
C
o
p
y
r
i
g
h
t
 
 
2
0
2
2
.
 
D
e
 
G
r
u
y
t
e
r
.
 
A
l
l
 
r
i
g
h
t
s
 
r
e
s
e
r
v
e
d
.
 
M
a
y
 
n
o
t
 
b
e
 
r
e
p
r
o
d
u
c
e
d
 
i
n
 
a
n
y
 
f
o
r
m
 
w
i
t
h
o
u
t
 
p
e
r
m
i
s
s
i
o
n
 
f
r
o
m
 
t
h
e
 
p
u
b
l
i
s
h
e
r
,
 

e
x
c
e
p
t
 
f
a
i
r
 
u
s
e
s
 
p
e
r
m
i
t
t
e
d
 
u
n
d
e
r
 
U
.
S
.
 
o
r
 
a
p
p
l
i
c
a
b
l
e
 
c
o
p
y
r
i
g
h
t
 
l
a
w
.
 

EBSCO Publishing : eBook Collection (EBSCOhost) - printed on 2/13/2023 2:23 AM via 
AN: 3113681 ; Ajay Kumar Goswami, Irena Kostova.; Medicinal and Biological 
Inorganic Chemistry 
Account: ns335141



Ajay Kumar Goswami, Irena Kostova
Medicinal and Biological Inorganic Chemistry

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Also of Interest

Rare Earth Chemistry
Rainer Pöttgen, Thomas Jüstel and Cristian A. Strassert (Eds.), 
ISBN ----, e-ISBN ----

Organoselenium Chemistry
Brindaban C. Ranu and Bubun Banerjee (Eds.), 
ISBN ----, e-ISBN ----

Chemistry of the Non-Metals.
Syntheses - Structures - Bonding - Applications
nd Edition
Ralf Steudel, in collaboration with David Scheschkewitz, 
ISBN ----, e-ISBN ----

Inorganic and Organometallic Polymers
Narendra Pal Singh Chauhan and Narendra Singh Chundawat, 
ISBN ----, e-ISBN ----

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ajay Kumar Goswami, Irena Kostova

Medicinal
and Biological
Inorganic Chemistry

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Authors
Prof. Ajay Kumar Goswami
132, Road No 5, Subhash Nagar
Udaipur 313001
Rajasthan
India
akumargoswami56@gmail.com

Prof. Irena Kostova
Medical University
Faculty of Pharmacy
Department of Chemistry
Dunav Street 2
1000 Sofia
Bulgaria
irenakostova@yahoo.com

ISBN 978-1-5015-2455-4
e-ISBN (PDF) 978-1-5015-1611-5
e-ISBN (EPUB) 978-1-5015-1615-3

Library of Congress Control Number: 2021950489

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2022 Walter de Gruyter GmbH, Berlin/Boston
Cover image: Gettyimages/skynesher
Typesetting: Integra Software Services Pvt. Ltd.
Printing and binding: CPI books GmbH, Leck

www.degruyter.com

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use

http://dnb.dnb.de
http://www.degruyter.com


Dedicated to our quest for insatiable desire for knowledge.

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Preface

Inception of the idea of writing a book on medicinal inorganic chemistry was sown
long back while writing a textbook on bioinorganic and supramolecular chemistry.
I have always felt that inorganic chemicals and, in particular, metals need a proper
place in the medicinal chemistry area and deserve to be equally important com-
pared to their organic counterparts. Bioinorganic chemistry and coordination chem-
istry were always my research fields, but in this area I was bit hesitant to enter into
writing. However, Prof. Kostova’s easy consent to write a book jointly made my mo-
rale boosted and her contribution as other part was more than encouraging to
shape this book. The holistic view of two closely related or rather intertwined
branches of emerging field would certainly bring advancement to the research in
the area of medicinal and biological inorganic chemistry. This book on alternative
system of medicines would hopefully make sensible guidelines for the hitherto ad-
vancing medicinal systems and further research on Ayurveda and Tibetan systems
in more totality.

The book is a humble approach for merging knowledge in traditional and scien-
tific areas. I leave upon readers to judge and point out shortcomings, if any, and help
authors to do still better.

https://doi.org/10.1515/9781501516115-202
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Chapter 1
Introduction and fundamentals of medicinal
inorganic chemistry

Medicinal inorganic chemistry is a young branch of medicinal chemistry emerging
due to very promising application of both metals and metal chelates or compounds
in medical sciences. The ever-expanding pharmacopoeia of metal-based compounds
as therapeutic as well as diagnostic agents further enumerates the significance of this
unexplored area of knowledge.

Ever since the evolution of human race, metals have played a vital role. Although
it may be a topic of debate whether life and its origin was abiotic or biotic, the signifi-
cance of inorganic materials including metals is nonetheless most crucial and pivotal
in the history of mankind. Even the Indian philosophy describes us as made up of
Panch bhutas, the five basic elements of nature. These include air, fire, water, earth
and space, and the obvious majority of them include inorganic materials.

Although there is little doubt about significance and contribution of organic re-
actions in living system both as biological reactions in our body and as medicines,
yet innumerable chemical reactions in our body are directly or indirectly dependent
on inorganic components.

Synthetic organic chemistry has played a contributory part in the growth of me-
dicinal chemistry, as most of the in vivo reactions of our body are using organic
compounds in aqueous media. Nature has been very selective for choosing material
for the life processes and thus has chosen metals or their compounds in a justified
way. Toxicity has been one major issue, but fairly enough the selectivity does not
degrade either of the two organic or inorganic as less important components for the
selection but has been with a definite purpose. It is interesting to note that 75% of
the chemical elements are metals. The distribution of metals in living systems is
under three categories:
(i) The bulk metals such as Na, K, Ca and Mg present as hydrated ions in relatively

large quantities, making about 99.5% of the total metal contents associated
with the skeleton of vertebrates and osmotic equilibria.

(ii) Essential trace metals, particularly Fe, Zn, Cu, Mn and Mo, are functioning ei-
ther as metalloenzymes or as enzymatic activators.

(iii) Most of the other remaining metals are placed under this category as they may
be accumulated due to specific environmental factors. They are present in tis-
sues or organs and have no biological role per se. Lead and aluminium are
such metals which may be present up to 0.03 and 0.06 mg per 100 mL in the
whole blood of civilized man with no particular biological function.

https://doi.org/10.1515/9781501516115-001
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In essence, metals in biological systems are complementary as well as supplemen-
tary and we cannot ignore their role as an ingredient of medicinal value. Metal tox-
icity has been an issue of prime attention but with precaution the application and
research based on cautious but purposeful use of metals is warranted.

All metal ions that have gained access to a biological system in sufficient amount
are not rapidly excreted but are toxic depending on the individual metal classified
above as bulk, trace or essential. They can partake by either deranging the electro-
lytic balance, as irritants to damage that specific organ such as kidney or by affecting
the central nervous system and by interfering with the enzymatic process. There can
be considerable difference in the level of toxic concentration but there is no sugges-
tion that an organism is tolerant to high concentration of metals serving a useful bio-
logical purpose.

1.1 Metals in ayurvedic system as medicines

A very comprehensive review based on Charaka Samhita has beautifully presented
the application of metals in this ancient medicinal pharmacopoeia [2]. The Charaka
Samhita or Compendium of Charaka is a Sanskrit text of Indian traditional medicine.
Charaka Samhita and Sushruta are two foundational texts of this field. This review
is based on ancient compendium of traditional materia medica. It is worth noting
that during the medieval period Rasashastra-based use of certain heavy metals and
minerals in ayurvedic therapeutics increased. Rasashastra is an integral part of ay-
urveda dealing with drugs of mineral origin. It describes details of their varieties,
characteristics, processing techniques, properties, therapeutic uses, possibilities of
developing adverse effects and finally their management. Although roots of this sci-
ence exists in ancient texts of Indian civilization, its development as an indepen-
dent system of therapy started around the eighth century AD. Ayurvedic classics
written before that time like Charaka Samhita and Sushruta Samhita contain de-
scription of metals and minerals, their processing techniques and their utilization
in therapeutics.

1.2 Metal chelates and their application in medicinal chemistry

The second important part of this book is the application of metal complexes and
metal chelates in medicines. A very simple approach on this topic was presented in
the form of an edited book long back by Dwyer and Mellor [3]. Use of chelating
agents in medicine basically depends on the formation of a soluble and easily ex-
cretable metal chelate by hiding the metal ions in the circulation or competing the
chelating biological site for the bound metal ion. The major conditions for this pro-
cess are:

4 Chapter 1 Introduction and fundamentals of medicinal inorganic chemistry
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(i) The chelating agent must have low toxicity.
(ii) It should not readily metabolize.
(iii) It should be capable of penetrating to the metal storage site. Even, in general,

the metal chelate should be less toxic than the free metal ion.

The introductory medicinal inorganic chemistry discussion can be concluded with
the following highlights:
– Metals have been used in treatment since ancient times. The Ebers Papyrus from

1550 BC is the first written account of the use of metals for treatment and de-
scribes the use of Cu and Fe.

– Although dates of Charaka Samhita are not certain, Meulenbeld’s A History of
Indian Medical Literature dates it to be between fourth century BCE to second
century CE, with Compendium of Charaka to be between 100 BCE and 200 CE [4].
This system of ancient times has references of use of metals as medicine. The
word ‘Bhasma’ is the name of metal-based medicines, including copper (Tamra),
gold (Swarna) or mercury (Parad) in the palatable form.

– Even Chinese and African systems of medicines use metals or their compounds
as medicines.

– Homeopathy incorporates metals or metal-based compounds for treatment.
– Application of metals to medicines is a rapidly developing area, and novel ther-

apeutic and diagnostic metal complexes are now having great impact on medi-
cal science.

– Copper was used to sterilize water in Egypt as far back as 3000 BC.
– The Chinese and Arabs used gold in a number of medicines over 3,500 years ago

believing that the precious metal possessed medicinal value.
– During Renaissance period in Europe, mercurous chloride (Hg2Cl2) was used as

a diuretic.
– Paul Ehrlich, the so-called founder of chemotherapy developed the arsenical

Salvarsan as a drug for treatment of syphilis in the early twentieth century.
– It is estimated that about 80% of South Africans use some form or other of tradi-

tional medicines for their primary health care, which include metals/metal-
based compounds (WHO 2010). Heavy metals may enter traditional medicines
by means of both intentional and unintentional routes.

– In traditional South African medicinal markets and medicinal shops, a number
of powdered synthetic materials known as ‘imikhandu’ (in ISI Zulu language)
are readily available. Such crystalline salts or even metallic compounds are ex-
amples of medicinal application of inorganic compounds. Some examples are:
(i) ammonium chloride,
(ii) sulphur powder,
(iii) copper sulphate,
(iv) potassium dichromate/sodium chloride,

1.2 Metal chelates and their application in medicinal chemistry 5
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(v) plant resins and
(vi) potassium permanganate.

Conclusively, this book will discuss and describe the underlying principles, drug
action, possible mechanism and future prospects of medicinal inorganic chemistry
as an emerging branch of knowledge.

6 Chapter 1 Introduction and fundamentals of medicinal inorganic chemistry

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 2
Metals in medicine: perspective
and prospective view

2.1 Metal–ligand bonding

To define the structure of a metal complex (a species formed by the association of
two or more simpler species each capable of independent existence) [5], we are sup-
posed to know the coordination number of the central metal, stereochemistry, confor-
mation of a molecule or complex ion and finally the nature of the bond between a
metal and a ligand. They can all explain the interpretation of the structure and reac-
tivity of a metal complex.

The metal–ligand bond, in general, is described in terms of fundamental atomic
properties of electron – configuration, the nature of orbitals involved, overlapping
powers and the ionization potentials. The nature of metal–ligand bond, interpreta-
tion of properties of complexes and even the geometries or stereochemistry of metal
complexes are precisely explained on the basis of theories such as Crystal Field
Theory (CFT), Ligand Field Theory (LFT) or Molecular Orbital Theory (MOT). These
theories are part of learning of any coordination chemist. This part here is simply a
review of nature of metal–ligand bonding. Metal–ligand bonding varies from ex-
treme ionic to covalent type and even within these two ends intermediate types are
σ-type, π-type, multicentre as well as ion–ion to ion–dipole type. A brief description
can be presented by a linear figure (Figure 2.1).

An important aspect of metal–ligand bonding cannot be complete without includ-
ing transition metals. The transition metals are metals having a d1–d9 electronic
configuration. The root of coordination behaviour lies in properties such as variable
oxidation states, magnetic properties, stereochemistries and even stability con-
stants of the complexes. With increasing oxidation state, covalent characters in-
crease. However, within the same oxidation state with an increase in the number of

Figure 2.1: Types of metal ligand bonds.

https://doi.org/10.1515/9781501516115-002
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d-electrons, the covalent character increases. The fundamental properties of the
metal complexes or transition metal complexes to be specific are explained by the
crystal field model, which is purely an ionic model, whereas the ligand field theory
explains the effect of covalent bonding [6–8].

2.2 Bioinorganic chemistry

The application of metals in medicine can be more deeply explored if we under-
stand how metals are associated with our biological functions. A host of literature
on this, under bioinorganic chemistry, is available. The bioinorganic chemistry is
basically concerned with the function of all metallic and even non-metallic ele-
ments in biological systems both in vitro and in vivo. However, recent development
of the branch has centred upon
(i) Improved method of preparations
(ii) Synthesis of inorganic complexes and metal chelates as mimics for various nat-

urally occurring biomolecules
(iii) Introduction of metals into biosystem as drugs or even probes
(iv) Application and research on the role of inorganic elements in toxicity and

nutrition
(v) Increased awareness about the environmental hazards causing danger to living

beings
(vi) Recognition of significance of an increasing number of trace elements in plant,

animal and human nutrition

Before launching the main theme of this book, that is, how metals can be futuristic
drugs, a brief description of classification of metals and their association with specific
biological function is warranted (Table 2.1). As we know that the elements of biologi-
cal importance associated with functionality have been classified on the basis of ash
of human tissue, it is found that at least 30 elements in different categories are vital.
The three categories are:
(i) Essential elements: These elements are indispensable for maintaining normal

living stage of a particular tissue or whole of the body. Depending on their ab-
solute amount in the body, they have been further divided into two subgroups:
(a) macro-essential elements (macro-nutrients), (b) micro-essential elements
(micro-nutrients)
(a) Macro-essential elements: The elements that are required to be present in

the diet in quantities of more than 1 mg are called macro-essential ele-
ments. They form nearly 60–80% of all inorganic matter in the body. These
include elements such as C, H, O, N, Na, K, Ca, Mg, Fe, P, S and Cl. Out of
these, the first four elements occur in substantial amounts in energy tissue
and get derived from dietary carbohydrates, lipids and proteins. Oxygen is

8 Chapter 2 Metals in medicine: perspective and prospective view
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obtained directly from atmosphere. Nearly 85% of total oxygen and 70% of
total hydrogen are available in the form of water, making three-fifth of the
total body weight. The remaining amount of O, H, all N, C, S and others are
derived from carbohydrates, lipids and proteins which help support the
basic requirements of tissues and synthesis of various biochemical substan-
ces within these structures. The elements that are required to be present in
the diet in quantities of less than 1 mg are called micro-essential elements.
These include Cu, Zn, Co, Mn, Mo, I and F.

(ii) Non-essential elements: Although they are present in the body but are not es-
sentially associated with a known function, they might be termed as non-essen-
tial. These elements are B, Si, As, Li, Al and Pb. A schematic diagram (Figure 2.2)
summarizes the description.

Specificity is a buzzword in selection of individual elements by nature during evolu-
tion. There are elements with limited biological function which are present in bio-
logical systems. On this concept, it is assumed that a peculiarity is the result of
evolutionary drive toward the best chemical system for a living organism. Table 2.2
gives a brief classification on this basis, and the elements have been classified as
per their quantities in the system.

Figure 2.2: Various elements in biological systems.

Table 2.1: Classification based on the function of complex biological systems.

Elements in extracellular fluid Elements inside the cell Elements in cytoplasm

Na, Ca K, Mg K, Mg

Cu, Mo Fe, Ca Ca

Cl, Si Zn, Al, Mn Zn

P, S P, S

Se Se

2.2 Bioinorganic chemistry 9
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The importance of metals is explained by the fact that both deficiency as well
as excess of metals is alarming in biological system. A group-wise classification can
further signify their importance to conclude, and Table 2.3 gives this description:

2.3 Importance of metal-based drugs in medicinal
inorganic chemistry

There have been mentions about historically proven use of metal-based remedies
by ancient civilization of Mesopotamia, India, Egypt, China and Africa. Metallo-
drugs have been in use for minor stomach pains or indigestion for centuries. We
know how cisplatin has offered a drug for cancer, and metals are not less important
in diagnosis such as in MRI. The metal-based drugs or medicinal inorganic chemis-
try is thus a branch which is now holding a promising future. After the approval of
cisplatin (cis-diamminedichloroplatinum) as a chemotherapeutic for cancer by FDA
in 1978, the focus of medicinal chemists has been drawn to develop efficient metal
complexes for their application in medicine. Metallodrugs have found successful
applications in cure or treatment of diabetes, ulcers, inflammation, arthritis and
even cardiovascular diseases. Although alternative systems of medicine such as Ay-
urveda or homeopathy, Chinese or African systems too have significant use of met-
als or metallodrugs, the mechanism of drug action on the principles of scientific
drug discovery steps is in its age of development. This book incorporates in brief

Table 2.2: Essential elements.

Bulk structural elements Mineral elements Trace elements Ultra trace Non-metals

H Na Fe Mn F

C K Cu Mo I

H Mg Zn Cr B

O Ca V Si

P Cl Ni As

S Cd, Li, Pb, Sn Se

Table 2.3: Group-wise biologically important elements.

Group IA Group IIA Group IIB Transition metals

Na+, K+ Mg+, Ca+ Zn+, Ni+ Mn, Fe, Co, Mo

Useful osmotic equilibrium Triggers conformational control Acid catalysis Redox catalysis

10 Chapter 2 Metals in medicine: perspective and prospective view
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the mechanism of drug action and the recent state of the art of various metals
which have been used in the treatment of a particular disease.

2.4 Biological assays

Any therapeutic agent or drug needs to be tested in tissue culture on a suitable
model system of late theoretical prediction of activities using computer software
such as PASS (prediction of activity structure spectra), molecular docking and
quantitative structure–activity relationship are frequently being used for any new
lead to be tested a priori. This not only saves time but also gives scope for a better
strategy not involving direct synthesis and then getting no-activity or not the de-
sired one. Thus, exploration of new lead and its exploitation are the two mainstays
of medicinal chemistry [1, 2]. Excellent reviews on theoretical aspects of drug design
and development are available in literature [3, 4].

Application of any inorganic compound or metallic compound to medicine war-
rants a detailed examination of the fundamental aqueous chemistry of the compound.
The examination includes its pharmacokinetics, metabolic fate in intracellular blood
and its effects on the target of choice. The issue of toxicology of inorganic compounds
in medicinal use, particularly those with heavy metals, has a kind of stigma, degrading
the object of drug development. Although the therapeutic softwares are well defined to
minimize side effects and usefulness, any drug keeping a tightrope balances between
activity and toxicity.

