein-bound Pu was rendered ultrafilterable.®” A ferritin-rich liver
cytosol was prepared from Pu-injected mice and ultrafiltered (100 kDa), with
over 95% of the Pu retained on the filter. Incubation of the Pu-containing
mouse liver cytosol with 3,4,3-L1(1,2-HOPO) (10™* M, 1 hour, 37 °C) removed
50% of the Pu associated with the ferritin peak and 72% of the Pu associated
with the very heavy protein fraction. These results were a dramatic improve-
ment over the 5% Pu removed from dog liver cytosol with 10 M Ca-DTPA.*’
Finally, more recent ex vivo studies have evaluated the decontamination effi-
cacy of calixarene nanoemulsions using transdermal Franz diffusion cells for
24 hours on intact, wounded, and excoriated skins from pig ear contami-
nated with uranyl nitrate.”® Of particular interest in these studies is the devel-
opment of new superficial skin wound models, reproducing superficial cuts
and stings, and mimicking contamination scenarios because of the mechan-
ical injuries commonly encountered in the nuclear industry. Combined with
the absence of toxicology findings, decontamination efficacies of up to 94%
of the U applied to wounded skin were observed.
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6.3.2 Invivo Efficacy Determination

6.3.2.1 Animal Model Selection

Although in vitro and ex vivo screens are certainly a first approach to delin-
eate the potential of new actinide chelating molecules and products, in vivo
studies are ultimately necessary to demonstrate the viability of these agents
and to establish their therapeutic index based on efficacy results as well as
toxicology findings. Live animals must be used in these studies, because the
phenomena investigated (efficacy, function, and toxicity) depend on kinetic
transfers of ligands and metals between and among the several fluid and
cellular compartments of the intact animal in the presence of its homeo-
statically controlled fluid medium. Efficacy should be assessed in more than
one animal species, especially considering the high reliance on biokinetic
models in humans and different mammalian species. A large majority of the
decorporation efficacy studies performed over the past three decades with
new chelating agents such as 3,4,3-LI(1,2-HOPO) 8 were conducted on labora-
tory mice.'”?*?°* Mice are commonly used for metabolic and toxicity studies,
because they are appropriate small-scale acute models for larger mammals.
Mice were used in those studies in part because Pu metabolism and chelate
action had already been studied in that animal,®'® but there were other fac-
tors to consider as well. The animal chosen for the primary investigations
was the young adult female Swiss Webster mouse, an outbred strain of stable
size and docile behavior. The mice were used at 11-15 weeks of age and 30 +
3 g body weight. At that age, the female mouse skeleton is nearly mature, and
the long bones have attained 98% of their maximum length.**’ An animal
model with a mature skeleton more closely resembles a human adult with
respect to the degree and extent of bone remodeling. These are important
considerations in interpreting the results of chelation therapy, as they will
significantly affect the retention of actinides deposited in the skeleton. The
last important advantage, unique to the study of actinide chelators, is the
generation of much smaller amounts of radioactively contaminated wastes.
Unlike the mouse model system, adult rats have slowly but continuously
growing skeletons. This means that the direct comparison of rats to larger
mammals in terms of the efficacy of a chelating agent may be masked by
a decrease in the amount of actinide retained in rat bone, making a chela-
tor tested in rats appear better for the removal of actinides from bone than
it would be when applied to other mammals.” However, because rats are
commonly used in standardized safety pharmacology and toxicology tests,
decorporation efficacy studies may be useful in providing correspondences
to assess therapeutic indices. Work with larger mammals, such as dogs and
baboons, allows a closer approach to human physiology. However, one of the
difficulties in utilizing the non-human primate data as stand-in for humans
is that non-human primates possess an efficient biliary outlet for actinides.
There is no evidence for an efficient biliary outlet for actinides in humans
or dogs. In view of the available literature observations,”®°*% mice, rats,
and dogs have appeared to be the species of choice to pursue decorporation
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efficacy studies with the most advanced programs developing new formula-
tions of DTPA and the new chelating agent 3,4,3-LI(1,2-HOPO).

6.3.2.2 Invivo Decorporation Studies

Decorporation experiments in animals mostly consist in contaminating
animals with radionuclides of interest and subsequently administering the
chelating drug under different treatment regimens. Metabolic balances of
the radionuclides and biodistribution profiles are then established. Decor-
poration efficacy is then based on direct measurement of the elimination
of the radioactive contaminant through feces and/or urine (or exhalation,
as appropriate) at various time points after administration of the decorpo-
ration agent. Residual body burden and specific organ content may also
provide information on the potential internal relocation of the radionuclide
and subsequent toxicity due to concentration. These measurements are in
turn used to calculate changes in whole-body committed radiation dose fol-
lowing product administration. While the endpoints for such experiments
are therefore mostly limited to reduction in whole body burden and com-
mitted radiation, a large number of parameters can be varied, in addition
to the treatment regimen, including the route of contamination, the iso-
topic ratio, and chemical form of the contaminant, or the amount of con-
taminant and the associated radiation dose administered. Various routes of
contamination have been investigated, comprising intravenous injection,
inhalation, and wound simulation through subcutaneous or intramuscular
injections.'®**27* An important difference in these contamination modes is
the unit mass of contaminant deposited in specific tissues such as the lungs
and respiratory tract for inhalation studies. The particular actinide isotopes
chosen for decorporation experiments will depend on the desired indication,
and the chemical form used for the contaminant will also largely affect its
solubility properties and biokinetic distribution. A large number of actinide
decorporation efficacy studies have been performed and reported over the
years.'®1%9279 We have chosen to summarize here the results of only two
recently published series of studies conducted with the new chelating agent
3,4,3-LI(1,2-HOPO)®° 8 and with the DTPA diethyl ester pro-drug C2E2,% 13,
respectively, which are most representative of ongoing efforts to develop
new treatment solutions for actinide contamination and follow well-defined
animal contamination models.
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In an effort to establish a dosing regimen for 3,4,3-LI(1,2-HOPO), a series
of dose-dependent Pu and Am decorporation efficacy studies, spanning a
range of parenteral and oral treatment doses, were carried out in young adult
female Swiss Webster mice intravenously administered (through a warmed
lateral tail vein, 0.43 to 0.74 kBq or 10 to 20 nCi per mouse) soluble ***Pu-
citrate or **'Am-citrate. Both parenteral and oral treatment with 3,4,3-LI(1,2-
HOPO) resulted in dose-dependent elimination rates and total body burden
and distinct tissue content reductions, compared to saline- and DTPA-treated
groups (Figure 6.3). The results of these studies allowed the determination
of an optimal dose level of 3,4,3-LI(1,2-HOPO) for a specific route of treat-
ment administration. The minimum dose levels that produced maximum
decorporation efficacy of soluble ***Pu and **'Am in mice were 1 pmol kg™
ip and 100 pmol kg™ po, and 1 pmol kg™ ip and 200 pmol kg™ po, respec-
tively. These studies also demonstrated that extremely high oral doses of
Ca-DTPA would be needed to reach efficacious decorporation levels observed
at the presumed efficacious level of 200 pmol kg. Finally, following the body
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Figure 6.3 Dose-dependent total body retention of ***Pu and **'Am after paren-
teral or oral treatment with 3,4,3-LI(1,2-HOPO) (squares) and Ca-DTPA
(triangles). Ligands were given to groups of five mice by intraperitoneal
injection (panels a and c) or oral gavage (panels b and d) 1 h after intra-
venous injection of >**Pu-citrate (panels a and b) or **'Am-citrate (pan-
els ¢ and d). Mice were euthanized 24 h after contamination. Adapted
graphical presentation based on data from ref. 69.
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surface area conversion model, an accepted conversion system of animal
doses into human equivalent doses (HED), a 200 pmol kg ™" dose level in mice
corresponds to a 16 umol kg™ human dose, which is well within the safety
range defined through parallel pharmacology and toxicology studies.

The **'Am decorporation efficacy of C2E2 13 was assessed in Beagle dogs
(~13 months of age) exposed to an **'Am aerosol atmosphere for 8 min, with
each dog receiving an average of 111 kBq (3 pCi). Single doses of C2E2 (three
dose levels from 100 to 500 mg kg™') were administered by oral gavage 24 h
after contamination to mimic a realistic treatment delay, resulting in statis-
tically significant increases in **'Am elimination over control and reductions
in liver, kidney and lung **'Am burden in all treatment groups. Urinary excre-
tion of 2*'Am increased in a dose-dependent manner and fecal elimination
showed modest enhancement for three days after treatment before return-
ing to control levels. While no direct comparison with intravenous DTPA was
provided, these efficacy results combined with findings from safety studies
constitute supporting evidence for the promise of this bio-available ester 13.

6.4 Development of Viable Actinide Chelation
Treatments

As detailed above, one of the main requirements for an effective actinide
sequestering agent is its high affinity and selectivity towards metal binding.
While chelation efficacy remains the first parameter to evaluate, effective
actinide chelators need to respond to a series of other criteria including low
toxicity under administration conditions, and preferably high bioavailability
as well as ease of administration, which may be through the oral, transder-
mal or inhalation routes. Finally, feasibility of further development requires
that prospective therapeutics be prepared at low cost on a large and rapid
scale and exhibit long shelf-lives to facilitate the logistics associated with
stockpile maintenance and emergency response. This section summarizes
most current efforts in pursuing the pharmaceutical development of drug
products incorporating chelating agents selected for their respective high
actinide decorporation potential.

6.4.1 Formulation Development

In the context of developing actinide chelating drugs as medical counter-
measures against radiological and nuclear threats for use in emergency
situations, emphasis was laid on routes of administration that allow rapid
distribution to the population, essentially excluding the intravenous route
currently recommended for the sole approved DTPA-based products. Unfor-
tunately, molecules presenting the highest affinity for actinides are com-
monly large molecules, as they must accommodate the larger denticity
requirements to fully coordinate the metal ions. The quest for optimized
thermodynamics therefore conflicts with properties needed for a chelator
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to exert pharmacological effects, such as low molecular weight, appreciable
lipid solubility, and the ability to cross biological membranes (see Chap-
ter 2). Such criteria were taken into account in the design of new chelating
compounds such as the hydroxypyridinone ligands, bisphosphonates, and
calixarene structures. More targeted approaches have been the structural
modification of DTPA or the formulated use of excipients and delivery agents
with existing ligands for enhanced bioavailability.

6.4.1.1 Structural Modifications of DTPA

Charge and hydrophilicity are the main factors of DTPA’s permeability-
limited absorption and resulting poor oral bioavailability (approximately
3%).”® Following methods well established in drug delivery and small mol-
ecule modification, several attempts have been made to increase the lipo-
philicity of DTPA through esterification of carboxylic acid moieties of
DTPA."?° An early lipophilic derivative of DTPA, named “Puchel”, incorpo-
rated two undecanoic acid chains with the specific goal of enhancing intra-
cellular penetration; no actinide-removal efficacy enhancement or toxicity
reduction was observed in vivo, however, in comparison to Ca-DTPA.®” Long
alkane chains were then added to triethylenetetramine hexaacetic acid
(TTHA) 14, a nonadentate analog of DTPA, in studies focusing on oral bio-
availability enhancements.”® Among that series of C,TT compounds (n vary-
ing from 8 to 22 carbons), the C;(TT and C,,TT chelators were found most
effective at reducing ***’Am and **°Pu content in the tissues of contaminated
rats, but were not more effective or less toxic than Ca-DTPA.*°
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More recently, while focusing on bioavailability enhancement, Jay and
coworkers prepared and evaluated a series of DTPA esters for their physi-
co-chemical properties and permeability characteristics.”>''°* The pen-
ta-ethyl and di-ethyl esters of DTPA, referred to as C2E5 and C2E2 13,
respectively, initially emerged as candidates for further development. How-
ever, although C2E5 was shown efficacious in a >**' Am wound-contamination
animal model,'*'* concerns were raised over its hepatotoxicity and poten-
tial to form up to 10 metabolites. On the other hand, C2E2 is still under
investigation as a promising oral chelator for transuranic elements. Recent
studies reported its decorporation efficacy in Beagle dogs, using the **'Am


http://dx.doi.org/10.1039/9781782623892-00183

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00183

View Online

Chelation of Actinides 201

nitrate inhalation contamination model (vide supra), and suggested that it is
well tolerated at therapeutic levels.”>'"" Finally, a comprehensive assessment
of the genotoxic potential (including the in vitro bacterial reverse mutation
Ames test, mammalian cell chromosome aberration cytogenetic assay and
an in vivo micronucleus test), indicated that C2E2 is not mutagenic or clasto-
genic. Further efficacy and toxicity studies for C2E2 are ongoing at this time,
making this compound a promising orally available candidate for transura-
nic actinide chelation.

6.4.1.2 Pharmaceutical Approaches

In an effort to improve the pharmacokinetic properties and bioavailability
of DTPA, a number of classical and novel formulation approaches have been
explored. To target the major actinide deposition sites more efficiently and
improve its ability to cross biological membranes, liposome delivery systems
were applied to DTPA.>*'% After intravenous delivery, conventional lipo-
somes and stealth® multilamellar liposomes were found to lengthen the cir-
culation time of DTPA and to increase its distribution specifically in the liver
and in the bones. Dramatic improvements in ***Pu removal from rats were
also noted by Phan and coworkers: a dose of 0.3 pumol kg™ of polyethylene
glycol-coated stealth® liposomes with a mean diameter of 100 nm induced
the same skeletal >**Pu reduction as four injections of DTPA (30 pmol kg™).'*

To enhance oral delivery, Shankar and coworkers developed Zn-DTPA tab-
lets, an oral solid dosage form containing permeation enhancers.'’”'*® Lim-
ited efficacy and safety studies are available for these tablets, however recent
publications reported that daily oral administration at a 1325 mg™" kg™ day™*
level for 7 days was well tolerated in Beagle dogs. In addition, decorpora-
tion efficacy in rats injected with **’Am and treated once with oral tablets
(575 pmol kg™) or intravenous DTPA (30 umol kg ') was comparable.'*”'%®
In a different process developed by the company Nanotherapeutics Inc.,
nano-particulate aggregates of DTPA and zinc acetate were encapsulated
within entero-coated capsules providing the most advanced oral delivery
product for DTPA, NanoDTPA®.'>''° Under this form, DTPA displayed sig-
nificantly improved bioavailability in dogs and promoted as much **'Am
removal as intravenous DTPA.'*

Because inhalation is considered the most likely route of contamina-
tion, targeting the actinide particles deposited in the lungs has also been
an active area of research. Efforts to aerosolize Ca-DTPA either as a pow-
der or as a nebulized solution provided thorough characterizations of the
resulting particles and droplets.'’ In parallel, the French military complex
produced a micronized dry powder of DTPA, of which only 3% deposited in
the alveolar region of the lungs when inhaled through a dry powder inhaler
(Spinhaler®).'*? In spite of such low aerosolization performance, this prod-
uct is currently available in France for emergency administration to nuclear
workers exposed to Pu. In more recent studies, porous particles were pre-
pared by spray-drying DTPA in a mixture of ethanol and water together with
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excipient dipalmitoylphosphatidylcholine and ammonium bicarbonate.
Optimization of the spray-drying conditions resulted in about 56% of the
powder deposited in the lungs and 27% in the alveoli upon inhalation.'"?
Administration of this powder to rats contaminated with inhaled, poorly sol-
uble Pu oxide aerosols promoted as much plutonium removal as intravenous
DTPA,""* warranting further safety and efficacy studies that would confirm
the viability of this new formulation as an emergency treatment.

It is interesting to note that other molecules have been the subjects of
pharmaceutical development work. The sodium salt of alendronic acid 15,
a diphosphonate chelator that acts as a specific inhibitor of osteoclast-me-
diated bone resorption, has been formulated into nanoparticles to be spray-
dried and mixed with lactose for lung delivery.'*> Although not yet tested for
efficacy, the pharmacokinetic profile of the resulting product is promising, as
the molecule crosses the pulmonary barrier rapidly and 34% of the inhaled
powder was found in the lungs of healthy human volunteers. Other chelating
structures based on the calixarene architecture have been the focus of formu-
lation development efforts for skin decontamination: most notably, Fattal
and coworkers, in collaboration with the French Institute for Radiological
Protection and Nuclear Safety, recently produced an oil-in-water nanoemul-
sion containing p-tert-butylcalix[6]arene 16 together with nonionic surfac-
tants.® This particular emulsion was shown to induce a 98% decrease in U
transcutaneous diffusion on pig ear skin contaminated with uranyl nitrate.*®
A more viscous mixture of this nanoemulsion containing a hydrogel sub-
sequently displayed similar U binding properties and was deemed more
suitable for skin applications.'*®
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6.4.2 Safety Determination and Regulatory Approval

Clearly, as summarized above, the past few decades have seen a resurgence
in scientific interest for the development of new molecules and formulated
products of existing compounds as actinide chelation therapeutics. However,
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the path from research discovery to commercialization and availability to the
patient is long and arduous, especially for such new drug products; due to
the inherently rare nature of the contamination threat, radionuclide decor-
poration agents are predominantly produced for Government stockpiles,
they have limited marketability and will not benefit from the expertise and
machinery of large pharmaceutical corporations. Fortunately, international
organizations such as the International Council for Harmonisation of Tech-
nical Requirements for Pharmaceuticals for Human Use (ICH) and regula-
tory authorities such as the FDA in the United States provide a number of
guidelines and documents discussing the scientific and technical aspects
of drug registration and providing well-defined development criteria and
milestones.

6.4.2.1 The Animal Rule

Actinide chelating agents are categorized as medical countermeasures,
which are the drugs, vaccines, and medical devices that are needed to
respond to a public health emergency, including products to prevent and
respond to anthrax, smallpox, radiological/nuclear agents, pandemic influ-
enza and other emerging diseases.” For such products, well-controlled effi-
cacy studies in humans cannot be ethically conducted because the studies
would involve administering a potentially lethal or permanently disabling
toxic substance or organism to healthy human volunteers. It is for example
not feasible or ethical to perform controlled clinical trials in which humans
are purposely exposed to radionuclides such as isotopes of Pu, Am, Cm, Np
and U. To address this issue, in May 2002 the FDA promulgated a rule allow-
ing for approval of new drug products based on animal data.'’” The intent
of this “Animal Efficacy Rule” was to facilitate the development of medi-
cal countermeasures against chemical, biological, nuclear, or radiological
threats, including new actinide decorporation treatment strategies. It indi-
cates that the FDA will rely on the evidence from the studies in animals to
provide substantial evidence of the effectiveness of the proposed new agent
when: (i) there is a reasonably well-understood pathophysiological mecha-
nism of the toxicity of the substance and its prevention or substantial reduc-
tion by the product; (ii) the effect is demonstrated in more than one animal
species expected to react with a response predictive for humans, unless the
effect is demonstrated in a single animal species that represents a sufficiently
well-characterized animal model for predicting the response in humans; (iii)
the animal study endpoint is clearly related to the desired benefit in humans,
generally the enhancement of survival or prevention of major morbidity;
and (iv) the data or information on the pharmacokinetics and pharmaco-
dynamics of the product or other relevant data or information, in animals
and humans, allows selection of an effective dose in humans. Additional
guidelines specific to the development of new decorporation agents under
the Animal Rule are found in other FDA guidance documents and must also
be taken into consideration throughout the development of new chelating
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products.''® Finally, in addition to meeting the criteria under the Animal Effi-
cacy Rule, general essential elements required for the animal models to be
used in studies to support efficacy are presented in Table 6.2.

Although specific to drug development and regulatory approval in the U.S.,
these guidelines have been adapted and are valid in other countries, espe-
cially in the European Union, under a harmonization effort. Below is a brief
summary of a typical sequence of requisite nonclinical and clinical studies
that will support regulatory approval of a new radionuclide decorporation
countermeasure.

- Tests of effectiveness in vitro, including solution thermodynamics
and kinetics of complexation of the targeted element by the proposed
substance.

- Assay development and validation, standard for most new chemical
entities, including manufacturing, purification, and characterization
methods.

- Preliminary or exploratory animal efficacy studies, typically in rodents
or other suitable small animal model, following methods such as those
described above.

- Animal safety pharmacology studies to investigate potential unde-
sirable pharmacodynamics effects on physiological functions and to

Table 6.2 Essential characterization elements for the selection and justification of
animal models under the Animal Efficacy Rule.

A. Characteristics of the etiologic agent:
. The challenge agent
. Pathogenic determinants
. Route of exposure
. Quantification of exposure
B. Host susceptibility and response to the etiologic agent
C. Natural history of the disease:
. Time to onset of disease
. Time course of progression of disease
. Manifestations (signs and symptoms)
D. Trigger for intervention
E. Characterization of the medical intervention:
. Product class
. Mechanism of action
. Invitro activity
. Activity in disease of similar pathophysiology
. PK in unaffected animals/humans
. PK in affected animals/humans
. PK interactions with medical products likely to be used concomitantly
. Synergy or antagonism of medical products likely to be used in combination
E Design considerations for the efficacy studies:
. Endpoints
. Timing of intervention
. Route of administration
. Dosing regimen
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assess effects on the cardiovascular, central nervous, pulmonary, and
renal systems before first administration in humans.

- Animal toxicology studies should include at a minimum (i) expanded
single- and repeat-dose toxicity studies in two mammalian species (one
non-rodent), with the duration of the repeat-dose toxicity studies equal
to or exceeding the duration of the intended treatment in humans; (ii)
genotoxicity studies in vitro and in vivo.

- Single-dose, dose escalation, safety, and tolerability studies in humans
(initial first inhuman studies), using doses supported by animal data.

- Pivotal efficacy studies supporting approval conducted in the most
appropriate animal species; the animal species selected should be simi-
lar to humans with respect to the pharmacokinetic profile of the decor-
poration agent and the distribution of the radioactive contaminant.

- Definitive safety studies in humans; these studies should be conducted
at the highest dose anticipated to be marketed and be performed in
parallel with the animal efficacy study or studies intended to support
approval, assuming the product is reasonably likely to produce clinical
benefits in humans.

Along this sequence are specific milestones such as (i) the Investigational
New Drug (IND) stage that indicates an initial review of nonclinical data by
the FDA and a permission to proceed with first-in-human clinical studies;
(ii) the Orphan Drug (OD) designation that grants special status to a drug
to treat a rare disease or condition upon request of a sponsor; and the final
New Drug Application (NDA) submission, which is the vehicle through which
drug sponsors formally propose that the FDA approve a new pharmaceutical
for sale and marketing in the U.S.

6.4.2.2 Current Status of Existing Actinide Chelation Products

As stated earlier, Ca-DTPA and Zn-DTPA solutions have officially been
approved for intravenous and inhalation use in the U.S. since 2004.>' How-
ever, they had already been stockpiled for different governmental agencies
such as the U.S. Departments of Energy and Defense and used in contami-
nated workers. DTPA-based products, including the micronized dry-powder
inhalation product have also been available and used for years in European
and Asian countries, especially in France, where there is a significant at-risk
population due to the heavy reliance on nuclear power. The regulatory
approval of DTPA by the FDA was therefore mostly grandfathered in based on
a large database of human use assembled by the Radiation Emergency Assis-
tance Center/Training Site (REAC/TS) and reviewed by the FDA itself.'* There
is currently no new approved product for an actinide decorporation agent
that was approved through the newly implemented Animal Rule develop-
ment path. With the help and great interest from the Department of Health
and Human Services in the U.S. as well as from other public institutions such
as the Atomic Energy and Alternative Energies Commission and Institute for
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Radiological Protection and Nuclear Safety in France, Public Health England
in the United Kingdom, or Atomic Energy Of Canada Limited in Canada, new
products have now embarked on the regulatory approval route.

Among the different drugs and products listed in the different sections of
this chapter are some remarkably advanced projects aiming to provide new
chelating options:

In 2011, Nanotherapeutics Inc. obtained the FDA orphan-drug status for
NanoDTPA™ capsules to treat radiation exposure. Most recent published
reports from this company provide encouraging americium decorporation
efficacy data and indicate that nonclinical studies are still ongoing. The C2E2
DTPA 13 pro-drug developed by Jay and coworkers at the University of North
Carolina and the DTPA oral tablet developed by Shankar and colleagues at
SRI International have both undergone substantial safety and efficacy test-
ing, with projected submissions of IND applications in the mid-2010’s. The
most advanced program is that of an oral product of the new decorporation
agent 3,4,3-LI(1,2-HOPO) 8 led by the Lawrence Berkeley National Labora-
tory. Based on extensive nonclinical safety and efficacy data in three animal
species, mice, rats, and dogs, the IND status was formally provided by the
FDA in the summer of 2014, with first-in-human safety studies currently
under preparation.

Although undeniable progress has been made in the development of seques-
tering agents for actinide decorporation since the identification of potential
health hazards from those radionuclides in the 1950’s, only one molecule,
DTPA, has been used internationally and officially approved for distribution,
with significant limitations such as potential nephrotoxicity, reduced decorpo-
ration efficacy, and cumbersome recommended use of intravenous injections.
Several formulations for oral and inhalation use of DTPA have been pursued
with promising prospects. In parallel, only one other ligand, 3,4,3-LI(1,2-
HOPO), has been developed far enough to warrant hopes for availability in the
next decade. There is therefore still a pressing need for new chelating mole-
cules as well as advanced studies that will complete the existing research and
development efforts. Beyond mere approval of new drug products, one needs
to be able to define a reasonable treatment regimen, a challenging task when
relying solely on animal data, in an accident scenario where a large popula-
tion would be exposed to different isotopes, at different contamination levels,
through different routes, and at different times.

Abbreviations

BAL  British anti-Lewisite (dimercaprol)
CAM functionalized catecholamides

DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
EHBP Ethane-1-hydroxy-1,1-bisphosphonate
FDA  (US) Federal Drug administration
HED Human Equivalent Dose
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HOPO hydroxypyridone

ICRP International Commission on Radiological Protection
NRCP (US) National Council on Radiation Protection and
Measurements
REAC/TS Radiation Emergency Assistance Center/Training Site
TTHA Triethylenetetramine hexaacetic acid
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CHAPTER 7

Evaluation of Iron Overload
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7.1 Introduction

The concentration and total amount of iron in different tissues are critical
parameters that determine clinical outcome in all forms of systemic iron
overload, independent of whether the iron overload is caused by blood trans-
fusion (i.e., transfusion-dependent thalassaemia, sickle cell disease, aplastic
or sideroblastic anaemia, or myelodysplastic syndrome) or by up-regulated
intestinal iron absorption (i.e., hereditary haemochromatosis, non-transfu-
sion dependent thalassaemia, iron loading anaemia). The precise assess-
ment of the size of the iron storage pool, which may also include organ
volume,’ is essential for the treatment of chronically transfused patients with
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iron chelators to avoid both toxicity from increased organ iron concentration
and side-effects from an excessive chelator dose.>

Iron stores can be assessed by direct and indirect methods. Since the
introduction of the serum ferritin test® additional indirect iron quantifi-
cation parameters (histological total iron score,” non-transferrin bound
iron NTBI,” labile plasma iron LPL° hepcidin’) were developed for the esti-
mation of iron stores and/or to resolve our understanding of iron path-
ways. Many of the indirect parameters are well suited for the quantitative
determination of normal iron stores or to diagnose iron deficiency, but
fail in the measurement of iron overload. For example, the relationship of
8 mg storage iron per 1 pg L' serum ferritin as found in normal subjects
by exhaustive quantitative phlebotomy cannot be transferred to iron-
overloaded patients.®®

In recent years there has been increased interest in non-invasive quanti-
tative iron measurements. These developments were especially influenced
by the progress in molecular biology, which led to the discovery of dif-
ferent genes and mutations of hereditary haemochromatosis.'® Interest
was further fuelled by the development of novel oral iron chelators such
as deferiprone and deferasirox for the treatment of transfusional iron
overload."'™™ The recognition that cardiomyopathy and arrhythmia are
the most frequent causes of death in thalassaemia has provided a further
stimulus for the further development of non-invasive measurements of
cardiac iron.'"?