2.5 Metal ion toxicity

As described in the earlier section of introduction, the distribution of about 75% of
chemical elements (metals) is categorized under three heads: bulk, essential and
non-essential elements. Their action in biological system is also well understood.
Many soluble metal salts if ingested can produce local irritation and tissue damage.
Systemic poisoning may also occur if the metal ion is absorbed in sufficient quan-
tity and gets into the circulation. Emesis is caused due to absorption of Zn and cop-
per salts including irritation of gastrointestinal tract. Since absorption is low, there
are seldom chances of systemic poisoning. It is very common knowledge that Cu
deficiency causes Wilson’s disease. This is due to deranged copper level control
which causes increased absorption to the extent that excretion cannot dispose of
the excess. This results in accumulation in the liver.

In general, absorption of metal ions through gastrointestinal tract is poor. Al-
though Na+, K+ and Ca2+ are exceptions, a number of organic cations are also in the
same way poorly absorbed. Even complex cations are poorly absorbed or even not
absorbed. Since Hg2+ ion quickly forms a neutral molecule HgCl2, it is rapidly

2.5 Metal ion toxicity 11
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absorbed. The mechanism of increased uptake of copper in Wilson’s disease is yet
not sure as if it is through coordination. With iron, the absorption is studied in detail;
it is through duodenum and jejunum where it is captured by the mucosal cells by
protein apoferritin. It can be further understood that in the form of ferritin which is
hydroxoiron(III) phosphate or a polymeric diol-bridged complex, iron is in equilibrium
with the ferrous ion of the mucosal cells and the plasma iron of the blood stream [5, 6].

The toxicity of any inorganic compound primarily may derive from its metabolism
and undesirable interaction with random proteins. The better approach thus can under-
stand the route and site of interaction. The mechanistic approach simplifies the under-
standing of interaction and toxicity, thus enabling us to design our drug on this basis.

2.6 Drug interaction

An excellent review on metal complexes as drugs and chemotherapeutic agents ad-
dresses fundamental issues and mechanism of drug interaction in case of metals
[7]. Metal ions, or drugs and metabolite, including endogenous ligands are trans-
ported through human serum albumin (HSA) [8]. HSA is one of the most common
proteins in the circulatory system that plays a significant role in the transport of
metabolites and drugs [9]. This transport protein plays a vital role in protein bind-
ing for many drugs. The HSA has a very simple structure representing a quaternary
model. The molecular mass of the protein is 67,000 with 585 amino acids [10]. HSA
can be represented by the structure shown in Figure 2.3.

The understanding of the binding sites can be visualized by the crystal structure
and physical and biophysical studies for many inorganic compounds. Literature re-
veals the abundant cysteine-rich small peptides, particularly glutathione (GSH).
Sulphur-containing metal-binding proteins are shown in Figure 2.4(a) and (b).

Figure 2.3: Zinc Finger.

12 Chapter 2 Metals in medicine: perspective and prospective view
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Structure of other such proteins is presented in Figure 2.4. Proteins like metal-
lothionein represent both detoxifying and deactivating pathways for inorganic
drugs. Transferrin is another protein involved in the protein–metal ion interaction
providing natural iron-binding site which is also accessible to the number of metal
ions including Ru2+, Ga3+ and Al3+, owing to similar charge-to-radius ratio. Thus,
the nature of target to be attacked by any drug depends on its specific application.
A number of cytotoxic metal complexes target DNA due to its importance in replica-
tion and cell viability. In general, coordination compounds use many binding
modes to polynucleotides incorporating outer sphere non-covalent bonding of
metal coordination to nucleo-based and phosphate backbone site. They also involve
strand cleavage induced by oxidation through redox-active metal centres. Such pu-
rine and pyrimidine mononucleotide building blocks are presented in Figure 2.5.

Structure of nucleic acid monophosphates, metal-binding centres (Farrel) and other
transition metals like platinum and ruthenium are favourably binding to electron-
rich nitrogen, particularly guanine N7. Titanium and early metals display a mixture
of nucleobase and phosphate backbone bonding.

Although it is difficult to give a detailed description of metal–nucleic acid interac-
tion, here a general description is being given to present a simple mechanistic view.

Figure 2.4: (a) Glutathione and (b) cysteine and methionine.

Figure 2.5: Purine and pyrimidine mononucleotide building blocks.

2.6 Drug interaction 13
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A very precise detail of metal–nucleic acid interaction is needed to explain the
drug interaction and toxicity particularly related to heavy metals. A point-wise high-
light of different types of metal–nucleic acid interaction can be classified as follows:
(i) Coordination
(ii) Intercalation and hydrogen bonding
(iii) Fundamental reaction with nucleic acids
(iv) Structural role of metal–nucleic acid interactions
(v) Regulatory role of metal–nucleic acid interactions
(vi) Pharmaceutical role of metal–nucleic acid interaction

(i) Coordination: One of the most prevalent interactions of metals with nucleic
acids is through coordination. The soft metal ions are coordinated at the nucle-
ophilic position of the bases; for example in cis-(NH3)2 Pt-dGpG, the platinum
centre coordinates to the N7 position on cytosine, the deprotonated N3 position
on thymine and uracil and N1 position of purines have also been observed, and
even metal ions with decreasing softness have been observed to be potent for
coordinating to the phosphate O2 atoms.

The metal ions involved, however, decide on the ionic versus covalent na-
ture of these complexes. The DNA–helix melting temperature is the tool to es-
tablish metal ion preference for base versus phosphate binding. A tentative
order can be expressed by Mg(II) > Co(II) > Ni(II) > Mn(II) > Zn(II) > Cd(II) > Cu(II).
However, it is observed that the pentose ring is a poor ligand for coordinating
with metal ions.

(ii) Intercalation and hydrogen bonding: The DNA metal or metal complex inter-
action is generally a non-covalent interaction such as
(a) metallo-intercalation and
(b) hydrogen bonding interaction.

Planar aromatic hydrocyclic ligands, for example phenanthroline and tetrapyr-
idine, stack between the DNA base pairs through dipole–dipole interaction. A
mixed type of non-covalent–covalent interaction may also occur.

(iii) Fundamental reaction with nucleic acids: These reactions, in general, fall
under two major categories:
(a) those involving a redox reaction mediating oxidation of nucleic acid and
(b) those involving coordination of a metal centre to sugar phosphate back-

bone mediating hydrolysis and polymer.

The simplest polynucleotide reaction with metal via redox reaction mechanism
can be exemplified by the Fenton reaction which indirectly promotes DNA
strand scission through radical reactions on sugar ring:
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FeðIIÞ þ H2O2 ! FeðIIÞ þ OH
. þ OH−

FeðIIIÞ þ e− ! FeðIIÞ

The hydroxyl radicals produced by the Fenton reaction with hydrogen peroxide
mediate the cleavage of DNA strand by coordinating to the sugar phosphate
backbone.

(iv) Structural role of metal–nucleic acid interactions: One of the major functions
attributed to metal ions in any biological system is their capacity to facilitate the
centre of a structure that directs folding of a protein. This would be apt to mention
here that the metalloproteins that have received great attention of late are ‘zinc-
finger’ regulatory proteins. They are relatively small protein motifs containing
multiple finger-like protrusions which make tandem contacts with their target
molecules. The term zinc finger was coined to describe the finger-like appearance
of a hypothesized structure from Xenopus laevis transcription factor IIIA (TFIIIA),
which is how used to describe a wide variety of differing protein structures.

The zinc ions play an important role in the functioning of the nucleic acid
binding TFIIIA, specifically DNA and RNA.

(v) Regulatory role of metal–nucleic acid interactions: Changing intracellular
metal concentration and the response to it by a biological system is an interest-
ing stimuli–response phenomenon. At a high concentration, many metals be-
come toxic to the cell, and thus need a metalloregulatory protein which binds
DNA in the absence of metal ions and represses transcription.

In the presence of metal ions, these regulatory proteins bind metal ions
tightly and specifically resulting in amplification of transcription. Best example
of this is MerR system which regulates the mercury in bacteria. Fe(II) and Cu(II)
binding systems in yeast are other such examples.

(vi) Pharmaceutical role of metal–nucleic acid interaction: The intricate under-
standing of metals as medicines can be understood by interpreting the major
pharmaceutical role of interaction of metals with the nucleic acids.

Most pharmaceutical compounds being used are DNA-binding agents includ-
ing peptide and/or saccharide functionalities. They bind DNA by either of the
three routes through intercalation, groove binding or a combination of both.
Metal ions, however, appear to be necessary to the functioning of many enzymes
acting on nucleic acids; examples are Zn ions, which are essential to the func-
tioning of both RNA polymerase and DNA topoisomerases. DNase I also requires
Ca2+ for its catalytic activity. Eco RI* (Eco R one) too requires Zn2+ and DNA repair
enzyme. Further, endonuclease III also needs Zn2+ for its catalytic activity.

Eco RI is a restriction endonuclease enzyme isolated from species E. coli.
The Eco part of the name originates from the species and R represents the partic-
ular strain RY13, and 1 describes that it was the first enzyme isolated from this
strain.
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2.6.1 Metals as medicines: a review

Although metal-based drugs including imaging agents have been in use for the clinical
treatment and diagnosis of cancers, a variety of other diseases have also been treated
using such compounds. As emphasized earlier, the advantage of these compounds is
their possibility of using alternative mechanism of action as compared to other drugs.

Before presenting a brief review on medicinal use of individual metal or even
non-metal (as inorganic medicine), there is a need to describe in short role of some
such elements. Table 2.4 summarizes this role in terms of disease arising and toxic-
ity, if any.

Table 2.4: Disease associated with low and high level of certain elements.

S. no. Element Disease caused due to
deficiency

Disease associated with excess

 Calcium Bone deformities Cataracts, gallstones, atherosclerosis

 Cobalt Anaemia Coronary failure polycythaemia

 Copper Anaemia, kinky hair syndrome Wilson’s disease

 Chromium Incorrect glucose metabolism Primary irritant dermatitis

 Iron Anaemia Liver disease, heart problem and
diabetes

 Lithium Manic depression Tremor, kidney problem, altered level of
consciousness

 Magnesium Convulsions Hypermagnesemia, renal failure

 Manganese Skeletal deformation, gonadal
dysfunction

Ataxia

 Potassium Weakness, fatigue Kidney disease, Addison’s disease

 Selenium Necrosis of liver, white muscle
disease

Blind staggers in cattle

 Sodium Addison’s disease, stoker’s
cramps

Risk of stroke, heart failure, kidney
disease, osteoporosis

 Zinc Dwarfism, hypogonadism Metal fume fever

 Cadmium Nephritis, anaemia

 Lead Encephalitis, neuritis

 Mercury Encephalitis, neuritis
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It is interesting to note that many other alternative systems of medicine like African,
Chinese Ayurvedic, Tibetan Ayurvedic and even homeopathy include inorganic
medicines as part of their pharmacopoeia. Since it needs a lot of research before
any standard drug is marketed, this is a grey area of research. The book simply in-
cludes a brief description of this hitherto underplayed area, which needs focus. To
be more precise, a metal-wise review of application as a medicinal compound is
being presented. Table 2.5 depicts the list of inorganic compounds as medicine.

On the basis of review, it is observed that apart from Table 2.5, the inorganic com-
pounds, particularly metal-based compounds have been used in curing or diagnosing
diseases. A list of diseases that uses inorganic compounds will justify the observation
signifying application. The compounds have been used as:
(i) Antidepressants
(ii) Insulin mimetic
(iii) Diagnostic agents, X-ray/MRI
(iv) Radiopharmaceutical
(v) Anti-cancer
(vi) Anti-arthritic
(vii) Anti-infective
(viii) Anti-ulcer

Not only these diseases, a list of other medicinal application of metal-based drugs
is also found in the literature. Table 2.6 gives a brief description of disease-wise me-
dicinal application of such metal-based drugs.

Table 2.5: Examples of metal-based drugs.

Metal Product name Active compound Medicinal use

 Li Camcolit LiCO Manic depression

 Mg Magnesia MgO Laxative

 Fe Fentamine NaFe(II) citrate Anaemia

 Co Cobalamin S Vitamin B Anaemia

 Zn Calamine ZnO Skin ointment

 Ba Baridol BaSO X-ray contrast medium

 Pt Cisplatin cis-[Pt(NH)Cl] Anticancer

 Au Auranofin Au(I) (PEt) acetylthioglucose Rheumatoid arthritis

 Bi De-Nol Ke[Bi(iii)(citrate)] Antiulcer
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2.6.2 Use trade names/activity compounds

2.6.3 Review of individual metallodrugs

2.6.3.1 Medicinal application of silver (Ag)
A number of reviews on historical use of silver in medicinal application are available
in the literature [11]. It is reported that ionized form of silver (Ag+) possesses known
antibacterial properties. There are a number of wound dressings containing silver

Table 2.6: Disease-wise application of metal-based drugs.

S. no. Action Drug Compound Metal

 Anti-bacterial
disinfectant

Thiomersal mercurochrome Hg-organic
compound
AgNO Ag
(sulphadiazene)

Hg
Ag

 Anti-fungal Thiomersal mercurochrome Hg-organic
compound
AgNO Ag
(sulphadiazene)

 Anti-cancer Cisplatin satraplatin AMD-
SoD mimics
NAmi-A
Trisenox, use in acute
promyelocytic leukaemia

Polynuclear Pt (IV)
species
Mn chelates
Trans-
[RuCl(MeSO)
*IM]−

AsO

Pt
Mn
Ru
As

 Antacid anti-ulcer Pepto-Bismol ranitidine bismuth
De-Nol

Bi(sugar) polymers Bi

 Vasodilator Nipride for acute shock No release [Fe(No)CCN)]
−

 Hypercalcaemia of
malignancy

Ganite possible anti-cancer agent Ga(NO) Ga

 Type II diabetes BMOV, insulin mimetic VO(maltate) V

 Phosphate binder
fosrenol

Hyperphosphataemia Ln(CO) Ln

 Rheumatoid arthritis Orally active Ridaura Au(PEt)
acetylthioglucose

Au

 Anti-parasitic
leishmaniasis

Sub(III) (tartrate) Tartar emetic
stibophen, astiban

Sb
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that are marketed. Even a number of consumer products like clothing and household
appliances are being promoted of late. Even historically silver has been used for med-
ical applications. A history of medicinal use of silver further warrants research on its
use [12]. It is worth mentioning that it is effective against almost all organisms tested
and even has been used for the treatment of number of infections with surprising
success. Even its radiological application is worth mentioning.

2.6.4 Absorption and metabolism of silver

A review on pharmacological and toxicology of silver describes the absorption and
metabolism of silver [13]. The review mentions that silver is absorbed in the human
body through ingestion, inhalation and intraparenteral insertion (by medical device).

Silver being a highly reactive metal is absorbed by either of the routes, such as
ingestion, inhalation and percutaneous absorption. It is metabolized in our body as a
complex [14] by use of metal carrier proteins, which are deposited in bones and soft
tissues. The metallothioneins are induced by silver and are the major carrier proteins.
These are cytoprotective proteins. However, macrophage sequestrating silver acts as
an additional cytoprotective mechanism for the body. It is not regarded as a cumula-
tive toxin and excreted through the urinary tract. Although minimal toxicological sig-
nificance is attached to silver, there may be a small residual portion remaining to
attach to hydroxyapatite in the bones to silver, yet the principal site for its deposition
is called argyria discoloration, which is shown dermal regions of the skin.

2.6.5 Medicinal application of gold (Au)

Biomedical application of gold – a brief history published by the World Gold Council
mentions that gold is becoming extremely important in medical treatment ranging
from its use as drugs to precession implants.

Further, a review of historical use of gold in medicine [15] presents an overall
view on how long the gold has remained as part of our medicinal system. Ever since
the development of human civilization, gold compounds or gold were used both by
Sharman and medical practitioners for the treatment of diseases or pathological
problems. Even injectable gold compounds have been successfully used for the
treatment of rheumatoid arthritis. However, out of the number of gold compounds,
gold sodium thiomalate is one of the most extensively researched compounds by
both clinicians and scientists. A drug called auranofin which showed promising
therapeutic potential was also used. This drug offered competition to the injectable
gold. The only problems which caused doubt against this drug were clinical side
effects and fear of immune suppression by the drug. Thus, gold sodium thiomalate
still continues as the preferred gold compound for the management of rheumatoid
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arthritis. Further, increased use of low-dose methotrexate (MTx) is also an optional
drug being used. There is no doubt that injectable gold compounds are indeed a
first choice for treatment of the rheumatoid arthritis till data.

2.6.6 Medicinal application of arsenic

The relation between toxic action and metal coordination was proposed by Voegtlin
et al. [16]. It was advanced by them that toxic action of the metalloid arsenic on
living cells is due to its combination present in the protoplasm. However, in recent
years, arsenic-based compounds have been accepted as medicine for cancer ther-
apy as a result of their high rate of success, particularly some cancers like acute
promyelocytic leukaemia (APL) [17].

The mechanism of arsenic-containing compound has now been portrayed or
precisely understood. The mechanism by which these compounds kill any particu-
lar types of cells is selective killing of cancer cells. The information was gained par-
allel to understanding of increased importance of intracellular redox systems and
regulation of the production of reactive oxygen species (ROS) through mitochon-
drial function.

Many of these targets for arsenic-containing compounds are mitochondrial pro-
teins which are associated with the production of ROS. So, by the disulphide linkage of
vicinal thiol groups often leads to increased production of ROS which inducts apoptotic
signalling pathways. The details of the mechanism are beyond the scope of this book.
However, arsenic compounds with modified organic structures have found a place as
anti-neoplastic agents. The compounds have been synthesized and examined for their
efficacy against human leukaemia cells and even breast cancer cells in culture. Some
of these compounds have exhibited cytotoxic anticancer activity against human breast
cancer cells. A novel glutathionyl peptide trivalent arsenic containing compound para-
4-[N-(S-glutathionyl acetyl)amino] phenyl arsenoxide has shown potential as an anti-
neoplastic drug. As(III) as the anhydrous form of AS(OH)3 (Trisenox, Cell Therapeutics,
Seattle, WA, USA) received FDA approval in 2000 as a chemotherapeutic agent for the
treatment of APL [19].

2.6.7 Medicinal application of aluminium

A number of drugs containing aluminium hydroxide are used to treat heartburn
and stomach upset such as antacid or acid-indigestion conditions: Amphogel, Alu-
cap, Dialume Alu-Tab, Alternagel or Aloh-Gel are some of the brands under which
the drugs are sold. It is also used to reduce phosphate levels in people with certain
kidney condition. These compounds have been used as phosphate binders and as
adjuvants in vaccine. Aluminium is also part of implant materials, for example
glass ionomer cement. Aluminium acetate is an astringent.
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2.6.8 Medicinal application of bismuth

The commonest compound sold as generic under brand name Pepto-Bismol is bis-
muth subsalicylate. The drug is used to treat temporary discomfort of the stomach
and gastrointestinal tract. Management to diarrhoea, indigestion, heartburn and
nausea is done using the compound also known as ‘pink bismuth’. The drug is
used for prevention and treatment of traveller’s diarrhoea. A review of medicinal
use of bismuth compounds is available in the literature [20]. Although bismuth-
based drugs are primarily used for the treatment of gastrointestinal disorders, it
also has significant anti-microbial, anti-leishmanial and anti-cancer properties [21].
Owing to this, lot of research has been done on synthesis, characterization and bio-
screening of new bismuth-based compounds. Their potential as anti-microbial, anti-
leishmanial and anti-cancer agents has been thoroughly evaluated. As described under
section of drug action, it is probable that proteins are the key biomolecular targets of
bismuth and particularly thiol-rich ones like cysteine offer attractive metal coordinat-
ing sites. It is worth mentioning that metallomic/metalloproteomic understanding
approach can help in explaining the mechanism of action of Bi on the biomolecules.
It will further the elucidation of mechanism of resistance employed by protozoan, mi-
crobial or even carcinomal cells. The strategy will explain the mechanism of uptake,
storage and removal of Bi [22].

212Bi- and 213Bi-containing radio-pharmaceuticals are promising effective α-
emitting anticancer agents. The radiolabelling using suitable bidentate chelating li-
gands with both 212Bi and 213Bi and selecting effective targets can be a right plan of
research in future. However, this is certain that owing to very great potential, Bi
can play a very significant role as a medicinal candidate.

2.6.9 Medical applications of beryllium

Beryllium has a low atomic mass and density and is transparent to X-rays and other
ionizing radiations. This has made it a key component in the making of X-ray windows.
There are some silver applications of beryllium in pacemakers. CAT scanners, MRI ma-
chines, laser scalpels and even in springs and membranes for surgical instruments as
beryllium iron or beryllium nickel alloys. The toxicity of this element restrains its use
directly as a compound for medicine. It may be noted that acute exposure to beryllium
fumes can cause severe pneumonitis. Its poisoning is termed as berylliosis.

2.6.10 Medicinal/medical applications of barium

The commonest use of barium or its compounds is in the medical procedure. It is
called barium enema when doctors need to examine the digestive system of any pa-
tient. A mixture containing barium sulphate is used to coat the inner lining of
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intestines. Further, if the stomach and oesophagus are examined, then the patient
is administered chalky barium sulphate liquid. When the patient is x-rayed, this
coating of barium sulphate absorbs major proportion of x-ray radiations. This re-
sults in black and white contrast to facilitate the doctor better diagnose the diges-
tive problem. Barium sulphate is thus called a contrast agent.

2.6.11 Medicinal application of cerium

After its discovery, cerium found its use in gas mantles as well as in medical treat-
ment. In 1854, James Simpson reported that cerium nitrate suppressed vomiting,
particularly the one associated with morning sickness. It was also prescribed for
the treatment of sea sickness and cough suppressant for patients of tuberculosis. In
the last century, even over-the-counter medicines such as Novaurin and cerocol
were on sale. It is reported that a weak solution of cerium nitrate is found to be an
effective treatment for bathing the skin of people suffering from extensive third-de-
gree burns, which is now a standard procedure in burn units.

Recent research on cerium oxide [23] reveals that cerium oxide nanoparticles or
nanoceria possess the host of biological activity, based on its ability to inactivate ROS
and to scavenge free radicals. Both ceria and cerium ions are having this property so
that they behave like phosphatase. Future promise of cerium lies in its application in
drug delivery, treatment of the diseases such as those associated with oxidative stress,
redox therapy of oncological diseases, as adjuvant in antiviral treatment, immunomod-
ulator and even as a modulator of signal transduction in neurology.

2.6.12 Medicinal application of chromium

Although deficiency of chromium in the human body is rare, yet it is needed in trace
amount by our body. There are references available in the literature regarding in-
volvement of chromium in the metabolism of fat, carbohydrates and proteins [24–31].
Chromium is known to enhance the action of insulin.

Chromium picolinate is used in the treatment of diabetes and depression, al-
though a more number of studies are needed to fully understand the relationship
between its use and management of diabetes. Chromium has been identified as an
active ingredient in glucose tolerance factor [32]. There are though uses of chro-
mium as picolinate in alternative medicine to treat or aid in controlling of blood
sugar, to lower cholesterol and also as a weight loss supplement, it is sold only as a
supplement and not as a medicine.
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2.6.13 Medicinal applications of cadmium

Cadmium and its compounds are although toxic in certain forms and concentration,
the British Pharmaceutical Codex from 1907 mentions that cadmium iodide was
used as medication for the treatment of enlarged joints, scrofulous glands and chil-
blains. There are hardly any medicines using cadmium. There is no established use
of this toxic metal as either supplement or medication.

2.6.14 Medicinal/medical application of cobalt

Cobalt is used as part of vitamin B12 for the treatment of pernicious anaemia, since
it improves the formation of red blood cells. It helps in management of fatigue, di-
gestive problems and neuromuscular ailments. It is a replacement of manganese
and Zn in activation of several enzymes. They are called biochemical reaction acti-
vators. It is also part of the biotin-dependent Krebs cycle, which is the process our
body uses for breaking sugars to energy.

2.6.14.1 Toxicity and side effects
Cobalt is reported to be toxic to the heart muscles and can cause toxic cardiomyopa-
thy, if one has too much exposure. Too much of cobalt intake may cause goitre and
can reduce thyroid activity.

Cobalt-60 is used as a medical source of radiation, primarily for cancer radio-
therapy. It is also used as a radioactive tracer in biology. Further, materials with
28–68% cobalt with chromium, nickel and molybdenum are used in dentistry.
Owing to their strong resistance to abrasion as well as tarnishing and compatibility
with mouth tissue, they are more useful as compared to other precious metals. They
are also used in bone surgery.

2.6.15 Medicinal applications of Cu

The recorded medical use of copper is found in Smith Papyrus, the oldest books
known. The book is an Egyptian medical text written between 2600 and 2200 BC. It
records the use of copper in sterilization of chest wounds and also to sterilize drink-
ing water. The Ebers Papyrus written in 1500 BC also mentions the use of copper as
medicine [33].

Copper compounds show vast biological action such as anti-inflammatory and
anti-proliferative biological action such as biocidal as well as suitability for radio-
therapy. Although it has not found many uses, it has potential for development as a
drug. It is commonly used in contraceptive intrauterine devices [34], and the num-
ber of other medical applications.
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2.6.16 Medicinal application of iron

A number of diseases such as cancer, kidney problems and HIV/AIDS can cause
anaemia. Taking iron with other medications can help treat anaemia. Ferrous ma-
late, ferrous gluconate and even ferrous sulphate are used to prevent anaemia. A
number of iron supplements are available with brand names like Auryxia, Beef iron
wine, Bifera, Elite Iron, Femiron, Feosol, Fergon, Hemocytes, Fer-in-sol. Variety of
iron supplements are presented for problems related to intestinal diseases, stomach
haemodialysis, bleeding and burns.

2.6.17 Medicinal applications of gallium

Gallium compounds have gained significance over last few decades in the field of med-
icine (stable gallium nitrate and radioactive gallium are compounds of choice for diag-
nostic and therapeutic agents). For the treatment of calcium and bone metabolism
disorders in cancer patients, the drug is useful [36]. They have also shown potential as
anti-inflammatory and immunosuppressive agents in animal models of human dis-
eases. Radioactive gallium 67Ga citrate has been used as a tumour imaging agent. This
is reported that radioactive 67Ga citrate injected into tumour-bearing animals concen-
trates in malignant cells [37]. There are a number of studies reported on anti-neoplastic
activity of gallium nitrate in cancer treatment, malignancy-associated hypercalcaemia,
bone metabolism and immunosuppressive and anti-inflammatory agents. However,
there is scope of further research for drug potential of gallium compounds.

2.6.18 Medicinal application of mercury

Although mercury is known as a toxic metal, yet in spite of its negative image it has
been playing a positive and contributory role in the area of medicine as well as den-
tistry. It has many therapeutic uses in dental fillings, cosmetics, paints, ointments
apart from application in thermometals and other devices of medical applications
[38]. However, we know that mercury or its compounds due to their toxicity are still
far from being used as potential medicinal candidates.

2.6.19 Medicinal application of iridium

Iridium is mainly used as its radioactive isotope iridium 192 produced by non-radio-
active iridium metal. The half-life of this isotope Ir-192 is 73.828 days. It decays in
beta particles and gamma radiation. It is commonly used for the high-dose rate
brachytherapy, procedure that involves placing radioactive material inside your
body allowing a doctor to deliver higher dose of radiation to more specific body
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area. For the treatment of different types of cancer, Ir-192 implants have also been
used. As they have curative properties, they are primarily used as implants in breast
and head. The implants made of wires are introduced into the target area through a
catheter. The implant wire is removed after the time required to deliver the desired
dose. The procedure is very effective for providing localized radiation to the tumour
site and avoids the whole body of patients from radiation. The isotope Ir-192 has
also been used in treatment of prostate cancer.

2.6.20 Medicinal application of Mg

Magnesium is the fourth most abundant essential mineral in our body, half of it is
distributed in bone and other half in the muscles. It is reported to be present less
than 1% in our blood [39]. Common magnesium formulation available as supple-
ments is magnesium oxide (MagOx) which contains about 61% elemental magne-
sium and sold as tablets. The other common formulation is magnesium hydroxide
or milk of magnesia containing about 42% elemental magnesium available as sus-
pension. It is prescribed for the treatment of a number of diseases such as eclamp-
sia and pre-eclampsia. It is also recommended for the treatment of torsades de
pointes and rapid atrial fibrillation through intravenous injection. Parenteral mag-
nesium is also recommended for severe acute asthma, which improves peak expira-
tory flow rate and forced expiratory volume in 1 s [40]. It is also useful as oral and
parenteral administration in improving symptoms of migraine. It is widely accepted
and effective for the treatment of dyspepsia. Further, it is accepted as a standard
treatment for constipation. An excellent review on medicinal application of magne-
sium is available in the literature, explaining pharmacology and mechanism of ac-
tion of magnesium [41].

2.6.21 Medicinal application of molybdenum

Although deficiency of molybdenum is very uncommon, yet it is known to work in
the body to break down proteins and other substances. It is most commonly used for
managing molybdenum deficiency. There are recommendations for treatment of can-
cer of oesophagus and Wilson’s disease by molybdenum. There are unsubstantiated
claims regarding treatment of arthritis, cancers and neuropsychiatric disorders [42].
Literature survey reveals the use of molybdenum compounds in various applications
(www.imoa.info/HSE/env). These applications can be listed in brief in Table 2.7.
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2.6.22 Medicinal application of manganese

Manganese is used for the prevention of diseases such as manganese deficiency, os-
teoporosis and anaemia. It is also useful in the management of symptoms of premen-
strual syndrome. Manganese though needed in our body in very small amounts, yet
it is important in variety of functions like building bones, healing wounds and help
in use of carbohydrates and amino acids in our body. It is mostly found concentrated
in mitochondria of cells. It is available both as single supplement and part of many
multivitamins. Manganese gluconate, manganese sulphate and manganese citrate
are some single supplement prescriptions of manganese.

2.6.23 Medicinal application of osmium

No medicinal application of osmium or its compounds is referenced. However, in al-
ternative medicines, osmium metal cum 30 is mentioned as medicine for glaucoma.

An alloy of platinum and osmium is used in surgical implants like pacemakers
as well as heart valves, which shows its medical use.

2.6.24 Medicinal application of palladium

It is reported that palladium can be a future player in the field of medical sciences.
Palladium has a significant role in medical/health care. Palladium-103 is employed
as an alternative to prostatectomy using brachytherapy. The procedure involves

Table 2.7: Some applications of molybdenum compounds.

S. no. Compound Application

 Mo nanoclusters Biological imaging

 MoS (polyaniline–MoS hybrid
nanostructure)

Cancer biomarker

 MoS (dual-responsive molybdenum/copper
sulphide-based delivery system

Enhanced chemophotothermal therapy.

 MoS (tumour-targeted biocompatible
nanodots albumin nanospheres)

Dual modality therapy agent for
synergistic photothermal radiation

 MoO nanoparticles Bactericidal

 MoO (polycaprolactone nanofibre
composites)

Skin cancer

 MoS nanoparticles Alzheimer’s disease
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putting seeds (of the size of rice) or titanium castings filled with palladium-103 im-
planting into the prostate. This is absolutely a non-invasive procedure. Apart from
this, it has found use in blood glucose testing (part of electrode).

Palladium nanoparticles have of late been the focus of medicinal chemistry,
and this application is growing interest. There is a need to address their unique
properties and low toxicity advantage. There are research publications regarding
their applications for targeted prodrug activation and cancer photothermal therapy
as antimicrobial and cytotoxic agents to mention a few [43].

2.6.25 Medicinal/medical application of platinum

A review on medical application of platinum enumerates various useful and future
applications of platinum [44]. Apart from the use of platinum as anti-cancer drugs
such as cisplatin and carboplatin, variety of applications of platinum include its use
for making components of medical appliances such as pacemakers, unplantable de-
fibrillators, catheters, stents and neuromodulation and biomedical devices. Table 2.8
lists the application areas where platinum is used.

Using platinum-based drugs, there has been remarkable advancement in the sur-
vival rate of cancer patients. It is estimated that 98% of testicular cancer patients
will survive for 10 years after diagnosis using the anticancer drug cisplatin [45]. The
other drug carboplatin is also used for other cancers such as ovary, breast and lung
and is quite successful [46].

2.6.26 Medicinal uses of antimony

Some of the antimony-based compounds have beneficial effect such as meglumine
antimoniate and sodium stibogluconate. The two compounds are principal medica-
tions used to treat leishmaniasis. This disease is caused by infection by a protozoan
parasite. The disease is called Kala-azar. Although the drugs are still first line, they
are extremely limited due to their side effects.

Table 2.8: Medical applications of platinum.

S. no. Application Device

 Pacemakers, defibrillators, hearing devices, heart pumps Electromedical implants

 Stents, angioplasty ablation, distal protection Interventional

 Spinal fixation implants of hip and knee Orthopaedics
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2.6.27 Medicinal application of vanadium

Medicinal application of vanadium is found in the treatment of a number of dis-
eases including diabetes, low blood sugar, high cholesterol, heart disease, syphilis,
tuberculosis and anaemia. It is also used as a supplement to improve athletic per-
formance in weight training.

2.6.28 Medicinal/medical application of Zn

Zinc is important for growth and body tissues. It is also used to prevent zinc defi-
ciency. Zinc is second to iron as the most abundant trace mineral in our body, and
the commonly marketed zinc supplements are zinc gluconate, zinc acetate, zinc sul-
phate, zinc picolinate, zinc orotate and zinc citrate. A number of cold lozenges con-
tains zinc, and a variety of other cold remedies also have zinc. It is involved in
different aspects of cellular metabolism. It plays a vital role in the catalytic activity
of about 100 enzymes. It also has a significant role in immune function, protein sys-
tem, wound healing and many other related to development and growth.

The above description of individual application of metals in medicine shows
how important metals are in medicinal chemistry. The basic objective of the chapter
is to highlight the contribution of medicinal inorganic chemistry which is hitherto
underplayed and less recognized. There is a need to not only recognize importance
of this branch but consolidate the research area and focus this field for future wel-
fare of medicinal chemistry. This would be an important branch for human welfare
and fighting disease. A summary of various elements of periodic table having estab-
lished or being explored as medicinally important is being given to have a state of
the art of medicinal inorganic chemistry.
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Chapter 3
Metals in alternative system of medicine

3.1 Ayurveda

Ayurveda is an alternative system of medicine, which has been time tested for
about 5,000 years or more. It was found by ancient seers that drugs of different ori-
gin such as metal, animal or herbal are suitable for maintaining health in healthy
individual and removing disease in a diseased person. The Sanskrit word ‘Ayur-
veda’ is originated by combining two words ‘ayur’ meaning life and ‘veda’ meaning
knowledge. Its materia medica comprises resources in the form of drugs derived
from plants, animals or even metals as well as mineral resources. Thus, application
of metals or their metallic preparations is understandably a unique advantage of
this alternative medicine system. However, scientific community has shown con-
cern regarding safety of Ayurvedic herbal, herbo-mineral and metallic preparations
which is a major issue for the age-old heritage [47]. However, this chapter of the
book is an attempt to critically and cautiously present state-of-the-art application of
metals or their preparations to medicinal chemistry only to strengthen the knowl-
edge of medicinal inorganic chemistry and its significance.

The preceding section of this chapter mainly describes the use of metals/metal-
lic preparations as medicine in Ayurveda, that is, the traditional Indian system of
alternative medicines. To introduce the terminology, a glossary of words which in-
cludes appropriate or most close meaning is also being given to make the reader
conversant with it.

3.2 Ayurveda (ayur + veda) life: knowledge

– Rasashastra – it is an integral part of Ayurveda dealing with the drug of mineral
origin. This comprises their processing, characteristics, therapeutic use and tox-
icities along with their management.

– Charaka Samhita – one of the scheduled books of Ayurveda
– Sushruta Samhita – Ayurvedic classic written before Rasashastra

Historically, first records of useful drugs in India were maintained in Ayurveda, and
Acharya Charak, the great Ayurvedic scholar (1500 BC), has mentioned various types
of drugs based on the source. The pharmacology of drugs has been described with
precision in these texts [48]. Metallic medicines have been an integral part of this al-
ternative system of medicine, so the relevance of this chapter is more enhanced.
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3.3 Superiority of mineral drugs

The alchemy and medicines based on metallic preparations were superior in compar-
ison to treatment based on vegetable drugs or surgical therapies. There are men-
tioned in texts [49] based on classification of therapies into three categories, viz.,
asuri (demonic) includes surgical therapies, manusi (human) being performed using
decoctions of vegetable drugs and lastly daivi (divine) which is performed using me-
tallic and mineral preparations. It is further highlighted that mineral remedies are even
in small doses therapeutically more effective unlike vegetable products generally ad-
ministered in much larger doses. The mineral products are effective instantaneously as
they do not have to pass through the process of digestion and metabolism before they
are therapeutically active.

3.4 Concept of health in Ayurveda according to Sushruta
[Sushruta, Sutra 15: 40]

A person having equipoise of dosas (factors that control physiological activities of
the body), agnis (factors that are responsible for digestion and metabolism), dhatus
(tissues, elements), malas (excreta) and, finally, Kriya (physical and mental activities)
and the person who possesses spiritual, sensual and mental happiness are called svas-
tha or healthy. Thus, the concept of health in Ayurveda is holistic rather than narrow.

Dhatu (metal) word of Sanskrit originates from a verb dha meaning holding,
maintaining or supporting [50]. In Ayurveda, Dhatu means metals. Without going
into details of the system, the chapter is based on description of references signify-
ing the use of metals for medicinal and similar purposes. The Charaka Samhita is
the basic text which gives such details. It mentions three major categories giving an
insight about the use of metals:
(i) Utilization in therapeutics internal as well as external application
(ii) Application in equipment or instruments
(iii) Other purposes

3.5 Various metals used in the Ayurvedic system of medicine

3.5.1 Gold or aurum; au (Svarna)

Mention of gold as per Charaka Samhita is for analgesic, anti-oxidant, anti-depressant,
anti-anxiety and cataleptic activities. Further, it is also useful as an immunomodulator.
There are references available for analgesic activity of Swarna Bhasma, Kushta Tela
Kalan and Auranofin, all Ayurvedic gold preparations regarding this application [51].
The Bhasma is the form of gold in the metallic state. The quantitative analysis reported
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for Bhasma is a combination of metallic gold (96.76%), silica (1.14%), ferric oxide
(0.14%), phosphates (0.78%), potash (0.16%), salt (0.078%) and traces of copper and
magnesium [52].

Gold has been used as an anti-pruretic agent to relieve itching of palms. Robert
Kochs observed in vitro anti-bacterial activity of gold against. Mycobacterium tuber-
culosis. The gold compounds affect factors that influence the immunological re-
sponse [54] and decrease the concentration of rheumatic factors also [53].