Progress in measurement technology added another stimulus to the
development of non-invasive iron assessments. Biomagnetic liver suscep-
tometry (BLS) based on low temperature (4 K, SQUID) and high (77 K) or
room temperature systems is available, or under development, as a routine
method at a few centers.'*'® Quantitative magnetic resonance imaging (MRI-
R2) now allows the measurement of iron distribution and its averaged con-
centration in an entire slice of the liver.'” The application of fast MRI-GRE
methods (GRE = Gradient Recalled Echo, MRI-R2*/T2*) to the heart and liver
has offered new strategies in the treatment of transfusional siderosis.">*
MRI-R2 and -R2* methods have now also been used to assess iron in the
spleen, pancreas, bone marrow, pituitary, and brain.*'"*

Other methods, such as computer tomography (CT), even dual energy
CT, iron-specific X-ray fluorescence (XRF) and nuclear resonance scattering
(NRS), have not gained clinical significance. Since most in vivo measurement
techniques are non-specific for iron (except XRF and NRS), they need tissue
samples with physico-chemical measurement of iron (MRI-T2/R2, -T2*/R2*)
for calibration, or at least for validation (biosusceptometry).

The following review articles give an overview of non-invasive iron mea-
surements in different application areas: Brittenham, 1988 (biopsy, X-ray
techniques, SQUID Biosusceptometry);** Jensen, 2004 (liver, heart, pitu-
itary);*® Haacke et al, 2005 (brain regions: MRI methods, autopsy iron);*
Fischer and Harmatz, 2009 (SQUID Biosusceptometry, MRI-R2, -R2*);*’
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Wood, 2015 (cardiac, endocrine MRI).>® This work concentrates on non-
invasive iron overload measurement techniques mainly developed after 2000.

7.2 Principles of Iron Measurement Techniques

7.2.1 Reference Standards for Iron Quantification Methods

The reference method for direct measurement of non-heme iron is a biopsy
with iron-specific quantification methods such as atomic absorption spec-
troscopy (AAS) or inductively coupled plasma mass spectrometry (ICP-MS)
and XRF. For many organs, tissue samples are not, or only rarely, available
(heart, glands, or brain). In these cases iron measurements in tissue samples
from autopsy can serve as reference standards. However, in vitro calibration
of iron-proportional MRI parameters by biopsy or autopsy samples is prob-
lematic due to the temperature dependence.

7.2.1.1 Liver Biopsy

In patients with iron overload, 70-90% of the total body storage iron is stored
in the liver, which made the liver biopsy the favoured reference target for
non-invasive iron measurement methods."*

Since the execution of the first liver biopsy by Paul Ehrlich (1883), and its
expanding use during and after World War 1I in connection with hepatitis
infections, different liver biopsy techniques have been introduced into the
clinical routine.** The most frequent complications are hypotension caused
by haemorrhage and pain in about 30% of the patients.** Using the liver iron
concentration from a small biopsy sample as the reference method, which is
representative of total or regional liver iron (“gold standard”), is a continu-
ously discussed question. A minimum wet weight of 4 mg or 1 mg dry weight
(mgyg,,) is still recommended.** Moreover, a homogeneous iron distribution in
the liver is assumed, which may not always be true for iron overload diseases.*
In iron-overloaded patients without liver disease, an agreement of 7.1% (CV)
was reported between two liver biopsies (mean: 10 mgy,,) from distant liver
regions.** Intraorgan variability between large, biopsy-sized, local and remote
samples was also studied and resulted in large variabilities with CVs from 4 to
73%.* With modern spring-loaded cutting needles, a similar agreement (mean:
7.6%) between 2 local percutaneous biopsy specimens (1 mgy,,) was achieved in
patients with transfusion-dependent thalassaemia (TDT) and sickle cell disease
(SCD) but with differences of up to 30%.® Intraorgan variability is also affected
by the disease state (high iron concentration, fibrosis, cirrhosis, hepatitis).*>*’

Further effects with potential impact on iron concentration measurements
by non-invasive techniques are the diurnal variation of liver volume, the
cellular iron distribution, the size of the iron deposits,***° and also the wet-to-
dry weight ratio in different tissue with respect to total organ iron and in vivo
biosusceptometry (see Section 7.3.4).'%*°
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7.2.1.2 Quantitative Heart Biopsy and Autopsy

In contrast to the liver, the direct physico-chemical determination of heart
iron (CIC = cardiac iron concentration) by a catheter-directed right ventricular
endocardial biopsy is rarely performed. In addition, the endocardial biopsy is
not representative for the entire heart iron because of the small sample size
and the inhomogeneity of the iron distribution in the myocardial tissue.***

In autopsy hearts with significant histological iron staining, CIC values
between 160 and 1470 Pg e weigh{l were found by Buja and Roberts with
an iron concentration gradient from the endocardium to the iron-richer epi-
cardium, and with a relatively high wet-to-dry weight ratio of 6.5 + 0.6.** All
patients with CIC >600 pg-Fe g, ' and more than 23 g of transfused iron had
developed heart insufficiency. In autopsy hearts of patients with hereditary
haemochromatosis, CIC values of >500 ug gy, - (normal: 20-125 pg €. ")
were found in the entire left ventricular free wall, in the septum, and also in
the atrial myocardium, especially in the AV node.**

Similar CIC values of 860 and 17 pg g, ' were observed before and after
heart transplantation, respectively, in a juvenile hereditary haemochroma-
tosis patient.”> Autopsy CIC data from a 24-year-old transfusion-dependent
thalassaemia (TDT) patient were also reported by Ghugre et al in a range of
770-1500 pg gy - with higher iron concentrations in the epicardium and a
wet-to-dry weight ratio of 7.0 + 0.4.%° In largest autopsy study thus far, with 12
hearts from TDT patients, no significant difference between whole heart and
septum was found in a CIC range of 500-4000 pg g - RV wall and LV atrial
CIC was found to be lower by 22% and 28%, respectively.”’

7.2.1.3 Bone Marrow Iron

In the bone marrow, macrophages predominantly store iron in the sidero-
somes of the cytosol in the form of aggregated haemosiderin and/or ferri-
tin. In iron overload, also other (plasma) cells contribute to the iron store.*®
Bone marrow iron is usually estimated by histological grading and only a
few quantitative studies were performed in the past. Non-heme iron concen-
trations between 20 and 8647 pg g, ' were measured in autopsy samples
from White and Bantu males/females with a good correlation between his-
tological grading and marrow iron concentrations. The ratio of ferritin/hae-
mosiderin iron was about 1:5 in iron-overloaded samples with less than 5%
of heme iron.*” In post-mortem bone marrow transplants from transfusion-
dependent leukaemia patients, iron was determined in a range from 932-
3942 pg g4, " and was correlated (p = 0.006) with the morphometrically-
estimated percentage of macrophage iron-(haemosiderin)-containing area.*

7.2.1.4 Post-Mortem Brain Iron

Iron is an essential trace element in many metabolic processes in the brain
(e.g., protein synthesis, enzyme cofactors, myelin formation). Iron defi-
ciency in the brain may alter these processes leading to cognitive deficits or
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to disturbed motor function (e.g., restless leg syndrome).’" In contrast, iron
accumulation in the brain leads to various neurodegenerative diseases (e.g.,
NBIA, Parkinson’s, Alzheimer’s). For calibration, in vivo MR relaxation mea-
surement techniques rely on autopsy brain tissue samples, often on histori-
cally measured iron concentrations.’®”* A reliable judgement on significant
iron loading needs age adjustment, especially in paediatric and adolescent
patients.>*>* High iron concentrations were found in the globus pallidus of
normal controls by Hallgren and Sourander, which exponentially increased
from 182 to 215 pg-Fe g, ' at age 20 to 50 years, respectively.”* However,
there is a significant disagreement with the data of Loeffler et al., who found,
for example, in the globus pallidus of young (27-63 year-old) and elderly (67-
88 year-old) control subjects iron concentrations of 56 and 29 pg-Fe g, ",
respectively.”® These values could not be confirmed in later reports (see Sec-
tion 7.4.6).

7.2.2 Biochemical Properties of Iron Storage Molecules

Both magnetic resonance imaging (MRI) and biomagnetic susceptometry
(BS) are mainly based on the antiferromagnetic and paramagnetic proper-
ties of ferritin and haemosiderin iron. Their distribution can be different
in the liver, spleen, heart, brain and other organs, with different impacts
on relaxation time shortening or specific magnetic volume susceptibility.
Ferritin iron shortens both T1 and T2, while the cluster-sized haemosiderin
iron lacks significant T1 shortening and has a stronger T2 impact.*»* Ferri-
tin and its degradation product, haemosiderin, were preferentially studied
by Moessbauer spectroscopy, electron microscopy, elemental analysis by
ICP, and AC magnetic susceptometry in tissue samples from thalassaemic
heart and spleen, in human, from rat liver, and from horse spleen.*®*5
Differences between these two main iron storage compounds with poten-
tial implications in MR relaxation and biosusceptometrical measurements
were observed with respect to blocking temperatures,’®® superparamagne-
tism,* chemical composition,®® and core diameter.**%°”*! Especially, core
diameters of 6.4-7.5 nm and 5.7 nm were found for ferritin and haemosid-
erin cores, respectively, and even smaller (3.3 nm) for brain ferritin cores.””*!
Considering the cluster size of aggregated haemosiderin cores, with a diam-
eter of about 500 nm, a 10°-fold volume difference would be calculated.*®>”
In heavily iron-overloaded patients with hereditary haemochromatosis
(HH) and iron-loading anaemias, equal amounts of ferritin and haemo-
siderin (non-ferritin) iron were found by Zuyderhoudt et al. in liver needle
biopsies, while ferritin iron increased relatively in low grade iron overload.®®
Using a modified fractionating micro-method in liver samples from dietary
iron-loaded rats, Nielsen et al. determined a ferritin: haemosiderin iron ratio
of 1.8, which slowly decreased by 0.14 per 10 mg g, ' of accumulated non-
heme liver iron.®*** This modified micro-method was also applied to liver
biopsies from patients with HH and TDT in the framework of the valida-
tion of SQUID biosusceptometry (see Figure 7.1).°> The haemosiderin:fer-
ritin ratio increased from 1:1 at 400 (upper normal threshold) to 3:1 at
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Figure 7.1 Haemosiderin (black), ferritin (red), and haem (blue) iron fractions
were determined according to Zuyderhoudt et al. (1978)% in liver biop-
sies (mean wet weight: 15 + 11 mg, recovery: 95 + 8%) from patients
with hereditary haemochromatosis and transfusion-dependent thalas-
saemia. The data can be described by one-term exponential functions
(r* = 0.91-0.99) with a haemosiderin: ferritin ratio of 3:1 beyond LIC

>5000 HE wet weightﬂ-

8000 pg g, - of total LIC. Assuming a smaller specific magnetic suscepti-
bility for haemosiderin than for ferritin iron could explain the curvilinear
relationship of biosusceptometrically-assessed LIC beyond 4-5000 pg ... "
similarly to MRI-R2."°

7.2.3 Magnetic Properties of Iron Storage Molecules

Both magnet resonance imaging (MRI) and biomagnetic liver susceptom-
etry (BLS) exploit the paramagnetic property of ferritin and haemosiderin
iron, and, in principle, also that of deoxyhaemoglobin. The magnetic dipole
moments, both of the proton (MRI) and of the iron electrons (BLS) become
aligned with the magnetic field direction, but disturbed by thermal move-
ment. Thus, only a small fraction of dipole moments will finally generate the
diagnostically usable signal. The sum of all magnetic dipole moments Zm;
in a volume element dV accounts for the magnetization M, which is propor-
tional to the external magnetic field B; multiplied by the magnetic suscep-
tibility y (a material constant) of diamagnetic and paramagnetic biological
tissue. The change of the magnetic flux A®, is picked up by protons or an
electronic detector coil, which itself generates a virtual magnetic field B, (eqn
(7.1)). The magnetic flux change (as function of time t) will directly induce a
voltage change in the magnetometer coil (BLS) or will indirectly generate a
radio wave signal emitted by the protons and received by the MR imager body
coil (see Figure 7.2).%°
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From Signal to Liver Iron Concentration (LIC)

:-. .|--‘. annm body T ..--:

: relative iron parameter
A f magnitude —) IE:) LIC
L a—-' AL {\ signal

T7H| TR Con \ Liver /

complex biopsies
signal (QSM)

paramagnetic iron (Fe) | signal (BLS, QSM) = IM()(,r)-Bd dv =) Ay

Detector coil, /
SQUIDs
flux quantum - magnetic flux : A
|| X

signal (SQUID) integral

Ay / Ype= LIC (in vivo)

Are (ferritinfhemosiderin) = 1600 x 10 [ppm]

o
.
.
----

Figure 7.2 Iron measurements by nuclear (protons, 'H) and electronic (detector
coils, SQUIDs) probes: paramagnetic hemosiderin & ferritin iron dis-
torts the static magnetic field (B,, B(r)), the field distortion (AB) either
affects excited protons (after transmission of a resonant RF signal) or
induces a current in the electronic detector coil, which is highly sen-
sitive and transformed into magnetic flux quanta by a SQUID. MR
picked up by the transmitter/receiver coil (T/R coil) or SQUID signals
are generated by the relaxation of the transverse magnetization (blue
'H arrow) or by moving the patient inside the magnetic field (green z
arrow), respectively. From the complex, phase or quantum flux signals,
the bulk magnetic susceptibility difference Ay (relative to a reference
medium: air, water, adipose fat) can be analytically derived. From the
magnitude of the signal and the resulting relaxation rates (R1, R2, R2*)
LIC can be empirically obtained, after calibration versus physico-chem-
ically assessed iron in biopsy or autopsy tissue.

AD = [d/dt(M(x,r) @ By)d’r (7.1)

The transverse relaxation rates (R2, R2*) can only be transformed from
MRI signals (intensities as function of echo time) into iron concentration
(LIC) by first establishing a calibration with known tissue iron concentra-
tions, such as in the liver or heart.’>% In other tissue, the relaxation rates R2,
R2* (1/T2, 1/T2*) have to be used as relative (surrogate) iron parameters. The
BLS signal (voltage changes versus distance or time) can be directly trans-
formed into iron concentration, especially LIC, via magnetic flux integrals
calculated from first physical principles (eqn (7.10)) and using the known
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specific magnetic susceptibility (yz.) for the haemosiderin/ferritin iron com-
pound.’® In quantitative susceptibility mapping (QSM), the transformation
of the MRI signal (phase) into magnetic susceptibility via a mathematical
operation (convolution) on magnetic dipole and susceptibility functions also
relies on known magnetic susceptibilities for haemosiderin and ferritin iron
as in BLS.

7.2.3.1 Specific Magnetic Volume Susceptibility (Electron
Magnetism)

Biosusceptometry (BLS and QSM) exploit the temperature-independent dia-
magnetic and the temperature-dependent paramagnetic response of biolog-
ical tissue to an external magnetic field H. The magnetization vector M and
its induced field B in tissue is directly proportional to H and to the magnetic
susceptibility y characterizing the magnetic property of tissue molecules

(eqn (7.2)).
M=yB~(1+y)H (7.2)

In tissue, especially in hepatocytes and/or macrophages, the core parti-
cles (Fe**-oxyhydroxide) form a ferritin-iron complex inside a water-soluble
spherical cavity and exhibit a paramagnetic volume susceptibility due to their
electrons in the 3d atomic shell with a maximum of 5 unpaired spins. In iron
overload states (Figure 7.1), ferritin will be degraded into water-insoluble
haemosiderin with a more variable Fe** structure and can be aggregated to
10°-fold larger clusters inside siderosomes (see also Section 7.3.1).°° The mag-
netic volume susceptibility y can be calculated according to the Curie law from
the effective magnetic dipole moment . in terms of Bohr magnetons [u;]
(= magnetic dipole moment of the electron) and temperature T [K], eqn (7.3).

%= 1T % (e C)* (7.3)

The constant C has a value of 5.987 in the MKS-system (2.84 in the cgs-sys-
tem). The effective magnetic moment for a specific electron spin state J is
calculated as gz = g x V(J(J + 1)) [¢g] with the Landé factor g = 2.0. For the
free Fe’" ion with the maximum spin state J = 5/2, one would calculate g.g
= 5.9 ug. From chemical structure considerations of coordination bonds
with 4 ligands, the existence of 3 unpaired spins was concluded.®®*® Thus
with J = 3/2, a u. of 3.87 py is obtained, which is close to the experimen-
tally found values for ferritin, haemosiderin, and total iron in Table 7.1. Hilty
et al. reconstituted apo-ferritin from horse spleen ferritin (HoSF) with 8-24
Fe*" and with 8 Fe* ions. Effective moments between 3.8 x;; (intact HoSF) and
4.9 u, (HOSF(8Fe*), J = 2) were measured by NMR susceptometry.”’

Different magnetic susceptibilities for ferritin and haemosiderin were
measured in various species in the past, see Table 7.1.°°”° The relatively low
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Table 7.1 TIron specific magnetic susceptibility (yz) measurements of ferritin and/or haemosiderin in horse spleen ferritin (HoSF),
reconstituted HoSF (rHoSF) with nFe’*, rabbit, human (transfusion- and non-transfusion-dependent thalassaemia, TDT and
NTDT), and in total liver, spleen, and brain tissue samples (J = spin state, (n) = number of samples).
Xmol Are T SD Hest [mB] Xre [ppm]
Species Preparation Method T(K) Fe(%) [10°] [10°cm?®g™] (310K) (310K) Reference Authors
Fe*"-hydroxide J = 3/2 Theory 310 6013 1353 3.877 1353 Physics
rHoSF(24Fe3*) J=3/2 NMR 310 6083 1369 3.900 1369 70 Hilty et al., 1994
ferritin
HoSF Solution Gouy balance 295 5980 1346 18 3.867 1280 71 Michaelis
etal, 1943
HoSF Solution Gouy balance 296 6200 1395 3.937 1332 69 Bayer & Hauser,
1955
HoSF Commercial NMR 293 6050 1361 3.889 1287 72 Schoffa, 1965
HoSF Commercial Edwards 295 7.5 6755 1520 44 4.110 1446 73 Engelhardt, 1992
balance
Rabbit (2) Iron dextran Gouy balance 295 14.9 6675 1502 81 4.085 1429 74 Shoden &
Sturgeon, 1959
Human Solution Gouy balance 295 15.9 7273 1637 44 4.264 1557 74 Shoden &
(TDT, 3) Sturgeon, 1960
haemosiderin
HoSH Suspension Gouy balance 295 4810 1082 65 3.468 1030 71 Michaelis
etal,1943
Rabbit (2) iron dextran Gouy balance 295 25.8 6605 1486 135 4.064 1414 74 Shoden &
Sturgeon, 1959
Human Purified Gouy balance 295 259 6987 1572 474 4.180 1496 74 Shoden &
(TDT, 3) Sturgeon, 1960
(continued)
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Table 7.1 (continued)

Xmol Xre * SD Hett [mB] Are [Ppm]
Species Preparation Method T(K) Fe(%) [10°] [10°cm®g™] (310K) (310K)  Reference Authors
total iron (haemosiderin & ferritin)
Rabbit livers iron dextran Suscepto- 298 6500 1463 4.031 1406 75 Bauman &
metry Harris, 1967
Human Autopsy Suscepto- 298 7022 1580 60 4.190 1519 76 Messer & Harris,
livers (5) metry 1967
Liver Freeze-dried AC suscep- 310 5067 1140 110 3.559 1140 78 Hackett
(NTDT, 4) tometry etal., 2007
Spleen (TDT, Splenecto- Biosuscep- 295 7342 1652 145 4.285 1572 77 Zander, 2001
15) mized tometry
Spleen Freeze-dried AC suscep- 310 6889 1550 230 4.150 1550 78 Hackett
(NTDT, 11) tometry etal., 2007
Spleen (TDT, Freeze-dried AC suscep- 310 5156 1160 250 3.590 1160 78 Hackett
7) tometry etal., 2007
Human brain Autopsy (38- QSM 310 4311 970 30 3.283 970 79 Langkammer
(13) 81 years) etal., 2012
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magnetic susceptibility of brain iron, measured in a range from 29 to 239 pg
2w | in different brain regions (from white matter to globus pallidus), may
also be caused by the QSM measurement technique (see Section 7.3.4.2).”°

Especially, the susceptibility of the aggregated haemosiderin iron, which
dominates iron overload states (Figure 7.1), is not well known. The magnetic
volume susceptibility of the water-insoluble haemosiderin iron was found
to vary between 1017 x 10™® and 2086 x 10°° (dimensionless in SI-units).”""*
From the chemical similarity of the haemosiderin and ferritin molecular core
particles, and from the agreement between magnetic and chemical determi-
nations of iron concentrations in human liver samples with various mixtures
of ferritin and haemosiderin iron, one could assume the same magnetic sus-
ceptibility value.®® A reasonable mean value of the susceptibility for human
liver haemosiderin/ferritin iron seems to be yp = 1.6 X 107® gjjer Mp. ' OF
1600 ppm at 37 °C (p = 1.05 g ecm ™ for liver tissue) as suggested by Wiliamson
and Kaufman for biomagnetic liver susceptometry.®’ This value is 10* times
higher than from any other competing diamagnetic response (y < 0) of bio-
logically relevant tissue (water: —9.032 x 10™° ppm, fat: —(8.2 £ 0.2) x 10°° ppm,
bone: —(11.3 + 0.3) x 10°° ppm).?>8?

However, as magnetic measurements on haemosiderin samples are
scarce,’”’* especially at room temperature, differences between the mag-
netic susceptibility of haemosiderin and ferritin due to size of core particles,
iron burden and distribution in different cells (macrophages, hepatocytes,
myocytes, acinar and beta cells, brain) are not ruled out up to now.**747879

7.2.3.2 Iron Concentration and Wet-to-Dry Weight Ratio

Non-invasive iron measurements are in vivo measurements and the corre-
sponding native in vitro iron measurement (in biopsies or autopsies) would
be a wet weight iron concentration. In biopsies with small tissue samples
(<10 mg), this may become problematic because of humidity loss in tissue
tubes and further processing.”” In liver biopsies, in contrast to brain autopsy
samples, iron concentrations (LIC) have been reported per gram dry weight
in recent years.

LIC = Ay/(teep fwar (7.4)

In eqn (7.4), LIC is calculated from the relative bulk susceptibility Ay (rel-
ative to a reference tissue, such as water) and the specific ferritin/haemosid-
erin iron susceptibility y;. including the liver tissue density p, see also Section
7.2.3.1. The widely adopted wet-to-dry weight ratio of f,4, (3.46) is based on
the water content of 71.1% of normal autopsy liver tissue.' In the study of
Barry a dry weight of 17% (f,,q = 5.88) of the wet weight was obtained in 61
biopsies (29-47 mg,.), while Zuyderhoudt et al. achieved a ratio f, 4, = (4.06 +
0.61) et weight Sdry weighe - 1N 1arge liver pieces (5 g post-mortem).*»** A critical
investigation of the relationship between different liver biopsy preparations
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was performed in liver tissue samples resulting in a wet-to-dry weight ratio
of 5.7 + 1.4 to 6.3 + 0.8 for de-paraffinized, heat-dried liver samples depend-
ing on the drying temperature.®* In a blind direct comparison between LIC
[1g Ziver '] by BLS and LIC [pg g4, '] from fresh-tissue heat-dried biopsy
excised by cutting needle, a conversion factor of 6.1 + 0.3 (r* = 0.92) was
obtained.® From eqn (7.4) it follows that this conversion factor (zf,q,) inter-
acts with the used specific magnetic susceptibility yg..

7.2.3.3 Other Magnetic Properties

Another paramagnetic player is heme iron with its deoxyhemoglobin.
Although the concentration in blood and tissue is relatively small, its mag-
netic effect, depending on oxygen saturation fraction ([O,]) and the hema-
tocrit (Het) in the blood of the micro-circulation, is exploited by MRI using
the blood oxygenation-dependent (BOLD) effect. The magnetic suscepti-
bility difference between deoxyhemoglobin (dox) and oxyhemoglobin (o0x),
Ay = Hct (1 - [0,]) Axdox-ox, can be measured by R2* in different tissues, with
AXdoxox = 3-4 ppm.°>®® Similar considerations also apply to the magnetic
effect in deoxygenated myoglobin, but this is difficult to differentiate from
the preceding BOLD effect.®”

The superparamagnetism of ferritin (also haemosiderin) is continu-
ously discussed due to its nanometric ferrihydrite core and the anomalous
T2 shortening in ferritin solutions similar to that of superparamagnetic
nanoparticles (SPIONs).*® However, the magnetic susceptibility of SPIONs is
much larger than that of ferritin. This discrepancy might be explained by
a model with paramagnetic iron ions at the ferritin core surface and and a
smaller number of superparamagnetic particles inside the core.®

Ferromagnetic material is found in perturbations from pacemakers, den-
tal clips, tiny metal buttons, some tattoos or inhaled ferromagnetic dust
from welding, grinding or smoking.*

7.3 Iron Measurements: Technique, Analysis, and
Calibration

Since the 1980-1990s, different MRI methods such as signal intensity ratio
(SIR), spin-echo (SE), or gradient recalled echo (GRE) were introduced for the
quantification of iron in the liver and in other organs. A complete survey of
different early MRI techniques and other iron measurement methods was
made by Jensen.” In spite of its complexity, quantitative MRI of iron offers
several advantages with respect to 3-dimensional localization (imaging) and
detection of small and/or deep-lying tissue regions (brain regions, endocrine
glands).

By analogy to electron (atomic) magnetism, characterized by the magnetic
moment of a free electron (the Bohr Magneton, y; ~ 1/m, see Section 2.1.3.1),
nuclear magnetism can be described by the nucleon magneton gy ~1/m,,.
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Since the electron mass (m,) is about 2000 times less than the mass of a pro-
ton (m,), nuclear magnetism is much weaker than electron magnetism and
even weaker for heavier nuclei. However, this weakness is compensated by
irradiating a nucleon system with an electromagnetic pulse (RF pulse) of fre-
quency v (also 2nv = @, the Larmor frequency), which is in resonance with its
excited energy state, AE = hv, in a magnetic field B, see eqn (7.5), where y, is
the gyromagnetic ratio for a nuclear isotope possessing a spin.

v=y/(20)B, (7.5)

At 1 tesla, y,/2n for protons ("H) equals 42.6 MHz, while for the iron isotope
*’Fe one only gets 1.4 MHz. However, in vivo iron-specific measurement by
utilizing the resonance of *’Fe is confounded by its low relative sensitivity
of 0.0034% (100% for protons), which can be partly compensated by isotope
enrichment and high magnetic fields (>20 Tesla). For comparison, the gyro-
magnetic ratio y, of electrons is proportional to 1/m, and thus has a 1000-fold
higher frequency (of several GHz) as is used in electron spin resonance.

By analogy to electron magnetism (eqn (7.2) and (7.3)), also the Curie law
for nuclei, the “nuclear magnetic susceptibility” (x,) can be defined for the
magnetization component M, in the direction (z) of the magnetic field B, by
eqn (7.6):

M, = 1B, = C/T(ux"")’B, (7.6)

For protons, the analogous definition for the effective nuclear magneton
4 sy = guV(J(J + 1))[pn] with the proton g-factor g, = 5.6 and spin state
J=1/2.From eqn (7.6) it follows:

- The magnetization is proportional to the square of x,°", which is also
proportional to the square of the gyromagnetic ratio y (eqn (7.5)).