Gold suppresses the anaphylactic release of histamine more effectively than
glucocorticoids [54]. A water-soluble preparation using sodium aurothiomalate has
been established to treat arthritis, which is administered through IM injections. Al-
though its pharmacokinetics has not been established and as reported its effects
are due to antimicrobial activity and stimulation of reticuloendothelial system [55],
conclusively it can be mentioned that Ayurvedic system has significant use of gold
in its medicines.

3.5.2 Silver (Rajat)

Use of silver in Ayurvedic therapeutics also dates back to the time of Charaka. An-
cient classics describes that although its use as medicine was less extensive com-
pared to other metals like copper or iron (Tamra or Loha), yet it had an important
place in the system of medicine. Silver used as Bhasma is a cooling astringent and
has sour taste and is a laxative. It promotes vitality, strength and appetite [49]. Quan-
titative analysis of ‘Rajat Bhasma’ as reported [52] comprises metallic silver (52–59%),
free sulphur (0.675%), ferric oxide (14.33%), calcium (10.769%) and silver chloride
(0.479%) with traces of sodium, potassium and aluminium.

3.5.3 Copper (Tamra)

Copper is one of the oldest metals known to human civilization. Its application for day-
to-day livelihood is an established fact. Not only this, it was used in alloys called brass
and bronze. Charaka uses Arka as its synonym, which has been clarified by Chakrapani
[56]. References are available on physico-chemical parameters of Tamra Bhasma,
which can be briefly described as acid-insoluble ash 1.12%, pH 6.76, loss on drying
1.14%, Hg (10.9%), sulphur (1.50%), copper (61.48%) and bulk density 6.288 g/cc [57].

As described in Ayurvedic texts, it is useful in abdominal diseases including as-
cites, anaemia, piles, obstinate skin disease like leprosy, bronchitis, asthma, tuber-
culosis, chronic rhinitis and liver disorders. Its alloy brass is also reportedly useful
as an Ayurvedic preparation for the treatment of parasitic infestations, leprosy and
serious anaemias. Bell metal or Kamsya is another alloy of copper used in Ayurveda
for the treatment of parasitic infestation and skin diseases [49]. In addition to these,
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miscellaneous copper compounds including copper pyrite (Svarna Maksika), iron
pyrite (Raupya Maksika) and copper sulphate (Tuttha) have also been reported as
medicinal compounds [49].

3.5.4 Iron (Aayasa or Loha)

After Svarna, Rajat and Tamra (Au, Ag and Cu), iron is a metal known to have me-
dicinal use in Ayurvedic system. In various forms, iron compounds have been re-
portedly useful for treatment of (internal and external administration) pathological
manifestations. Iron deficiency in anaemia can be treated using iron compounds ex-
plains this system. Rasashastra classics mention that iron is a rejuvenator and it
stimulates the function of activities of all organs. It is reported to have haematinic
and cytoprotective properties as Lauha Bhasma and Mandura Bhasma (iron-ash). It
is reported to cure jaundice, colic, asthma, malabsorption, haemorrhoids, tubercu-
losis, polyuria, skin diseases and liver diseases [58].

3.5.5 Tin (Sn) (Vanga)

Tin named Vanga in Ayurveda has been known to Indian physicians since ancient
times. It has been categorized in Charaka Samhita in two varieties khuraka and mis-
hrika, out of which former has been accepted for therapeutic use [59]. The quantita-
tive analysis as reported for Vanga Bhasma [7] is a combination of stannic oxide
(91.4%), ferric oxide (2.9%), potassium (2.9%), calcium oxide (2%), aluminium (2%)
and magnesium (0.6%) oxides.

Formations of Vanga are reported to be beneficial for different diseases like
genitourinary tract. In Bhasma form, it is reported to be useful in the treatment of
obstructed urinary disorders including diabetes and premature ejaculation.

3.5.6 Lead (Nāga)

Lead has been mentioned for its therapeutic application in Ayurveda in two forms:
Naga Kumara and Naga Samala. Of the two kumara variety is acceptable for thera-
peutic use. Quantitatively, Naga Bhasma is a combination of lead oxide (75.6%),
ferric oxide (7.5%) with traces of calcium and magnesium chlorides and carbonates.
It has been reported to be useful for the treatment of menorrhagia, piles and urinary
disorders and diabetes. Mention of other forms or compounds including red lead,
litharge, lead sulphate also makes it amply clear that this metal has been used in
Ayurvedic system of medicine.
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3.5.7 Zinc (Yasada)

In Ayurvedic system, zinc or Yasada has been used as Yasada Bhasma to treat vari-
ety of diseases, particularly as anti-diabetic [60]. It has also been reported to have
anti-oxidant [61] properties.

Miscellaneous metals or metallic preparation with therapeutic potential in Ay-
urvedic system attract attention. However, this book is attempting to simply high-
light these metals/metalloids or preparation to provide possible exposure of this
branch in a more holistic view and does not advocate or criticize any system.

3.6 Metals in Tibetan Zuotai

An excellent review on chemical composition of metals in Bhasmas as well as Tibetan
Zuotai critically reports therapeutic effects vis-a-vis toxicity of Tibetan system of med-
icine [62]. Bhasmas are processed Ayurvedic medicines which are named Zuotai in
Tibetan medicines. It is known that minerals are processed alchemically as Bhasmas
in Ayurvedic medicines and Zuotai in Tibetan system of medicines. Herbo-metallic
medicines in India have long been used for their medicinal properties. In Ayurveda
metallic preparations mineral use contributes 8%, which includes Au, Ag, Cu, Fe, As,
Al, lime, lead and zinc, not to mention compounds of these metals.

Similar to Bhasmas in Ayurveda, Zuotai is a mixture of metal ash included in
Tibetan medicines [63]. The procedure to prepare Zuotai is similar to Ayurvedic
Bhasmas. This takes about 3–4 months of repeated treatment and incineration pro-
cedure based on animal and herbal products. As reported in the review, Zuotai con-
stitutes two ashes, viz. Nengchi Bakuang and Nengchi Bajin [64, 65]. The Nengchi
Bakuang contains chemical components from mica like SiO2, CaCO3, K2Ca(SO4)2,
H2O, KCl and also some metals like FeAS2, FeAs, Fe2As, Cu2S and AsFe, while the
other ash Nengchi Bajin comprises AuPb2, PbO, PbSO4, Ag2S, CuS, SiO2, CuO, FeS,
SnS, though the major component of metal such as Zuotai is metacinnabar (54%)
(β. Hgs.) [66].

3.7 Metals in traditional Chinese medicines

An excellent review on metals in traditional Chinese medicinal (TCM) materials [67]
forwards a very exhaustive analysis of application of metals in the system.

TCM system has become an important support to Chinese health system in re-
cent years. It is in a sense holistic natural medicinal system parallel to Ayurvedic
system of India. The TCM system is one of the most systematic traditional medicinal
systems. About 87% of raw materials in Chinese medicinal materials are derived from
plant parts. To name roots, rhizomes, tubers, stems, flowers, fruits or even whole
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plants constitute raw material or TCM material [68], and according to a survey by the
WHO about 60–80% of the world’s population uses traditional or alternative medi-
cines mainly from plants [69]. Although TCM material does not use metals directly as
in Ayurvedic or Zuotai, indirect metals in them have been found, and its toxicity or
advantage has been described in the literature. Thus, the present context of applica-
tion of metals in this system does not warrant much discussion. However, from the
point of medicinal application, the part has been included in the book.

3.8 How Bhasmas and Zuotai benefit

The beneficial effects of Bhasmas and Zuotai are explained on the basis of a phe-
nomenon called Hormesis. Hormesis is a term in toxicology referring to a biphasic
dose–response to an environmental agent characterized by a low-dose stimulation
or beneficial effect with a high-dose inhibitory effect. Merriam Webster defines
‘Hormesis’ as a theoretical phenomenon of dose–response relationship in which
something that creates a harmful biological effects at moderate-to-high doses can
produce beneficial effects at low doses. That derives the corollary that even toxic
heavy metals can be beneficial to humans at very low concentration showing activi-
ties along with its toxicity [70]. The Indo-Tibetan system of traditional medicines
claim that proficiency in the suggested longevity practices includes meditation, diet
and yoga. This enhances health effects. Even homeopathic medicines include met-
als. It is important to know that Bhasmas and Zuotai are used in addition to other
herbo-metallic mixtures in quite small amounts. Understandably, low doses of proc-
essed minerals partly fit into Hormesis theory.

A more generalized mechanism for traditional medicines is termed adaptation.
It is explained by imagining herbo-metallic mixture as a whole, and Herbogenomic
as a tool to identify the key molecular pathways after the administration of herbo-
metallic mixtures at various dose levels. It is said that these herbo-metallic prepara-
tion could enhance immune function, induce anti-oxidant pathways or even affect
drug processing genes in the same way as ‘programme the liver’ [72] for producing
beneficial effects. A summary of adaptation mechanism can be given to briefly un-
derstand the mentioned approaches:
(i) Many alternative medicines such as Ayurvedic [73] and Tibetan medicines [74]

probably activate NrF2-antioxidant pathways reducing oxidative stress as acti-
vation of Nrf2 is universal protective means to fight toxic stimuli [75]. Nrf2 is a
basic leucine zipper (b zip) protein that may regulate the expression of antioxi-
dant proteins that protects against oxidative damage caused due to injury and
inflammation.

(ii) Immunomodulatory and anti-inflammatory properties: It is reported that Ayur-
vedic Bhasmas [76] and Zuotai-containing Tibetan medicines [77] modulate the
immune functions in order to give beneficial effects.
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(iii) Modulation of metabolism:
It is reported that for common metabolic disorders like diabetes and hyperlipi-
daemia, Zn-based jasad Bhasma [78], gold-containing preparations Shadguna
Balijarita Makar dhwaja [79] and lead-based Naga Bhasma [80, 81] are effec-
tive, although effects of herbo-metallic recipes on metabolic processes are not
established yet.

(iv) Modulation of neurological function:
It is reported that Zuotai is effective in improving symptoms which are like de-
pression in chronic mild stress in mice. It increases 5-HT levels of the brain
[82]. Gold preparations restore stress-induced elevation in levels of brain cate-
cholamines and 5-HT and impart beneficial effects [83].

(v) Tissue repair and regeneration:
Gold nanoparticles have been reported [84] to enhance self-renewal and pluri-
potency for tissue regeneration. However, how Bhasmas and Zuotai containing
traditional medicines promote tissue repair is further a matter of research be-
fore it is established.

Traditional medicines follow a general philosophy that poisons can be used to at-
tack poison, It is expressed by results that under pathological conditions the effi-
cacy of herbo-metallic preparations overcomes their toxicity [85].

The description in former sections amply support the fact that in alternative
system of medicines, particularly Ayurveda, Tibetan medicines and Chinese system
there has been use and application of metal-, herbo-metal- and mineral-based
drugs. However, the field of research needs lot of focus and investigation, although
there is lot of research going on; yet it is an interesting branch which needs atten-
tion under the banner of ‘Holistic Medicinal Inorganic Chemistry’.
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Chapter 1
Introduction

Table 1.1 shows the relative distribution of the most important chemical elements in
lithosphere, atmosphere, hydrosphere and biosphere.

A living organism contains a wide variation of bioactive chemical elements, and
their compounds assist the organisms’ functions and help animals and plants live
healthy [1–7]. The most important chemicals are mostly compounds that consist of
combination of C, H and O atoms (organic compounds) with minor amounts of
other chemical elements (Table 1.2). Of the known more than 100 elements, about
28% occur in the biological flora and fauna. It has to be mentioned that approxi-
mately most of the chemical elements of all groups are represented in biological
materials though some of them are in trace amounts. The vital C in cooperation
with N, H and O (the so-called major elements) are the most important for natural
life, making up 96.3% of the weight of the body. The lasting 3.7% contain only
seven additional chemical elements (Table 1.2), which are in trace amounts in many
living organisms and can also be considered as essential for life. The group of
minor elements consist of calcium, phosphorus, potassium, sulphur, sodium, chlo-
rine and magnesium. In addition to these major and minor chemical elements,
there are numerous trace elements which are mandatory in very small quantities
(not >0.01%) usually participating in different components of biomolecules like

Table 1.1: Relative distribution of the most important chemical elements (%).

Еlement Lithosphere Atmosphere Hydrosphere Biosphere

O . . . .

Si .

Al .

H . . .

Ca .

Na . .

N . .

Ar .

Cl .

C .
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enzymes and are needed for their activity. The group of trace elements contain alu-
minium, arsenic, boron, bromine, chromium, cobalt, copper, fluorine, iron, manga-
nese, molybdenum, selenium, silicon, tin, vanadium and zinc.

Table 1.2: Abundance of elements in the human body.

Element (atomic symbol) Abundance (% wet weight)

Major chemical elements C, N, H, O
Total

.

Minor chemical elements Ca, P, K, S, Na, Cl, Mg
Total

.

Trace chemical elements Al, As, B, Br, Cr, Co, Cu, F, Fe,
Mn, Mo, Se, Si, Sn, V, Zn
Total

.

44 Chapter 1 Introduction

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 2
Main-group elements
Group IA

The elements located in group IA of the periodic table are called alkali metals (lithium,
sodium, potassium, rubidium, caesium and francium). Their physical properties are
common to those of other metals, except the densities. Their single electron in the outer
shell is loosely bound which determines their largest atomic radii, the lowest ionization
energy, the lowest electronegativity and the highest reactivity. The alkali metals form
compounds in which they have a constant oxidation state (+1) as univalent cations.

2.1 Hydrogen

Hydrogen belongs to group IA. Hydrogen and oxygen are the most essential living
elements. In combination they form water, which is about three-fifth of the human
body, thus making life possible [4]. Water liquifies the life-supportive compounds
and transfers them to cell fluids. Most of the vital bioreactions take place in water.
Hydrogen is visibly a crucial component of water. It forms hydrogen bonds, giving
water most of its exceptional features. Likewise, hydrogen binds to carbon forming
the construction of bodies. Stomach acid for digesting the food and absorbing the
other necessary elements for the survival is also composed of hydrogen and chlo-
rine. Numerous biochemical reactions which make life possible include H+ cation.

2.2 Lithium

Lithium has extensive usage as a healing agent in the treatment of depressive disor-
ders [6, 7]. This element also causes various symptoms connected with the nervous
system like psychosomatic retardation, as well as neuromuscular and cardiovascular
symptoms. In the body, lithium exists as Li+ cation. Its poisonous effects are probably
as a result of its resemblance to biologically essential sodium and potassium ions.
Lithium cation is a nervous system poison that causes also kidney damage [8].

Its prevalent occurrence in plants results in a widespread distribution in animal
organisms and human beings. Lithium inorganic salts are not extremely poisonous.
Numerous lithium activities are critical for the determination of its healing effec-
tiveness [9].

Lithium is predisposed to form carbon–metal bonds in organometallic com-
pounds with covalent properties. These organolithium compounds are moisture pen-
etrating and could undertake ignition in air conditions. Some of the most important

https://doi.org/10.1515/9781501516115-006
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organolithium compounds are ionic, such as methyllithium (LiCH3), ethyllithium
(LiC2H5), tert-butyllithium (LiC4H9) and phenyllithium (LiC6H5) [5–7]. Lithium also
produces a carbonyl (LiCOCOLi) with high toxic effects.

2.3 Sodium

Sodium exists in almost all foods. Sodium inorganic salts, predominantly NaCl,
occur everywhere in the biological environment. Sodium and potassium are essen-
tial bioelements that maintain a fixed balance in the cells. The biological effects are
mainly connected with the sodium cation. Sodium cations can substitute Ca2+ in bi-
omolecules and complexes. The smallest Na requirement is about 0.05% of the nu-
trition, equivalent to a necessity of 1–2 g of salt per day. Sodium content in tissues
varies, for instance, around 0.62% in blood and 0.1% in skin. Substantial amounts
of sodium can be lost by the skin sweating, and significant quantities are excreted
by the urine. The most important sodium salts for humans are chloride and carbon-
ate [4, 5]. Without Na, the cells cannot get the needed nutrients. This element per-
mits the body to keep the optimal blood chemistry and allows the normal contracts
of muscles and the regular nervous system functioning.

2.4 Potassium

Potassium is a very significant element to cells, and we could not survive without it.
Each organism has a closely preserved level of potassium and a moderately fixed K–Na
ratio. It is the main cation within the cells, whereas Na cation is the main constituent
of the extracellular liquids. Potassium, nitrogen and phosphorus are the most essential
elements in the plant realm, which are known as key plant nutrients. The content of
potassium in plants differs significantly, normally between 0.5% and 2%. The potas-
sium proportion between the content within the cells and that of extracellular plasma
is around 27:1. The K content in muscle tissues is about 0.3%, while in the blood serum
it is approximately 0.01–0.02%. The nutritional necessity is roughly 3.3 g per day. Su-
perfluous potassium can be excreted by the urine and by sweating [4, 5].

Sodium and potassium cations cross the cell membrane with the purpose of adjust-
ing the intracellular and extracellular concentrations. This transmembrane transporta-
tion is passive or active by the usage of the so-called Na+/K+ pump. The transport
occurs along ion membrane channels. The required energy for the transportation

Na+ inð Þ ! Na+ exð Þ
K+ exð Þ ! K+ inð Þ

is given by the ATP hydrolysis [5, 7].
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Organometallic compounds of sodium and potassium have less covalent carbon–
metal bonds than the equivalent lithium bonds and are more reactive. Organometallic
compounds of caesium and rubidium are rare, so their toxicologic implication is com-
paratively negligible [5, 7]. Consequently, only the toxicologic effects of Na+ and K+ com-
pounds are of interest. Na+ and K+ ions and their compounds are not poisonous at
standard biological levels. Their oxides and hydroxides are caustic and corrosive and
may damage the contact tissues. Oxides can be obtained by burning their organometallic
compounds, and the respective hydroxides can be produced by direct interaction of or-
ganometallic compounds with water:

C5H5 −Na+ + H2O ! C5H6 + NaOH

Sodium and potassium can produce also carbonyl compounds (with the formulas
NaCO and KCO), which are very reactive. By the decomposition of the carbonyl com-
pounds along with the respective oxides and hydroxides, the toxic CO can also be
obtained.

Alkoxide compounds of sodium and potassium M+–OR can be obtained by the
reaction

2CH3OH + 2Na ! 2Na+ −OCH3 + H2

The methoxide is extremely caustic, and in the interaction with water forms the
hydroxide:

K+ −OCH3 + H2O ! KOH + CH3OH

2.4 Potassium 47
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Chapter 3
Main-group elements
Group IIA

The chemical elements located in group IIA are called alkaline earth metals. Like
group IA elements, alkaline earth metals have typical metallic properties – low elec-
tron affinity and electronegativity. They have two valence electrons and consequently
smaller atomic and ionic radii. In their compounds, the alkaline earth metals are in
the form of bivalent cations.

3.1 Beryllium

The first member of the group ‘beryllium’ is remarkably poisonous. That is why the
contemporary usages of Be necessitate careful handling practices to avoid the contact.
This element has numerous poisonous effects, especially on the skin causing dermatitis
and conjunctivitis. Beryllium inhalation causes pneumonitis with inflammatory reac-
tions of the whole respiratory tract. Beryllium fluoride (BeF2) is mostly toxic [5–7].

The beryllium chemistry is different from that of alkali and alkaline earth metals
because of its smallest atomic and ionic radii. All this reproduces a high polarizing
ability; consequently, beryllium tends to form covalent but not ionic compounds, as
well as coordination complexes. The capability of Be to produce chelates can be used
in beryllium intoxication treatment [10].

3.2 Magnesium

Magnesium is essential for many different biological functions [4, 5], including
growth and formation of the muscles and bones. Mg stops heart syndromes and reg-
ulates the blood pressure. This element is used to help translate the food to energy
and absorb Ca and K. Magnesium improves and regulates the function of brain and
prevents depression conditions. It is also essential for controlling the insulin blood
levels. Taking extra magnesium is supportive in the treatment of some medical dis-
orders like acute heart or asthma attack. It is also used in treating many lung dis-
eases. This element has a vital role in the phosphate metabolism.

https://doi.org/10.1515/9781501516115-007
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3.3 Calcium

Calcium is a macronutrient. This element is very abundant in the body. Calcium is
significant for the construction of bones and teeth, for the muscle growth control
and for the brain impulses. It is important in maintaining the blood pressure and in
the blood clotting. It helps biomolecules digesting the food and making energy. In-
creased calcium consumption is needed for lowering the blood pressure, preventing
some heart diseases and treating arthritis [4, 5].

Slightly soluble compounds of calcium (carbonates, sulphates and phosphates)
can be incorporated into exoskeletons and endoskeletons, for example, calcium
phosphate (hydroxyapatite) and calcium carbonate (calcite).

Calcium is the main constituent of the bone tissues and is approximately 1.1 kg
in a normal human body. Around 10 g of this content is used for various organism
functions, involving the cell function regulation, muscle contraction function, blood
clotting function, as well as the enzyme regulation function. Ca2+ plays the role of a
cofactor in hydrolases and proteins resembling Zn2+. The exchange between the ex-
tracellular and intracellular amounts is realized by Ca-ATPases. Breakdown of Ca me-
tabolism results in the deposition of slightly water-soluble compounds such as
oxalate, phosphate and carbonate in the blood causing calcification.

The typical coordination numbers of Ca2+ in the complexes are 7 or 8, in contrast
with Mg2+, with a characteristic octahedral coordination. The preferred ligands are
H2O, carboxylate and carbonyl functional groups of biomolecules. Some examples are
Ca2+ protein – parvalbumin, myofibrils, calsequestrin, calmodulin and Ca-ATPases.

The organometallics of the 2A elements are analogous to that of group 1A. They
are typically ionic compounds. Beryllium, the first element of the group, behaves
like lithium with more covalent carbon–metal bonds. Beryllium organometallics
are extremely toxic. Dimethylberyllium decomposes and produces very poisonous
BeO fumes. The magnesium organometallic chemistry is of greatest importance in
the field of Grignard reagents, valuable in organic synthesis:

CH3I + Mg ! CH3Mg+ I−

Grignard reagents are toxic to the skin and pulmonary system when inhaled. They
interact quickly with water and O2. Solutions of CH3MgBr in ethyl-ether are mostly
dangerous. Mg(CH3)2 and Mg(C2H5)2 are very chemically reactive and hazardous.
Mg(C6H5)2 is less dangerous than the simplest compounds. Contrasting the caustic
group 1A oxides and hydroxides, Mg(OH)2 is a moderately nontoxic compound and
can be used in food additives [5–7]. Calcium, strontium and barium organometallic
compounds have mostly ionic nature and high reactivity to water and oxygen. Be-
cause of their relatively difficult synthesis, their toxicological effects are of limited
interest.

50 Chapter 3 Main-group elements

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.4 Role of the alkaline metals and alkaline earth metals

Biologically relevant are the group IA ions Na+ and K+, and the group IIA ions Mg2+

and Ca2+. Table 3.1 represents the amounts present and daily demand of the alka-
line and alkaline earth metals.

There are prominent differences in the intracellular and extracellular amounts of
the alkaline and alkaline earth metal cations. Table 3.2 reviews the intracellular
and extracellular quantities of the vital cations and anions [5–7].

For the biological functions, mentioned above, the charge density is of fundamental
significance. The charge density corresponds to the polarizing ability of the respective
ion. The charge density of Mg2+ is very high, that is why this ion produces stable coor-
dination compounds with N-donors, and the typical example is chlorophyll. Group IA
and IIA metal ions typically do not form stable complex compounds because these
ions are highly hydrated in water solutions, thus forming aqua-complexes [M(H2O)x]

n+.

Table 3.1: Amounts present and daily demand of the metals.

Na K Mg Ca

Amounts present in man (g/ kg weight)    ,

Daily demand (in g) .–. .–. .–. .–.

Table 3.2: Intracellular and extracellular concentrations of selected ions (mM).

K+ Na+ Ca+ Mg+ Cl‒ HCO
‒ HPO

‒ SO
‒

Intracellular in erythrocytes   . . ‒  

Intracellular value   .     .

Extracellular value   . .    
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Chapter 4
Main-group elements
Group IIIA

4.1 Boron

Boron is a micronutrient needed by the body. Minor quantities of B are required by
the bones. It has a vital role in the regulation of the brain functions. According to
the recent studies, small boron consumption causes reduced activity of the brain,
and affects the attention and memory. Boron is necessary in the metabolism of
other elements like Ca, Mg and P and for numerous physiological functions.

This element takes much consideration in the field of boron neutron capture
therapy [3]. The boron distribution, when used in the cancer treatment, has been
evaluated [11–14].

4.2 Aluminium

Aluminium was supposed to be unusable in the biological processes. Nowadays, it is
considered to be involved in some functions of enzymes in porphyrin synthesis, such
as dehydrogenase and d-amino-levulinate dehydrase. The exceeded amounts of this
element from drinking water and food can be toxic though it is comparatively benign.
Aluminium is used in some food additives. Recently, it was found that excess use of
aluminium is associated with Alzheimer’s disease. It is known that Al is partly more
poisonous to plants [4, 5].

4.3 Gallium

Gallium has a similar chemical character to that of Fe3+ which is due to the resem-
blance in the ionic radii, electronegativities, ionisation potentials and electron affini-
ties of these ions. Consequently, Ga3+ substances are anticipated to track the Fe3+

path in vivo and to occupy the Fe3+ centres in biological macromolecules. Subse-
quently, a minority of Ga(III) compounds passed in clinical tests [15]. The initial ac-
tive compounds with described antineoplastic activity are chloride GaCl3 and nitrate
Ga(NO3)3 for oral administration. Ga(III) nitrate affects cellular metabolism of iron
[16–21]. After the treatment with Ga(NO3)3, Ga affects the zinc metabolism [22, 23].
Furthermore, Ga(III) nitrate is potent against the hypercalcaemia caused by malig-
nancies, consequently the multiple myeloma patients can be treated with this com-
pound for bone reabsorption [24]. Despite the promising capability in lymphoma and

https://doi.org/10.1515/9781501516115-008
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cancer [25], the observed nephrotoxicity restricted the application of Ga(III) nitrate.
Some appropriate coordinating ligands, like 8-quinoline and 3-hydroxy-2-methyl-4H-
pyran-4-one (maltol), have been investigated to form hydrolysis-stable coordination
complexes with Ga3+ [26]. The orally administrated coordination compounds exhib-
ited higher biological availability in living species and improved antiproliferative ac-
tion in comparison to the respective inorganic salts [27–32].

4.4 Indium

There are some data about the usage of this element in vivo in positron emission to-
mography and in single-photon emission computed tomography for the diagnosis
and the monitoring of patients with therapeutic interventions [33]. Despite the fact
that 90Y-labelled DOTA-BM couples are applied in antitumour radiotherapy, 111In-
labelled DOTA-BM conjugates are frequently used as imaging agents in dosimetry de-
termination. The compound 111In-TA138 was reported as an imaging surrogate for
90Y-TA138 and precisely forecasted the radiation dosimetry of 90Y-TA138, which
has the capacity as a novel radiopharmaceutical medication for the solid tumour
therapy [34].
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Chapter 5
Carbon group elements

The carbon group consists of carbon, silicon, germanium, tin and lead. Excluding ger-
manium, all the other elements and their compounds are familiar. Carbon forms a
countless number of compounds in the nature. Silicon and its minerals are very abun-
dant and they are central constituents of the Earth. Tin and lead are common in our
daily life [4, 5].

5.1 Carbon

Carbon may be the most substantial element to life. The C atom is perfect to construct
the biomolecules [1]. This element is a constituent of the life macromolecules, such
as proteins, carbohydrates and lipids. Carbon in its elemental state is not toxic. It is
the main maker of energy, as a component of sugars and fats. Its oxide CO can be
readily absorbed and bound to the blood haemoglobin at very low concentrations,
and that is why it is very dangerous. Being an environmental poison, it is answerable
for a substantial number of intoxications. Its chronic effects of long-period exposure
consist of respiratory system and heart disorders. CO interacts with oxyhaemoglobin
to yield more stable carboxyhaemoglobin as given in the equation:

O2Hb + CO ! COHb + O2

The dioxide CO2 is a toxicant only in comparatively great amounts. Hydrogen cya-
nide (HCN) along with its derivatives are notably poisonous substances with the
fatal oral dose of 60–90 mg. Na2Fe(NO)(CN)5, administrated intravenously for con-
trolling hypertension, can hydrolyse to produce cyanide that causes cyanide intoxi-
cation. Cyanide ion inhibits enzymes connected to the oxidative phosphorylation
pathway [35, 36]. Carbon tetrachloride (CCl4) and other chloro-derivatives are dan-
gerous to the nervous system. Among hydrocarbons, the most poisonous are the
halogen derivatives that contain F, Cl, Br and I, as well as S, Se, Te, N, P, As, Pb
and Hg. Most of the organometallics are poisonous, while O-containing compounds
of hydrocarbons are typically non-toxic [4–7].

5.2 Silicon

Elemental Si and most of its compounds are not toxic. Inhalation of SiO2 dusts causes
a serious silicosis disease. Si is found in trace concentrations in the body. In small
quantities, it may be supplied in foods, though its functions and uses are not clear. Sili-
con is definitely a very common and abundant mineral. Its functions in growing and
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maintaining the bones and connective tissues are similar to that of calcium [4, 5]. It
was identified that Si decreases the efficiency of aluminium. It has been proposed that
silicon can postpone or stop Alzheimer’s disease; however there is no clear explana-
tion. Generally, it is rather easy to get abundant Si in a standard nutrition and its defi-
ciency is very rare.

Silicon, used in semiconductors, has arisen as a crucial element in the modern
industry, and that is why the toxicological characteristics of Si and its compounds
are of great concern. The compound of silicon that is perhaps the most toxic is silica
(SiO2) which occurs in various minerals, giving prospect for widespread human ex-
posure [5–7]. Asbestos designates a group of silicates with formula Mg3P(Si2O5)
(OH)4 with frequent usages. Asbestos inhalation hurts the lungs and causes a lung
cancer and other pathological conditions like asbestosis, mesothelioma and bron-
chogenic carcinoma. Asbestos lung cancer has a strong synergetic association with
the cigarette smoke exposure [37]. Compounds of hydrogen and silicon are named
silanes. The simplest compounds SiH4, SiH2Cl2, SiHCl3 and many organic silanes
and organosilicon compounds are very active, although not sufficiently known
about their toxic effects [38]. The most important effects of these compounds are
usually connected with the kidney damage nephrotoxicity. The silicon tetrahalides
(SiX4), where X = F, Cl, Br, I, are known to exist. Furthermore, many silicon halo-
hydrides (H4–XSiXX), have been obtained and used for the synthesis of organosilanes.

5.3 Germanium

The next member of the group is germanium. The toxicology of Ge and its inorganic
compounds is poorly determined. Ge is a typical trace element. Some authors trust
that it is very advantageous to health. Actually, Ge possesses numerous significant
medicinal assets. In the body, Ge interacts with oxygen making the body more ac-
tive at receiving oxygen to the body tissues. It also helps the body excrete harmful
toxins. Ge participates in some supplements for the treatment of arthritis, as well as
for the therapy of allergies, high cholesterol levels and blood pressure. It is also
considered as a possible anti-cancer agent. Germanium stimulates the immune system
in fighting cancer cells. The most important is that germanium is non-toxic and harm-
less to human cells, which is not a rule for other anti-cancer treatments. Studying of
new germanium chemotherapeutic anticancer agents is proceeding nowadays [1].

Corresponding to silicon, many organogermanium compounds, like tetramethyl-
germanium and tetraethylgermanium, are practiced in the semiconductor manufactur-
ing to formulate deposits of this element. One of these compounds, spirogermanium,
has been experienced for anti-neoplastic activity. Nevertheless, little is known about
the toxic effects of organogermanium substances, though spirogermanium is of interest
for anticancer chemotherapy because of its moderate toxicity.
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5.4 Tin

The metal ‘tin’ is thought to be non-toxic, not harmful and is used in tin containers
and in cooking tools. Organic compounds of tin, frequently used as biocides and
fungicides, are poisonous. No exact biological role for tin has been recognized.
Some authors suspect that very low amounts of this element are required for some
animal species, for instance rats. In fact, no specific functions of tin have been rec-
ognized. The effects of excess and deficiency in tin content have not yet been
proven [5].

Tin is known to have much more organometallics than all the other elements with
physiologically related spectrum of activity and other applications [3]. Tributyltin (TBT)
chloride and its derivatives with widespread usage have been reported to have anti-
fungal, bactericidal and insecticidal activity. Furthermore, other TBT substances consist
of naphthenate, hydroxide, bis(tributyltin) oxide and tris(tributylstannyl) phosphate
[5–7]. Novel organotin(+4) sulfonamide–imine complexes with bidentate N-donor li-
gands were examined on various bacterial and fungal strains, and they showed higher
activity than the conventional streptomycin [39]. Si(IV), Sn(IV) and Mn(II) organometal
complexes compounds with tridentate imine ligands were found active against a vari-
ety of pathogenic bacterial and fungal strains [40]. Silicon(IV) and tin(IV) organometal
complexes of 2-acetylfuransulfaguanidine have displayed insecticidal properties [41]. A
variety of biorganotin dicarboxylates were obtained and showed anti-cancer potential
[42]. Organotin(IV) ascorbates were found to demonstrate cardiovascular and anti-
inflammatory activities [43]. One more Ph3Sn(IV) thymidine derivative was re-
ported to display moderate cardiovascular and anti-inflammatory activities. Sn
(IV) organometal complex compounds with carboxylate ligand (Z)-3-(4-nitrophenyl)-2-
phenyl-2-propenoate showed biocidal activity [44]. The tris-derivatives exhibited better
activity than the biorganotin(IV) complexes [45]. Many series of organotin(IV) com-
plexes with different organic ligands (2-maleimidoacetic acids, 1,10-phenanthroline
and cephradine) displayed a range of activity against numerous bacteria and fungi
[46–48]. As a rule, in a series of organotin compounds of the type R3SnX, the observed
toxicity is very high and dependent on the nature of the ligand though human contact
to them does not cause many cases of intoxication [7].

5.5 Lead

Lead and its compounds are used in the production of metals just after Fe, Cu, Al
and Zn. Metals usually alloyed with Pb are Sb, Ca, Sn, Ag, etc. Lead can be ab-
sorbed by the body in numerous ways. It can be inhaled in dust, accepted by food,
etc. The soluble lead substances are poisonous and need special attention. The
symptoms of lead intoxication include diarrhoea, constipation, vomiting, nausea,
headache, dizziness and weakness. Removal of contact with Pb source is usually
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enough to affect a remedy. Low pollution from the usage of [Pb(C2H5)4] has received
growing consideration. Plants absorb lead from soils and traffic-induced [Pb(C2H5)4]
contamination [49]. Lead is a poisonous metal. Chronic lead toxic effects cause
anaemia, cancer diseases and hormonal imbalance [50–52]. The absorption of lead
is commonly by the respiratory system, especially from inhalation of lead oxides,
carbonates, phosphates, halides, and sulphates. The other main path of its absorp-
tion is the gastrointestinal system and it is supposed that Pb(+2) might have the
same mechanism of transportation as Ca(+2) [5–7]. Lead has a very fast transport to
the bone and is accumulated there after long-period exposure. Its half-life in bones
is around 20 years.

The most common lead biological effect is the inhibition of the haeme synthesis
and enzymes with sulphhydryl –SH groups, though, not so greatly as Cd or Hg. The
central and peripheral nervous systems are also harmfully affected by its exposure,
leading to neurodegeneration, neuropathy, etc.

Some effects of lead poisoning are changeable upon elimination of the lead ex-
posure source. Lead intoxication can be treated by using the so-called chelation
therapy with EDTA, a ligand which coordinates strongly to most of metal cations.
EDTA is administered in the form of Ca chelate in the lead intoxication therapy.

Organisms showed some natural protection against heavy metal intoxication.
For instance, higher concentration of Ca in drinking water lowers the bioavailability
of metals, especially that of Cd, Pb, Cu, Hg, Zn, and also the existence of chelates
disturbs the metal uptake. Additionally, sulphhydryl groups from the intracellular
metallothionein bind strongly to many heavy metals, predominantly Hg, Ag, Zn
and Sn. The most examined metal for its interaction with intracellular metallothio-
nein is Cd. Additional endogenous compounds excluding metallothionein may also
participate in diminishing the toxic effects of metals and excrete them like hepatic
glutathione.

5.6 Inorganic and organic lead compounds

Lead(II) inorganic compounds are principally ionic, whereas Pb(IV) compounds
have a tendency to covalent binding (Pb(C2H5)4). Lead(IV) substances, for example
PbO2, have strong oxidant properties. The basic lead salts, like Pb(OH)2 · 2PbCO3,
are the cause of substantial chronic intoxication. The toxic effects of organic lead
compounds are predominantly remarkable as a result of the widespread usage and
distribution of Pb(C2H5)4 [53]. There is also a possibility of biomethylation of lead,
and the same occurs by Hg. The toxicology of tetraethyllead was studied more
widely than the toxic effects of the other lead organic compounds. This substance
has a strong attraction to lipids and is highly poisonous by inhalation, absorption
through the skin and ingestion. Similar to other lead organic compounds, Pb(C2H5)4
has a strong affinity for nerve tissue and can be easily transferred to the human
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brain, thus reflecting on the nervous system. Retrieval from Pb(C2H5)4 intoxication
is disposed to be a very slow process. The toxicological activity of Pb(C2H5)4 is dis-
similar from the same of the other inorganic lead compounds. As a demonstration
of the mentioned difference, the therapy with chelate agents appears to be unsuc-
cessful for dealing with Pb(C2H5)4 toxic condition. The toxic effects of Pb(C2H5)4
seem to include its metabolic translation to its triethyl form [5–7].
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Chapter 6
Nitrogen group elements

Group VA consists of nitrogen, phosphorus, arsenic, antimony and bismuth. The
elements share some principal resemblances in their chemical behaviour. The pro-
portion of nitrogen and phosphorus in the human body is very high −2.4% and
0.9%, respectively. These two elements are typically non-metals; As and Sb are met-
alloids and Bi is a typical metal.

The nitrogen group elements display great variability in their properties. Nitrogen
is a gas at normal conditions. Phosphorus is present in various allotropic modifica-
tions, including white, red and black modifications with different stability. Arsenic oc-
curs mostly as a metallic solid substance, but under some conditions it may exist in
yellow solid form, which is more reactive. Antimony and bismuth are silver metals.

In cooperation with C, H, O and S, nitrogen and phosphorus represent the main
elements involved into the living systems. These two members of VA group can be
easily translated from the soil by means of plant growth, consequently they are
hugely significant constituents of the plant food, especially nitrogen and phospho-
ric oxide.