- Protons have the highest y value of all isotopes in vivo and, together with
their high natural abundance, are the most detectable nuclei in MRI.

- Since the magnetization is directly proportional to the magnetic field
strength B,, higher field strengths (e.g., 3 T vs. 1.5 T) will result in a
stronger MR signal.

- Comparison between quantitative in vivo measurements and in vitro
measurements in tissue samples have to take into account a tempera-
ture gradient of the nuclear susceptibility of +1.5 s™* °C™.%°

According to eqn (7.1) and (7.6) and Figure 7.2, the resonant radio fre-
quency signal of the protons (64 MHz at 1.5 tesla) received in the detector
coil By of an MR imager is determined by the nuclear magnetization of all
protons y, B; from a selected body volume d*r. Currently, there is no satis-
factory quantitative theory of the interaction between iron atoms and the
nuclear magnetization of the protons in order to calculate the resulting lon-
gitudinal and transverse relaxation rates R1 (1/T1), R2 (1/T2), or R2* (1/T2%)
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from first principles.” > On the other hand, this complex interrelationship
may also open up additional information about the haemosiderin and ferri-
tin iron distribution.”?

In order to measure the magnetic field distortion by paramagnetic iron atoms
in the tissue of a subject, one has to generate a magnetic flux alteration in a sen-
sor either by moving the subject or applying an AC field (atomic susceptometry)
or by exciting the energy states of protons in a magnetic field (nuclear suscep-
tometry). As with any other magnetometer, such as a conventional induction
loop or the superconducting quantum interference device (SQUID) in atomic
biosusceptometry, the excited protons serve as a magnetic sensor yielding out-
put signals such as signal intensity (magnitude), phase, and/or frequency shift
(see Figure 7.2). In the following sub-sections, quantitative iron measurement
methods based on spin-echo (R2), spin-lattice (R1), and gradient recalled echo
(R2*) MRI sequences will be described for the liver (R2, R1) and heart.

In addition, conventional (atomic) and proton biosceptometry for quantifi-
cation of liver and brain iron will be presented as well as some X-ray methods.

Acquired MRI raw data are stored as real (Re) and imaginary (Im) data after
Fourier transformation of the digitized MR signals in the time space. From
these complex data, magnitude (signal intensity, v{Re*+Im?}) and phase
({Im/Re}) are calculated for imaging and analysis.

7.3.1 Spin-Echo Relaxometry (R2/T2)

In the simplest spin-echo sequence the liver will be exposed to a 90° RF
pulse which tilts the proton spins into the transverse x-y plane. The whole
process of excitation, de-phasing and refocusing of proton spins in a static
magnetic field during a spin-echo experiment is schematically illustrated in
Figure 7.3. However, spin-spin interaction between protons on the molecu-
lar (microscopic) level causes some spins to dephase faster. This irreversible
process is described by the transverse or spin-spin relaxation (decay) rate R2
in eqn (7.7). Usually, several 90° pulses, with a repetition time interval TR in
between, are applied generating a series of single spin-echoes (SSE). Utilizing
several 180° RF pulses after the first 90° excitation pulse leads to a train of
multiple spin-echoes (MSE) with equidistant echo spacing.

The resulting signal intensity (magnitude) S(¢,TR) can be described as a
function of the echo time ¢ = TE and the repetition time TR. Its magnitude
and curvature are determined by the longitudinal (spin-lattice) and trans-
verse (spin-spin) relaxation rates R1 (=1/T1) and R2 (=1/T2), respectively. The
signal amplitude S(0) (spin or proton density, intercept) at TE = 0 and the
signal level offset S;, are additional unknown parameters in eqn (7.7).%*

S(TE, TR) = S(0)(1 - e ™™)e ®2*TE 1+ 5, \(t — =) (7.7)
In SE measurements, TR is constant and T1 does not change with TE (often

TR (1000-2500 ms) > T1, especially as T1 will be shortened in iron-overloaded
tissue), thus, eqn (7.7) can be simplified to a mono-exponential function
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Figure 7.3  Principle of spin-echo (SE) method: (a) The magnetization M,, precess-
ing around the axis z of the static magnetic field B, with the Larmor
frequency w,, is tilted (grey dotted arrow) by a 90° RF pulse into the
transverse x-y plane (thick red arrow M,,). The spins contributing to
M,, start to de-phase (w, + Ap) in the time interval TE/2. (b) At TE/2 a
180° RF pulse along the y-axis flips (grey dotted arrow) the de-phased
(+Ag) spins to the opposite quadrant of the transverse x-y plane and
the spins start to re-phase (—A¢). (c) At TE a single SE (SSE) is formed,
but meanwhile some spins got lost due to spin-spin interactions and
the transverse magnetization M, has decayed (shorter red arrow). (d)
Applying further 180° RF pulses orthogonally to the decaying magneti-
zation vector at equidistant intervals n x TE/2 (n =1, 3, 5) will lead to the
exponential curve from multiple SE (MSE) amplitudes characterized by
the relaxation rate R2.

with a constant (S;). In the range of low TR additional exponential terms
(exp{TR/T2} and exp{TE/T1}) have to be taken into account.” There is also a
debate about the character of the signal level offset, whether it should char-
acterize a quadratic noise background, tissues with long relaxation times
(bi-exponential term or a constant parameter for very long relaxation times),
or it should be set to zero.'>****?® Finally, the model of eqn (7.7) has to be fit-
ted to the signal intensities as a function of TE with the transverse relaxation
rate R2 (=1/T2), the signal amplitude S(0), and the signal level offset S, as
unknown fit parameters.

The SSE method, as developed by Clarke and St.Pierre (Ferriscan®), has
now become an acknowledged quantitative procedure for the determination
of the liver iron concentration using a standardized measurement protocol,
with regular quality control by phantom measurements, and central analy-
sis.’ This method is often used as reference method for physico-chemical
iron quantification in a liver biopsy.”* ! To overcome the long scan times
due to the conventional set of 90°-180° RF pulses with TR > 1000 ms, which
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gives rise to breathing artefacts, Wood et al. applied a SSE sequence with
a 120°-120° set of RF pulses and shorter TR/TE (300/3.5 ms) allowing for
breath-hold (15 s) data acquisitions per single echo.*

In contrast to the SSE method, which uses only the first echo and in which
the echo time may vary arbitrarily, the MSE method uses a train of equidis-
tant echoes, which also allows for breath-hold measurements.'> However,
MSE measurements may suffer from imperfections of the refocusing 180° RF
pulse or the length of inter-echo spacing.'’>'%

Fat infiltration might become a confounding problem with SE sequences,
especially with MSE methods. Papakonstantinou et al. found significant dif-
ferences between R2 without, and R2 with fat suppression in lipid-rich tissue
(bone marrow, pancreas) of patients with thalassaemia.*!

During recent years several calibrations of transverse relaxation rates R2
were performed by iron quantifications in liver biopsies (dry-weight). A selec-
tion of representative calibration curves from St. Pierre et al. (2005), Wood
et al. (2005) and Alexopoulou et al. (2006) are presented in Figure 7.4.'92%192

The empirical R2 calibration curve of St. Pierre et al. (“reference calibra-
tion”) shows a curvilinear relationship in its LIC range of 0.3-42.7 mg gq,, "’
Beyond liver tissue texture alterations (fibrosis) at high LIC, this may also
have been caused by a lower magnetic susceptibility for haemosiderin iron
compared to ferritin at high LIC (see Figure 7.1), or by an imperfect estima-
tion of the spin density S(0) (eqn (7.7)) due to the relatively long 1st TE of
6 ms, especially at high LIC.

From Solomon-Bloembergen equations one should expect a linear rela-
tionship of R2 with LIC although the underlying effects from correlation
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Figure 7.4 Calibration of transverse relaxation rate R2 by physico-chemical iron
quantification in liver biopsies (LICy weigne) USing MRI-R2 methods rep-
resentative for single spin-echo (St. Pierre et al., 2005: r* = 0.96, black
line, dashed lines = 95% limits of agreement),'® breath-hold single spin-
echo (Wood et al., 2005: 1 = 0.96, red line),*® and breath-hold multiple
spin-echo (Alexopoulou et al., 2006: * = 0.76, blue line).'*
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time and iron-proton distance may not apply at higher LIC.”" The R2 linear
regression lines of Wood et al. (LIC: 1.3-32.9 mg gq4,, ')*° and Alexopoulou
et al. (LIC: 1.4-21.5 mg gq4,, )'** are within the 95% agreement range of the
reference calibration.

7.3.2 Spin-Lattice Relaxometry (T1/R1)

The rate of recovery of the longitudinal magnetization (M,, see Figure 7.3a)
after a 90° excitation pulse is described by the longitudinal relaxation rate
R1 (1/T1), which can vary from 0.2 s™ (cerebrospinal fluid) to 4.1 s™* (fat) in
normal tissue at 1.5 T. These long recovery times are caused by the transfer
of electromagnetic energy from the excited magnetization state (M,,) to the
thermal equilibrium state (M,) via interaction with the phonons of the mac-
roscopic surroundings (the vibrating lattice).

The longitudinal relaxation rate R1 can be measured by performing the
SSE method with different TR at constant TE (eqn (7.7)), however, this will
require a long scan time. A faster method is the inversion recovery pulse
sequence (IR), which allows R1 (T1) measurements within a breath-hold. In
iron-overload patients with LIC = 1.2-23.9 mg gg4,, ', R1 rates between 1.6
and 3.4 s”! (T1 = 292-634 ms) were determined in the liver by the IR method,
which showed a linear relationship with LIC up to 7 mg g4, """

Although there has been a flood of publications on another fast IR method
called Modified Look-Locker Inversion recovery (MOLLI) and its fashionable
variant, Shortened MOLLI (shMOLLI), mainly used in myocardial T1 map-
ping, only a few comparative studies with true T1 measurements exist.'*

Myocardial T1, determined by MOLLI recovery, was compared with T2 and
T2* (range: 4.2-41.7 ms) in TDT patients.'*® A linear relationship (* = 0.69)
between T1 MOLLI and T2* was shown for myocardial iron with T2* <20 ms
(R2* > 50 s') and T1 = 500-800 ms, which turned into a quadratic curve in
the normal range. A linear relationship (* = 0.86) was found for T1 and T2.
Similar findings were made for T1 shMOLLI and T2*.'” Subjects with nor-
mal T1 > 900 ms did not overlap with subjects having cardiac iron levels of
T2* < 20 ms, whilst the clinical significance of low T1 (700-900 ms) in TDT
patients with T2* in the normal range (T2* > 20 ms, no iron) is debatable
with respect to fibrosis or other pathologies.'””

For simultaneous assessment of fat content and iron concentration in
lipid-rich tissue (bone marrow, pancreas, liver) from patients with iron over-
load, the spin density of water and fat protons have to be separately calculated
in eqn (7.9a). Therefore, the knowledge of iron concentration-dependent
Rl and R1,,. Will be necessary.

7.3.3 Gradient-Echo Relaxometry (T2*/R2*)

Fast gradient recalled echo (GRE) sequences, for the measurement of liver iron
utilize (faster) transverse magnetization with flip angles <90° for the RF pulse
and de-phasing (G-) plus re-phasing (G+) magnetic field gradients instead of
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180° RF pulses (Figure 7.3). This allows for shorter scan and echo times, which
is always a limitation for the precise determination of transverse relaxation
rates. The transverse magnetic relaxation rate R2* characterizes the decay of
the proton resonance in the vicinity of local magnetic field inhomogeneities
caused by susceptibility effects, which are no longer cancelled out by gradient
echoes. R2* can be described as a sum of decay probabilities from the intrinsic
spin-spin relaxation rate R2 plus the extrinsic relaxation rate R2’ (due to field
inhomogeneities AB; y is the gyromagnetic ratio) in eqn (7.8).

R2* =R2 +R2'=R2+y X AB (7.8)

The field inhomogeneity AB can be transformed into xkAyB, with the
constant ¥ and the bulk magnetic susceptibility Ay of iron-containing tis-
sue, see Haacke et al®® From these relations, one may semi-quantitatively
estimate a field-independent iron proportional parameter # by R2* - R2,
= R2' = 5B, with 5 = ykAy, which is mainly characterized by the magnetic
susceptibility.>

In order to measure the relatively small magnetic susceptibility effects
from the neighboring iron atoms, a very homogeneous static magnetic field
B, > 1.5 tesla and short echo times (1st TE < 3 ms) are needed. Usually, mea-
sures have to be taken to homogenize the main static field B, in the target
region (active shimming).

7.3.3.1 Hepatic R2*

A recent comparison between R2, R2* and LIC from biopsies has proven that
both the reference R2" and R2* methods can accurately measure liver iron in
a sufficiently wide LIC range.?*'°»'% In addition, MRI-R2* can be performed
within one breath-hold, thus, avoiding breathing artefacts, which have
always been a problem with MRI-R2 methods with long TRs. Signal intensi-
ties measured by GRE-R2* methods are similarly analyzed as R2 according
to eqn (7.9) in the liver as well as in the heart. By variation of the flip angle a,
one could also estimate the spin density (eqn 7.9a).

S(TE) = S*(0)e "™ + S, o(t — =) (7.9)
S*(TR, @) = S(0)(1 — e ™*®)sin /(1 — cosae ™ ) (7.92)

7.3.3.2 Cardiac R2* (T2*)

MRI-R2* celebrated its biggest success in the landmark study of Anderson
et al. on cardiac iron quantification in patients with B-thalassaemia major."
The MRI-R2* method is more sensitive and better suited to measure the
relatively low heart iron concentration than the more classic MRI methods
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(R2, SIR). The single breath-hold multi-echo R2* sequence has emerged as
the standard for measuring cardiac iron.'”

Recently, a calibration of MRI-R2* by iron quantitation in human heart
autopsy samples at 37 °C was successfully performed resulting in a nonlinear
relationship (eqn (7.10), 7 = 0.91) with cardiac iron concentration (CIC) in
the range of 3.2-25.9 mg g, " Or 500-4050 P Ly "

CIC = a x (R2%)P (7.10)

For wet-weight CIC [pg g4 '] from R2* [s7'] and making use of the
wet-to-dry weight ratio of 6.4, parameter values of @ = 1.539 ug s gy, - and
b = 1.22 were achieved (see Figure 7.5), which can be transformed into dry-
weight CIC [mg gq,, '] from T2* [ms] by a = 45.0 mg (g4, ms) " and b = —1.22.
Worse relationships were obtained for R1 (+* = 0.52) and R2 (* = 0.79).""!

Cardiac R2* was also compared with iron concentration calculated from
magnetic susceptibility measurements in the apical myocardium by MRI car-
dio-susceptometry.’'® A linear relationship, CIC [ug g... '] = @ R2* + b, from
septal R2* [s '] with a = (6.4 £ 0.4) g S gy, ' and b = (120 + 40) Ug Ly, - WAS
obtained in the range of —100 to 1220 pg ... '- A similar linear relationship
with @ = 5.5 g s g, ' and b = —196 pg g,.. - could be derived from in vitro
results (25 °C) on a chopped autopsy heart with averaged R2* adjusted to
37 °C in the range of 960-1325 pg g, .'*°° Agreement between in vitro and
in vivo data was achieved within 95% prediction range although cardiac iron
calibration data did not overlap, see Figure 7.5.
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Figure 7.5 Calibration of gradient-echo transverse relaxation rate R2* by physi-
co-chemical iron quantification in autopsy hearts (CICye¢yeighe) (Carpenter
et al, (2011): * = 0.91, black line)*”” and by in vivo MRI cardio-susceptom-
etry (Wang et al., (2010): r* = 0.92, red line, dashed red lines = 95% predic-
tion range).!*° R2* calibration derived from chopped autopsy heart is also
presented (Ghugre et al, (2006): * = 0.46, blue line).*® Circular symbols
define the range of cardiac iron calibration data.
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7.3.3.3 Chemical Shift Relaxometry (CSR)

Another application of R2* measurements is based on chemical shift imag-
ing (CSI or Dixon method). Chemical shift effects in lipid-rich tissue from dif-
ferent resonance frequencies (e.g., Av =217 Hz at 1.5 T of methylene relative
to water) are often observed as artifacts in using SE as well as GRE methods.

Applying a fat suppression sequence is one way to resolve these problems
in iron overload measurements.”! Magnetic resonance spectroscopy (MRS)
allows quantification of different chemical compounds in vivo (C-'H-chains,
*IP-ATP) relative to water, and MRS or CSI is heavily used in fat-water quan-
tification in fatty liver diseases, partly with complex algorithms based on
real and imaginary MR signal terms.''> However, chemical shift relaxome-
try (CSR) in the presence of fat and iron overload, especially in the pancreas
and bone marrow, did not find a widespread utilization, probably due to the
complexity of the developed algorithms.""* The fat magnetization, M,,™, in
the transverse plane behaves differently from water, M,,, in a fat-water com-
partment due to resonance shifts (see Figure 7.3 and eqn (7.5)) leading to
phase shifts in the de-phasing and re-phasing process. Eqn (7.11) describes
the time-signal relaxation function in a fat-water compartment with fat
(S¢0)) and water (S,/(0)) signal amplitudes in a first approximation.’? At cer-
tain echo times ¢ = TE [ms], the cosine function in eqn (7.11) will become +1
(in-phase) or —1 (opposed-phase) for a phase shift 2nv (v = 0.213 kHz for fat),
which will cause an oscillating signal pattern, see Figure 7.6.'"

S(t) = e **"V{S,(0)* + S{0)* + 2(S{0)S,,(0))cos(2mvt)} + Sy (7.11)

Iron concentration (R2*) and apparent fat content (aFC = S{0)/[S{0)+ S,(0)])
can be simultaneously determined. The absolute fat content (FC, proton density

5-methylene

signal intensity
signalintensity

. ) 0 6 12 8 2 30
chemical shift [ppm] echo time [ms]

Figure 7.6 Breath-hold magnetic resonance spectroscopy (MRS, left) and chemical
shift relaxometry (CSR, right) in the pancreatic tail of a patient with
B-thalassaemia major (age: 23 years, in vivo LIC: 900 pg gjer |, HOMA =
2.4). MRS shows the typical fat spectrum also known from the liver.'®
CSR shows the oscillating signal pattern with minima/maxima close to
opposed-phase/in-phase echo times. Apparent fat content (aFC = 48%,
normal <10%) from CSR (R2* = 126 s ', normal <50 s') and MRS (T2
corrected FC = 52%) agreed within their error limits.'"?
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fat fraction, PDFF) can only be obtained with the knowledge of the iron concen-
tration-dependent longitudinal relaxation rates R1,, and R1;in eqn (7.9a).'*®

Although eqn (7.11) resolves most of the iron measurement problems in
lipid-rich tissue,''*'"* there are some shortcomings: only the methylene peak
at 217 Hz, accounting for 70% of the lipid spectrum, is considered instead of
the whole spectrum,'*® the fat-water dominance above 50% fat content can-
not be unambiguously clarified and, especially in iron overload, the assump-
tion R2* = R2,* = R2:* (“single R2* method”) will not hold and will need
more sophisticated algorithms.'®

7.3.4 Biomagnetic Susceptometry

7.3.4.1 Biomagnetic Liver Susceptometry (Electronic
Susceptometry)

Sufficiently sensitive SQUID magnetometers (SQUID = Superconducting
Quantum Interference Device), based on the quantum mechanical Joseph-
son effect, became available around 1969. In the case of vertical (z) scan-
ning biomagnetic liver susceptometry (BLS), the voltage difference (AV(z)
= V(z) - V(z — «)) generated in the SQUID electronics reflects the magnetic
flux change (A®, eqn (7.1)) caused by lowering a patient (with iron over-
load) below a static inhomogeneous magnetic field. In eqn (7.12) (1st order
approximation), AV(z) is directly proportional to the averaged relative mag-
netic susceptibility Ay of the liver in the sensitivity volume, which is defined
by the magnetic flux integral calculated from the external magnetic field B;
and the virtual field from the detector coil B4 over all volume elements dV in
a distance r to the lowest coil of the detector coil set (2nd order gradiometer
configuration). Eqn (7.12) results in a linear function of the signal voltage
versus the magnetic flux integral.

AV(z) = AyCSB{(r)+By(r)dV (7.12)

In the practical application of BLS, the difference method is usually
employed, which measures the difference in magnetic volume susceptibility
Ay between the thorax (including the liver with paramagnetic ferritin and
haemosiderin iron) and water as reference medium. The precise procedure
and the full analysis (2nd order approximation taking also the overlying tis-
sue from the thorax into account) is described elsewhere.'® This method was
validated against the wet-weight iron concentrations of liver biopsies from
patients with hereditary haemochromatosis.®® BLS does not require a cali-
bration by LIC from biopsies, but was rather calibrated (electronic calibra-
tion constant C in eqn (7.12)) by the well-known magnetic susceptibility
difference from an air-water interface (Ay = 9.396 ppm). Other biosuscep-
tometer systems are operating at liquid nitrogen temperatures'” and even at
room temperature without moving the patient,'” or with air as susceptibility
reference medium and scanning patients in the horizontal direction.'®
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7.3.4.2 MR-Biosusceptometry and MR-QSM (Nuclear
Susceptometry)

Since GRE methods assess local magnetic field inhomogeneities AB caused
by magnetic susceptibility differences Ay, one can also generate field and/or
phase maps. The basic relationship between the phase A¢ in an MR image
(made up from the real and imaginary term in the complex space) and AB or
Av is given by eqn (7.13). Thus, the magnetic susceptibility and the resulting
iron concentration can be determined from the magnetic field (AB), phase
(Ag), or frequency maps (Av).

A¢ = Av X TE ~ yTE x AB ~ Ay x B, (7.13)

In certain patient geometries the phase difference A¢ is related to the mag-
netic susceptibility difference Ay between two adjacent tissue regions by eqn
(7.14). The angle § between the main static field B, and the target region is
90° for strictly transverse magnitude and phase measurements, while Sy is
an orientation-independent constant.'?

A = 2nTE x Ay/3 % (1 — 3c0s”0 + Sy) (7.14)

Using this approach, Wang et al. could assess in vivo cardiac iron con-
centrations,''* while Taylor et al. measured the magnetic susceptibility dif-
ference from magnetic field maps between thorax and liver tissue in close
proximity."® A tightly correlated relationship between dry-weight LIC from
R2* and wet-weight LIC from MR-biosusceptometry was obtained (r* = 0.94).

Quantitative susceptibility mapping (QSM) is an emerging MRI-based tech-
nique that measures the magnetic susceptibility of tissue. Unlike MR-biosuscep-
tometry, QSM claims to calculate orientation-independent phase differences
and thus iron concentration (angle 8 in eqn (7.14)). The relationship between
magnetic susceptibility and iron concentration is direct and well understood,
therefore, QSM offers an attractive alternative to relaxation-based techniques,
such as R2* relaxometry, which rely on empirical calibration curves to estab-
lish the relationship to iron concentration. Furthermore, QSM relies on the
phase of the MR signal whereas R2* relaxometry relies on the magnitude of
the acquired signal. Changes to the magnetic susceptibility (Ay) due to the
presence of iron overload cause a change in the main (ie., B,) magnetic field
(AB(r)). In an MR experiment, as shown in eqn (7.15),"*® D(r) represents the
magnetic dipole response function at location r,"** which is applied to Ay(r) via
a linear convolution operator “:”, and B,®® represents background contribu-
tions to the main magnetic field.

AB(r) = (D(r) - Ax(r)) + B,"™® (7.15)
Using a standard gradient-echo MR data acquisition, the magnetic field

can be mapped, which yields information about the susceptibility distribu-
tion (i.e., iron concentration) using the relationship in eqn (7.15).
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MRI-based QSM techniques have recently been developed for the non-
invasive measurement of liver iron overload."! From the generated suscep-
tibility maps and R2* maps, significant correlations between ROI based
magnetic susceptibility Ay (relative to adipose tissue) and R2* (r* = 0.94)
were obtained, as well as between Ay and slice-averaged R2-reference (r*
= 0.76), but Ay was systematically biased by a factor of 2, i.e., LIC(Ay) =
LIC(R2)/2.In a similar study based on field maps, the bulk Ay was not biased
and a comparable coefficient of determination for predicting LIC(R2) was
obtained (r* = 0.67).'*

Quantitative susceptibility mapping (QSM) in the brain provides an
excellent contrast (magnetic susceptibility), which allows quantitative
iron measurements in vivo. The origin of this contrast has been attributed
to relatively iron-rich paramagnetic structures in the grey matter (e.g., glo-
bus pallidus), while CSF and white matter are diamagnetic. Setting the
average magnetic susceptibility of white matter to —0.03 ppm, results for
CSF (high water content) as a reference medium in Ay = 0.0 ppm (absolute
-9.032 ppm), as in Section 7.3.4.1."** From QSM in the brain of 5 healthy
males (age: 30-33 years), Lim et al.'® obtained an iron specific suscepti-
bility yr of 738 x 107° cm?® g, ' based on the age-adjusted autopsy data of
Hallgren and Sourander. Specifically, bulk susceptibilities of Ay = —0.008
ppm and Ay = (0.103 + 0.009) ppm were obtained for the thalamus and
the globus pallidus, respectively. The iron specific susceptibility yg. is sig-
nificantly lower than any value in Table 7.1. In a study with 13 deceased
subjects (age: 38-81 years), QSM was performed in situ. After temperature
adjustment to 37 °C, resulting bulk magnetic susceptibilities were com-
pared with iron concentrations measured by ICP-MS in autopsy specimen.
The authors also obtained a relatively small iron specific susceptibility yg.
0f 970 x 107° em”® g, *.7°

Different from QSM, the susceptibility weighted imaging (SWI) method
does not aim at iron quantification. The contrast enhancement caused
by different magnetic susceptibilities between neighbouring tissues will
become prominent due to de-phasing spins at sufficiently long echo
times (TE = 40 ms)."** Hyperemia due to increased cerebral blood flow is
a serious risk of stroke in patients with sickle cell disease (SCD) and is an
interesting example for the application of SWI. Quantifying the cerebral
venous volume by SWI was accomplished in 21 paediatric SCD patients
(HbS 68 + 18%) in comparison to controls."® Significantly smaller vol-
umes were calculated from the SWI contrast images for the SCD patients,
especially at 3 T.

7.3.5 Other MRI Iron Measurement Techniques

From the very beginning of tissue iron overload assessment in humans, sig-
nal intensity ratio (SIR) analysis methods were developed beyond T1 and/
or T2 relaxation times. Using a SSE method (TE: 35 ms) at 0.5 T, Johnston
et al. calculated ratios of liver, spleen, and heart relative to skeletal muscle
in patients with hereditary haemochromatosis and in patients receiving
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chronic blood transfusions.'*® Patients differed from normal subjects only in
liver and spleen but not in the heart. The SIR method of choice for liver iron
based on GRE sequences at 1.5 T (TR/TE,_,: 120/4-21 ms, FA: 20°, 90°) was
developed at the University of Rennes and allows the quantification of LIC
within a range of 3.4 to 18 mg gq,, ' (normal: <2.0)."*” This reference method
also allows online analysis by signal intensity data input on the website
www.radio.univ-rennes1.fr.

Proton magnetic resonance spectroscopy (‘"H-MRS), frequently used in
patients with fatty liver disease for fat content quantification, may enable
reliable measurements of severe hepatic iron overload. Single voxel-sized
(3 x 3 x 3 cm®) MRS was performed in the liver of 14 biopsied TDT patients
with LIC from 0.23 to 37.5 mg g4, ' by Wang et al..'*® An exponential decay
function was fitted to the stimulated echo amplitudes in the voxels. The
resulting relaxivity, R2 = 4.9 x LIC + 17.8 (* = 0.90), and the signal-to-noise
ratio of 194 at TE = 1.5 ms for the patient with the highest LIC, seem to allow
R2 measurements at much higher LIC than 40 mg g,,,". This might be inter-
esting for liver iron assessment at 3 T imagers, where the quantification
range is curtailed by a factor of 2 due to the higher sensitivity.