There are some nitrogen fertilizers containing may nitrates of Na or K, NH3,
NH4

+ salts and numerous organic compounds. Phosphorus is abounding predomi-
nantly in the form of inorganic phosphate. Arsenic, which is known for its toxic ef-
fects, is mostly beneficial in agriculture. Arsenic compounds assist in controlling
the damaging insects. The last two members of the group Sb and Bi are used mainly
in metallurgy for the production of alloys, because of their exceptional and neces-
sary properties to the obtained alloys.

6.1 Nitrogen

Nitrogen is an important component of the body, existing in protein molecules. This
element is plentiful in the atmosphere air and is taken from there by plants. The hu-
man’s supply is getting directly from vegetable or animal food. Most of the nitrogen-
organic compounds are biologically active. Nitrogen is an inert chemical element,
except when inhaled under high pressure, dissolving in the blood in high concen-
tration. These conditions allow the excess N to release through the lung [4, 5].

The so-called nitrogen fixation is a biogenic or no biogenic conversion of N2 into
its compounds. The biogenic process (60% of the overall N supply), performed by ni-
trogen-fixing bacteria (Azotobacter), cyano-bacteria (Anabaena) and by symbiotic
bacteria (Rhizobium), produces NH4

+ ions. Non-biogenic fixation, which occurs in tro-
posphere and stratosphere, accounts only 10% and includes the next reactions:
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N2 ! 2N

N + O2 ! NO + O ! NOx

6.2 Toxic inorganic nitrogen compounds

Ammonia is generally used in chemical synthesis processes. The evaporation of
NH3 in liquid state can cause cryopathy. Because of its skin corrosiveness, ammonia
can affect eye tissue. When breathed in, NH3 causes bronchioles. Due to its high
water solubility, ammonia can be easily absorbed by the upper respiratory system
tissues causing variations of lung diseases [5–7].

Hydrazine N2H4 is mainly hepatotoxic and causes growth of triglyceride com-
pounds in the liver. N2H4 induces hydrolytic reactions of glycogen, thus producing
glucose in excessive levels and causing hyperglycaemia. N2H4 also inhibits enzymes’
activity. The most serious toxicological result of N2H4 is its capability to cause meth-
ylation of DNA, which leads to cancer. In this context, N2H4 inhalation is connected
with lung cancer conditions.

Nitrogen monoxide can be formed under tropospheric and stratospheric condi-
tions and additional oxidation reactions to NO2 easily occur:

N2 ! 2N

N + O2 ! NO + O

2NO + O2 ! 2NO2

At additional concentration of O2 and H2O, HNO3 is produced, which is a constituent
of the so-called acidic rain:

2NO2 + H2O + 1=2O2 ! 2HNO3

Technologically, nitrogen monoxide is synthesized by transition of a mixture of
NH3 and O2 over Pt nets at high temperature, continued to nitric acid formation:

2NH3 + 2 1=2O2 ! 2NO + 3H2O

2NO + 1 1=2O2 + H2O ! 2HNO3

HNO3 is used for the production of NH4NO3 as a fertilizer.
NO is a pollutant from the automobile gases along with other constituents. It

can be quickly oxidized to nitrogen dioxide. Under the UV influence, nitrogen diox-
ide is split into nitrogen monoxide and O atoms with high oxidizing activity to al-
kane- to alkyl-hydroperoxides, and form O3 (the so-called summer smog):
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NO2 + hν ! NO + O

O + O2 ! O3

O + C2H6 + NO2· ! C2H5O2H + NO·
In stratosphere conditions, nitrogen monoxide catalyses O3 reduction:

NO + O3 ! NO2 + O2

NO2 + O ! NO + O2

O3 + O ! 2O2

Nitrogen monoxide is an important neurotransmitter in organisms [2]. Biological
synthesis of nitrogen monoxide is realized by oxidation of amino groups of argi-
nine, thus changing Arg through hydroxy arginine to citrulline [2].

Nitrogen monoxide blocks mitochondrial cytochromes through the coordina-
tion with Fe and therefore the O2 consumption in respiration.

Higher quantities of NO are poisonous, because nitrogen monoxide binds to Fe
and Cu cores of enzymes. Haemoglobin has affinity to NO which is much more ef-
fective than that of O2. Further NO poisonousness arises from NO nitrosylation of
amines, through the intermediate production of HNO2, thus forming cancer-causing
nitrosamines:

NO + H2O ! HNO2 + e− + H+

R2NH + HNO2 ! R2N−NO + H2O

Of the NOx constituents, nitrogen dioxide is normally considered as the more poi-
sonous, although all nitrogen oxides are highly toxic. Inhalation of nitrogen dioxide
causes serious lung conditions as pulmonary oedema and bronchiolitis fibrosa. The
biological action of nitrogen dioxide involves enzyme systems disturbance. NO2

possibly acts as a typical oxidizer similar to O3, including the production of free rad-
icals, mainly HO·. Similar to O3, nitrogen dioxide causes lipid peroxidation [5–7].

N2O, identified as laughing gas, can be used as an oxidant agent and in surgery as
a universal anaesthetic. It is regarded as a depressant of the central nervous system.

Nitrogen halides NnXx (X = F, Cl, Br, I) are considered as very poisonous com-
pounds, mostly as eyes and skin irritants. Direct contact to nitrogen halides is lim-
ited because of their chemical activity, which destroys the respective compound
before the possible exposure. NI3 is extensively and detonating.

Halogen azido compounds XN3 (X = F, Cl, Br, I) are enormously reactive and ex-
plosive. Their chemical interactions with H2O can yield poisonous fumes of the re-
spective halogen, HCl and nitrogen oxides.

Monochloramine and dichloramine are water disinfectants and are formed in the
drinking water purification for providing chlorine to afford long-lasting decontamination.
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Working as disinfectants, the chloramine compounds have some poisonous effects in-
hibiting acetylcholinesterase activity.

6.3 Phosphorus

The most abundant phosphorus is a solid. United with oxygen, phosphorus forms
phosphoric acid and phosphates. Phosphorus in the form of phosphates is the most
important constituent of bones and teeth. In some of its forms, phosphorus is a tox-
icant when taken in solid state or inhaled. The phosphorus compounds exist in
fats, bones and in many proteins [4, 5].

Since P can be found in nearly all food sources, a lack of this element is hardly
observed. Nevertheless, P deficiency can arise at taking some antacids for the treat-
ment of gastritis and reflux (Mg and Al phosphates). Phosphorus is significant in
maintaining the energy and blood sugar levels, which is why not getting sufficient
amount of P may affect the organisms energy level. The body should maintain a
strict balance between Mg, P and Ca.

In the body, phosphorus typically appears in the form of phosphates. In other
forms, this element can be very poisonous. White P affects the skin and it is dangerous
when ingested. Phosphine and its organic derivatives are the most poisonous phospho-
rus compounds. Some esters of H3PO4 were found to cause paralysis when ingested.

White phosphorus is a colourless waxy solid which is extremely toxic. It burns
in air to yield a P4O10:

P4 + 5O2 ! P4O10

This modification of phosphorus is absorbed in the body through inhalation, orally
and through the skin. The effects include anaemia, dysfunction of the gastrointesti-
nal system and bone breakability. Chronic intoxication occurs at the inhalation of
low amounts of white P leading to eye damages and musculoskeletal effects [5–7].

6.4 Inorganic phosphorus compounds

Phosphine, PH3, is a colourless gas which undergoes autoexplosion at 100 °C. PH3

is used in organophosphorus synthesis. It is a probable hazard in manufacturing
processes. PH3 gas is an irritant of the pulmonary system. Chronic effects include
hepatotoxic indications, nervous system irregularities and jaundice [5–7].

Arsine, AsH3, has many similarities with PH3. AsH3 is mainly produced by
chemical industry of the metal refining. This is a highly poisonous compound with
key effects on the red blood cells (haemolysis) [54]. Symptoms of this is the exis-
tence of haemoglobin in urine (haemoglobinurias). Acute symptoms of AsH3 intoxi-
cation include headache, nausea, anaemia and vomiting.
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Phosphorus pentoxide (P4O10) is usually produced by the burning of white P
and other phosphorus compounds is P4O10.

P4 + 5O2 ! P4O10

The white powder of P4O10 interacts with water to produce H3PO4:

P4O10 + 6H2O ! 4H3PO4

This dehydrating activity and acid formation makes P4O10 a very corrosive and dan-
gerous skin and eyes irritant.

P can form halides in both oxidation states, PX3 and PX5. The most stable and
typical of them are PF3 and PBr5. PCl5 is used in catalysis and in the synthesis of oxy-
chloride POCl3. Phosphorus halide compounds interact aggressively with water-
producing oxophosphorus acids and the corresponding hydrogen halide derivatives:

PCl5 + 4H2O ! H3PO4 + 5HCl

Because of the dehydrating activity and acid formation tendency, the halides of
phosphorus are very toxic strong skin and eyes irritants [5–7].

The oxyhalides of phosphorus POX3 can be fluoride, chloride and bromide.
POCl3 usages are comparable to those of PCl3, meaning, in organic and inorganic
synthesis. POCl3 interacts with water to produce HCl and H3PO3. This liquid sub-
stance gives toxic vapours, and it is a toxic strong skin and eyes irritant. Phospho-
rus oxychloride POCl3 can be metabolized to phosphorodichloridic acid, which
phosphorylates acetylcholinesterase [55].

6.5 Arsenic

In spite of arsenic’s toxic status, this element may really be essential for the health.
It is necessary for correct growth and reproduction. It is also supposed to be re-
quired for the nervous system functions. As it exists in food and water, which is
why human beings have arsenic and a deficit in humans has not been found [4, 5].

Arsenic trioxide As2O3 has been accepted by the Food and Drug Administration
as injection (Trisenox®) in the treatment of acute promyelocytic leukaemia with a
complete remission rate between 85% and 93%, when treated with As2O3. The drug
is under estimation for the therapy of chronic lymphocytic leukaemia, multiple mela-
nomas and different solid tumours like neuroblastoma gastric and cervical tumours.
The mechanism of action contains multiple pathways – angiogenesis inhibition,
stimulation of the cell differentiation, inhibition of the cell proliferation and apopto-
sis induction.

The anti-oncogenic activity of arsenic and As2O3 is supposed to involve combined
effects of dosages, distance between the acute and chronic exposure and active spe-
cies (arsenate, arsenite, alkyl derivatives of arsenic acid, etc.) [56–58]. It is suggested
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that chronic and acute arsenic intoxication may be reversible [59]. Over the centuries,
the well-known Fowler’s solution containing 1% KAsO2 was a common therapy for
chronic myelogenous leukaemia till the current radiation and progressive chemother-
apy succeeded.

The toxicological effects of As and its compounds differs broadly, starting from
the exceptionally toxic arsine and the organic derivatives towards the metal As,
which is comparatively not active [4, 5]. As mentioned above, arsenic substances
on the whole are irritants causing dermatitis.

Nevertheless, arsenic compounds have been used as pharmacological agents,
for instance anti-syphilitic agents, like Salvarsan, with a formula 3,3ʹ-diamino-4,4ʹ-
dihydroxyarsenobenzene dihydrochloride. Arsenic compounds were used to treat
amoebic dysentery and neurological trypanosomiasis, effective drug being organo-
arsenical Arsobal.

Inorganic arsenic compounds are known to be more toxic than its organic com-
pounds. As2O3 is the most common arsenic compound in air, whereas arsenates AsO4

3‒

or arsenites AsO2 are water and soil pollutants. Arsenic was described to be connected
with hypertension and cardiovascular impacts, diabetes mellitus effect, as well as he-
patic damage [60–67]. AsCl3 and the organic arsenic compounds are very harmful.

The arsenic chemistry is so wide-ranging that it is problematic to describe all of
the possible effects. Its typical oxidation states are +3 and +5. Usually, compounds
in +3 oxidation state (e.g. arsenite) are normally more poisonous. The transforma-
tion to As(V) is normally favoured and reduces its total hazard.

As per the biochemical studies, As acts a coagulant of proteins, producing complex
compounds with coenzymes, and inhibitor of the adenosine triphosphate production.
Like Cd and Hg, this element is a sulphur-seeking one. It shows chemical resemblances
to P and can substitute for P in some bioprocesses, for instance, the reaction of the
enzyme-catalysed 1,3-diphosphoglycerate synthesis from glyceraldehyde-3-phosphate.
When AsO3

3– is existing, it interacts with glyceraldehyde-3-phosphate to form a prod-
uct that hydrolyses, thus preventing the formation of ATP.

6.6 Organoarsenic compounds

Two main sources of organo-arsenic compounds are possible – industrial applica-
tion and biomethylation of inorganic As by different microorganisms. The reactions
below demonstrate the formation of organoarsenic substances by bacteria. In re-
ducing and acidic conditions, As(V) can be reduced to As(III):

H3AsO4 + 2H+ + 2e− ! H3AsO3 + H2O

By means of methylcobalamin action in bacteria, As(III) is methylated to methyl-,
and then to dimethyl arsinic acid:
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H3AsO4 ! H2 CH3ð ÞAsO3

H2 CH3ð ÞAsO3 ! H CH3ð Þ2AsO2

Dimethyl arsinic acid is further reduced to volatile dimethylarsine:

H CH3ð Þ2AsO2 + 4H+ + 4e− ! H CH3ð Þ2As + 2H2O

H2(CH3)AsO3 and H(CH3)2AsO2 acids are organo-arsenic compounds that are almost
certainly to be met in the atmosphere.

Although they have toxic effects, the organo-arsenic compounds have been the
first pharmacological agents in 1900s, which were used to treat sleeping sickness,
for instance sodium salt of 4-aminophenylarsinic acid (atoxyl). Some organoarsenic
compounds that are cytotoxic were found to have anti-neoplastic activity, for exam-
ple, 2-methylthio-4-(2ʹ-phenylarsenic acid)-aminopyrimidine, an agent active against
leukaemic and breast cancer cells. Roxarsone has a relatively high acute toxicity [68].

6.7 Antimony

Antimony and many of its chemical compounds are highly poisonous. Actually, the
usage of Sb substances in medicine was temporarily forbidden owing to the number
of fatal cases they had caused. A hydrated Na antimonyl tartrate, the so-called tartar
emetic, is presently used due to its expectorant, diaphoretic and emetic properties.
The maximal acceptable concentration of this element in air is near the same as for
As [4, 5].

6.8 Bismuth

There are some reports on the pharmacological activity of bismuth. 213Bi-DOTA-
biotin displayed a healing effect, even though its low therapeutic index [69]. Some
triaryl-bismuth(V) compounds of di(N-p-toluenesulphonyl)aminoacetates have ex-
posed cytotoxic activity to some tumour cell lines (HL-60, PC-3MIE8, BGC-823 and
MDA-MB-435) at low concentrations [70]. Some Bi(III) complexes of thiosemicarba-
zone have demonstrated selectivity and effective antibacterial activity against some
grampositive bacteria [71]. Indication has appeared that the treatment by colloidal Bi
subcitrate is connected with the decrease in bacterial growth and a parallel reduction
in gastritis in vivo [72]. Herceptin has been radiolabelled with In-111 and Bi-213 and
showed high effectiveness without any compromising immunoreactivity [73].
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Chapter 7
Oxygen group elements

Group VIA or the group of chalcogens contain oxygen, sulphur, selenium, tellurium
and polonium chemical elements. Oxygen is the fourth element in abundance after
H, He and Ne in the universe.

Oxygen is very essential to life and to all the living organisms, taken up by ani-
mal organisms, which translate it to CO2 and the plants sequentially use CO2 return-
ing O2 to the atmosphere. Oxygen reacts with all the other elements forming different
compounds and many of these processes go together with the heat and light release.
The combination of O2 with carbohydrates, fats and proteins in the body produces
very slow combustion, giving heat and energy. The main supply of O2 comes from the
air, nonetheless it is accompanied by the food and water intake [4, 5].

7.1 Oxygen

It is obvious that without O2, plants and animals cannot survive. Water, formed by
H2 and O2, is extremely important for living bodies. Actually, over 50% of human
bodies contain water, which dissolves life-supportive constituents and transfers
them to cell fluids. Consequently, O2 is a multipurpose element and most important
matter to life [4, 5].

Molecular O2 is crucial for the life processes of the aerobic organisms, though the
exposure to extreme O2 levels can lead to poisonous responses [5–7]. Even at stan-
dard O2 levels, some poisons can cause toxical lesions. The oxidation process of the
nutrient glucose is represented by the equation:

C6H12O6 + 6O2 ! 6CO2 + 6H2O + energy

In this process, molecular O2 is the oxidizer and reduces to –2 oxidation state in H2O.
The reduction process of O2 is multi-stepped, where active intermediates are yielded
which can strongly damage the cell membranes lipids, DNA in the nuclei and proteins.
At normal conditions, these reactive oxidant species (ROS) participate in further reac-
tions or can be scavenged by antioxidants or by some enzymes action. Though, at ex-
cessive contact to oxidants and toxicants, damaging levels of ROS can be obtained.
The metabolic translation of O2 to oxygen in the O–2 in H2O can be regarded as the
sequential addition of e– and H+ cations to O2. The first step is adding of e– to O2 to
yield reactive superoxide ion O2·–:

O2 + e− ! O2· −
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In the formula, the dot signifies an unpaired electron. Species that contain unpaired
electrons are extremely reactive free radicals. Further, the addition of H+ to super-
oxide ion O2·– produces new reactive radical, hydroperoxyl radical HO2·:

O2· − + H+ ! HO2·
Additional e– and H+ may interact with the hydroperoxyl radical HO2·, a process
corresponding to the production of hydrogen peroxide:

HO2· + e− + H+ ! H2O2

H2O2 is produced from O2·– by the action of the enzyme superoxide dismutase. The
enzyme catalase acts on H2O2 to form O2 and H2O. H2O2 may also be removed by the
action of the enzyme glutathione peroxidase, creating the glutathione oxidized form.
In the presence of suitable metal ion catalysts, H2O2 may undergo the Haber–Weiss
reaction:

O2· − + H2O2 + Fe2+ ! Fe3+ + O2 + OH− + HO·
and the Fenton reaction:

H2O2 + Fe2+ ! Fe3+ + OH− + HO·
to form hydroxyl radical HO·.

Superoxide O2·–, hydroperoxyl HO2· and hydroxyl HO· radicals accompanied
by H2O2 affect tissues and DNA. The respective damage is denoted as oxidative le-
sions. Some toxic agents have the capability to endorse the formation of ROS and to
oxidative stress condition, when the nucleic acids, lipids and proteins are damaged
by ROS. Additional very harmful effect of ROS is lipid peroxidation. In this process,
polyunsaturated fatty acids of lipids are affected and oxidized, a negative effect to
lipid-rich cell membranes.

Superoxide O2·–, hydroxyl HO· radicals and H2O2 are recognized as prooxidants,
while the compounds that neutralize these effects are named antioxidants. Oxidative
stress arises when the balance between prooxidant and antioxidant effects becomes
much favourable to the prooxidants. The prooxidants effects can be deactivated by
the direct interaction with small antioxidant molecules, involving glutathione, ascor-
bate and tocopherols. Additionally, ROS may be scavenged from the living systems
by some enzymes, involving superoxide dismutase, peroxidase and catalase. Perhaps
the most significant antioxidant is glutathione, which interacts with ROS to produce
H2O and the glutathione oxidized form [5–7].
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7.2 Ozone

The strong oxidizing form of O2 is ozone O3. Ozone is the most dangerous pollutant
due to its existence in the contaminated atmosphere. The interactions for the O3

production are given below. The photochemical reaction accountable for the O3

presence takes place in the stratosphere when O2 absorbs UV radiation:

O2 + hν ! O + O

The O atoms obtained by the dissociation process of O2 interact with O2 molecules
to yield ozone O3:

O + O2 + M ! O3 + M

where M can be N2 molecule, which absorbs excess energy.
The obtained ozone causes the increase of temperature in the stratosphere. O3

assists as an important filter to eliminate the dangerous ultraviolet radiation which
causes skin cancer and other conditions in living creatures.