Another MRI method is based on diffusion of molecules due to Brownian
motion along a concentration gradient, e.g., transport of molecules through
the cell membrane. This molecular movement is de-phasing the spins and
thus, irreversibly affecting the relaxation rate R2 (see Section 7.3.3). The
signal from both the spin-spin interaction (R2) and the diffusion effect
(D = diffusion coefficient) can be described by eqn (7.16).%°

S(TE, b) = S(0)e "B R2 x 7P (7.16)

The b-value, b [s mm ?] = y>’G*TE?/3, is determined by the gradient ampli-
tude G. For larger TE, the exponential diffusion term dominates (through
TE’) the signal depending on R2. This concept refers to the well known
diffusion weighted imaging (DWI). It was also pointed out by Vymazal et
al. that the relaxation rate R2 is also dependent on the echo spacing, the
diffusion coefficient, and the size of the aggregated ferric oxyhydroxide
clusters.” Jensen and Chandra (2002) modified the diffusion concept by
parameterising the diffusion term D into an aggregation index A and a dif-
fusion rate R2(D).” Together with R2, the reduced relaxation rate RR2 = R2
— R2(D) was defined (this is a simplified definition of RR2). From scanning
iron-overload patients with three MSE-trains of different inter-echo spac-
ing (4, 8, 15 ms), the authors were able to successfully demonstrate the
separation of total iron into haemosiderin and ferritin iron. Applying this
technique later to patients with myocardial iron overload, a fast response
to the interruption of regular iron chelation treatment could already be
observed within one week by a significant reduction in RR2."%° The fast
response might be explained by the extreme sensitivity of the diffusion rate
R2(D) in RR2 even to mild iron overload, which is known from the effect of
iron deposition in hepatic DWI.'*
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7.3.6 Quantitative X-ray Iron Measurement Techniques

Other non-invasive methods, which have exploited the higher electron density
of iron atoms (Z = 26) relative to water (Z = 1), such as X-ray computer tomog-
raphy (CT), or made use of the X-ray fluorescence (XRF) from excited electrons
in the K,-shell (6.4 keV) of the iron atom, or which used the nuclear resonance
scattering (NRS) from *°Fe, are not used today compared to MRI methods."#>"3*
With the exception of NRS, these non-invasive methods, although direct, are
not specific for iron or their penetration depth is limited to near surface tissue.

Although tremendous progress has been made in CT technology with
respect to speed, resolution, and radition dose reduction, CT, includ-
ing dual-energy CT (DECT), is still suffering from the overwhelming non-
specific Compton effect (X-ray absorption ~ Z) at available higher X-ray ener-
gies (80-140 keV). Lower energies, with a preponderance of the photoeffect
(X-ray absorption ~ Z*), would not be tolerated due to the higher radiation
dose."® Dual-energy X-ray absorptiometry (DEXA) is frequently used for bone
mineral density (BMD) quantification in the hip and vertebrae in patients with
iron overload (TDT, DBA). Moving the target region over the right liver lobe
would yield liver-BMD, which was correlated with ferritin in 17 TDT patients
and 32 healty controls (* = 0.9).*° More recently, a study was performed in
37 patients with TDT in order to predict LIC by SQUID biosusceptometry
from liver-BMD assessments by DEXA. The prediction of LIC improved from
r* = 0.35 to ¥ = 0.62 using ferritin alone or a multivariate model of ferritin,
body weight, and liver-BMD."*’

In NRS, the first energy level of **Fe with 847 keV can be excited from
the radioisotope **Mn (T}, = 2.6 h). Prediction of LIC by NRS was excellent
(r* = 96) when compared to LIC from biopsies (1-23 mg g, ') in 12 patients
with TDT. Iron estimations in the heart by NRS seemed to correlate with LIC
only in 2 out of 12 patients with LIC > 4 mg g, "."** The method did not
become very popular due to the radiation burden (1-2 rem) and the prereq-
uisite of a nuclear reactor.

X-ray fluorescence (XRF) is another quantification method which is specific
for iron and other trace elements. XRF uses either a continuous spectrum of
X-rays (Bremsstrahlung) or monochromatic X-rays (synchrotron radiation).
Although iron levels in the skin were elevated by 200% in a study with TDT
patients in comparison to controls, there were concerns about skin contam-
ination, iron input from absorption, and X-ray penetration depth."** Non-de-
structive XRF can supply significant contributions to in situ trace element
analysis and mapping of autopsy slices, e.g., of the heart and the brain from
patients with DBA or Parkinson’s disease.'**"%

7.4 Applications of In vivo Iron Assessment

Quantitative iron measurements including liver biopsies determine iron
concentrations in a certain volume. These volumes can range from the whole
organ (MID), to regions of interest (typical ROI: cardiac septum 5 cm,?® liver
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slice 200 cm®), to pixel- or voxel-sized (20-260 mm”®) volumes for an organ
slice or down to small pixel volumes as typically in the pituitary gland or
brain (3 to <1 mm?). In vivo iron measurements are always a compromise
between resolution (small pixel), quantum statistics (large volumes, thick
slices), scan time (breath-hold) and the need for representative clinical infor-
mation (homogeneity of iron distribution). Measurement of the liver iron
concentration is not an exclusive indicator of iron toxicity. In certain other
organs and gland tissues, critical organ specific iron concentrations can be
reached.'**'*

7.4.1 Liver

Thus far, it has been shown that liver iron concentration (LIC) can be accu-
rately measured by biosusceptometric and MR-relaxation techniques. In
the past, it was also shown that liver iron represents 70-90% of total body
iron."?

Since the discovery of the C282Y mutation in the HFE gene and, subse-
quently, of mutations in at least 4 other genes, the diagnosis of haemochro-
matosis has been facilitated by the introduction of genetic tests into clinical
practice.'”'*® However, for prognostic evaluation of the disease progress
and, if indicated, the estimation of the phlebotomy treatment duration, the
quantification of liver iron would be recommended. Especially, the usually
determined ferritin level as indicator of iron burden may be confounded by
several other factors (inflammation, liver fibrosis, life style, iron metabolism)
and must be scaled differently relative to LIC in various diseases.”” Also, in
patients suspected for iron overload without informative genotyping, typ-
ically in patients with metabolic syndrome, non-invasive quantification of
LIC and hepatic fat could be recommended and could be simultaneously per-
formed by MRI-R2*, see Section 7.3.2.""*

Total body iron (TBI [mgy.]) was estimated from LIC (1.5-23.8 mg g4, ')
in liver biopsies and quantitative phlebotomy treatment in ex-thalassae-
mia patients 4.3 + 2.7 years after bone marrow transplantation according
to eqn (7.17)."**

TBI = LIC,,,, X Vigs¥ X p x BW/LIF = 10.6 X LIC4,, Xx BW (7.17)

With the liver volume index (viq,"), body weight (BW), liver density (p), the
liver iron fraction (LIF), and the wet-to-dry weight ratio (f,4, Section 7.2.3.2),
one could calculate a slope factor of ;g™ X p/(f,qr LIF), which was found to be
(10.6 + 2.3) [mgpe kg ™' gay. MEre '] (£SD, 7* = 0.96)."** Using reasonable values
(liver volume index 25 mL kg™, density 1.05 g, mL™, LIF = 0.8, fyq; = 4.0 Sy,
Zaw. ), one would obtain a slope factor of 7.4, which is quite good consider-
ing the unknown liver volumes, liver iron fraction, and wet-to-dry-weight ratio.
The disease-specific character of the TBI(LIC) relation was demonstrated in
hereditary haemochromatosis with a slope factor of 5.3 + 4.2 (* = 0.7)."*> More-
over, one has to bear in mind potential hepatomegaly with increasing LIC.
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A more individual TBI can be calculated from liver volumes (V};,), and
spleen (V,,) by eqn (7.18) using the liver iron fraction parameter LIF = 0.8 +
0.1 and f,,q,, in case of dry weight iron concentrations.'*®

TBI = (LIC,, Vi, + (SICyyVip))/LIF (7.18)

Monitoring iron overload in transfusion dependent patients is usually per-
formed annually or biennially over decades with the aim of achieving a neg-
ative or equilibrium iron balance by chelation dose adjustment. However,
with the simultaneous influx of iron from blood transfusions and different
degrees of patient adherence this may become a challenge. Using the con-
cept of molar efficacy, which is based on the TBI difference per treatment
interval, the efficacy of treatment with a single chelator can be calculated
for each patient.***'*® Thus, mean molar efficacies for desferrioxamine
deferiprone, and deferasirox were determined as 17.6 + 4.8%, 4.9 + 1.4%,
and 27.9 + 13.8%, respectively.'**'*° Significantly lower values would indicate
poor compliance in a patient, if other reasons could be excluded.

From correlation of LIC with pathological findings, risk thresholds for
developing liver fibrosis or cardiac disease have been suggested in the
literature for different levels of LIC."""**'*! This might be appropriate in
iron overload diseases such as hereditary haemochromatosis or MDS."?>!33
However, from the experience with cardiac iron evaluation it should be
emphasized that organ iron toxicity can develop even with LIC in an opti-
mum range.'>"*

7.4.2 Spleen

First spleen iron concentration (SIC) measurements revealed 38% lower
values (1.5-19.0 mg g4, ') than in the liver and a tight correlation with the
total amount of transfused iron.'”>'*® In transfused patients, the spleen can
accumulate significant iron quantities as a result of increased spleen size.
If chelation treatment is monitored by LIC assessment only, high amounts
of spleen iron in individual patients can be overlooked. Similar findings
were reported by exploring the relationship between spleen size and liver
and spleen siderosis by the MRI-SIR method in patients with TDT."*” Nor-
mal spleen iron may reflect the ability of chelators to remove RES iron more
easily than parenchymal iron.>*'® Brewer et al. observed different R2-R2*
relationships for liver and spleen in chronically transfused patients with
SCD or TDT. Splenic iron did not predict pancreatic, cardiac or renal iron."®
For NTDT patients, spleen iron accumulation was reduced in comparison
with liver iron." Also, in SCD patients with less than 20 blood transfusions,
the spleen-to-liver R2 ratio was found to be considerably higher (>1) than in
controls of NTDT patients. Non-invasive iron measurements in the spleen
should take the high amount of blood (about 30% of the spleen volume'*®)
into account or in the case of autosplenectomy (SCD), the concentration of
iron due to spleen volume shrinkage.
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7.4.3 Heart

Diagnostic aspects of measuring iron in the heart by MRI address prevention
of developing cardiomyopathy and/or arrhythmia at an early stage. Currently,
an elevated cardiac iron level of R2* > 50 s™* (T2* < 20 ms) seems to be the ear-
liest indicator of an increased risk of cardiomyopathy as assessed by LVEF or
by the ratio of diastolic peak filling rates.'>'*° The early onset of cardiac iron
accumulation was investigated in transfused pediatric patients with B-thalas-
saemia major. Based on these results, a first cardiac MRI-R2* measurement
should be considered at an age of 9 to 10 years.'®" For other iron overload
diseases, especially non-transfused patients (NTDT, HH), the incidence of
elevated cardiac iron levels is lower, but has still to be verified in larger stud-
ies.””>'%2 On the other hand, patients with R2* < 100-200 s™ (T2* < 10-5 ms)
are facing an irreversible heart failure leading to multi-organ failure unless
they undergo intensive chelation treatment.'®® Although there is an associa-
tion between liver and cardiac iron, short-term monitoring of LIC is only of
limited use because of a temporal delay of changes in cardiac iron.'®*'%*

The question of whether patients diagnosed with cardiac T2* > 20 ms
(R2* < 50 s7') are completely protected from impairment of myocardial func-
tion cannot be answered by left ventricular diastolic function parameters
such as ejection fraction (LVEF). In a recent study from 63 TDT patients in
the normal T2* range, 32% still had a T1 lower than normal 71 > 900 ms (see
Section 7.3.2)."7 A corresponding answer might have been found by Magri
et al., who applied Doppler echocardiography and strain imaging to asymp-
tomatic TDT patients under desferrioxamine (DFO) and deferriprone (DFP)
treatment with T2* = 24 + 4 ms.'® The central finding of significantly reduced
strain (p <0.001) in TDT patients compared to age-matched controls was fur-
ther strengthened by the observation of significantly higher strain values in
patients under DFP chelation treatment, which is thought to be more effec-
tive in cardiac iron clearance (AR2* = 7.0 + 1.7 s %, p < 0.001) (see Chapter 4).

7.4.4 Pancreas

In iron overload, glucose intolerance and more severely, diabetes mellitus
type 2, is a frequently found complication, both in B-thalassaemia major and
in hereditary haemochromatosis.'®'® In microscopy studies, pancreatic iron
appeared as haemosiderin in acinar and duct cells, and to a lesser degree in
endocrine cells.'® In advanced states, iron accumulation causes tissue atro-
phy and fibrosis, but pancreatic exocrine insufficiency is a rare event. In the
initial state of iron loading, in carbonyl iron-fed rats, segregation of ferritin
particles into the lysosomes of acinar cells was observed, while iron deposits
in B cells were only discrete.'®®

Fat infiltration of the pancreas in iron-overloaded patients has been
reported by several authors using MRI-SIR and -T2 methods.'**'”° Espe-
cially, in 77% of TM patients with overt diabetes, fatty infiltration could be
demonstrated with a GRE-T2* sequence by the relative difference between
the in-phase and opposed-phase signals.'”*
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Full blown MRI-R2* was applied to 131 TDT patients over a 4-year period
with the following main results: pancreatic R2* significantly correlated with
cardiac R2* (p < 0.001), iron accumulation in the pancreas seemed to occur
earlier than in the heart, and a pancreatic R2* > 100 s was a positive predic-
tor for cardiac iron loading (R2* > 50 s™')."”* Similar results were achieved in
a few SCD patients accumulating pancreatic iron (R2* = 114-450 s™!) prior to
presenting critical cardiac R2* levels (>50 s7*)."”?

Knowing the problematic role of fatty replacement in the pancreas for a
precise assessment of iron in this organ, Papakonstantinou et al. used fat
suppression (FS) for measuring iron by MRI-R2 (R2g) in 21 patients with
TDT. In particular, they observed a mean R2;¢ of 18.1 + 6.3 s™" versus R2 with-
out FS of 12.9 + 6.0 s™* (p < 0.02)." As a consequence, chemical shift relax-
ometry (multi-point Dixon) with simultaneous assessment of iron and fat
content was applied in a recent study to patients (TDT, HH, DBA, and other)
with iron overload according to LIC. The study revealed pancreatic R2* above
the normal threshold of 40 s for TDT, DBA, and HH as well as fat contents
above 11% (normal), especially for TDT patients with diabetes.'"?

7.4.5 Pituitary

The pituitary gland (hypophysis) is outside of the blood brain barrier, which
shows up in MR contrast examinations, and is therefore prone to toxic effects
from iron overload. Effects from pathological pituitary iron deposition are
silent until puberty, but pituitary stimulation testing can only be reliably
performed in post pubertal patients. Thus, secondary amenorrhea and
hypogonadotropic hypogonadism were reported to be the most common
morbidities within 55% of Italian thalassaemia patients born after 1970."

The anterior pituitary gland seems to react most sensitively to early toxic
effects from iron overload. Quantitative iron measurements are made by means
of MRI-R2 in the relatively small pituitary gland (200 + 100 mm?®). MRI-R2* mea-
surements are often corrupted by susceptibility artefacts from the air interface
of the sphenoid sinus space. In a study with 14 young (8-19 years) and 23 adult
(20-44 years) patients with p-thalassaemia major, significantly different R2
rates of 16.8 + 4.2 s and 22.1 + 5.1 s™' were obtained, respectively.'”® Pituitary
R2 showed a significant correlation with pituitary gland height decreasing with
progressive siderosis. Age-adjusted pituitary iron (R2) and anterior volume (PV)
in transfused patients (4-58 years) gave rise to z-scores, which allowed critical
scores of z(R2) >5 and z(PV) <—2.5 to be established for prediction of hypogo-
nadism with significant volume loss in the 2nd decade of life.>*

Intensive combined chelation treatment by DFO and DFP could restore
gonadal function in 50% of males and females as was demonstrated by nor-
malization of hormone parameters (LH, FSH) and replacement therapy (tes-
tosterone, estradiol)."*> MRI-R2 measurements may help to identify necessary
chelation doses under aggressive treatment regimen to avoid pituitary iron
toxicity. Recently, fertility in 7 men with TDT was addressed by pituitary MRI-
R2, 3D volume estimations, and sperm quality parameters. R2 seemed to have
a better predictive value for sperm concentration than gonadotropin levels.'”
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7.4.6 Brain

Measurement of relatively low, but elevated levels of brain iron has gained
recent interest because of its relation to neurodegenerative brain iron accu-
mulation (NBIA) disorders and other neurodegenerative diseases such as
Parkinson’s, Alzheimer’s and Huntington’s. Iron can enter and/or leave the
brain via the cerebrospinal fluid or via endothelial cells of the blood brain
barrier (BBB).'”

In the landmark work of Hallgren and Sourander, brain iron accumula-
tion with increasing age was well described.?® Studies transforming in vivo
MRI parameters (R1, R2, R2*, magnetic susceptibility) of the basal ganglia
into brain iron concentrations still refer to this data.”® In such a typical
study with 26 healthy subjects (age A: 15.9 + 1.6 years, B: 32.1 + 7.4 years),
MRI-R2 and a magnetic field correlation (MFC) technique were correlated
with age-related post-mortem (Cpy,) brain iron reference (Hallgren and
Sourander) data.'’® R2 significantly correlated with age adjusted Cpy in the
putamen, caudate nucleus, but not in the thalamus or globus pallidus, while
MFC correlated with all these nuclei. Brain iron in different nuclei steeply
increases in childhood and adolescence (age <20 years) until it levels-out in
adulthood (age >40 years) or even decreases in the thalamus.?**>'”” Testing
MRI parameters for significance between these two groups would already be
a simple clinical validation test."”®

Significant positive correlations of magnetic susceptibilities (except for the
thalamus) with age were also found with more advanced MRI methods such
as quantitative susceptibility mapping (QSM)."”®”® However, a direct com-
parison of the bulk magnetic susceptibilities (mean Ay + SEM) from these
two studies shows dramatic differences for the globus pallidus (GP) and the
putamen (PT) in elderly subjects (age >55 years): Ay (GP) =227 +6vs. 74 + 1.8
ppb and Ay (PT) = 153 + 10 vs. 40 + 1.9 ppb. From these differences one has
to conclude that absolute magnetic susceptibilities cannot be generated by
current QSM methods.

Iron was measured in the basal ganglia by XRF (monochromatic synchro-
tron X-ray radiation) in post-mortem tissue of elderly (80-year-old) controls
and patients with Parkinson’s disease (PD)."® Significantly higher iron con-
centrations (p < 0.01) were found for PD patients in the GP and SN (substan-
tia nigra) of 295 and 280 pg g, ' versus 207 and 140 pg g, ' for controls,
respectively. In addition, ferritin core particles were counted by electron
microscopy resulting in 6.5 + 0.4 and 3.0 + 0.2 cores pum™ for tissue from PD
and controls, respectively. This increased loading of ferritin may have impli-
cations for magnetic measurements (MRI). The significantly higher iron
levels in the SN of patients with PD (66 + 8-years-old) were also confirmed
by MRI-R2/R2* and QSM and demonstrating QSM to be the most sensitive
quantitative technique for the detection of iron in PD.**!

In post-mortem tissue from patients with Alzheimer’s disease (AD), the
highest iron concentrations (by AAS) were measured in the GP, SN and PT
with dry-to-wet weight ratios (DWR) of 0.34, 0.24, and 0.25, respectively.'*> A
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highly significant correlation was achieved between iron concentration from
all grey matter samples and DWR adjusted R2 at 4.7 T. Similar findings were
presented for AD patients in comparison to young (32-years-old) and elderly
(70 years) controls by QSM at 3 T."®® Especially in the left and right GP and
PT, higher magnetic susceptibilities were determined in patients with AD in
addition to lower hippocampal volumes (<3500 mm®).

NBIA patients including Friedreich’s ataxia (FA) are prone to iron accu-
mulation in certain regions of the brain. Iron accumulates in the cerebellar
dentate nuclei (DN), but not in the GP of FA patients, especially at an age
<20 years in comparison to healthy normals.'® In other patients with NBIAs,
such as pantothenate kinase associated neurodegeneration (PKAN), infantile
neuroaxonal dystrophy (INAD), neuroferritinopathy (FTL), and aceruloplas-
minemia (ACP), iron as measured by hyperintense R2* (= hypointense T2*)
was elevated in the SN.'® Patients with ACP showed iron accumulation in
nearly all basal ganglia including the DN. Patients with PKAN, beyond having
elevated iron only in the SN, exclusively showed the “eye-of-the-tiger” sign,
which is a hyperintense (iron) ring structure in the globus pallidus.

Proteins in the CNS involved in oxygen transport, nerve fibre (myelin)
production, and neurotransmitter metabolism, essentially need iron in bal-
ance.'®® However, in some neurodegenative diseases iron is accumulated in
critical brain regions above physiological needs. Iron chelation may offer a
new route of neuroprotection and understanding in these diseases. Long-
term monitoring of iron chelation treatment in patients with neurodegen-
erative diseases together with biochemical and neurological indicators
associated with motor and cognitive impairment will afford precise, sensi-
tive, and robust methods of in vivo iron quantification by MRI. The report of
effective chelation of brain iron by deferiprone (DFP, L1) has provided great
support for further development of appropriate measurement techniques.
During a 6-month trial in 9 Friedreich ataxia patients receiving low dose DFP
(20-30 mg kg™'d™"), slightly elevated R2* rates (at 1.5 T) of 18.3 + 1.6 s™* (con-
trols: 16.6 + 1.2 s™') were measured in the dentate nuclei (DN). R2* in the DN
decreased to 15.7 + 0.7 s (p < 0.002)."®” Improvement of motor symptoms
such as gaitand balance was reported in 7/9 patients. In a similar trial in NBIA
(PKAN) patients, but with a 4-year follow-up, a significant reduction of R2*
with clinical stabilization was reported in the GP in 5/6 patients.'® An inter-
esting case of a 13-year-old NBIA patient, genetically associated with MPAN,
was followed for 0, 8, 16, 24 months on DFP treatment by MRI-R2/-R2* and
QSM at 3 T. At baseline, converted iron concentration (from Langkammer
et al.”®) in the GP as well as in the SN was about 850 and 550 pg .., ' by R2*
and QSM, respectively, which is dramatically higher then in normal subjects.
After 24 months of treatment, iron concentrations in the GP fell to 650 and
350 ug 2w | by R2* and QSM, respectively, and to a lesser degree in the SN.'®°

In two recent double-blind placebo-controlled randomized clinical DFP tri-
als with early stage PD patients MRI-R2* (3 T) showed significant reductions
of brain iron in the substantia nigra after 12 months™°’ with 30 mg kg™ day™*
and in the dentate and caudate nuclei after 3 and 6 months'”* with 20 and
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30 mg kg™ day . In the latter study, no significant R2* reduction was observed
on the SN, globus pallidus, putamen and red nucleus. In both studies the PD
patients showed an improvement in clinical symptoms (see Chapter 5).

Besides the lipid myelin complex and amyloid plaques in Alzheimer’s dis-
ease (AD), neuromelanin, which forms stable complexes with Fe*', may inter-
fere with quantitative MRI. Especially in the substantia nigra (SN), melanin
increases nearly linearly from <50 pg g™ at birth to 3500 pg g in tissue at
an age of 90 years.'”” In PD patients of different disease duration, neurome-
lanin and iron were determined by a T1-weighted MR sequence and by R2*
at 3 T, respectively.”® The authors concluded that the neuromelanin signal
did not correlate with iron (R2*) in PD or controls. Since myelin has a high
lipid content, it is supposed to be diamagnetic, opposing the paramagnetic
effect of iron. Schweser et al. reported a method to correct QSM-derived
iron concentrations for confounding myelin contributions.'* Alternatively,
the lipid myelin contribution could be assessed together with iron concen-
tration by MRI-R2* chemical shift relaxometry (see Section 7.3.3.3). In 5
post-mortem samples from AD patients (died at 79 + 5 years) matched with
samples from controls (n = 5) with no signs of AD, iron concentration (by
ICP-AAS) and plaque density (by silver stained digital histology) as well as
R1, R2, and dry-to-wet weight ratio (DWR) by NMR at 1.4 T were assessed.'”®
The data did not show any significant correlation between amyloid plaque
density and iron, R1, R2, and DWR.

7.4.7 TIron in Other Organs, Glands, and Tissue

Iron deposition in other organs and tissue such as the adrenal gland, thyroid,
ovary, testis, and lung has not been examined extensively. Recent interest has
particularly focussed on kidney and bone marrow.

7.4.7.1 Kidney

Renal iron deposition was examined by MRI-R2* in chronically transfused
patients with TDT and SCD.'*° Cortical renal iron (R2* > 32 s™') was detected
in 52% of SCD, but in only 7% of TDT patients. Renal R2* was positively
correlated (p < 0.001) with the haemolysis parameter, lactate dehydrogenase
(LDH). Previous MRI studies by T2-weighted MRI had also described cor-
tical renal iron deposition in non-transfused SCD and in paroxysmal noc-
turnal hemoglobinuria."””'*® A recent trial in young SCD patients (age <16
years) confirmed the findings above with increased kidney R2* rates in 81%
of patients and also confirmed the correlation with intravascular hemoly-
sis markers."” Using MRI-R2 in chelation-naive transfused SCD patients,
Vasavda et al. found a significant correlation of renal R2 with serum biliru-
bin in addition to that with LDH and no association with transfusional iron
load.*™ As patients age due to improved treatment (chelation), renal disease
and tubular dysfunction from cortical iron deposition may become more
prevalent.?®!
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7.4.7.2 Adrenal Glands

Iron accumulation and/or fatty infiltration in the glands of the hypotha-
lamic-pituitary-adrenal (HPA) axis and/or glucocorticoid therapy, may place
patients with TDT, DBA, and other iron overload diseases at risk of acquired
endocrine, in particular adrenal, insufficiency (AI). In patients with DBA
(age 2-43 years), most of them transfused, 32% had signs of AI, predomi-
nantly subclinical.>*® Similarily in TDT, patients were tested positive for Al
with normal ACTH levels (61%), but failed the subsequently confirmatory
stimulation test for glucocorticoids released from the gland.*** The authors
hypothesized a hypothalamic origin or optimized chelation treatment in
their patients having intact HPA function. Although, the adrenal glands
play a huge role in the production of essential hormones, the presence
of iron deposition in this gland has not been adequately studied so far by
MRI. Adrenal hypointensity was qualitatively estimated by T2*-weighted
MRI in TDT patients (age 18-42 years) and was correlated with liver SIR
(p = 0.003). Hypointensity, in comparison to controls, was noted in 68% of
patients and none had enlarged adrenal volume.?** Iron proportional R2*
of 118 s™! (normal <50 s7!) could be measured in the left adrenal gland of an
18-year-old boy with acquired red cell aplasia on regular blood transfusion
and iron chelation treatment.*”’

7.4.7.3 Thyroid

Hypothyroidism in thalassaemia is one of the most frequent endocrinopa-
thies after hypogonadism in TDT and DBA."?% In a trial with TDT patients
on intensive combined chelation treatment, hypothyroidism was present in
36% of patients at baseline, and ameliorated after significant decrease of
total body iron burden." However, the origin of hypothyroidism, i.e., iron
deposition in the thyroid gland or hypothalamic-pituitary dysfunction, is not
well known in transfused patients (TDT, DBA). There is no doubt that iron
can be found in the thyroid, but quantitative iron measurements by MRI are
rare or even absent.>*®*”” In a follow-up study, no thyroidal tissue alterations
were detected by MRI, while liver iron was markedly reduced.?”® Interestingly,
massive amounts of iron (haemosiderin) were observed in thyroid follicular
cells from autopsy in neonatal haemochromatosis, similar to haemosiderin
laden macrophages in goiter autopsies.?’%*!°

7.4.7.4 Testes and Ovaries

Similar to the situation of non-invasive iron measurements in the thyroid is
the lack of systematic studies in the gonads, especially in females. In a recent
study on fertility in men with TDT, the sperm quality parameters played an
important role."”* However, gonadal function as part of the HPG axis may not
be directly involved in systemic iron overload. In hereditary haemochroma-
tosis (HH), haemosiderin deposits were observed in testicular tissue by light
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and electron microscopy.?'! Thus, testicular dysfunction may be caused not
only by pituitary failure. On the other hand, no significant differences were
found in the testes between controls and hypogonadic HH by MRI-R2 at 0.5
T (R2 =12.4 + 1.0 vs. 11.8 + 0.5 s '), but for the pituitary the difference was
significant (p < 0.01).>'> Probably, iron overload (mean liver R2 = 36 s™') was
no longer severe in these patients due to adequate treatment.

Many women with TDT experience primary or secondary amenorrhea as
detected by low levels of gonadotropines (LH/FSH) and estradiol, which did
not correlate with liver iron or age.*"* No observations of iron in the ovaries
of patients with iron overload diseases are currently known.

7.4.7.5 Bone Marrow

Although bone marrow (BM) is directly involved in erythropoietic activ-
ity, iron deposition has not been systematically examined by quantitative
MRI. The normal conversion of red (100% at birth, 60% at adulthood) to
yellow marrow during lifetime is also subject to a variety of systemic dis-
orders (leukemia, hemoglobinopathy, myelodysplasia, and osteoporosis).
Quantitative MRI measurements have to address iron in red BM (40% fat
in adulthood) and fat in yellow BM (80% fat in adulthood) but also a tra-
beculae loss of the spongiosa in osteoporosis. Increased haematopoiesis as
in thalassaemia or sickle cell disease can result in a total reconversion of
yellow BM depending on blood transfusion and iron chelation treatment.**
Massive ineffective erythropoiesis (IE) results in intramarrow destruction
of 60-80% of erythroid precursors, thereby suppressing hepcidin levels
and in turn increasing NTBI generation.?"* This may emphasize the impor-
tance of quantitative MRI iron (and fat) assessment in the BM, which can
be performed within one abdominal R2* scan of liver, spleen, and vertebral
BM (VBM).*" In an early study with leukemia (ALLL, AML, age: 14-57 years)
and aplastic anemia (AA) patients and age-matched healthy subjects, R1
and R2 was assessed at 0.6 T in the VBM.>" Fat fraction could discriminate
between the diseases and controls with low R1 for leukemia and high R1
rates for AA.

When applying conventional R2 sequences to the VBM without taking the
fat content into account, many studies failed to draw additional informa-
tion from their relaxometric T2 data in the bone marrow.?*®*'° In a follow-up
study in patients with TDT, a disagreement between fat-saturated R2 (R2-FS)
and conventional R2 in the bone marrow (as in the pancreas) was found. Cor-
relation between VBM-R2 and hepatic R2 only became significant by apply-
ing fat suppression in lipid-rich tissue.?! Recently, significantly elevated R2
rates were reported in the VBM of iron-loading anemias such as SCD (n = 40,
chelation-naive, R2=43.2 +21.1s'),NTD (2 =9,R2 =32.6 £ 7.0 s '), and PNH
(paroxysmal nocturnal haemoglobinuria: n = 15, chelation-naive, R2 = 36.1 +
19.2 s™') compared with controls (=17, R2 = 21.8 + 4.9 s7').""° Bone marrow
iron assessment by MRI-R2* chemical shift relaxometry was presented in
112 iron overload patients (TDT: R2* = 398 s™', DBA: R2* = 252 s™', HH:
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R2* =95 s7', other) and in 14 control subjects (R2* = 95 s7').2"> VBM-R2* did
not correlate with the fat content of the marrow and correlation with chela-
tion dose did not achieve significance.

7.5 Conclusion and Prospects

Iron measurements can now routinely be performed in clinical applications
either by quantitative magnetic resonance imaging (MRI) using the trans-
verse magnetic relaxation rate R2 or R2* (1/T2*) or by electronic biomag-
netic liver susceptometry (SQUID). For iron measurements in the heart, the
single-breath-hold multi-echo MRI-R2* method has become a standard
modality and is applied in clinical settings beyond research studies. It can
now also be transformed into dry-weight/wet-weight cardiac iron concentra-
tion (CIC).””'" For liver iron concentration (LIC) assessment, calibrated and
validated reference methods such as SQUID biosusceptometry and MRI-R2,
-R2* have existed for some time and have proven their therapeutical benefit
for patients with systemic iron overload (thalassaemia, haemochromatosis,
sickle cell disease, or other anaemias) in long-term iron monitoring.'®'%2°
These reference methods are now being used as surrogate methods, since
liver biopsies will not be tolerated by patients any longer and autopsy data
are often not available. In other tissues such as the pancreas, pituitary, and
brain, different MRI methods are employed, but their clinical benefit has yet
to be proven, especially in iron chelation trials.

We will see further development in the area of MRI technology, already
with the introduction of high field imagers (>3 tesla) into clinical settings.
These systems have several advantages beyond a higher sensitivity by using
3D data acquisition (i.e., multi-echo sequences of 20-40 slices within one
breath-hold) and software improvements from using complex data for quan-
titative measurements (real, imaginary, phase). The higher sensitivity will be
especially favourable for the assessment of the relatively low iron concentra-
tions in the brain and endocrine glands (pituitary) as well as for magnetic
resonance spectroscopy. On the other hand, higher fields are disadvanta-
geous for assessing high iron concentrations in the liver.****! Since the 3 T
imagers will probably replace standard 1.5 T imagers in settings dealing with
iron overload patients at large, one has to develop methods to overcome the
limitation in the high iron range (e.g:, single echo, SIR, ultra-fast echo times).

Technologies and analysis methods based on the measurement of mag-
netic susceptibility in liver and brain will be developed in the near future.
Liquid nitrogen cooled or room-temperature based electronic biosusceptom-
eter systems could be calibrated by physical means only and are unlimited
in the range of occurring iron concentrations."”” Quantitative susceptibility
mapping (QSM) is a new analysis technique for quantifying iron in vivo, espe-
cially in the brain, but also in the liver. The relatively high iron concentra-
tions in the liver may be a challenge in the phase mapping. Calibration of
QSM using proton magnetometers in magnetised tissue is at least problem-
atic. Validation studies of the accuracy, repeatability, and reproducibility of
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QSM will be necessary in order to establish its utility in the research and
clinical settings.””* As long as no standard QSM analysis method has been
established, the simultaneous application of routine relaxometry (R2, R2*)
would be recommended in experimental studies.”

In systemic iron overload, serum (plasma) ferritin still remains the “work
horse” for monitoring the iron burden in the time intervals between mea-
surement appointments. Confounding factors such as inflammation, che-
lation treatment changes and the specific disease have to be taken into
account, however.

Abbreviations

CIC cardiac iron concentration

Sdw. gram dry weight

. gram wet weight

GRE gradient recalled echo

HH hereditary haemochromatosis

LIC liver iron concentration

MR (MRI) magentic resonance (imaging)

MRS magentic resonance spectroscopy

NTDT non-transfusion dependent thalassaemia
QSM quantitative susceptibility mapping

R1 (T1) longitudinal relaxation rate (time)

R2 (T2) transverse relaxation rate (time)

R2* (T2*) gradient recalled echo relaxation rate (time)
SCD sickle cell disease

SIR signal intensity ratio

SQUID superconducting quantum interference device
TDT transfusion dependent thalassaemia
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8.1 Introduction

Many metallic radionuclides are useful in nuclear medicine for imaging by
gamma camera scintigraphy, single photon emission computed tomogra-
phy (SPECT) and positron emission tomography (PET), and for radionuclide
therapy of cancer. Their clinical application depends on deep understand-
ing of their chemistry and in particular the use of chelating ligands."* This
chapter discusses the design of the chelators to match the varying require-
ments associated with the particular clinical application and the decay
properties of the radionuclide, with reference to three illustrative examples
chosen for their diversity in chemical and decay properties and their appli-
cations: copper-64 (**Cu), gallium-68 (**Ga) and zirconium-89 (3°Zr). These
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are all radiometallic isotopes utilised in nuclear medicine for diagnostic
PET imaging (although ®Cu is also considered to have potential applica-
tions in targeted radionuclide therapy). The ability of these radiometallic
ions to be incorporated into molecular imaging agents that are effective at
delivering radioactivity to diseased tissue in vivo depends upon the prop-
erties of the coordinating ligands. Preparation of radiopharmaceuticals
based on these metallic radionuclides at a hospital site is also dependent
on highly reproducible and straightforward reactions. As such, the contri-
bution of inorganic chemistry to the field of nuclear medicine has largely
concerned chelator design, optimisation of chelator reactivity, and char-
acterisation of their complexes formed with radiometallic ions. Chelating
ligands for radioactive metal complexes can dictate the rate at which a
metal ion is released in vivo or in vitro, the biodistribution and pharmacoki-
netics of a radiotracer in vivo and, ultimately, the utility of a radiopharma-
ceutical for providing clinicians with useful information.

8.1.1 Positron Emission Tomography and Molecular Imaging
with Peptides and Proteins

Positron emission tomography (PET) is a whole-body diagnostic three-
dimensional imaging modality used in nuclear medicine that detects positron
emissions arising from the decay of unstable radioisotopes. In a patient, the time
and position of decay of a positron-emitting radionuclide can be determined.
Thus, if a radionuclide can be selectively transported to diseased tissue in suf-
ficient quantities, it is possible to determine the anatomical location of that
tissue. As PET scanners acquire data longitudinally, it is possible, and indeed
routine, to map the location of radioactivity in a patient or subject over time.
When a radionuclide decays via conversion of a proton to a neutron, a pos-
itron is emitted. When this positron collides with an electron, two gamma
rays of 511 keV energy are emitted at a trajectory of 180 + 0.5° from each other.
In a PET scanner, detection of these two gamma rays, both coincident on the
same line, occurs via a 360° array of scintillation detectors coupled to pho-
tomultiplier tubes. Processing and reconstruction of these signals leads to a
three-dimensional image mapping the distribution of the radionuclide. The
amount of radioactive compound typically used to acquire PET scans is in
the picomole to nanomole range and, as such, PET is a highly sensitive tech-
nique. However, PET is not a highly resolved technique. Depending on the
energy of the emitted positron and the density of tissue, a positron will travel
some distance (up to a few mm) whilst losing energy prior to the annihilation
event. The higher the energy of the positron, the farther it will travel. Con-
versely, the distance traversed by a positron decreases with increased density
of tissue. Consequently, in combination with other factors,® PET is limited to
mm-cm resolution. Modern PET scanners include X-ray-computed tomog-
raphy (CT) scanners so that a PET image of a patient can be co-registered
with a CT image. The CT image, with vastly superior resolution of anatomical
features, provides an anatomical map and, in the case of solid tumours, can
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provide more accurate information on tumour volume. Hence, the essence
of PET is imaging the spatial distribution of molecular processes rather than
anatomical structure.

Cancer cells, and other diseased cells, can often be characterised by met-
abolic and molecular peculiarities. These include increased glucose utilisa-
tion, hypoxia, antigen production or expression of particular receptors on
their cell surfaces that are involved in mediating cell proliferation or other
events associated with disease progression. Biomolecules that target molec-
ular markers with high affinity and specificity can be utilised to deliver a
radionuclide such as a positron emitter to the site of diseased tissue, pro-
viding a molecular imaging agent. The high sensitivity of PET means that the
low quantities of radiopharmaceutical administered to a patient to obtain a
PET image are not likely to elicit any adverse physiological effects, or to per-
turb significantly the process being imaged. From a diagnostic perspective,
these pathological or molecular markers can provide clinicians with diagnos-
tic and prognostic information that can inform a patient’s treatment regime.
For instance, the presence of a particular cell-surface protein receptor can
indicate that a patient will be more likely to respond to a specific course of
therapy. Historically, such pathological information has been obtained using
relatively invasive procedures such as biopsies that are limited to providing
information at a single site in a patient. The ability to image pathological
or molecular markers non-invasively using whole-body scanning techniques
circumvents the need for surgical procedures, and provides information at
the whole-body level.

Bifunctional chelators in PET chemistry incorporate a chelator for coordina-
tion of aradiometal, and a functional group that can react with a biomolecule,
forming a covalent bond between the chelator and biomolecule. Peptides pos-
sess no tertiary structure and are, for the most part, obtained synthetically
and, as peptide synthesis allows for selective protection and deprotection of
specific amino acid residues, site-selective conjugation of a chelator to a pep-
tide is possible. On the other hand, large proteins and antibodies that possess
tertiary and quaternary structure are obtained from biogenic sources and
conjugation to bifunctional chelators is often not site-specific unless partic-
ular functionality is engineered into the protein or the chelator is conjugated
to the protein via an enzymatic reaction.*®

8.1.2 Reactive Functional Groups for Attachment to
Biomolecules

For bifunctional chelators to be useful in the field of radiopharmaceuticals,
the conjugation chemistry needs to be relatively straightforward. It is beyond
the scope of this chapter to review the latest developments in this ever-
expanding field,’ but it is worth one’s while to be familiar with the design
principles and the most widely used functionalities with respect to chelator
conjugation. The following brief list is far from exhaustive but includes linker
chemistry that is pertinent to both commercially available bifunctional
chelators and common derivatisations of new chelators.
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As peptides and proteins are essentially polymers linked by amide bonds,
amide bond formation is often employed to covalently attach a bifunctional
chelator to a biomolecule. Bifunctional chelators containing carboxylic
acids, “activated” carboxylic acids (such as N-hydroxysuccinimide esters or
tetrafluorophenyl esters) or cyclic anhydrides, can be conjugated to primary
amine groups of the N-terminus of peptides and proteins, or of lysine side
chains. Similarly, primary amine derivatives of chelators can be reacted with
C-termini, or aspartic acid or glutamic acid side chains. The latter requires
activation of the carboxylic acid, so conjugation using this strategy is less
common and is usually restricted to peptides, where orthogonal synthesis
enables site-specific attachment. Amide bonds are generally stable in vivo in
the absence of enzymatic reactions. As synthetic chelators are not recognised
by enzymes that hydrolyse peptide bonds, attachment via an amide bond is
usually a viable strategy for bioconjugation of a chelator.

Isothiocyanates can react with primary amine groups to form thiourea bonds
that are stable in the biological milieu. Phenyl or alkyl isothiocyanate derivatives
are amongst the most common commercially available bifunctional chelators,
and currently there is a prevailing trend in the scientific literature to prepare
isothiocyanate derivatives of new chelators intended for bioconjugation.

Maleimides allow conjugation of a chelator via a reduced cysteine side
chain, or other thiol functionality, providing an alternative, and often,
site-specific means of attachment.

Reactions of azides and alkynes to form triazoles, and other types of click
chemistry, have proved useful in decorating biomolecules with chelators. In
this instance, the biomolecule has to be first synthesised or engineered to
incorporate the azide or alkyne function; unlike thiols, carboxylic acids and
primary amines, azide and alkyne groups are not widely prevalent endoge-
nous chemical motifs.

8.1.3 Requirements for Chelators that Complex Positron-
Emitting Metal Radioisotopes

®'Cu, ®®Ga, and *Zr are positron-emitting metallic isotopes with decay
properties suitable for PET imaging, and can be sourced via various pro-
duction routes, the most widely used of which are listed in Table 8.1. Two
very important factors must be considered when assessing suitability of
chelators for coordination of a radiometal. Firstly, the complexation reac-
tion must be efficient, and secondly, the resulting complex must be suffi-
ciently stable in vivo.
The complexation reaction must be efficient for several reasons:

1. The radiometal concentration in solution is very low and falls within
the nanomolar range.

2. It is desirable for the chelator-biomolecule conjugate or bioconjugate
to be present in low amounts. It is difficult to separate out unreacted
bioconjugate from radiolabelled bioconjugate, and any unlabelled
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Table 8.1 Decay properties and production routes of **Cu, **Ga and **Zr.

Isotope Half-life Positron () decay properties Production

%Cu 12.7h B 19%, Epa = 656 keV (41% electron  Cyclotron, *Ni(p,n)
capture, 40% f3) %Cu

%8Ga 68 min B 90%, E. = 1880 keV (10% electron  Generator-produced
capture) from **Ge (half-life

=271 days)

897r 78 h B*23%, Epax = 897 keV (77% electron  Cyclotron, %°Y(p,n)

capture) 897r

bioconjugate often remains present in the final formulation that is
administered to a patient or subject. Large amounts of unlabelled bio-
conjugate compete with labelled conjugate for receptor binding in vivo.
This can effectively block binding of radiolabelled conjugate, and may
cause toxicity. The quantitative measure of the amount of radioactivity
bound per biologically-active molecule is described as specific activity
and has units of activity (becquerels, Bq, one decomposition per sec-
ond) per amount of conjugate (number of moles or mass).

3. For short-lived isotopes like °®Ga (half-life 68 minutes), fast reaction
kinetics are essential. In the case of longer-lived isotopes like *Cu
(12.7 hours) and **Zr (78 hours), where there is ample time for reactions
that take >1-2 hours, from a practical point of view it is preferable that
reactions are fast. Simple, rapid and reproducible complexation chem-
istry allows for readier acceptance in hospital radiopharmacies.

4. Near-quantitative complexation of radiometal at low bioconjugate
concentration is also desirable for the same reasons—quantitative or
near-quantitative complexation circumvents requirements for addi-
tional steps to remove unreacted radiometal, allowing for implemen-
tation of simple radiolabelling protocols that are suited to hospital
radiopharmacies.

The clinical utility and adaptability of a radiosynthetic protocol for radio-
pharmaceutical production and formulation depends on the reaction condi-
tions (pH, solvent, temperature), the kinetics of formation of a metal-ligand
complex, the radiochemical yield, and whether or not purification proce-
dures are required to remove unwanted by-products, reagents, organic sol-
vents or unreacted radiometal. Ideally the rate should be diffusion-limited,
i.e. every encounter between the chelator and the radiometal will result in
complex formation. This allows for rapid, quantitative reactions that provide
a single radiolabelled product at low concentrations of both the chelator and
radiometal in aqueous solutions.

It is also critical that the resulting complex is stable in vivo, for at least as long
as the imaging procedure requires (typically one to six times the half life of the
radionuclide) unless instability is a requirement of the targeting mechanism
(as in the examples in Sections 8.2.3 and 8.4.3). Dissociation of a radiometal
from a chelator will result in the radiometal coordinating to an endogenous
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biomolecule or mineral and potential transportation to a non-target organ,
causing a decrease in radioactivity accumulation in the target tissue. Ultimately,
the quality of the PET image is compromised and radiation doses to non-target
organs in the subject may be increased. The overall charge and lipophilicity of
the resulting complex is also important—for example, hydrophobic compounds
often accumulate in non-target organs such as the liver and gut.

The priority of these requirements—efficient radiolabelling versus in vivo
stability—differs depending on the half-life of the isotope. For a short half-
life isotope, such as °®*Ga, fast radiolabelling kinetics are more important
than prolonged in vivo stability. In the case of long-lived isotopes, such as
®4Cu and ¥Zr, the opposite is true.

In some cases, instability of a chelate complex can be desirable. Dissociation
of a radiometallic ion from a chelator with subsequent trapping of the radiome-
tal in cells can be used to obtain information about the cellular environment,
or to track migrating or circulating cells. This instability can arise from a redox
event—for example, a hypoxic cellular environment that induces reduction of a
metal complex resulting in subsequent dissociation. Alternatively, “metastable”
complexes can be designed to dissociate over a specific timeframe.

This chapter is not intended as an exhaustive review of chelators for radio-
metals in nuclear medicine—the literature in this area has been surveyed in
depth in recent years in several excellent reviews and books."*'® Instead,
its role is educational, aiming to outline historical developments in chelator
chemistry for the PET isotopes **Cu (1990’s onwards), ®*Ga (2000’s onwards)
and *Zr (2010’s onwards). It also aims to highlight the different purposes for
which each radiometal is suited. In the light of these different purposes—
alongside coordination preferences, decay properties and other practical
considerations—the design requirements are altered.

8.2 Macrocyclic Chelators for Copper-64: Lessons in
Kinetic Stability

Copper-64 is a positron-emitting isotope with a half-life of 12.7 hours and, as
such, is suitable for PET imaging using molecular imaging agents based on both
peptides and proteins. The radionuclide also emits beta particles and Auger
electrons, and thus is potentially useful as a radiotherapeutic. For proteins,
which are rather more delicate than short peptides because their tertiary struc-
ture is important to targeting, it is critical that radiolabelling conditions are
mild—near neutral or physiological pH and temperatures at or below 37 °C are
required to avoid disruption of tertiary and secondary structure. Additionally,
ease of radiolabelling and high radiochemical yields are favourable for clinical
translation. Usually ®*Cu is provided as a solution in aqueous hydrochloric acid
and, whilst there are some examples of radiotracers based on Cu®,'”® the over-
whelming majority of chelator developments have been for Cu®".

Whilst open-chain or acyclic chelators are likely to be important for future
innovations in molecular imaging, particularly for **Ga, macrocycles have
dominated the landscape of bifunctional chelator chemistry for copper
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radioisotopes. Non-cyclic chelators of Cu**, even multidentate ones with very
high association constants (e.g. edta, dtpa) have invariably been found to be too
kinetically labile, and hence vulnerable to ligand dissociation and exchange, to
be useful as bifunctional chelators for biomolecule labelling."" Macrocyclic
chelators are multidentate ligands where some or all donor atoms are pres-
ent within a ring. Complexes of macrocycles typically demonstrate both high
thermodynamic stability and a high degree of kinetic inertness to substitution
in many cases, compared to analogous open-chain or acyclic chelators. This
macrocyclic effect is a special example of the chelate effect. As the multiden-
tate chelator is pre-organised into a ring structure, the degree of conforma-
tional flexibility that is lost upon coordination is significantly lower than that
of acyclic or open chain analogues. Additionally, and importantly in the case
of #*Cu*" radiopharmaceuticals, the likelihood of re-coordination of a donor
atom following dissociation is high, as the dissociated donor atom remains
proximal to the metal centre. Thus, macrocycles can provide kinetically inert
complexes with high free energies of activation for dissociation, and relatively
rigid geometries enhance this. Cu®* (d° metal ion) can coordinate up to six
ligands in its pseudo-octahedral coordination sphere, although ligand bind-
ing along one axis is often significantly weaker (and sometimes absent) as a
result of Jahn-Teller electronic effects. In general, chelators that both accom-
modate Jahn-Teller distortion, and saturate the coordination sphere of Cu**
are preferable, as vacant coordination sites can potentially lead to coordina-
tion of endogenous protein or peptide ligands, providing a pathway for ligand
exchange and thus loss of ®*Cu®* from the radiotracer.

Cu®" can be reduced to Cu®. Because Cu” (d'° metal ion) has different coor-
dination preferences to Cu®', and is even less inert to ligand exchange, it is
important that reduction potentials are sufficiently low to prevent reduction
in the potentially reducing intracellular environment, as reduction would
lead to faster dissociation and transchelation. For the complexes discussed
below, reduction of Cu®* to Cu* as a mechanism for loss of **Cu is unlikely as
reduction potentials are lower than those encountered in the intracellular
environment; thus, their redox chemistry is not well-explored.*

The next section introduces Cu®>" complexes of the most widely used mac-
rocycles, discusses the most significant advances in macrocyclic chemis-
try for copper radioisotopes, and finally correlates the in vivo behaviour of
4Cu**-labelled radiotracers with the kinetic stability and structures of the
complexes themselves.

8.2.1 Cu Complexes of Macrocycles: Radiolabelling and In
vivo Stability

8.2.1.1 Cyclen, Cyclam, Teta and Dota — Not All Macrocycles are
Equal to the Task!
Very early studies using macrocycles for **Cu®" coordination investigated

cyclen, cyclam, teta and dota (1-4), firstly for their ability to complex radio-
pharmaceutical concentrations of **Cu** quantitatively, and secondly for
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their ability to retain coordinated **Cu** in vivo. Stark differences in both
radiolabelling conditions and in vivo stability were observed for various com-
plexes and their peptide conjugates, and these differences were attributed
to the properties of the **Cu-bifunctional chelator complex. Early studies on
bifunctional chelators for ®*Cu** compared the tetraaza macrocycles cyclen
(1) and cyclam (2) with their tetracarboxylate derivatives dota (3) and teta
(4).>"** Radiolabelling yields for peptide conjugates of teta were markedly
superior to yields for cyclam**—teta derivatives were labelled in 95% radio-
chemical yield after one hour, whilst after 12 hours only 85% of **Cu®" was
bound to cyclam derivatives. Furthermore, animal studies demonstrated that
#Cu** complexes of the tetraazamacrocycles cyclam, cyclen and their conju-
gates, exhibited significantly higher liver and kidney activity relative to their
tetraacetate derivatives, teta and dota.”’** In the case of the unconjugated
radiolabelled complexes, this was attributed to the higher positive charges of
[**Cu(cyclam)]** and [**Cu(cyclen)]** compared to the negative charges of the
[**Cu(dota)]*” and [**Cu(teta)]*” complexes.*' Teta and dota were used almost
exclusively as the bifunctional chelators of choice in early studies investigat-
ing *'Cu-labelled peptide conjugates for molecular imaging.

Y b HOL— /—\ ~—COM HO,C— [ ) ~COH HO,C—. —\ ,—CO,H

HN NH HN N N N N N N N
cyc gy ) C) T )nes
N N N N N N N N N N
HL__H Hv M Ho,c—'\_/ "—COH HO,C—[_J —COMH HO,C— \J —COH

cyclen (1) cyclam (2) dota (3) teta (4) p-SCN-Bn-dota (5)

However, despite their advantages over cyclam and cyclen, neither dota
nor teta are ideal chelators for ®*Cu*’. Whilst teta conjugates can be radiola-
belled quantitatively within an hour at room temperature, both small animal
and patient studies of Cu**-radiolabelled teta peptide and antibody conju-
gates demonstrate significant accumulation of activity in the liver, which is
believed to be indicative of dissociation of Cu** radionuclide from the con-
jugate in vivo. Proteins such as superoxide dismutase,*** metallothionein®
and ceruloplasmin® that possess Cu®" binding sites can coordinate disso-
ciated **Cu*', and early studies using animals administered a **Cu-labelled
teta-peptide conjugate demonstrated that ®*Cu®-bound superoxide dis-
mutase is formed in the liver.

Similarly, ®*Cu**-dota labelled peptide conjugates also demonstrate signif-
icant liver accumulation, which has likewise been attributed to iz vivo insta-
bility,>*”2° particularly as the kinetic stability of dota complexes of Cu**
is lower than teta complexes (see Section 8.2.2 below). Compounding this
problematic instability is the inconsistency in conditions that are required
for incorporation of **Cu*" into dota derivatives. Many preparations have
required temperatures between 60-80 °C and report radiochemical yields
less than 80%,® whilst other reports suggest that quantitative radiochemical
conversion can be achieved at ambient temperature, provided that radionu-
clide purity is relatively high."