Ozone can cause pulmonary oedema. It irritates the eyes and the respiratory
system. That is why the main toxicological problem with ozone includes the lungs.

Contact to O3 rises the activity of enzymes responsible for the free-radical-
scavenging activity in the lung, symptomatic of ozone’s capability to generate ROS
and oxidative stress. Similar to NO2, ozone can be included in lipid peroxidation or
reactions with –SH groups. Ozone seems to have contrary immunologic effects.
Antioxidants and substances containing sulphhydryl groups can defend the living
organisms [5–7].

7.3 Sulphur

Sulphur is a significant element which helps construct the human body. Sulphur
protects the cells from pollution hazards and radiation. Accordingly, sulphur sup-
ports the liver functions, the digestive processes and so on. Sulphur is also impera-
tive for blood clotting. In addition, sulphur is a part of insulin and vitamin B1.

In the nature, sulphur occurs in its free state as well as combined with other
constituents. Sulphur exists under normal conditions as an yellow non-metallic
solid substance which is not soluble in water. It interacts with all the metals except
Au and Pt, producing sulphides. Sulphur can form compounds also with some non-
metallic elements. Sulphur is chemically inactive and harmless, nonetheless some
of its compounds are very toxic.
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7.4 Inorganic compounds of sulphur

Sulphur is a constituent of some of the most poisonous compounds. Its elemental
form S8, has low toxic activity, though chronic inhalation of S8 can irritate the mem-
branes of mucous.

Hydrogen sulphide H2S is produced in large amounts as a by-product of coal
and petroleum industry. In the nature it can be released from volcanoes. Hydrogen
sulphide is a main source of elemental sulphur by the reaction:

2H2S + SO2 ! 2H2O + 3S

Hydrogen sulphide is a very poisonous compound, like hydrogen cyanide, the toxi-
cological effects of which are greatly similar. Corresponding to cyanide, H2S inhibits
the cytochrome oxidase responsible for the respiration processes. Hydrogen sulphide
disturbs the central nervous system, causing dizziness, headache and excitement [5–7].
Sulphide can also cause limited toxic effects at contact, such as pulmonary oedema,
conjunctivitis and so on. There are many results of chronic H2S intoxication.

Hydrogen sulphide acts by methylation with thiol-S-methyl transferase. The
products are methanethiol HSCH3, dimethylsulphide H2CSCH3 which are quite poi-
sonous. H2CSCH3 is the main instable sulphur compound released from oceans and
produced by the anaerobic marine microorganisms action. Bacteria produce large
amounts of hydrogen sulphide and HSCH3.

It has been suggested that the mucous colon membranes have some enzymes that
translate hydrogen sulphide and HSCH3 to harmless thiosulphate S2O3

2– [74]. The ni-
trite-induced formation of blood methaemoglobin was used effectively to treat hydro-
gen sulphide intoxication. Identical to cyanide, hydrogen sulphide bonds to Fe(III) in
methaemoglobin so that it is not accessible for cytochrome oxidase inhibition [75].

Sulphur dioxide SO2, which is a common intermediate in the sulphuric acid
production, is an air toxin formed by the pyrite combustion and naturally bound
sulphur in fuel oil, as depicted by the next reactions:

4FeS2 + 11O2 ! 2Fe2O3 + 8SO2

S organicð Þ+ O2 ! SO2

Sulphur dioxide is basically responsible for the acidic rain. It is a skin, eyes, mu-
cous membranes irritant and affects the respiratory system. it has a good water sol-
ubility and can be removed in the respiratory system [76]. Dissolved in water,
sulphur dioxide produces sulphurous acid (H2SO3), hydrogen sulphite ion (HSO3

–)
and sulphite ion (SO3

2–). The salt sodium sulphite (Na2SO3) was used as a food pre-
servative [77].

Sulphuric acid participates in the production of phosphate fertilizer, and a
wide assortment of important chemical compounds. Nowadays, H2SO4 is a main
participant in acid precipitation, so it the strongest irritant taking place in acid
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polluted air. Most of the contaminant sulphur that develops sulphuric acid is pro-
duced to atmosphere in the form of SO2. Sulphur dioxide emissions go together
with metals, like V, Fe and Mn which catalyse the SO2 oxidation to sulphuric acid:

SO2 + 1=2O2 + H2O ! H2SO4

H2SO4 is a corrosive toxicant in the concentrated solutions. It easily penetrates skin
and causes necrosis. H2SO4 fumes are eyes, lung and respiratory tract irritants. The
effect of sulphuric acid is almost synergistic with sulphur dioxide.

Carbon disulphide (CS2) is a toxic substance. The contact of skin with carbon
disulphide causes skin conditions. The strongest toxic effects of CS2 are connected
with the central and peripheral nervous systems [78].

7.5 Selenium

Selenium is a very rare element, sporadically found in uncombined state, associated
with natural sulphur or in amalgamation with Cu, Hg, Pb, Ag in some mineral com-
pounds. Selenium compounds are poisonous to animals and plants. In spite of its sta-
tus as a toxicant, this heavy metal is essentially very significant for human health. Se
is a central part of a biomolecule that defends blood cells from harmful chemical
compounds. In cooperation with vitamin E, Se helps the immune system in produc-
ing antibodies. Se is required to make the body tissues elastic [4, 5]. As with almost
all the other elements, it is not difficult to take sufficient Se from a well-balanced nu-
trition. Superfluous quantity of Se is observed as prooxidant and is poisonous for all
living species. The mechanism of action the Se toxicology is not precisely recognized.
It is usually connected with oxidative stress mode of action [79].

A shortage of this element was connected to the leukaemia arthritis develop-
ment and other diseases. Investigators have observed that the lower the quantity of
Se in the blood, the higher the hazard of developing cancer. Actually, some scien-
tists believe Se is an influential anticancer agent [80]. It has been suggested that
Se, through the seleno-proteins, may be beneficial in stopping cancers connected
with chronic inflammation processes and infections [81–83].

7.6 Organoselenium compounds

Dimethyl selenide ((CH3)2Se), dimethyl-diselenide ((CH3)2Se2) and dimethyl selenone
((CH3)2SeO2) can be formed by some organisms which convert inorganic Se to di-
methyl selenide. Some fungi are particularly proficient at this bioprocess of methyla-
tion. The biotranslation of Se(+2) and Se(+6) to dimethyl selenide and dimethyl
diselenide happens in animals. Additional organoSe compound obtained by bacteria
is dimethyl selenone. The synthetic inorganic compounds of selenium are relatively
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poisonous, attaching the protein SH-groups, like As. On the whole, organic selenium
compounds are observed as not as much poisonous in contrast of the inorganic ones.

7.7 Tellurium

The silvery-white element tellurium has chemical properties midway between the
metal and non-metal properties. Comparable to Se, it cannot be found in uncom-
bined state. It exists in the nature usually with Cu, Pb, Ag and Au, and can be ob-
tained primarily as a by-product of the purifying of Cu and Pb. Inorganic tellurium
is used in some specific alloy products. Because of its rareness in geosphere, the
biomethylation of tellurium is questionable to be a main ecological problem. As a
whole, the toxicity of Te substances is fewer than the same of its Se analogues. Or-
ganocompounds of Se and Te are of substantial ecological and toxicologic position.
Organic compounds of selenium and tellurium can be obtained synthetically or by
some microorganisms.

7.8 Polonium

Polonium is a tremendously rare radioactive chemical element which can be ob-
served in some uranium minerals. As a basis of α-radiation, polonium has been
used in some scientific experiments.
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Chapter 8
Halogen elements

The members of the halogen elements group VIIA are fluorine, chlorine, bromine,
iodine and astatine. Owing to their excessive activity, the free states of these ele-
ments are not observed in the nature. They are mostly found in combined forms.
They demonstrate similarities regarding their chemical properties.

Iodine shortage is a serious health problem with a common symptom like the ab-
normal growth of the thyroid gland [4, 5]. Elemental iodine is a lethal toxicant if
taken in large concentrations. Iodide salts are comparable in toxic activity to bromide
salts. All the halogens are poisonous. F2 and Cl2 are highly corrosive and very harm-
ful to the unprotected tissue. The elements are usually toxicologically comparable to
their compounds.

8.1 Fluorine

Fluorine F2 can be obtained from CaF2 by delivering HF with H2SO4 and after the
electrolysis of HF with KF in a mixture of the ratio 4:1:

2HF meltedKFð Þ ! H2 at cathodeð Þ + F2 at anodeð Þ
Of the halogens, F2 is the most active and electronegative. In its chemical com-
pounds, its constant oxidation state is –1. This element has many manufacturing
usages. Numerous organic fluorine compounds, like chlorofluorocarbons, are used
as refrigerant agents and organo-fluorine polymeric compounds, for instance, Teflon.
Because of its high chemical activity, F2 is very poisonous. It seriously affects the
skin and mucous membranes of the nose and eyes.

This element is existing in low amounts in the body, in the form of bones and
teeth fluorides. In its elemental form, it is a typical toxicant. Fluoride salts play a
role in stopping tooth decay. Molecular F2 is very reactive and has no biological
role, but the F atom is combined in some bioactive compounds [4, 5]. F2 contrasts
from the other members of the group. Fluorine is added to toothpastes for its capa-
bility to contest cavities. Fluorides are responsible for making bones strong [1].

8.2 Chlorine

Chlorine is the best known of the halogen elements. Elemental chlorine Cl2 can be
obtained industrially for many usages, for example the manufacture of organo-
chlorine solvents and for the disinfection of water. Chlorine is known as a toxic gas.
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It has strong oxidant properties and interacts with H2O to yield a strong oxidizing
solution:

Cl2 + H2O $ HCl+HOCl

Cl2 + H2O $ 2HCl+ Of g
where HOCl is hypochlorous acid with high oxidant properties and {O} is a nascent
(freshly generated) oxygen.

Cl2 is normally combined in the food with Na or K, making chlorides. NaCl is
important to life. Throughout the body, Cl2 is found in blood and fluids inside the
cells. Accompanied by Na and K, chlorine transmits the electrical charges in the
body fluids which permits nerve cells and muscles to work properly. Chlorine acts
with Na and K in regulating the fluid amounts and pH in the bodies. Reasonably,
Cl2 is very significant in permitting the living organisms to digest the food and ab-
sorb the vital elements. Extreme sickness leads to a deficit of Cl2 in the body. This
can dangerously misbalance the physiological values of pH in the body [1].

8.3 Bromine

Bromine (Br2) can be prepared from elemental Cl2 and soluble bromides:

Cl2 + 2Br− ! 2Cl− +Br2

The main usage of Br2 is for the synthesis of organo-bromine compounds like 1,1-
dibromoethane [5–7]. Bromine inhalation or ingestion is poisonous. Corresponding
to F2 and Cl2, it is a respiratory tract and eyes irritant because it affects the mucous
membranes. Pulmonary oedema may be caused from Br2 intoxication [5–7].

Bromine is not so required for the health, which is why no deficits have been
identified and reported. Br2 is supposed to be important in red algae and it was found
in mollusc pigments [4, 5].

8.4 Iodine

Iodine I2 is a solid crystal substance with a metallic presence. It is much more irritat-
ing than Br2 and Cl2, with similar effects. Contact to I2 is restricted by the low vapour
pressure, compared to Br2 and Cl2 [5–7].

Iodine is needed by existing organisms. Iodine is most popular for its antiseptic
properties. This element keeps and regulates thyroid gland functions. Most of the I2
in the bodies is kept in this organ. Its key role in life biology is as components of
the thyroid hormones – thyroxine and triiodothyronine. Iodized salt is fortified with
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iodine. Iodide ions have antioxidant functions because of the reducing properties
and the ability to detoxify ROS like H2O2 [1].

8.5 Compounds

Hydrogen halides (HX, X = F, Cl, Br, I) are comparatively poisonous.
Hydrogen fluoride (HF) can form destructive fumes at atmosphere. HF in water

solution, named hydrofluoric acid, must be kept in plastic containers because it in-
teracts with glass, producing SiF4. Hydrofluoric acid is extremely irritative to con-
tact tissues. The poisonous character of fluoride ions is not limited to their presence
in hydrofluoric acid. These ions are poisonous in all the soluble fluorides, like NaF.
At small levels, fluorides prevent tooth decay but at extreme levels, fluoride ions
cause fluorosis condition [84].

Hydrogen chloride (HCl) has the utmost significant toxicology [5–7]. The water
solution of HCl is called hydrochloric acid. In a concentrated solution (36% HCl) this
acid is a main manufacturing chemical compound. Hydrogen chloride is not approxi-
mately as toxic as its analogue HF, though inhalation causes larynx spasms, pulmo-
nary oedema and so on. Its vapour is disposed to dehydrate eyes and respiratory
tract tissues. Hydrochloric acid is an ordinary physiological fluid in the form of a di-
lute stomach’s solution.

Hydrogen bromide and hydrogen iodide are both typical skin and eye irritants
and are dangerous for the respiratory and oral mucous membranes.

The interhalogen compounds are halogen compounds between themselves and
in in some cases with oxygen. Some of them are important in the field of toxicology.

F2 is a satisfactorily strong oxidant agent to oxidize Cl2, Br2 and I2, whereas Cl2
can oxidize Br2 and I2. The obtained compounds are named interhalogen ones.
They exhibit dangerous chemical activity, reacting with water to produce hydro-
halic acids and {O}. They are active oxidizers for organic materials. These properties
give influence on their toxicity. They are predisposed to be strong corrosive irritants
for the tissues. In some cases, the toxicity of these interhalogens resembles the poi-
sonous properties of the respective elemental forms. The by-products of their chem-
ical interactions like HF pose additional toxic hazards.

The oxides of the halogen elements are also unstable and chemically active.
The most significant of these oxides is chlorine dioxide, used as a water disinfec-
tant. Scientific surveys have suggested that chlorine dioxide and its metabolite
ClO2

– lead to the formation of methaemoglobin, cause reduction of the glucose-6-
phosphate dehydrogenase activity and glutathione peroxidase activity, cause de-
creased levels of the antioxidant glutathione and increased levels of H2O2, and
cause interruption of the red blood cells releasing haemoglobin (haemolysis) [85].
All these effects can suggest an overall haemotoxicity of ClO2. Generally, the oxides
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of the halogens are highly active poisonous substances and their toxic effects and
hazard features are analogous to the same of the interhalogen compounds.

The halogen elements form some oxoacids and the corresponding salts. The
most significant are hypochlorous acid (HOCl) and hypochlorite salts:

Cl2 + H2O $ HCl + HOCl

HOCl and hypochlorite salts are used for disinfection purposes. They form active
nascent {O}, and the subsequent oxidizing reaction is responsible for the toxic ef-
fects of HOCl and hypochlorite salts as eye, skin and mucous tissue irritants.

HClO ! H+ + Cl−+ Of g
Perchlorates are the most oxidized salts of the chloro-oxoacids. Though they are
not so poisonous, NH4ClO4 should be noticed as a prevailing oxidizer and active
chemical compound. The toxicologic risk of perchlorates depends on the cations.
As a whole, these salts must be regarded as typical skin irritants. Perchlorate ion
(ClO4

–) competes biologically with I–. This can happen in the iodide uptake by the
thyroid, directing to the thyroid hormones’ biosynthesis. As a consequence, ClO4

–

can cause indications of iodine deficit.

8.6 Astatine

The long preservation of astatine may be beneficial for radionuclidic therapy [86].
Another study described the synthesis of astatine organic compounds resultant
from 211At and 3-astatobenzoic acid [87]. α-Emitting radionuclides 212Bi and 211At
have been used in the anticancer therapy [88] and stable mononido-carboranyl de-
rivatives have been synthesized as 211At conjugates that can forward the excretion
over the renal system [89].

78 Chapter 8 Halogen elements

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 9
Metals in biological systems

Metal ions are essential for the maintenance of life and have substantial role in bio-
logical systems [1]. The alkali metal ions regulate the osmotic pressure in cells, and
alkaline earth metals take a structural role in bones (Table 9.1) [90].

Sodium and potassium cations with typical coordination number 6 give com-
plexes whose geometry is flexible and their preferred ligands are O-ether, hydroxyl
and carboxylate. These complexes play a role in charge carrier, osmotic balance and
nerve impulses.

Transition metal ions having constant oxidation states like Mg2+, Ca2+, Zn2+ and
Mn2+ function in different ways depending on their coordination numbers, pre-
ferred ligands and structural geometry. Magnesium and calcium cations with typi-
cal coordination number 6 give complexes whose geometry is typically octahedral
and their preferred ligands are O-carboxylate, carbonyl and phosphate. These com-
plexes play a role in phosphate transfer and trigger reactions. Zinc has a typical co-
ordination number 4 and its complexes have a tetrahedral geometry with many
biological ligands, such as O-carboxylate, carbonyl, S-thiolate and N-imidazole. Zn2+

undergoes very fast ligand exchange, helping its role in enzyme processes. It is also
totally resistant to redox changes in the values of living potentials. Manganese has a
typical coordination number 6 and its complexes have octahedral and tetragonal ge-
ometries with many biological ligands, such as O-carboxylate, phosphate and N-
imidazole. Manganese is a vital element in numerous enzymes. Its role appears to be
important in the redox reactions in view of its different oxidation states +2, +3 and +4.

d-Elements that possess various oxidation states are good electron carriers – Fe2+

and Fe3+ function in nitrogen fixation in nitrogenases, electron transfer in oxidases, as
well as in the oxygen transport – namely, Fe2+ and Fe3+ in haemoglobin and myoglobin
or Cu+ in haemocyanin.

Transition metals, such as Cu2+, Co2+, Ni2+ and Mo4+ are connected with enzyme
catalysis, for example superoxide dismutase or nitrogenase [91, 92].

9.1 Metal toxicity and homeostasis

Although many metal ions and their compounds are required for the survival of organ-
isms, all of them may be poisonous if taken in large doses [1]. It is difficult to define
which element is toxic. Some elements are toxic in their elemental state like white
phosphorus, chlorine and mercury. Others such as C, N and O are harmless in their
elemental forms. All of the elements can produce poisonous compounds except for
group 8A gases which are not chemically active. Hydrogen cyanide (HCN) is an ex-
tremely toxic compound although hydrogen, carbon and nitrogen are non-toxic [5–7].
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Many metals and metalloids, even those considered as essential, are poisonous
to organisms if present in excess. On account of human activities, their concentra-
tions have been largely increased, thus disturbing important biochemical pro-
cesses, which is a threat for the plant and animals’ health. Superfluous intake of
metal ions gives uncontrolled actions; for example, oxidative damage, chronic in-
flammatory disease and cancer [4, 5]. For health maintenance, considerable re-
search and advance efforts are being applied. Redox-active metals with multiple
oxidation states such as Cu+/Cu2+ and Fe2+/Fe3+ are attributed to the oxidative
stress. Nevertheless, outside free radicals, metals and their ions can also affect nor-
mal cells because of different interactions with biomolecules. Some elements like
Pb and Hg and their compounds seem to be extremely toxic at negligible dosage
levels [1], forming long-lasting compounds with organic species and accumulating in
the body. Toxic elements and compounds like ethyl mercury compounds (CH3Hg

+)
and tetraethyl lead (Pb(C2H5)4) remain a great problem in countries. The radioactive
elements used to screen many diseases and to kill tumours are very important, but
on the other hand, radioactivity creates mutations causing leukaemia and additional
types of malignancies.