In more recently reported derivatives of dota (3) and teta (4), the functional
group at which biomolecules are attached is appended to an alkyl group of the
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macrocycle, allowing all four pendant acetate groups to be available for coordi-
nation to the metal centre—for example, p-SCN-Bn-dota (5)."**° This is in con-
trast to bioconjugates where one of the carboxylate groups has been reacted
with a primary amine of a biomolecule, leaving only three acetate ligands and
an amide functionality—for example, dota.*® Compared to carboxylate-linked
radiolabelled conjugates of dota, radiotracers based on p-SCN-Bn-dota will
carry an extra negative charge, potentially altering biodistribution of the result-
ing radiotracer (see Section 8.2.2 below for further discussion).

The solid phase structures of the Cu** complexes of cyclam,*! teta®> and
dota®® as determined by X-ray crystallography are included here for compar-
ative purposes (Figure 8.1). In the [Cu(cyclam)]** complex, the coordination
sphere is not saturated by the cyclam ligand—the axial perchlorate coun-
terions coordinate very weakly and would not be expected to remain coor-
dinated in solution. Cu®*" complexes of either dota or teta adopt distorted
octahedral geometry with typical Jahn-Teller effects, although these are not
as pronounced as they are for other Cu®>" complexes, presumably because of
the steric constraints of cyclic ligands. When dota is complexed with Cu*’,
the N-donor atoms adopt a cis coordination mode, and Cu®" is positioned
above the plane of the macrocycle. This is a result of the size constraints of
the macrocycle. In crystals of [Cu(H,dota)], two macrocyclic N-donor atoms
and the two O-donors of the deprotonated carboxylate arms form the equato-
rial plane, whilst the remaining N-donors are positioned axially with longer
N-Cu bonds as a result of Jahn-Teller distortion. In contrast, in mononu-
clear complexes of [Cu(H,teta)] and [Cu(teta)]*", the Cu®" ion lies in the plane
of the larger teta macrocycle, and two deprotonated carboxylate arms are
coordinated ¢rans to each other, above and below the macrocycle plane. Each
six-membered chelate ring is present in the “chair” conformation. Jahn-
Teller distortion is also evident in this case, however the axis of elongation
differs between the three different sets of crystallographic data reported.’***

?

Figure 8.1 From left to right, representations of the molecular structures of
[Cu(cyclam)(ClO,),],*" [Cu(H,teta)],** and [Cu(dota)]*** as determined
by crystallography. Orange - copper, blue - nitrogen, grey - carbon, red -
oxygen, green - chloride. These diagrams and others contained herein
(generated in Mercury software courtesy of the Cambridge Crystallo-
graphic Data Centre) represent structures determined crystallographi-
cally. Hydrogen atoms are omitted for clarity.
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8.2.1.2 Alternatives to Teta and Dota — Towards Greater In vivo
Stability

Innovations in chelators for ®*Cu®*" have resulted in **Cu-labelled peptide con-
jugates that do not appreciably release **Cu in vivo, providing superior PET
images with higher target to non-target organ ratios. A **Cu*"-labelled con-
jugate of the ethylene-crossbridged cyclam tetraazamacrocycle bearing two
acetate groups, ecb-te2a (6a, Figure 8.2), demonstrated decreased liver uptake
compared to homologous teta and dota derivatives; unfortunately, **Cu** com-
plexation reactions require high temperatures (>90 °C) and basic conditions
(pH > 8) to achieve quantitative radiochemical yields.*****> As such, ecb-te2a
(6a) is not suitable for radiolabelling sensitive biomolecular conjugates such
as proteins or antibodies. Substitution of the ethylene bridge for a propylene
bridge provides the chelator pcb-te2a (7a) that can be radiolabelled in quantita-
tive radiochemical yields after 1 hour at 70 °C, or in lower radiochemical yields
over longer time periods at lower temperatures.*® Alternatively, the substitu-
tion of carboxylate groups of ecb-te2a (6a) by phosphonate groups, to provide
chelators ecb-te2p (6b) and ecb-telalp (6¢),*” also leads to higher radiochemi-
calyields under milder conditions. When ecb-telalp is conjugated to a protein
or peptide via its pendant acetate function to form an amide bond, incubation
times of up to 1 hour at room temperature are required to achieve radiochemi-
cal yields between 60-100% of **Cu-labelled bioconjugates.*® If functionality is
engineered into the bifunctional chelator such that the acetate is not utilised
as a conjugate attachment point, but remains available to coordinate to a metal
centre, radiochemical yields of >95% can be achieved in 5 minutes at 37 °C.***
In the case of the latter, the stability of the **Cu-labelled complex in serum is
also increased compared to the former.>>*° This particular case highlights the
importance of conjugation strategy—ensuring that all ligands remain avail-
able to coordinate to a metal centre can be critical to optimal radiolabelling
and stability in the presence of competing ligands.

In the case of propylene-bridged cyclam-based species, substitution of car-
boxylate groups of pcb-te2a (7a) for phosphonate groups, to furnish pcb-te2p
(7b) and pcb-telalp (7¢) does not substantially improve radiolabelling.*!*?

X-ray crystallographic data has been reported for Cu** complexes of the
three macrobicyclic chelators, ecb-te2a,* ecb-te2p and ecb-telalp (Figure
8.2).*” In these complexes, the ethylene crossbridge significantly constrains

Figure 8.2 From left to right, [Cu(te2a)],”® [Cu(ecb-te1lalp)], [Cu(ecb-te2p)],” and
[Cu(pycup2Bn)]*.** Orange - copper, blue - nitrogen, grey - carbon, red
- oxygen, yellow - phosphorus.
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the geometry of the macrocycle and reduces its flexibility. As a result, the
four N-donors of the macrocycle bind to Cu** in a cis coordination mode and
the remaining two carboxylate groups complete the octahedral coordination
sphere. In each case, one of the O-Cu-N axes is elongated as a result of Jahn-
Teller stabilisation. In the case of the ecb-telalp complex, the lengthened
Cu-0 bond involves the phosphonate ligand group.

R1— A
N _N ecb-te2a: R'= R2 = CO,H (6a)
[ f ] ecb-te2p: R'= R2 = PO(OH), (6b)
bN\—Rz ecb-te1alp: R' = CO,H R2 = PO(OH), (6c)
Y

RI~
N _N pcb-te2a: R'= R2 = CO,H (7a)
[ /—r j pcb-te2p: R'= R2 = PO(OH), (7b)
NK)NLRZ pcb-telalp: R! = CO,H R2 = PO(OH), (7c)

1
HOzC“pN'R te2a: R'= R2 = H (8a)
[ ] dm-te2a: R'= R2 = CHj (8b)
N N mm-te2a: R = H R2 = CHj; (8¢c)
R2(__JN—COH
AN

“| N’ pycup2Bn: R'= R2 = Bn (9a)
| ~— .R"  pycup1A1Bn: R'= CO,H R2 = Bn (9b)
CN ™ pycup2A: R'= R2 = CO.H (8¢)
N N
~

z

RZ

Cyclam derivatives bearing a cross-bridging pyridyl can be substituted at
macrocyclic amines to provide pycup2Bn (9a), pycup1A1Bn (9b) and pycup2A
(9¢).*" X-ray crystallography of [Cu(pycup2Bn)]** demonstrates that Cu** is
coordinated in a trigonal bipyramidal environment (Figure 8.2). DFT studies
suggest that the most stable conformation of [Cu(pycup1A1Bn)]’ is one in
which the acetate ligand is coordinated trans to the pyridyl group, provid-
ing a hexadentate N;O coordination environment. The three pycup ligands
can all be radiolabelled in quantitative radiochemical yield in 15 minutes at
70 °C at 10 pM concentration of ligand. The complexes are stable in serum
and demonstrate high stability in challenge experiments with dota. Pycup2A
(9¢) has been conjugated to a thrombosis-targeting peptide via one pendant
acetate and the resulting *'Cu-radiolabelled compound is able to delineate
arterial thrombosis in rat models.

The tetraazamacrocycle te2a (8a)*>*° and its methylated derivatives dm-te2a
(8b) and mm-te2a (8c)” have been synthesised and ®’Cu complexes of
these derivatives demonstrate enhanced in vivo stability. For example, *'Cu-
labelled antibody conjugates of te2a exhibit higher tumour uptake, lower liver
retention and higher blood activity in mice one and two days after injection
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compared to the analogous dota conjugate, suggesting higher resistance of
[**Cu(te2a)] to in vivo demetallation compared to [**Cu(dota)]*".*® Interestingly,
te2a (8a) could be radiolabelled within 20 minutes at 30 °C, whereas dm-te2a
(8b) and mm-te2a (8c) required heating at 50 °C for one hour under the same
solution conditions (ammonium acetate, pH 8). The differences in behaviour
between teta (4), te2a, dm-te2a and mm-te2a highlight how seemingly subtle
chemical modifications have significant ramifications, and the particular case
of te2a and its derivatives is discussed in more detail later in this section. Like
teta, these derivatives can accommodate Cu** at the centre of the macrocyclic
ring, with each carboxylate ligand trans to the other."**® Jahn-Teller distortion
is observed, with lengthening of Cu-O bonds in both cases.

Substitution of the dota macrocycle at a single amine position with an O
atom provides the ether-containing chelator, oxo-do3a (10). Alternatively,
derivatisation with a pyridyl group provides pcta (11), containing a “softer”
N-donor ligand than dota (3). Both of these chelators purportedly allow faster
radiolabelling of bifunctional chelator conjugates of antibodies at room
temperature and improve the stability of the ®*Cu® chelator,” although
subsequent studies could not discriminate any meaningful differences in
radiolabelling efficiency or in vivo stability between dota (3), oxo-do3a (10)
and pcta (11)." More recently, three of the acetate groups of dota have been
replaced with hydroxamate groups, providing the chelator dotaha, (12) that
can be radiolabelled with ®*Cu®" at room temperature at pH 7 in 5 minutes.
Initial stability studies suggest that the resulting complex is sufficiently
stable to withstand demetallation in vivo.>® To the best of our knowledge,
there is no reported information on the coordination environment of the
Cu®"-dotaha, complex. An ethylene-bridged cyclen derivative, ecb-do,a (13),
can be radiolabelled with **Cu®* under similar conditions to ecb-te2a (6a),
however, over the course of several hours, [**Cu(ecb-do,a)] demonstrates the
same in vivo instability as [**Cu(dota)]*".**

~OH
® o
WOW COLH N COLH VY COLH (N
/—N N—" —N N—" N N N— /—N 2 N—"
HO,C &t\/ HO,C &/ﬁ HO'N{&/N\) HO,C &/N\/
o

CO-H CO,H

CO,H

N, OH
oxo-do3a (10) pcta (11) dotaha, (12) ecb-doya (13)

8.2.1.3 Nota and Sarcophagine Derivatives — The State of the Art
in Bifunctional Chelators for ®*Cu

Acetate, phosphinate, pyridyl, picolinate and hydroxamate derivatives of
triazacyclononane (tacn) (14)—nota (15), trap (18), nola2py (19), nolpa2py
(20) and notaha, (21), respectively—have also been utilised as bifunctional
chelators for **Cu*".
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Unlike dota and te2a derivatives, ®*Cu®*" complexes of nota (15) can be
formed at 25 °C in 5 minutes in quantitative radiochemical yields at concen-
trations of 0.5 uM at neutral pH." Stability studies and in vitro experiments
indicate that the **Cu®" complex of nota is stable in vivo with respect to disso-
ciation of **Cu®'. Indeed, in comparative studies with dota conjugates, nota
derivatives demonstrated higher tumour uptake and decreased liver uptake,
attributed to greater complex stability.”>*! Bifunctional derivatives of nota
demonstrate the desirable combination of high radiolabelling efficiencies at
very low concentrations of ligand under mild conditions,'*** and high in vivo

stabilities.
H CO,H CO,H
bl \H RO~ \) 02 HO,C—~. | \)\2/\ HO,C—~ [ ) J
CO,H N N
Cyo uJ @NJ G 0L
L NCS
COZH COZH CO,H
tacn (14) nota (15) nodaga (16) p-SCN-Bn-nota (17)
HO,C OH H CO,H
2 N 0] Pt 7 S
/'/D/\N) N\ /\ﬂ N~ N~
0 & 0 HO,C—~. [ \ /N )
) Cal ™ e
NJ HOC </NJ
OSP—oH
N N
I |
CO,H = =
trap (18) nola2py (19) no1pa2py (20)
OH NH,
O N_
)
HO.C~ | N Hy g GH CO,H
Ch/ [[ ] HO,C NN N oo
Kfo HNCNHNG )
HO,C HO,C
~N-on
NH,
notaha, (21) sarcophagine (22) dtpa (23)

Similar to the case of dota, targeting biomolecules can be attached to nota
via one of its pendant acetate groups, providing a conjugate with two car-
boxylate and three amine donors (resulting in a neutral complex).* Alterna-
tively, functionality can be introduced in a fashion (e.g. via a fourth pendant
carboxylate group in nodaga (16),”® or via a pendant isothiocyanate in p-SCN-
Bn-nota (17)**) that preserves the coordination sphere of the parent chelator,
nota (resulting in a Cu®*" complex with a single negative charge). The impor-
tance of such advances in chelator design should not be overlooked—a recent
in vivo comparison of **Cu-labelled peptide conjugates of dota (3), nota (15)
and nodaga (16) reported that animals administered nota- and dota-radio-
labelled conjugates exhibited significantly higher liver uptake than those
administered the nodaga derivative.”® Differences in liver accumulation of
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Figure 8.3 PET/CT images of mice with subcutaneous A431-CCK2R tumours 4
hours after injection of *Cu-labelled (A) dota-PP-F11, (B) nota-PP-F11
and (C) nodaga-PP-F11. Radiotracer uptake is clearly visible in the
CCK2R tumours (arrow) (scale 1-12% ID g™). Significantly decreased
liver uptake is evident for nodaga-pp-f11 compared to the other tracers.
Reprinted with permission from S. Roosenburg et al., Mol. Pharmaceu-
tics 11, 3930-3937.°" Copyright 2014 American Chemical Society.

#4Cu** were attributed to lower stability of the nota and dota derivatives in
vivo compared to that of nodaga (Figure 8.3). Nota (15) itself, as well as other
nota bifunctional chelator derivatives (nodaga (16) and p-SCN-Bn-nota (17))
are commercially available. The differences in complex charge and potential
complex stability should be borne in mind when selecting a suitable chelator.

Like dota, nota cannot accommodate Cu®*" in the centre of its macro-
cycle. Two representations of nota coordinated to Cu®" are presented in
Figure 8.4. In the first structure, [Cu(nota)], all three of the nota carboxylate
arms are deprotonated. The complex adopts a distorted pseudo-trigonal
prismatic geometry,”” presumably a result of the greater rigidity and steric
requirements of the ligand compared to teta or dota. In the second structure,
[Cu(H,nota)Cl], crystallised under acidic conditions from the trihydrochlo-
ride salt of the ligand, only one of the carboxylate groups is deprotonated.>
One protonated carboxyl oxygen and one deprotonated carboxylate oxygen
are coordinated to Cu*', along with a chloride ion. Notably, the Cu-O bond
length for the protonated carboxylate is very long (2.56 A). In [Cu(H,nota)Cl],
the presence of only one strongly coordinated acetate group relieves the geo-
metric requirements of the ligand, compared to [Cu(nota)]’, where all three
acetate groups are coordinated. In turn this allows [Cu(H,nota)Cl] to adopt
a distorted octahedral geometry, differing from the pseudo-trigonal pris-
matic geometry of the deprotonated complex, [Cu(nota)] . The differences
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Protonated
carboxylates

|

Figure 8.4 From left to right, [Cu(nota)],*® [Cu(H,nota)Cl*® (carboxyl pro-
tons were not included in the crystallographic information file) and
[Cu(nola2py)]'.”” Orange - copper, blue - nitrogen, grey - carbon, red -
oxygen, green — chloride.

in coordination modes observed here could be relevant when considering
differences in in vivo stability and biodistribution of conjugates of nodaga
(hexadentate coordination) and nota (pentadentate coordination).

The ligand, trap (18), can be radiolabelled with **Cu®" at 25 °C in 5 minutes at
PH 3 in quantitative radiochemical yields at 1 pM ligand concentration.>® How-
ever, stability studies have demonstrated that whilst ®*Cu**-labelled complexes
of trap are suitable for short imaging studies (where imaging is undertaken
two hours post-injection of radiotracer), they are not sufficiently stable in vivo
over longer periods of time with respect to dissociation of the metal complex.

Limited studies have demonstrated that nola2py (19) can complex **Cu**
at ambient temperatures in 1 minute in quantitative radiochemical yields at
100 uM ligand concentration and near neutral pH.”” This concentration is
rather high compared to concentrations used for ligands such as nota and
sarcophagine. Two pyridyl groups, the acetate ligand and the three mac-
rocyclic amines are coordinated to the Cu®' centre in a pseudo-octahedral
geometry (Figure 8.4). Serum stability studies alongside competition stud-
ies with cyclam (2) suggest that the resulting complex is stable to in vivo
demetallation.

The ligand no1pa2py (20) has recently been reported to coordinate to Cu®" in
solution via three macrocyclic amines, one pyridyl group and both the N and
O atoms of the picolinate group, leaving one uncoordinated pyridyl group.’®
When nolpa2py is reacted with solutions of **Cu®" at near neutral pH and
ambient temperature over 30 minutes, three distinct complexes are formed,
the identities of which are undefined. Whilst this ligand system is certainly
very interesting from an inorganic chemist’s perspective, the presence of multi-
ple radiolabelled species is undesirable for radiopharmaceutical applications.

Similar to dotha, (12), preliminary reports of notaha, (21) indicate that
this ligand rapidly coordinates **Cu®" to provide a stable complex, but there
is no information available at present as to the complex’s coordination
environment.*

Macrobicyclic hexammine derivatives are commonly referred to as “sar-
cophagines” (22). This term was coined by early investigators who noted that
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in a hexadentate coordination mode, these ligands (and their relatives, the
sepulchrates) encapsulate metal ions almost completely, and thus bear a
resemblance to burial vaults such as sarcophagi or sepulchres. The cage-like
sarcophagines can be derivatised to provide bifunctional chelator conjugates
that can be radiolabelled with **Cu*" at very low ligand concentrations (0.5
puM) at room temperature, and the resulting complexes are highly stable to
in vivo demetallation pathways.'**”>°* Such in vivo stability means that sar-
cophagine conjugates are suitable for **Cu** protein radiolabelling, where
mild temperatures and neutral pH are also required. Furthermore, the com-
plexis sufficiently stable to permit PET image acquisition up to two days after
administration of the radiotracer, allowing a radiolabelled protein/antibody
sufficient time to clear from the circulation and accumulate at target tissue.®
Such stability contributes to superior PET image quality, with enhanced con-
trast between diseased and healthy tissue.

The Cu** complexes of sarcophagines adopt distorted octahedral geometry,
with all six of the secondary amines coordinated to the metal ion at neutral pH
(Figure 8.5).2”°%%%%* The Cu*" metal ion resides at the centre of the “cavity” of the
cage-like ligand structure. Jahn-Teller distortion can be observed in several
reported solid-state structures although, again, this is not pronounced as a
result of coordination contraints of the macrobicyclic ligand.

8.2.2 Kinetic Stability is Critical to In vivo Stability - You
Can’t Have One Without the Other

Most of the chelators that have been utilised in the design of **Cu radiotrac-
ers have demonstrated high thermodynamic stability (Table 8.2). Whilst
thermodynamic considerations are certainly important in imparting affinity
of the chelator for a metal ion, thermodynamic stability constants are not

®

Figure 8.5 [Cu(sarcophagine)]*".®* Apical primary amines are protonated. Orange -
copper, blue - nitrogen, grey - carbon.
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Table 8.2 Stability constants of Cu®" macrocyclic compounds.

Ligand Log Kjcu(iigana)]

Dtpa 21.4%

Teta 21.87 £ 0.06°%°
20.49 + 0.03%

Dota 22.72 +0.04°
22.25 +0.03°%

Nota 21.63 +0.03°%

reliable predictors for in vivo stability. For example, the stability constant of
[Cu(dtpa)]’” is higher than that of teta, dota and nota (Table 8.2), but dtpa is
of little use for **Cu radiotracers. After 24 hours incubating in serum, >80%
of ®*Cu*" originally bound to a dtpa-antibody conjugate dissociated to serum
proteins, indicative of very low stability in the presence of competing endog-
enous molecules."

When a nanomolar amount of a radiopharmaceutical is injected intra-
veneously, the radiopharmaceutical is diluted at least 1000-fold in the
human blood stream and is exposed to relatively high concentrations of
proteins and other molecules that can compete for metal binding. Several
endogenous proteins bind Cu*’, including albumin in blood, and super-
oxide dismutase, ceruloplasmin and metallothionein in the liver. Dissoci-
ation of a ligand or chelator will likely result in radiometal coordination
to an endogenous protein and, correspondingly, high non-target organ or
background activity, compromising image quality. It is thus imperative
that the radiometal forms a highly inert complex, one in which the kinet-
ics of dissociation and transchelation are very slow. Without possessing
sufficient kinetic stability, even the most thermodynamically stable com-
plexes known will not survive, because of the very high concentration of
competing ligands and metals compared to the radiotracer, and because
of endogenous metabolic pathways that tightly regulate distribution of
metals in vivo. Kinetic stability has been implicated as the critical factor
in determining whether or not a **Cu-chelate complex is stable in vivo. As
stated earlier, macrocyclic ligands generally display higher kinetic stability
than non-macrocyclic ones. Within the macrocycle itself, a ligand donor
atom that dissociates remains anchored within the proximity of the metal
by at least two other coordinated donor atoms. Clearly, however, not all
macrocycles are optimal for application in radiopharmaceuticals. Cer-
tainly, rigid structures lend themselves to high kinetic stability. Both the
cross-bridged macrobicyclic ligands, ecb-te2a (6a) and sarcophagine (22),
are highly kinetically stable. The bicyclic nature of the species decreases
conformational flexibility, resulting in high kinetic inertness. Similarly, it
has been proposed that the smaller macrocycle of nota (15) compared to
that of dota (3) and teta (4) also results in a more rigid complex—a smaller
ring size correlates with a lower degree of conformational flexibility, and
thus nota complexes of Cu®** are more kinetically stable than those of dota
or teta.
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There are several ways to experimentally determine whether or not the
kinetic stability of a complex is likely to be sufficient to render it stable in
vivo. These include acid dissociation studies, challenge experiments with
other chelators, copper exchange studies, serum stability studies, stability in
the presence of superoxide dismutase, and in vivo studies.

Acid dissociation studies have compared the half-lives of Cu** complexes
under highly acidic conditions (typically, 5 M to 12 M HCI, at 50 to 90 °C).
Although such studies self-evidently do not mimic physiological conditions,
they can be useful predictors of kinetic stability, and thus the likelihood that
a complex will remain intact in vivo. Under such acidic conditions, where
potentially coordinating amines and carboxylates are normally protonated,
the complexes themselves, if governed by thermodynamic stability alone,
should dissociate immediately. If, however, the complexes are kinetically
inert, ligand dissociation is slow, and persistent coordination of the chelate
to the metal centre protects coordinating atoms from immediate protona-
tion. The rate of dissociation in acidic solution is an indicator of comparative
kinetic stability. For example, the order of stability with respect to acid dis-
sociation for the series of tetraazamacrocycle complexes follows the order:

dm-te2a (8b) > mm-te2a (8c) > te2a (8a) > teta (4) > dota (3).2*"

As alluded to above, this interesting series demonstrates that subtle mod-
ifications to tetraazamacrocycle derivatives influence the kinetic stability of
the complex—overall, alkylation of te2a increases kinetic stability, whereas
substitution with acetate groups to give the parent compound, teta, decreases
kinetic stability. Intriguingly, when the cross-bridged species are introduced
to this series, one observes that the Cu®* complex of dm-te2a (8b) is more
kinetically stable than that of ecb-te2a (6a), but less kinetically stable than
that of pcb-te2a (7a):

pcb-te2a (7a) > dm-te2a (8b) > ecb-te2a (6a) > mm-te2a (8c) > te2a (8a)
> teta (4) > dota (3).*7%

The fact that the Cu®" complex of pcb-te2a is more stable than ecb-te2a
suggests that for complexes that adopt the same coordination geometry,
the size of a macrocyclic ring or cross-bridge effects relative stability. Addi-
tionally, the higher stability of dm-te2a to acid-mediated dissociation com-
pared to that of ecb-te2a, but not mm-te2a, suggests that there are electronic
effects at play in the stabilisation of the Cu®>" complexes. The kinetic stability
imparted by incorporation of an ethylene cross-bridge is not just a factor of
the complex’s increased rigidity.

Copper exchange studies involve incubating labelled **Cu*" complexes in
a solution containing non-radioactive Cu®" ions.” There are only a couple of
examples of assessing kinetic stability using this approach for Cu*, despite
the fact that such a method provides a true measure of kinetic stability inde-
pendent of thermodynamic factors (e.g. metal-protein association constants)
under mild conditions (ambient temperatures, pH 4-8) that are more repre-
sentative of the physiological environment than acid dissociation studies. In
the presence of excess non-radioactive "™'Cu®', a thermodynamically stable
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but kinetically labile **Cu®*" complex will exchange Cu®" ions. In contrast, a
kinetically inert ®*Cu®" complex will not substitute its ®*Cu®* ion for a non-ra-
dioactive "Cu*" present in the environment. This method has demonstrated
that the kinetic inertness or stability of Cu** complexes of the acetate-substi-
tuted azamacrocycles at pH 6-7.5 follows the order:

nota (15) > teta (4) > dota (3).

This order is in general agreement with the superior in vivo stability of
%'Cu-labelled nota (15) or nodaga (16) conjugates compared to homologous
dota (3) derivatives.

Stability studies with known Cu®" binding proteins, such as albumin or
macroglobulin found in serum, or superoxide dismutase 1 (SOD) abundant
in the liver and kidneys, are also useful in predicting in vivo stability. In such
experiments, radiolabelled complexes are incubated in serum, or in solu-
tions containing SOD, and dissociation of **Cu** to protein is monitored over
time. If a complex does not withstand competition from proteins ex vivo,
this can be taken as a reliable indicator that the complex will not withstand
competition from the same proteins in vivo. However, caution is advised in
concluding that a complex is sufficiently stable if it does not lose its radio-
metal in a serum stability or protein competition experiment. These exper-
iments do not dilute the radiolabelled compound to the same degree as in
vivo, and particularly in the case of serum stability studies, the ratio of ligand
to endogenous protein is likely higher in such experiments than in vivo. They
also do not take into account transport pathways and delivery of radiometal
to organs, such as the liver and kidneys, that metabolise complexes. How-
ever, such studies have demonstrated that sarcophagine (22) complexes of
#Cu** are more stable to transchelation by serum proteins and SOD, than
dota (3), teta (4), nota (15) and cyclam (2).”

Comparative in vivo experiments using small animals (for the most
part mice) can be useful to assess not only in vivo stability, but also the
timescale of dissociation of ®*Cu from a chelator in vivo, the fate of any
dissociated ®*Cu*, and whether kinetic stability is associated with in vivo
stability. As discussed above, numerous studies have demonstrated that
in vivo dissociated **Cu** accumulates in the liver,”*® and thus high liver
activity can, with caution, be indicative of complex instability.?82%3546:51
Comparative biodistribution studies have demonstrated stark differences
between using conjugates of the open chain diethylenetriamine penta-
acetic acid (dtpa) (23) chelator with those of macrocycles—PET images
of animals administered the former exhibit large amounts of activity in
the liver, consistent with serum stability studies that demonstrate high
transchelation of ®*Cu®" to serum proteins. In contrast, the use of a mac-
rocyclic chelator such as sarcophagine results in the radiotracer retaining
Cu?', and the majority of radioactivity remains associated with the blood
pool (Figure 8.6)." In another comparative study, animals administered a
%'Cu-labelled sarcophagine peptide demonstrated higher tumour accumu-
lation one day after administration than animals administered the analo-
gous *'Cu-labelled dota peptide conjugate. It was suggested that the higher
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Figure 8.6 PET/CT images of Balb/C mice 24 hours after injection with **Cu-rit-
uximab-immunoconjugates. (A) *'Cu-sarcophagine-CO-rituximab and
(B) #*Cu-dtpa-rituximab are given as examples of a macrocycle contain-
ing immunoconjugates (A, showing predominantly blood pool activity,
indicative of kinetic stability of the Cu-sarcophagine complex) and an
immunoconjugate containing dtpa derivatives (B, showing predomi-
nantly liver and gut activity, indicative of dissociation of the Cu-dtpa
complex). Reprinted with permission from M. S. Cooper et al., Biocon-
jugate Chem. 23, 1029-1039." Copyright 2012 American Chemical
Society.

accumulation of activity for the sarcophagine derivative could be attributed
to its lack of dissociation of **Cu**.*”

The pharmacokinetics of a radiotracer is not simply dependant on complex
stability, but on overall charge and lipophilicity as well, and thus seemingly
small differences in a series of chelators can result is substantial contrasts in
their respective biodistributions. Take, for example, the case of the highly sta-
ble **Cu*" complexes of sarcophagine ligands. Sarcophagine bifunctional che-
lator derivatives can be modified in the apical position, and investigators have
exploited this functionality to study the effect of charge on the biodistribution
of chimeric antibody conjugates in non-tumour-bearing mice. Substitution
of the apical primary amine (SarAr) to a neutral methyl group ((CH;)(CO,H)
sar) and a sulfonate group ((SO;H)(CO,H)sar) resulted overall in a progressive
decrease in the positive charge localised at the **Cu®" sarcophagine complex
and a concomitant net decrease in positive charge of the antibody (Figure 8.7).
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Figure 8.7 PET/CT images of mice injected with fragment antibody ch14.18-ACy;2
labelled with ®!Cu via SarAr (A), (NH,)(CO,H)sar (B), (CH;)(CO,H)sar
(C), and (SO;H)(CO,H)sar (D) 48 hours after injection. PET image is in
colour scale; CT image is in grey scale. Reprinted with permission from
J. L.]. Dearling et al., Bioconjugate Chem. 26, 707-717.*° Copyright 2015
American Chemical Society.

Correspondingly, a 6-fold decrease in kidney retention was observed that was
attributed to a decrease in retention by the kidneys’ negatively charged glomer-
ulus basal cells.’® At the same time, investigators also compared the biodistri-
bution of **Cu®*-labelled nota, dota and teta chimeric antibody conjugates with
all of the sarcophagine derivatives. The liver and kidney retention of the teta
and nota radiotracers was lower in all cases than their sarcophagine counter-
parts. The substantially lower kidney retention was attributed to the anionic
charge of the resulting ®*Cu complexes of teta and nota.

Whilst cross-bridged and substituted teta structures are sufficiently stable,
all require a degree of heating to incorporate **Cu quantitatively. Teta itself
does not require heating, but there is evidence of in vivo instability, whilst
dota requires heating and its complex also is not stable to in vivo demetal-
lation. There is also little correlation between the degree of cross-linking of
the macrocycle and the conditions under which high radiochemical yields
are obtained. Certainly the cross-bridged ecb-te2a requires prolonged heat-
ing to achieve sufficient ®*Cu*" incorporation compared to teta, but macrobi-
cyclic sarcophagine species do not. It is likely that kinetic barriers to **Cu**
coordination and dissociation are related to ligand strain within transition
states. Sarcophagine chelators and nota derivatives with three pendant ace-
tate groups meet the requirements for molecular imaging based on proteins
and antibodies: high radiolabelling yields at room temperature and in vivo
stability of the **Cu®" complex over prolonged periods of time.
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8.2.3 Targeting Based on Chelate Reactivity: Bioreduction
and Dissociation

In the previous section the emphasis was on design of chelators that impose
kinetic inertness on complexes in order to retain the link between the radio-
metal and the targeting vehicle for as long as possible in vivo. An alternative
strategy for radiotracer design is to build reactivity into the chelate com-
plexes in order to achieve tissue selectivity. This approach is illustrated by
the bis(thiosemicarbazone) (btse) class of ligands (24) which form Cu*" com-
plexes with applications based on their lipophilicity, control of their Cu**/**
reduction potential and the balance between rate of dissociation and re-
oxidation following the reduction. The Cu** complexes are four-coordinate,
square-planar complexes (e.g. Figure 8.8) and undergo one-electron reduc-
tion under physiological conditions. A remarkable feature of this process
is the exquisite control of the reduction potential that can be exercised by
alkylation of the diimine backbone of the ligand (R', R? 24, Table 8.3).7>"*
Compared to the non-alkylated complexes (R' = R* = H), replacement of one
hydrogen with an alkyl group (R = H, R* = CH;, C,H; etc.) shifts the reduction
potential negatively by ca. 80 mV, while the second alkylation (R" = alkyl, R* =
alkyl) shifts it more negative still by a further 80 mV. Alkylation at R' and R*
also has the (probably related) effects of rendering the reduced Cu" complex
more resistant to dissociation and compressing the Cu-S bond distances.”
This control allows selection of different tissue-targeting applications. These
complexes readily cross plasma membranes and enter cells by virtue of their
lipophilicity and planar structure, whereupon they are exposed to intra-
cellular reducing agents. The non-backbone-alkylated complexes (R' = R?
= H) are rapidly reduced and immediately dissociate (rapid acid-catalysed

Figure 8.8 Structure of [Cu(atsm)].”” Orange - copper, blue - nitrogen, grey -
carbon, red - oxygen, green - chloride.

Table 8.3 Structure of selected bis(thiosemicarbazone) ligands (24).

Ligand R! R? R? R*
atsm CH; CH; CH; H
gtsm H H CH; H
ptsm CH; H CH; H
ats CH; CH; H H
cts C,H; CH; H H
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dissociation following reduction has been confirmed by cyclic voltamme-
try),”® allowing the copper to become trapped as part of the intracellular cop-
per pool. Thus, these complexes deliver radiocopper indiscriminately to cells
and tissues in proportion to blood flow, and can be used as blood flow tracers
or cell labelling agents (although efflux of the radiocopper from cells over
the ensuing few hours precludes long term cell tracking with these tracers’”).
The bis-backbone-alkylated complexes (R' and R* = alkyl) are reduced within
cells more slowly and resist dissociation for longer (again, as demonstrated
by cyclic voltammetry),”>’® allowing the opportunity to become re-oxidised
to the Cu** complex which can diffuse back out of the cell if molecular oxygen is
present. These complexes thus release their radiocopper only in the absence
of oxygen, leading to intracellular trapping of copper only in hypoxic cells.
The prototypical complex in this class, [Cu(atsm)] (Table 8.3), is in clinical
use as a hypoxia imaging agent,”®*° for example to identify tumours that
may be resistant to radiotherapy because of hypoxia. Complexes with a sin-
gle backbone alkyl group show intermediate reduction potentials and are
rapidly trapped by a bioreductive/dissociative mechanism with only a slight
hypoxia-induced increase in intracellular trapping. The prototype [Cu(ptsm)]
(Table 8.3) has found clinical acceptance as a blood-flow imaging agent®
and cell labelling agent for short-term cell tracking by PET.** Lipophilic com-
plexes such as [Cu(gtsm)] that bypass biological transport mechanisms and
deliver **Cu*" intracellularly are proving useful tools for studying copper
metabolism and trafficking, and the ways in which this is altered by disease
pathology.®

Alkylation of the terminal nitrogen atoms (R* and R*), on the other hand,
scarcely affects the reduction potential and can be used to control lipophilic-
ity and hence allow useful variations in pharmacokinetics. For example,
while [Cu(atsm)] and [Cu(gtsm)]** (R® = CH;, R* = H) are able to cross the
blood-brain barrier,** the less lipophilic [Cu(ats)] (R* = R* = H) does not; and
[Cu(cts)] and [Cu(ats)] are both hypoxia-selective tracers but with less uptake
in, and faster clearance from, normoxic cells than [Cu(atsm)] because of their
lower lipophilicity, offering promise of improved hypoxia imaging.*>*

R R?
S R2 R3 /R
H NN
R%N,N\YKN,NT(KR4 RS N e N N
re H R s 7/ks s)\(
R4 R4
btsc (24) [Cu(btsc)]

8.2.4 Outlook for Clinical Applications of Copper-64

Clinical molecular PET imaging applications using **Cu were expected to be
based on (a) its relatively long half-life, allowing imaging with antibody con-
jugates, and radiolabelled cells; and (b) its ability to be simply incorporated
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into chelator-peptide conjugates for imaging peptide receptor expression.
However, *Zr and ®®Ga, respectively, are likely to supercede **Cu for these
purposes, and so the future of ®*Cu remains unclear. *Zr possesses an even
longer half-life than **Cu, allowing for antibody and cell tracking using PET
up to two weeks post-administration of radiopharmaceutical, and the advent
of the commercially available ®*Ga generator has provided an economical and
accessible source of a metallic PET isotope for peptide receptor expression
imaging. On the other hand, **Cu emits beta particles and Auger electrons,
and thus is potentially useful as a clinical radiotherapeutic. Despite strong
preclinical evidence,” ™ this radiotherapeutic utility is yet to be explored
clinically.

Copper complexes of btsc ligands, particularly [Cu(atsm)], have been clin-
ically tested for hypoxia imaging in oncology (including lung, brain, colorec-
tal and cervical cancers)”®*>*°? and neurological degenerative disorders.”***
These studies have employed **Cu as well as the shorter-lived Cu PET iso-
topes, ®°Cu (half-life 24 min, positron emission 93%, electron capture 7%),
®1Cu (half-life 3.3 h, positron emission 62%, electron capture 38%) and **Cu
(half-life 9.7 min, positron emission 98%, electron capture 2%). Whilst these
radiotracers have demonstrated that Cu uptake can predict poor patient prog-
nosis associated with hypoxia, the complexity of interpretation of [Cu(atsm)]
imaging—dependant not only on hypoxia but on image acquisition time,
perfusion and likely copper transport mechanisms—makes [Cu(atsm)] less
attractive for this application.”

8.3 Acyclic and Macrocyclic Chelators for
Gallium-68: A Short Half-Life Necessitates
Efficient Radiolabelling

8.3.1 Gallium-68 in the Clinic: Its Current Utility and Future
Potential

The short half-life (68 minutes) and positron emission properties of **Ga
make it ideal for molecular imaging of peptide receptor expression, as
peptide-based molecular imaging agents can clear circulation rapidly and
accumulate at target tissue within 1-2 hours. The short half-life means that
prolonged stability in vivo is less important than it is for ®*Cu, while rapid
labelling is more important. ®*Ga is available from the **Ge/**Ga generator,
and is usually eluted from the generator in aqueous 0.1-0.4 M HCI solution.
All relevant chemistry involves the Ga*" oxidation state. After elution, it can
be processed to preconcentrate ®*Ga and remove any contaminating adven-
titious metal ions (such as °*Ge*", Ti**, Zn**),°>° or it can be used directly. In
almost all cases, a buffering or neutralising agent is added to increase pH,
enabling reaction to occur. The parent isotope, germanium-68, has a half-life
of 271 days and, as such, the **Ge/**Ga generator provides a stable source of
%%Ga in hospitals, with generators typically possessing a useable lifetime of
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six to twelve months. This accessibility has led to rapid adoption of **Ga in
clinical PET centres, with the radiopharmaceuticals **Ga-dotatate®” (for neu-
roendocrine tumour imaging, Figure 8.9) and **Ga-hbed-psma®® (for prostate
cancer imaging) used on a daily basis (ligands 25 and 26). The diagnostic
information provided by such scans informs therapeutic regimes, particu-
larly in the case of peptide receptor radionuclide therapy.

Molecular imaging agents based on short peptides are not subject to
the same temperature and pH constraints as proteins. They do not pos-
sess tertiary structure, while any important secondary structure motifs are
enforced by covalent bonds and will rapidly attain physiological equilib-
rium conformations once in the biological milieu. To date, high tempera-
ture synthesis has been the norm for ®*Ga-labelled peptide imaging agents.
Additionally, as ®*Ga is a PET isotope, its radiopharmaceutical use has so far
been confined to pre-existing hospital PET centres that are typically well-
equipped to undertake complex radiochemical syntheses (such as those
based on 'F). Thus, multistep chemistry and post-synthetic purification

Dra
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Figure 8.9 ®Ga-dotatate PET scan of middle aged woman with widespread metas-
tases expressing somatostatin-2 receptors that bind dotatate peptide.
The patient subsequently underwent peptide receptor radionuclide
therapy. Reprinted with permission from M. S. Hofman et al., J. Med.
Imaging Radiat. Oncol. 56, 40-47.°” Copyright 2012 John Wiley and
Sons.
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protocols that have typified ®®Ga radiochemical syntheses have not limited
its expansion over the past decade. However, as PET scanning facilities
increase, simple kit-based preparations of ®*Ga radiopharmaceuticals that
proceed rapidly at room temperature and require nothing more complex
than a shielded syringe, will be critical to its widespread adoption. If kit-
based syntheses can be realised, the *®Ge/**Ga generator has the potential
to become the PET equivalent of the *Mo/**™Tc generator (85% of radiodi-
agnostic imaging procedures currently utilise SPECT **™Tc radiopharma-
ceuticals that are synthesised from simple, ready-to-use kits). Importantly,
if ®*Ga radiolabelling can proceed under near-neutral pH conditions at
ambient temperature, PET imaging with ®*Ga-labelled proteins such as scFv
antibodies, affibodies and other small proteins with short clearance and
localisation times will be feasible.
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The following section introduces molecular imaging agents based on **Ga
that have become clinically important in the past decade and follows on with
a discussion of how novel chelators have the potential to increase the utility
of ®®Ga from a clinical perspective. Although there are some parallels with
the development of ®*Cu chelators—namely the initial use of “classical” mac-
rocyclic ligands such as dota (3), saturation of the hexadentate coordination
sphere of Ga’" and the pursuit of radiolabelling at room temperature—other
factors have dictated novel ligand design:

1. The shorter half-life of ®®Ga requires rapid radiolabelling, whether at
elevated temperature or not, and so acyclic chelators have played a
prominent role in the most recent chelator developments. Acyclic che-
lators are more flexible than macrocyclic ligands, and so activation
energies for complex formation can be significantly lower and complex
formation is faster.

2. The short half-life of ®Ga has also meant that long term in vivo sta-
bility of the **Ga complex is less likely to be a confounding issue in
selection of chelators—most images will be acquired within two hours
after administration of the radiopharmaceutical. Thus, kinetic stability
is less paramount, allowing for selection of an acyclic chelator.
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3. Finally, the higher charge and smaller ionic radius of Ga** means that
“harder” ligands than those typically employed for Cu** have potential
(see below), and so hexadentate O, chelators have been employed for
coordination of ®*Ga*".

It would be remiss to discuss chelators for *Ga without mention of the
gamma-emitting isotope, “’Ga (half-life 78 hours). Indeed, formulations of
%’Ga salts and weak complexes have been clinically used to image lymphoma
(widely assumed to be related to it binding to transferrin in serum), along-
side preclinical studies of protein biodistribution.”” Many of the chelators
described here have also been labelled with ’Ga, enabling the kinetic stabil-
ity of the resulting complexes to be assessed over a period of several days. It
is likely that “’Ga will remain of interest to chemists working in the field of
bifunctional chelators, particularly in relation the therapeutic potential of its
Auger electron emissions,'**'°* however the relatively recent surge in develop-
ment of bifunctional chelators for Ga*" has been driven by the advent of the
8Ge/*®*Ga generator.

8.3.2 Macrocycles for Gallium-68

The macrocycle dota (3) has been widely employed as a bifunctional chelator
for ®Ga*, and its peptide conjugate with the somatostatin-2 targeting pep-
tide, Tyr*-octreotate (dotatate, 25), is used daily in many PET imaging centres
as a molecular imaging radiopharmaceutical for neuroendocrine tumours.”’
This is despite the fact that high temperatures (in excess of 80 °C), acidic con-
ditions (pH 2-5), reaction times of 5-20 minutes and post-synthetic purifica-
tion procedures are required for radiopharmaceutical synthesis. Diagnostic
PET images using ®Ga-dotatate demonstrate high contrast and resolution
(Figure 8.9). Additionally, the dota chelator can also be used to coordinate
other radiometals, including the B~ emitters *°Y*" and ’Lu®* that are used in
peptide receptor radionuclide therapy (PRRT). Thus the conjugate dotatate
can act as a precursor for both diagnostic and therapeutic radiopharmaceu-
ticals, with diagnostic PET information influencing whether or not to pursue
a course of PRRT and helping to determine the amount of therapeutic radio-
activity that ought to be administered to a patient. X-ray crystallographic
analysis reveals that, like copper in [Cu(dota)]*", Ga** in [Ga(dota)] and its
functionalised derivatives is coordinated to four tertiary amines and two
pendant acetate groups on either side of the ring in a distorted octahedral
geometry'*® with the two acetate ligands cis to each other (Figure 8.10).

Ga®' possesses a similar ionic radius, and the same charge, as Fe*" and,
like Fe*', it can bind to the endogenous Fe** transporter protein transferrin
in vivo.'® Many stability studies utilise transferrin competition experiments
as a predictor of in vivo stability (analogous to the case of using albumin or
superoxide dismutase in competition experiments to assess stability of ®*Cu
radiopharmaceuticals).’**'% There is little evidence that *®Ga®" complexes
of dota dissociate in vivo and so, in this respect, dota is a suitable chelating
ligand for *®Ga’" radiopharmaceuticals.
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Figure 8.10 Structures of the neutral bifunctional chelator complexes of Ga®:
[Ga(dota)] conjugated to the amino acid phenylalanine (left);'*
[Ga(nodaga)] coordinated in a N;O; mode, with a pendant carboxylic
acid available for conjugation (right).'”” Pink - gallium, blue - nitro-
gen, grey — carbon, red — oxygen.

Derivatives of the smaller macrocycle, nota (15), have also been extensively
used to coordinate ®Ga*". These include nodaga (16) and p-SCN-Bn-nota
(17). X-ray crystallographic studies of [Ga(nodaga)] and [Ga(nota)] reveal that
in both cases, the complex is in a distorted octahedral environment with
the three N ligands in a fac geometry with respect to one another (Figure
8.10).'°71% ynlike dota and its conjugates, nota/nodaga conjugates can be
radiolabelled at room temperature in radiochemical yields in excess of 95%
at pH 3.5-4 within 10 minutes,'*''? although many workers have continued
to heat reaction mixtures at temperatures in excess of 80 °C. The resulting
complexes are resistant to in vivo demetallation. It has been reported that
there are no appreciable differences in in vivo stability or biodistribution
between conjugates of nota (N;0, pentadentate coordination) and nodaga
(N;0; hexadentate coordination) over the relevant time periods for imaging
with ®*Ga’** (<4 hours).”® However, most studies have employed nodaga deriv-
atives or compounds that preserve an N;O; coordination sphere allowing
coordinative saturation of Ga*>" by the macrocycle.

The macrocycle pcta (11) also coordinates **Ga*" in over 95% radiochemical
yield under milder conditions than those used for dota labelling, although it
requires slightly elevated temperatures compared to nota (40 °C, 5 minutes,
pH 4.5).""° The stability of a pcta—peptide conjugate in the presence of trans-
ferrin is comparable to the homologous nota derivative—the pcta conjugate
retained 93% of ®*Ga*", whereas the nota conjugate retained 98% of **Ga’*".’**
Oxo-do3a (10) has also been evaluated—radiolabelling is highly efficient at
room temperature at pH 4-5, but the complex is unstable in vivo, with signif-
icant accumulation of activity observed in bone.'*

Sarcophagine derivatives coordinate ®*Ga®" in an octahedral, Ny environ-
ment and are stable in vivo but, in contrast to the rapid reaction kinetics
and favourable conditions for **Cu** labelling, incorporation of ®*Ga*" into a
sarcophagine ligand (22) requires non-aqueous reaction solutions and high
temperatures (85 °C) for prolonged periods of time (30 min) (Figure 8.11).'°
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Figure 8.11 Left: [Ga(sarcophagine)]*".’® One apical primary amine is protonated
(-NH;") and one is in its neutral from (-NH,). Right: [Ga(trap)].""* Pen-
dant, non-coordinating carboxylate groups are protonated. Pink - gal-
lium, blue - nitrogen, grey - carbon, red - oxygen, yellow - phosphorus.

Whilst nota and pcta represent an improvement on dota with respect to
room temperature labelling, acidic pH conditions (pH < 5) are still required.
This is because at neutral or near-neutral pH, aqueous Ga** forms insoluble
hydroxides, and unless radiolabelling is extremely rapid, or “solubilising”
weakly chelating ligands such as citrate are present in solution, **Ga*" will
form unreactive colloidal material. Thus, one of the challenges for chemists
in the synthesis of bifunctional chelators has included the design of new
chelators that react extremely rapidly with ®®Ga’®* (where the rate of reaction
is diffusion-controlled) such that the **Ga’®" chelation reaction outcompetes
%8Ga’* colloid formation in the reaction mixture.

The “trap” series of ligands (18), which consist of phosphinic acid deriv-
atives of tacn (14), have proved more suitable for use with Ga*"-based radio-
pharmaceuticals than Cu*" analogues. Ga*" coordinates to three phosphinate
O atoms and three tacn N atoms in an octahedral environment, with N atoms
in a fac array, similar to the case of [Ga(nota)] (Figure 8.11).""" The trap ligand
(18) also contains three pendant carboxylate groups, enabling attachment of
up to three targeting biomolecules. This can be advantageous, as incorpora-
tion of multiple copies of a targeting motif or peptide into a radiotracer can
result in enhanced uptake at target tissue in vivo.'** The **Ga-radiolabelled
compounds are stable to demetallation under in vivo conditions. The advan-
tages of trap conjugates over those of nota and dota lie in the very high spe-
cific activities that can be achieved in 5 minutes reaction time at pH 2 with
heating at 95 °C—of the order of terabequerals pmol*—20-fold and 40-fold
higher than typically achieved for nota and dota, respectively. Conjugates of
trap are therefore highly appealing chelators for situations where very high
specific activity is essential, for example, when receptor expression is very
low but specific, or when biological targeting vectors demonstrate high phar-
macological activity, thus requiring an absolute minimum amount of con-
jugate to be administered."* On the other hand, at room temperature, near
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quantitative radiochemical yields of radiotracer (90-95%) are only achieved
at concentrations corresponding to 100 pM (or 10 nmol) of chelator after
15 minutes reaction time and, although this is superior to what is achieved
with nota and dota in a side-by-side comparison,'" it is inferior to what is
observed with acyclic derivatives discussed below.

8.3.3 Halfway Between Macrocycles and Open-Chain
Chelators: Data Derivatives

The “data” series of compounds (27-31), comprising carboxylate-substituted
6-amino-perhydro-1,4-diazepine (aazta) derivatives, can coordinate ®*Ga* in an
N,O; coordination mode. The “parent” triamine compound is a constitutional
isomer of tacn (14), the macrocyclic triamine from which nota is derived, with
two amines in a seven-membered ring, and the third appended to the ring.
Functionalisation of the primary amine with an additional carboxylate group
results in the aazta compound (27). The aazta and its data derivatives represent
a “class” of ligands intermediate between macrocycles and acyclic ligands. The
speciation and reactivity of the chelators with Ga®* is also subject to conforma-
tions adopted by the data ligand in the unbound state.'*

When the aazta ligand adopts a conformation in which the 6-amino group
(the amine group external to the ring) is equatorial (27), the ligand cannot coor-
dinate to Ga*" in a N;0, binding mode, however this conformation is preferred
for steric reasons. Thus, coordination of aazta to Ga®" can lead to kinetically
trapped complexes in which the coordination sphere of Ga®" is only partially
occupied by donor atoms of the aazta ligand. Indeed, when aazta is labelled
with °®Ga’*| three different species, of unknown structure, are formed.

,—CO,H
HO,C N ) N
EJ — '}ﬁJ
CO,H HO,C CO,H
aazta (27)
OH O. OH O. OH o. OH

e e
NJ NJ N NJ
"N OH SZ/OH “"'SrOH SrOH
o o 0] o
data-p (28) data-m (29) data-pph (30) data-ph (31)
“Preorganisation” of a conformer via such chemical modification can
assist reactivity of such chelators with ®*Ga*". Incorporation of a 6-phenyl sub-

stituent in data-pph (30) and data-ph (31) favours a conformation in which
the 6-amino group is axial, because now the 6-phenyl group is the bulkiest
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Figure 8.12 Structures of [Ga(data-ph)]"*® (left) and [Ga(nota)]'*® (right) for com-
parison. Pink - gallium, blue - nitrogen, grey - carbon, red - oxygen.

substituent on the ring and, for steric reasons, prefers being in the equato-
rial position (see Figure 8.12 for the structure of the Ga** complex). Ligands
data-p (28), data-pph (30) and data-ph (31) all react with *®Ga*" to form single
species at pH 4-7."¢ Out of this series of data chelators, data-ph (31) provides
the highest radiochemical yield when reacted with *®Ga*" at pH 4-5."" Tt is
notable that ®®Ga’®* preferentially coordinates to all of the data derivatives
in preference to nota (15), and stability experiments indicated excellent sta-
bility in the presence of serum, transferrin, dtpa (23) and Fe*". Additionally,
each data chelator is labelled with *®Ga*" at concentrations of 5 uM in >95%
radiochemical yield after 5 minutes reaction time at ambient temperature
at pH 5, and the chelator data-pph (30) can be radiolabelled in >95% radio-
chemical yield at 5 uM and pH 7 in 10 minutes at ambient temperature.'’
To the best of our knowledge, bifunctional data derivatives are not currently
available, however such compounds are likely to be of interest.

8.3.4 Acyclic Chelators for Gallium-68 Provide Rapid
Radiolabelling at Room Temperature

Acyclic chelators designed for ®*Ga** have generally demonstrated favour-
able, fast complexation reactions and quantitative radiochemical incorpora-
tion at ambient temperatures. Competition studies have indicated that the
labelled complexes are sufficiently stable for in vivo imaging with °®Ga*'. The
most well-developed examples of such chelators include derivatives of dedpa
(32), hbed (34), and thp (36).

The acyclic chelator dedpa (32) possesses two secondary amines and two pyr-
idine carboxylate functions that coordinate to Ga** in an octahedral N,0, bind-
ing mode, where the two pyridyl groups are trans with respect to one another
(Figure 8.13).1°"8 There is no evidence of other cis/trans isomers forming. All
bond lengths from donor ligand atoms to the Ga** metal centre are similar in
[Ga(dedpa)]’, contrasting to those in the Ga** complexes of nota and dota (where
a range of bond lengths can be observed), demonstrating the excellent fit of
the Ga*" ionic radius to the ligand “cavity” in the ligand-bound conformation.
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Peptide conjugates of dedpa (32) can be radiolabelled with ®Ga’* and *Ga**
in over 97% radiochemical yield in 10 minutes at room temperature at pH 4.5
using 1 nmol of conjugate (at a concentration of approximately 1 uM)."** Whilst
radiolabelled peptide conjugates demonstrated specific target uptake, persistent
radioactivity in the blood pool was observed. Stability studies in the presence
of transferrin demonstrated that over two hours, some *Ga** transchelated to
transferrin—between 5-30% depending on the specific radiotracer.

Incorporation of a 1R,2R-trans-cyclohexane group in place of the central
ethylene group in the backbone of dedpa provides a chelator that gives rise to
only a single stereoisomer.”® The ®/**Ga radiolabelling efficiency of this new
ligand chx-dedpa (33) is not as high as that of the parent complex dedpa (32).
For chx-dedpa, a concentration of 10 uM is required for quantitative radiola-
belling at room temperature. This is possibly a result of the increased strain
imparted on the ligand backbone by the 1R,2R-trans-cyclohexane group—the
lower flexibility of the ligand backbone results in lower radiolabelling efficien-
cies. On the other hand, in a side-by-side comparison, [*’Ga(chx-dedpa)]* was
more stable in the presence of transferrin (90.5 + 4.4%) than [*’Ga(dedpa)]*
(74.7 + 3.5%) after 2 hours incubation.

NH HN NH HN
o 7N\ o 7N\
NN N_ NN N_
CO,H HO,C CO,H HO,C
dedpa (32) chx-dedpa (33)
HOZCﬂ / \ ﬁCOzH HOZCﬂ / \ ﬁCOQH
do” ”Ob J_dOH ”Obx
CO.H
hbed (34) hbed-cc (35)
AN
N
/g\ /Ejo
NH
HO
thp (36)

The chelator hbed (34) contains two phenol groups and two acetate
groups tethered to an ethylenediamine group, providing a tetraanionic N,O,
donor system. The phenol rings can be substituted, enabling tuning of both
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Figure 8.13 [Ga(dedpa)]".'® Pink - gallium, blue - nitrogen, grey - carbon, red
- oxygen.

hydrophilicity and the acidity of phenolic protons—an electron withdraw-
ing sulfonate group in the para position can lower the pK, of phenolic pro-
tons, potentially enabling the ligand to coordinate metal ions at lower pH
than the parent complex. At the same time, the sulfonate group imparts
hydrophilicy to the chelator and increases the negative charge of the com-
plex.’® Various other derivatives include propionate, ethyl amine and ethyl
isothiocyanate substituents.'?"'** The propionate para-substituted chelator,
commonly referred to as hbed-cc (35) has become clinically important. The
peptide motif Glu-NH-CO-NH-Lys, containing a urea group, is a pharmaco-
phore for the prostate-specific membrane antigen (PSMA) expressed in pros-
tate cancer. The hbed-cc conjugate of this peptide (26) is the precursor to
a ®®Ga-labelled PET radiopharmaceutical that is used clinically to diagnose
and monitor metastatic or recurrent prostate cancer.’®'*® Although the first
clinical trial data have only been published recently, ®*Ga-hbed-psma has had
significant clinical impact globally in several centres in terms of manage-
ment of patients with recurrent prostate cancer.

The hbed-cc conjugates,'"'* including the “hbed-psma” conjugate,
can be labelled at room temperature, at uM concentrations (and in this case,
amounts as low as 0.1 nmol) in >99% radiochemical yield in less than one
minute, and the resulting radiotracer is stable in serum and in the presence
of excess amounts of transferrin. However, in clinical preparations, this con-
jugate is usually labelled at elevated temperatures of at least 80 °C. This is
because coordination of hbed and its derivatives to Ga*" results in forma-
tion of geometric isomers (that can be separated by reverse phase HPLC and
can be distinguished in "H NMR spectra) and the ratio of these isomers dif-
fers depending on the temperature at which the reaction is performed.'*""*
Presumably, the predominating isomer at elevated temperatures is the
thermodynamically preferred product. From a regulatory perspective, the
presence of different geometric isomers is undesirable, as it is possible that
the different isomers have different pharmacological profiles. There is lit-
tle evidence available enabling unambiguous assignment of the geometric
isomers (Figure 8.14) formed and detailed NMR and X-ray crystallographic
studies are needed to elucidate the geometry of [Ga(hbed)] and its deriva-
tives definitively. However, X-ray crystallographic data for [Ti"(hbed)]'*” and
high spin [Fe™(hbed)] '*® (Figure 8.15) are available. Both of these complexes
are octahedral, contain a metal ion with a similar ionic radius to that of Ga**

126
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Figure 8.14 Possible geometric isomers for [Ga(hbed)] . Note that for each possi-
ble isomer depicted here, a stereoisomer will also be possible.

Figure 8.15 Structure of [Fe™(hbed)]"."*® Orange - iron, blue - nitrogen, grey - car-
bon, red - oxygen.

(Ga*": 76.0 pm, Fe*": 78.5 pm (high spin), Ti*': 74.5 pm in octahedral environ-
ments), have a crystal field stabilisation energy of 0, and were prepared with
a degree of heating (50 °C for [Ti"(hbed)] and refluxing in aqueous solution
for [Fe™(hbed)]"). In both the [Ti"(hbed)] and [Fe"(hbed)] structures, the
phenol ligands are cis to each other and occupy the equatorial plane with the
amine donors, with the carboxylate ligands ¢rans to each other.
Hydroxypyridinonederivatives, particularlythosebased onthe1,6-dimethyl-
3-hydroxypyridin-4-one motif, were originally designed for coordination of
**, but with the similar ionic radii, charge and ligand preferences of high
spin Fe*" and Ga**, these thp chelators have immense utility in the field of
coordination of Ga*" radioisotopes. Bifunctional tripodal tris(hydroxypyrid-
inone) (thp) chelators (based on three 1,6-dimethyl-3-hydroxypyridin-4-one
groups) can coordinate ®Ga®" at near quantitative radiochemical yields
(>95%) at room temperature, near-neutral pH and concentrations of 5 pM
(nmol of conjugate) in under 2 min, providing a neutral complex, where
the ligand is bound to Ga** in an O, binding mode."” Conjugates radiola-
belled with *®Ga’" are stable in serum and in vivo with respect to demetal-
lation, accumulate at target receptors in vivo and clear predominantly via a
renal pathway.’**"*! The rapid radiolabelling kinetics at neutral pH at room
temperature also allow for radiolabelling of proteins and antibodies that are
more sensitive to elevated temperatures and large deviations from neutral
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pH than peptides. The thp chelators are favourable candidates for simple kit-
based preparations of ®*Ga-labelled radiopharmaceuticals, providing a chela-
tor platform for expanded use of the ®®Ga/**Ge generator to radiopharmacies
equipped only for simple kit-based radiosyntheses, similar to those used for
99mTe radiopharmaceuticals.

8.3.5 Siderophores for Coordination of Gallium-68

Siderophores are biosynthesised and secreted by bacteria, fungi and some
plants to sequester Fe**—the resulting Fe** complexes are selectively taken up
from the environment by bacteria to obtain Fe". Siderophore complexes of
Fe®* have extraordinarily high stability constants and there has been interest
in using them for coordination of “’Ga*" and **Ga*'. The acyclic siderophore,
desferrioxamine-B (dfo) (37), possesses three hydroxamate groups and com-
plexes Ga’* in an Og environment. Antibody conjugates radiolabelled with
%Ga’" via a dfo bifunctional chelator do not demonstrate good stability of
the chelate complex, either in vitro or in vivo.*>'3* However, alternative mac-
rocyclic siderophores containing three hydroxamate groups have been used
to complex **Ga’’, notably ferrioxamine E (foxe) (38) and triacetylfusarinine
C (tafc) (39), and the resulting radiotracers can be used as PET tracers for
fungal Aspergillus fumigatus in vivo infections, a significant cause of death in
immunocompromised patients that often goes undetected. In both cases,
the “®Ga-labelled complex, as an analogue of the Fe*" complex, is recognised
by fungal cell siderophore uptake receptors.'**'3

o) 0 OH H 0
ANWNMNMNNNWN*'E
OH H o} o} OH
dfo (37)

O
(@] —
N OA}%N i
HO O \_Z BN 0 6?_iNH
NH

(0]
{{ HO. o
o o}
N-OH Y
WN N
H
R
tafc: R = COCHj (39)

R
_OH
N
ﬁo HO,
(0] 0. 77/‘\/_/
foxe (38) & HN
fsc: R = H, targetting peptide (40)

Modification of tafc to remove acetyl groups provides the (36-membered)
macrocyclic chelator, fsc (40), containing three hydroxamates for metal
coordination alongside three primary amines available for conjugation to
three targeting biomolecules.?® Bioconjugates containing multiple cop-
ies of a targeting motif or peptide often exhibit enhanced uptake at target
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tissue in vivo. Radiotracers based on fsc can be prepared under favourable
mild radiolabelling conditions—an fsc conjugate bearing three targeting
peptides targeting angiogenesis markers in tumours can be radiolabelled
with °*Ga’* at room temperature in >95% RCY at pH 4-5 using less than
1 nmol of conjugate.

8.3.6 Chelator Design and Clinical Impact

The enormous impact of ®*Ga-dotatate and **Ga-hbed-psma on patient man-
agement combined with available generator technology portends that **Ga
will have a significantly greater role in clinical nuclear medicine than **Cu,
and indeed may enter routine use on a similar footing as **™Tc. The develop-
ment of clinical ®*Ga radiolabelling methodologies over the next few years
will be greatly facilitated by kit-based radiosyntheses. For inorganic chemists,
the ligand design challenges for ®*Ga differ from those for **Cu—chelators
capable of rapid, quantitative coordination of ®*Ga’* at low ligand concentra-
tion will be key to ensuring that radiosyntheses are simple to undertake in a
hospital environment, thus providing clinical benefits of the **Ga generator
technology to the widest patient base.

8.4 Development of Chelators for Zirconium-89:
Work in Progress

897r (zirconium-89) has a half-life of 78 hours—six times longer than that
of **Cu—and decay properties (Table 8.1) that render it suitable for PET
imaging. Antibodies typically require at least 24 hours to clear circulation
and accumulate at target receptors in vivo sufficiently for useful images to be
obtained. For example, in the case of oncological targets, optimal tumour-to-
background activity in PET images is often achieved three days after adminis-
tration of the radiolabelled antibody conjugate, or immunoconjugate, and the
half-life of ®Zr matches these requirements.

Clinical interest in long-lived PET isotopes is relatively recent. This is
largely due to the expansion of PET facilities, the increased clinical utility
of antibodies for immunotherapy and the wider commercial availability of
87r. The gamma-emitting isotope '''In, with a half-life of 67 hours, has been
of clinical importance over the past few decades for whole-body diagnostic
molecular imaging of biodistribution of biomolecules, including antibod-
ies, using either two-dimensional planar scintigraphy or three-dimensional
SPECT scans. However, as clinical PET provides higher resolution and more
reliable quantification than SPECT, there is a clinical demand for *Zr-
labelled antibodies.

For example, trastuzumab is an antibody targeting HER2 receptors and
is used clinically for treatment of metastatic breast cancers. However, not
all patients respond to (the rather costly) trastuzumab therapy due to the
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Figure 8.16 PET scans of **Zr-dfo-trastuzumab uptake 5 days after injection. (a) A
patient with liver and bone metastases, and (b and c) two patients with
multiple bone metastases. A number of lesions have been specifically
indicated by arrows. Note that even five days post-injection, radioactiv-
ity in the major blood vessels remains significant. Reprinted with per-
mission from E. C. Dijkers et al., Clin. Pharmacol. Ther. 87, 586-592.%%"
Copyright 2010 John Wiley and Sons.

absence of HER2 expression, and so whole-body imaging to assess HER?2 sta-
tus is of interest prior to administration of immunotherapy. Immunoconju-
gates of dfo-trastuzumab radiolabelled with **Zr have been utilised clinically,
with the best tumour-to-background contrast achieved three days post-injec-
tion of the radiotracer (Figure 8.16)."’

8.4.1 Hexadentate Chelators for Zirconium-89: Sufficient, But
Suboptimal

Radiochemical solutions of #*Zr are usually provided in aqueous oxalic acid
solution, where *Zr is complexed by oxalate anions to give the eight-coordi-
nate complex [**Zr(ox),]* (ox = oxalate). All radiochemistry to date has uti-
lised Zr in oxidation state 4+; the relatively high charge density means that
Zr*" is a relatively hard metal ion with preferences for negatively charged
oxygen ligands. Up until 2014, chelator chemistry for *Zr was confined to
the siderophore, dfo (37), which was fortuitously found to be an efficacious
bifunctional chelator for zirconium and can be functionalised via its termi-
nal primary amine to provide a variety of attachment groups for bioconjuga-
tion. Attempts to use conventional ligands such as dtpa (23),"*® or apply novel
ligand systems based on phosphonate derivatives of dedpa,'*® proved unsuc-
cessful, with either negligible **Zr** binding or radiochemical yields <15%,
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respectively. Radiolabelling of dfo-antibody conjugates generally involves
incubating the immunoconjugate with solutions of [**Zr(ox),]*” at pH 6-7 for
20-60 minutes. Depending on radiochemical yield, the radiolabelled conju-
gated can be used without purification, or unreacted **Zr*" is removed using
disposable size-exclusion columns.**°

Ligand dfo (37) coordinates to Zr* via its hydroxamate groups; DFT studies
have predicted that when coordinated to dfo, Zr** has a coordination number
of eight, with water molecules occupying two coordination sites located cis
to each other, and dfo coordinated via six hydroxamate O atoms.'*! Studies
by NMR confirm hydroxamate coordination, and that coordination of the
terminal primary amine is unlikely.'** Proton NMR signals are broad, and
broaden as temperature is decreased. The variation in NMR line shape with
temperature suggests exchange of proton environments in solution, however
neither the nature of this exchange, nor mechanisms of exchange could be
elucidated.

There are currently no available reports on the solid state structure of
dfo coordinated to Zr*", however crystallographic, NMR and potentiometric
studies have demonstrated that four N-methyl acetohydroxamate (Me-aha)
ligands (42), each coordinating in a bidentate fashion, can occupy the coor-
dination sphere of Zr** (Figure 8.17), and that there is a thermodynamic pref-
erence for the 1:4 complex.'*?

When *7Zr is administered as [*Zr(ox),]", radioactivity rapidly accumu-
lates in the skeleton, and four hours post-injection, the vertebrae and major
joints of the animal can be easily visualised."** Whilst dfo has proved use-
ful to date, some experiments have demonstrated bone uptake of 3Zr at late
imaging times, suggesting that after prolonged exposure to the in vivo milieu,

Figure 8.17 Structure of [Zr(Me-aha),]."** Light blue - zirconium, blue - nitrogen,
grey - carbon, red - oxygen.
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897r dissociates from dfo and subsequently accumulates in bone.*'*"** Thus,
there has been a recent effort to develop alternative chelators for 3Zr** that
provide complexes of higher kinetic stability.

Other hexadentate chelators that have been studied for ®**Zr coordination
include fsc (40) and thp (36) chelators—derivatives discussed above for **Ga
coordination. The thp chelators are demonstrably not suitable for in vivo
imaging with *Zr, even though competition experiments indicate a thermo-
dynamic preference for Zr** coordination to thp over dfo.'** A *Zr-labelled
thp-immunoconjugate administered to normal animals indicated high bone
uptake 24 hours post-injection, that increased over the course of a week. In
contrast, the dfo derivative largely remained in the blood pool, although
some bone uptake was observed (Figure 8.18). Just as for **Cu, high kinetic

6hours _ _1lday ___

Figure 8.18 PET scans of mice administered *°Zr-thp-trastuzumab (top) and
897r-dfo-trastuzumab (bottom). PET images indicate that *Zr*" disso-
ciates from thp-trastuzumab, with the skeleton of the animal adminis-
tered *¥Zr-thp-trastuzumab clearly visible before 3 days after injection.
This is in marked contrast to the animal administered *Zr-dfo-trastu-
zumab, where the blood pool remains visible out to 7 days after injec-
tion. Reprinted with permission from M. T. Ma et al., Dalton Trans. 44,
4884-4900.'" Copyright 2015 Royal Society of Chemistry.
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stability is paramount and “trumps” thermodynamic stability in applica-
tions of **Zr bioconjugates in vivo.

The same fsc trimeric peptide conjugate described above for ®*Ga—three
hydroxamates incorporated into a 36-membered macrocycle (40)—has also
been assessed for **Zr.'*> The radiotracer is cleared rapidly from circulation
and accumulates at receptor sites at sufficiently high concentration to allow
excellent delineation of the tumour at one hour post-injection. One day
post-injection, the tumour retains accumulated radioactivity, and there is no
evidence that *Zr*" has dissociated from the radiotracer—i.e. there is negligi-
ble bone uptake. Competition studies demonstrate both the ¥Zr*" complexes
of the fsc conjugate and the parent bifunctional chelator tafc (38) are stable
to incubation at pH 7 with 1000-fold excess of edta chelator over the course
of one week (<10% transchelation of **Zr to edta). In contrast, over half of *Zr
transchelates from dfo to edta under the same conditions. Given that the dis-
tance between adjacent hydroxamate groups in dfo (9 atoms) and fsc/tafc (10
atoms) differs by only a single atom, these results suggest that among hexa-
dentate ligands, macrocyclic topologies can significantly improve kinetic sta-
bility and thus in vivo stability for **Zr** complexes when compared to open
chain topologies.

8.4.2 Octadentate Chelators for 3°Zr**: Will Saturation of the
Coordination Sphere Provide Enhanced Stability In
vivo?

As discussed above, Zr*" can bind up to eight ligands in its coordination
sphere. Several ligand systems have been developed for **Zr*" that saturate
this coordination sphere, and in the case of hydroxamate chelators, accom-
modate a thermodynamic preference for four bidentate ligands. Ligand dfo*
(41) is an octadentate synthetic derivative of dfo containing four hydroxam-
ate groups.'*® NMR studies of the non-radioactive [Zr(dfo*)] complex indicate
that multiple isomers are formed—in light of the combinations of geometric
isomers that could feasibly form from a highly flexible, acyclic chelator, this
is unsurprising. In the presence of a 300-fold excess of dfo, a dfo* peptide
conjugate coordinated to **Zr*" quantitatively and retained radiometal over
the course of 24 hours, whereas under the same conditions, the homologous
dfo conjugate retained less than 10%. The increased stability of the [Zr(dfo*)]
derivative compared to the analogous [Zr(dfo)]" species is possibly a result of
a full Zr** coordination sphere in the case of the dfo* (41). If transmetalla-
tion of Zr*" to competing ligands is facilitated by a reaction pathway with an
intermediate in which both the bifunctional chelator and the competitor are
coordinated to the metal centre, employing an octadentate chelator in place
of a hexadentate chelator can render this pathway less feasible. To the best
of our knowledge, in vivo experiments utilising dfo*-conjugates have not yet
been reported.


http://dx.doi.org/10.1039/9781782623892-00260

Published on 18 October 2016 on http://pubs.rsc.org | doi:10.1039/9781782623892-00260

View Online

300 Chapter 8
o o OH H o o OH
)J\N/\/\/\NMN\/\/\/NNN/\/\/\NJWN\/\/\/NW
OH H 0 o OH H o
o dfo* (41)
)J\N/ Me-aha (42)
OH
NH,
/\N/—\ /\<\/\/ NH
0 NH
(o) Eé 2
NH O NH HN O HN oi Eo
NH o NH HN o HN
N
~A SO /\/N N 0.
O/\/O\/\O/\/ \/O o o o ~TN0 TN
\/\O/\/ ~
(43) (44)
10) terephthalamide ligands
N o] (o]
: OH/ X
(CHy), (CHy) NI oA
mha-28: n = 5 (45a) O (o]
N-OH o Mha-32:n =6 (45b)
O:S HO—N\ mha-36: n =7 (45¢) g NN~ \H
(CH,), o (CHy, hopo: R = H (47) 25 45:>
HO-N
SCN-Bn-hopo: R = C,H,-Bn-SCN (48
\NJ\/ p- P! 2H 4 )
IOH Iha-28: n = 5 (46a)
lha-32: n = 6 (46b)
lha-36: n = 7 (46¢) X
£ o T2 & 'N/
— CH N- CH N
(CHZ)n»Z N—( Z)n\n/ (CHZ)n N‘( 2)n\n/ ~ N OH
OH o OH o 8-hydroxyquinoline (49)

Dimacrobicyclic catechol-functionalised terephthalamide derivatives
(43 and 44) that coordinate *Zr"" in an O, octadentate coordination envi-
ronment via the four catechol groups have also been synthesised.'*” Both
terephthalamide derivatives were *Zr-labelled in quantitative radiochemical
yield achieved after 15 minutes incubation, with specific activities of 1 GBq
pmol™, and both ¥Zr-labelled complexes were resistant to transchelation to
either serum proteins or to dtpa over the course of one week. In the latter
experiment, [*Zr(dfo)]" was not resistant to transchelation to dtpa, with over
50% of *Zr*" transchelated to dtpa after four days.

One of the most elegant chemical developments in the field of *Zr coor-
dination chemistry incorporates four hydroxamate groups into macrocy-
clic rings of three varying sizes—28-, 32- and 36-membered rings, referred
to here as mha-28, mha-32 and mha-36, respectively (45)."*® Homologous
acyclic derivatives were also synthesised (referred to here as lha-28, lha-32
and lha-36) (46). The study demonstrated that whilst the mha-28 (45a)
and mha-32 (45b) ligands could not quantitatively label **Zr** under the
radiolabelling conditions employed, mha-36 (45¢) and lha-36 (46¢) could
quantitatively coordinate *Zr*" at ambient temperature at pH 7 over two
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hours. Furthermore, [**Zr(mha-36)] was more stable to edta competi-
tion (>90% intact after 24 hours incubation) than both its acyclic deriv-
ative [*Zr(lha-36)] and dfo (both <80%). On the other hand, the 28- and
32-membered macrocyclic complexes, [*Zr(mha-28)] and [**Zr(mha-32)]
were not stable to edta competition (0% and <40% intact respectively
after 24 hours incubation). The lower stability and lower radiochemical
yields of [*Zr(mha-28)] and [**Zr(mha-32)] were attributed to ring strain.
The larger 36-membered ring is of sufficient size to alleviate this strain,
whilst providing structural rigidity and increased stability. Thus, the mac-
rocyclic effect results in increased stability of [**Zr(mha-36)] compared to
its acyclic homologue [**Zr(lha-36)].

An octadentate hydroxypyridinone ligand (hopo) has also been devel-
oped, with each of the four 1-hydroxypyridin-2-one groups appended to an
acyclic chain (47).'* In contrast to the 3-hydroxypyridin-4-one group in thp,
1-hydroxypyridin-2-ones are known to have lower affinity for metal ions. For
a single 1-hydroxypyridin-2-one group, this is four to five orders of magni-
tude lower than the corresponding 3-hydroxypyridin-4-one group.'*® None-
theless, the hopo ligand (47) has demonstrated potential utility in molecular
PET imaging with *Zr*". Crystallographic analysis indicates that the four
hydroxypyridinone ligands are coordinated to the Zr*" centre in a distorted
dodecahedral environment (Figure 8.19). A bifunctional chelator derivative,
P-SCN-Bn-hopo (48), has been conjugated to the trastuzumab antibody, and
can be radiolabelled at room temperature with *Zr*, although radiochem-
ical yields have not been specified in the report.** This *Zr-hopo-trastu-
zumab is stable in vivo: in a direct comparison with **Zr-dfo-trastuzumab, the
hopo derivative demonstrated comparable tumour uptake and comparable
persistence in the blood pool, but significantly lower bone uptake (Figure
8.20). The hopo bifunctional chelator (48) is the first ligand to demonstrate

Figure 8.19 Structure of [Zr(hopo)]."** Light blue - zirconium, blue - nitrogen, grey
- carbon, red - oxygen.
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Figure 8.20 PET images of **Zr-hopo-trastuzumab (top) and **Zr-dfo-trastuzumab
(bottom) in mice with HER2-positive tumours on their right shoulders.
Representative PET images are shown for each compound following
a single mouse over 9 days. Both compounds show good tumour-to-
background contrast, but the *Zr-dfo-trastuzumab shows evidence of
bone uptake suggesting in vivo release of **Zr'". Reprinted with per-
mission from M. A. Deri et al., Bioconjugate Chem. 26, 2579-2591.14
Copyright 2015 American Chemical Society.

prolonged in vivo stability (at least one week) with respect to the *Zr** com-
plex. It will be of significant interest to the radiochemical and nuclear med-
icine community to compare the performance of hopo (47) and dfo* (41), as
well as other new *Zr* ligand platforms that are as yet, unfunctionalised for
attachment to biomolecules.

8.4.3 Metastable Lipophilic Zirconium Chelates

Designing kinetic lability rather than inertness into Zr complexes has
important applications, similar to the case of **Cu-labelled btsc complexes
discussed above. Incorporation of radioactivity into cells is important for
tracking cell migration in vivo, and has been part of routine nuclear medicine
activity since the early 1980s. The early methods relied on lipophilic com-
plexes of "'In (gamma emitter with a half-life of 68 hours), most commonly
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Figure 8.21 Structure of [Zr(oxinate),]."** Light blue - zirconium, blue - nitrogen,
grey — carbon, red - oxygen.

the complex of 8-hydroxyquinoline (49), ['"'In(oxinate),],"** which are able to

deliver ""'In*" across the plasma membrane of leukocytes taken from patients
with suspected inflammatory or infectious disease, allowing subsequent
trapping of the radionuclide more or less irreversibly in the cells. It is gener-
ally assumed that once inside the cell, dissociation of the complexes leads to
binding of In*" to intracellular macromolecules. Reinjection of the labelled
cells into the patient allowed the migration of cells to be tracked by gamma
camera imaging. Modern applications of cell tracking associated with new
developments in immunology and cell-based therapies place more exacting
demands on cell tracking, creating a demand for PET imaging. This has led
to a similar approach using *Zr and, again, 8-hydroxyquinoline provides a
suitable chelating ligand forming uncharged lipophilic [Zr(oxinate),]"** (Fig-
ure 8.21) which is able to transport **Zr** into cells. Presumably because
there are no native transport mechanisms specific for Zr*', the radionuclide
is retained very effectively within the cells allowing imaging of its location
and migration for at least 2 weeks (Figure 8.22).'>

8.5 Conclusions

The radiometallic PET isotopes ®Cu, ®®Ga and *Zr enable access to a suite
of molecular imaging applications provided that the radiochemistry that
underpins preparation of these radiotracers is efficient and simple to under-
take in a hospital radiopharmacy. This efficiency is largely dependent on the
ability of ligands to quantitatively and rapidly complex these radiometallic
ions, and to provide complexes of sufficient in vivo stability over the time
period from injection to image acquisition. The ongoing contribution of
inorganic chemists in providing new ligands that meet these requirements,
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Min-oxine 5T33 "in-oxine 5T33 "n-oxine 5T33 "|n-oxine 5T33 "'In-oxine 5T33
30 min 2 h 1d 2d 7d

#2Zr-oxine 5T33 #2r-oxine 5T33 #2Zr-oxine 5T33 #92Zr-oxine 5T33 #2Zr-oxine 5T33
30 min 2h 1d 2d 7d

Figure 8.22 PET/CT and SPECT/CT images of mice administered with ['''In(ox-
inate),]- or [*Zr(oxinate),]-labelled cells. Scans of In (top) and *Zr
(bottom) are reported from 30 minutes to 7 days after administration
of mice with labelled cells. *'In SPECT and ®Zr PET showed quali-
tatively similar migration patterns in the first few hours after inocu-
lation with accumulation of cells in lungs at 30 minutes followed by
migration to liver, spleen and bone marrow by 24 hours. Reprinted
with permission from P. Charoenphun et al., Eur. J. Nucl. Med. Mol.
Imaging, 2015, 42, 278,"* under the terms of the Creative Commons
Attribution License.

particularly in the case of ¥Zr and *®*Ga, will be critical to widespread clinical
adoption of these isotopes.

Abbreviations
CT X-ray computed tomography
PET Positron emission tomography

SPECT Single proton emission computed tomography
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