Many non-biological metals have typical toxic effects: aluminium is connected
with Alzheimer’s disease interacting with phosphates and cross-links proteins; cad-
mium is associated with renal toxicity blocking sulphhydryl groups in enzymes;
mercury in the form of its lipid-soluble compounds damages the central nervous
system; lead damages the peripheral nervous system, disturbs haeme synthesis and
affects kidneys by replacing Ca2+ and Zn2+.

Animals together with humans get exposed to the poisonous substances through
the respiratory tract, the skin and the digestive tract. After entering the body, the metal
may be transported to the gastrointestinal tract. Food is the main source of metals.
That is why the nutritional influence for poisonous metal intake was widely investi-
gated [4, 5].

Free ions of chemical elements are easily ionized and can be absorbed entirely
by the organisms. Transition metal ions produce stable covalent complex compounds
and typically interact as fragments of biomolecules such as enzymes, proteins and
hormones. The behaviour of metal ions depends on their chemical interactions and
oxidation states. The active ion directly combines with water molecules or anions to
form inorganic compounds. Consequently, there is a minor possibility that the ion
would interact with biological molecules to cause cytotoxic effects and other impacts.
Such metals usually form complexes with amino acids, proteins, etc. The reactive
forms of toxic metals are different. While all forms of Cd are toxic and need consider-
ation, the organic compounds of Pb are poisonous and can be absorbed easily. On
the other hand, inorganic arsenate substances of As(V) or As(III) are more toxic.

Elements and their compounds connected with living systems follow homeo-
static norms. By homeostasis, biological systems tend to maintain stability and con-
ditions that are optimal for survival. Interactions between deficits and extremes of
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chemical elements and their compounds affect homeostasis and cause diseases.
The processes of homeostasis are complex within systems. There are also many il-
lustrations of chemical elements and their compounds subject to medicinal thera-
peutic or diagnostic purposes which have been the theme of much recent research.
Table 9.1 summarizes some of these purposes.

Table 9.1: Chemical elements and their compounds subject to medicinal therapeutic or diagnostic
purposes.

Element Product name Active compound Medicinal usage

Li Camcolit LiCO Manic depression

N Laughing gas NO (nitrous oxide) Anaesthetic

F SnF Tooth protectant

Mg Magnesia MgO Antacid, laxative

Fe Fe(II) fumarate, succinate

Co Cobalamin S Coenzyme vitamin B Dietary iron supplement

Zn Calamine ZnO Dietary vitamin supplement

Zn Zn undecanoate

Br NaBr

Tc Technescan PYP mTc-pyrophosphate Skin ointment
Anti-fungal (athlete’s foot)

Sb Triostam NaSb(V) gluconate Sedative
Bone scanning

I I

Ba Baridol BaSO Anti-leishmanial

Gd MagnevistTM [Gd(III)(DTPA)(HO)]
- (anti-protozoal)

Pt Cisplatin, platinol cis-Platinum, cis-DDP Anti-infective, disinfectant

Pt Carboplatin [Pt(NH)(CBDCA)] X-ray contrast medium
MRI contrast agent

Au Auranofin Au(I)(PEt) (acetylthioglucose) Anti-cancer agent

Bi De-Nol K[Bi(III)(citrate)] Anti-arthritic
Antacid, anti-ulcer
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Chapter 10
Transition elements

The transition elements include the important 56 metals of the 107 known elements
in the periodic table. They have similarity of the electronic configurations, atomic
structures and chemical properties depending on their partially filled d orbitals [1–5].
Precisely, they form groups IIIB, IVB, VB, VIB, VIIB, VIIIB, IB and IIB of the periodic
table. Most of the transition elements are presented below.

Among them, chromium, manganese, iron, cobalt, copper, zinc, magnesium, mo-
lybdenum and nickel are called essential trace elements. There is a predisposition for
metals to give complex compounds with functional groups possessing donor properties
except group lA and 2A metals. Usually, covalent chemical bonds are designed be-
tween the coordination ion and ligands, and the respective complexes can have a net
charge, the so-called complex ions. In many cases, the organic bioligand can have two
or more functional groups with electron-donor properties that may bond to the cation
at the same time to form different complexes. The respective ligand is termed as a che-
lating agent.

In the organometallic compounds, the metal ion is bonded directly to carbon in
the organic molecule. Unlike typical metal coordination complexes, which dissoci-
ate reversibly, in the organometallic substances, the respective organic parts are
not generally stable. The neutral organometallic compounds have a tendency to
have lipid solubility and this allows the facile mobility across biomembranes. Meth-
ylation is a normal process accountable for the mobility of the elements. Typical
elements with methylated forms are Co, Hg, Si, P, S, Ge, As, Se, Sn, Sb, Pb and hal-
ogens [5–7]. Metal ions most commonly bond with amino acids in biomolecules.
The donor functional groups most accessible for metal binding are amino-, carbox-
ylic- and thiol (sulphhydryl) groups. The thiol group is a typical weak acid and is
unionized until H+ is displaced by the respective metal ions (–SH↔ –S– + H+). Met-
als tend to accumulate in the respective target organs – the kidneys and liver,
which are frequently affected by metal intoxication. Because of the prevalent oppor-
tunity for contact and their high poisonousness, some metals are principally well
known for their poisonous effects [1–7].

10.1 Copper

Copper takes the third position after Fe and Zn. There are numerous copper proteins
and enzymes throughout the living world isolated in both plants and animals [4, 5] like
cytochrome oxidase; tyrosinases catalyse the formation of melanin. Many of these mac-
romolecules are oxygen carriers in the bright blue blood organisms. Actually, there are
analogous Fe and Cu compounds with diverse structures and functions. Copper is
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important for many of the body functions – being a main constituent of the oxygen
carriers of blood cells, it supports in protecting cells from toxic chemicals. It is also im-
portant for keeping elastic and flexible vessels and skin. Up-to-date research is focused
into additional properties of Cu that disturb human health – anti-cancer properties and
its influence to the heart disease, as well as its immunomodulating properties.

10.2 Copper-based anti-cancer agents

The usage of copper for cancer treatment dates back to early 1980 with the report by
Petering [93] on the activity of copper thiosemicarbazones. More recent work has in-
volved the use of copper complexes of carboxamidrazones [94] and carboxylates [95].
Carboxamidrazones are interesting because they have similar structures to the thiosemi-
carbazones which were the primary copper complexes to be reported for anti-neoplastic
activity. Both classes of copper complexes have been explored by Padhye et al. The
carboxamidrazone chemistry involves the use of ligands 2-acetylpyridine-pyridine-2-
carboxamidrazone (appc) and 2-acetylthiophene-pyridine-2-carboxamidrazone (atpc).
These ligands are readily synthesized by refluxing pyridine-2-carboamidrazide with ex-
cess 2-acetyl pyridine or 2-acetyl thiophene, respectively, in EtOH. The copper com-
plexes of these ligands were also readily synthesized by adding equimolar amounts of
appc or atpc and CuCl2 dihydrate to methanol and refluxing for 1 h. The products pre-
cipitated out of solution as dark green crystalline material. The molecular structures
are [Cu(appc)Cl2] and [Cu(atpc)Cl2]. The anti-proliferative action of these copper com-
plexes was experienced in vitro against murine melanoma B16F10 cells to determine if
the different aryl substituents had any major effect on activity. Surprisingly, the pyri-
dine complex is almost two times more active than the thiophene complex suggesting
that the aryl substituent may play a role in increasing anti-cancer activity. The copper
carboxylate chemistry involves the use of 5-amino-1-tolylimidazole-4-carboxylic
acid, which can readily be obtained by the alkaline hydrolysis of ethyl-5-amino-1-
tolylimidazole-4-carboxylate. The copper complex was then synthesized by reacting
two equivalents of 5-amino-1-tolylimidazole-4-carboxylic acid with one equivalent of
copper nitrate in methanol at pH 7. The product precipitates as the pure green solid.
The anti-proliferative activity of this complex was also experienced against B16F10
cells and compared to the activity of the carboxylic acid ligand and copper nitrate
alone. The complex is more active than either the ligand or copper nitrate alone [2].

There has been some recent work done trying to elucidate the mechanism of
action of copper intracellularly. Zou and Somasundaram have explored reactive ox-
ygen species (ROS) formation and DNA damage leading to p53 upregulation, respec-
tively [96, 97]. It is believed that ROS can induce oxidative stress in cells and this
leads to initiation of apoptosis [98]. These ROS are believed to induce apoptosis by
interacting with intracellular macromolecules, by attacking the cell membrane, and
causing DNA strand breaks. The data obtained indicates that increased levels of
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copper in the cell, known as copper overload, become quite toxic and lead to the
production of ROS which causes a decrease in glutathione activity, cellular redox
state changes and DNA damage, leading to cell death. It has been found that the
tumour suppressor p53 gets activated in cells under stress especially when DNA
damage occurs [99].

A review article [100] described the copper homeostasis path that can facilitate
resistance to platinum-based anti-cancer medicines. There are studies which pro-
vided suggestion for a straight reaction between cisplatin and the protein hCtr1,
and establishment that cisplatin and Cu have diverse significances on this process
[101]. Investigating the Cu(II) complexes of actinomycin D led to the assumption
that Cu(II) might contribute to the drug-induced poisonous effects [102]. Cu(II) com-
plexes of kanamycin A have been tested on human A549 cells [103]. A Cu(II) coordina-
tion compound of the ligands 1,10-phenanthroline and L-threonine showed potent
cytotoxic capacity against HL-60 and SGC-7901 cancer cells with 90% inhibition [104].
Cu(II) complexes with diethylenetriamine Schiff bases have been experienced against
tumour cells and bacteria and revealed promising effects [105]. Ni(II), Cu(II) and Zn(II)
coordination compounds of tris-amino-functionalized 1,3,5-triaminocyclohexane and
meso-(4-aminophenyl)triphenylporphyrin have displayed dissimilar levels of cytotoxic-
ity to cancer cell lines [106–107]. Copper complexes of carboxymethyl-L-methionine-N9
-8-quinolylamide exhibited anti-leukaemia effects [108]. Along with the anti-cancer
properties of copper(II) complexes, their antibacterial and anti-fungal activities have
been proven by many authors. Copper(II) thiabendazole salts showed potent anti-
fungal and cytotoxic activities [109]. Dimeric copper complexes of the pyridoxalthiose-
micarbazone derivatives have been established in vitro on several tumour cells [110].
Cu(II) complexes of N(4)-substituted derivatives of thiosemicarbazones and polypyrid-
yls were found to have substantial activity against some bacteria [111]. Cu(II) and Ni(II)
complexes of 1,3-bis(thiosemicarbazonato) and pyrazoline proligands have been tested
in vitro for their cell growth inhibitory effect and apoptosis induction on U937 cell line
[112, 113]. Copper(II) complex compounds of Indomethacin [IndoH] showed importantly
condensed gastrointestinal toxic effects and the complexes were found less poisonous
than the corresponding Zn–Indo complexes [114]. Structural description of Zn(II) and
Cu(II) coordination compounds of clioquinol (8-hydroxyquinoline derivative) with ac-
tivity in the treatment of Alzheimer’s disease was carried out [115, 116]. The effects of
copper complexes of iso- and thio-nicotinate were experienced on several bacteria and
fungi and showed good activity [117]. Copper(II) complexes of tetraazacyclotetradecane
derivatives have shown good antibacterial activity [118]. Co(II), Cu(II), Ni(II) and Zn(II)
complexes of bis-(1,1ʹ-disubstituted ferrocenyl) carbohydrazone or thiocarbohydrazone
ligands have been tested for their antibacterial and anti-fungal activities, which have
been improved because of the coordination with the metals [119]. Anti-fungal and anti-
bacterial activities were reported for Cu(II) coordination compounds with N,N,N′,N″,
N″-pentamethyl diethylenetriamine (PMDT) and polypyridine ligands [120]. 64Cu-
labeled macromolecular complexes with bi-functional chelators, have been reported
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as another possibility for labelling Cu radionuclides to biomolecules in radiotherapy
[121]. Copper(II) complexes with tetraazamacrocyclic organic ligands and tetradecane
were found optimum candidates in the field of radiopharmacy [122].

10.3 Iron

Iron is known to have numerous functions in the living organisms. Certain biomole-
cules in human brain are connected with the iron concentrations. Iron is significant
as an immunomodulating agent. There are some definite types of iron macromole-
cules, for instance ferritin, haemoglobin and ferredoxins. Iron is an important part of
haemoglobin – the fragment of blood that carries oxygen. The haemoglobin molecule
transports O2 to the muscles’ tissues, transferring to myoglobin. An oxygen molecule
covalently bonds to each of the four iron atoms in a haemoglobin molecule. CO is
extremely poisonous to mammals because the carbonyl bonds very powerfully to Fe
of the haemoglobin, stopping it from carrying O2 molecules. Plants and bacteria use a
group of sulphur structures with Fe(III), ferredoxins, which act as excellent electron
transfer agents. Iron deficiency anaemia is the most common dietary disease [1].

Iron plays a central role in biological events due to its general availability and its
specific chemical and biological properties: ease of modification between the +II and
+III oxidation states; formation of hexaaqua cations in water – Brønsted acids; pre-
disposition to form oligomers and polymers; easy transformation between low- and
high-spin states; flexibility of the coordination numbers and coordination geometry.

Iron participates in vital biological functions [5–7], and consequently the defi-
ciency of iron can be a significant target for growing of cancer. It has been observed
that iron restriction by the dietary supplement evidently decreases tumour growth.

Iron typically exists in the ferric form when taken up with the food, and conse-
quently goes to the gastrointestinal tract as Fe(III). In the small intestines, this ferric
form of iron is transformed to the ferrous form ‘Fe(II)’. Iron can be absorbed only in
this oxidation state by the mucosal epithelium cells. For transmission to the blood,
re-oxidation of Fe2+ → Fe3+ is needed.

10.4 Iron-based anti-cancer agents

There were a variety of descriptions on the anti-cancer activity of iron-chelated metal
complexes [123–126]. Ferricenium picrate and trichloroacetate were the first two iron
compounds exhibiting anti-tumour activity against some tumour cells [5–7]. The
mechanism is through the inter-translation between non-active ferrocene(II) form
and active ferrocenium(III) form of ions in hypoxic tumour cell lines.

Recent work in the field of anti-cancer activity of iron complex compounds has
been explored by Richardson [127] and Kawakami [128]. The activity of iron complexes
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is believed to involve either in vivo redox chemistry or the targeting of superoxide dis-
mutase (SOD). The work done by Richardson et al. involves the chelation of Fe(II) and
Fe(III) to 2-benzoyl and 3-nitrobenzoylpyridine thiosemicarbazones where the iron
atom is wedged between two ligands. The iron thiosemicarbazone metal compounds
were all obtained by adding one equivalent of the appropriate ligand and Et3N to EtOH
followed by the addition of 0.5 equivalents of Fe(ClO4)2 or Fe(ClO4)3. The reactions
were refluxed under nitrogen for 30 min and upon cooling the green products precipi-
tated. The anti-cancer action of the iron complexes was in vitro experienced against
SK-N-MC neuroepithelioma cell line. The cell lines were incubated with the respective
coordination complex for 72 h and the IC50 concentrations are reported. All of the iron
complexes were extremely active. The iron complex that was explored by Kawakami
involves the complexation of Fe(III) to the porphyrin. This metal porphyrin complex
was readily synthesized. The Fe(III) porphyrin complexes and cisplatin were tested
in vitro against the A549, MKN28, MCF7, SW948, HeLa and PC9 cell lines. Impressively,
the iron complex was more effective than cisplatin against every cell line except the
breast cancer cell line. Though iron has been revealed to kill cancer cell lines in vitro,
its use as an anti-cancer drug would appear not to be of utmost importance. This is
due to the idea that many cancers require elevated levels of iron [129]. It is believed
that iron not only enhances tumour growth but also plays a major role as an initiator
to tumorigenesis. It has been shown in mice that a diet high in iron increases colon
cancer tumorigenesis [130]. Therefore, it is believed that iron chelators may be better
candidates as anti-cancer drugs than iron complexes. A review article describes iron
oxide nanoparticles as contrast agents because of the exceptional spatial resolution
and the capability to track labelled cells during continued time [131]. Functionalized
iron oxide nanoparticles, possessing superparamagnetic properties, also presented
benefits for intracellular imaging with negligible perturbation [132]. Some chelate li-
gands including 2,3-dihydroxypyridonate and 2,3-dihydroxyterephthalamide parts for
Fe3+ have been investigated as contrast agents in MRI medicine [133]. Fe(III) ions pro-
duce a low-spin complex with the anti-tumour agent ‘bleomycin’whose cytotoxic activ-
ity depended on the capability to cleave DNA [134, 135]. The more stable Co(III)
compound HOO–Co(III)bleomycin was also considered as a chemical referent of Fe(III)
complex of bleomycin [136].

10.5 Vanadium

Vanadium plays a vital role in some marine organisms as well as in human health.
It is included in helping the organisms translate the food into energy. It was pro-
posed that vanadium stabilizes blood sugar levels in diabetics. Vanadium is corre-
spondingly supposed to help the formation of bones and teeth. This element is used
in the treatment of diabetes, high cholesterol, low blood sugar, tuberculosis, heart
and other diseases. No definite indications of deficiency have been recognized.
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Some investigations have revealed that vanadium might reduce the tumour growth
and offer anti-cancer protection. Its exact role in human health is still unknown,
and more research is needed for its determination [4, 5].

Vanadium exists in different oxidation states and among them +5 is the most
abundant. The toxicity of vanadium increases with its valence state. Even when this
element exists in +4 or +5 oxidation states (as it is at physiological conditions), it can
still act in the form of cations or anions such as VO4

3–, HVO4
2– and H2VO4

–. The inor-
ganic compound V2O5 is the most toxic of the vanadium compounds. Usually, the
pulmonary system suffers from vanadium toxic activity [5–7]. The most common
pathological effects of contact with vanadium are bronchitis, bronchial pneumonia,
skin and eye irritation. The kidneys, gastrointestinal tract and nervous system can
also be affected. It was detected that vanadium possesses similar to insulin effects on
the key insulin-targeted organs such as muscles and liver. It has been reported that
organically chelated forms of vanadium are more active in treating the symptoms of
diabetes and they are less poisonous than inorganic forms of this element [137, 138].

10.6 Vanadium-based diabetes drugs

The similar to insulin effects of some vanadium salts, peroxovanadium(V) and coor-
dination vanadium compounds have been reported in the literature. These vana-
dium compounds could lower blood sugars from high to normal levels. They also
possess capability to reduce cholesterol levels and blood pressure in human studies
with low doses. The anti-diabetic properties are reported on animal organisms or
humans with either insulin-dependent diabetes mellitus (IDDM, type I or DM I) or
non-insulin-dependent diabetes (NIDDM, type II). It has been proved that vanadium
compounds seem to improve the effects of insulin in organisms with NIDDM, reduc-
ing the levels of glucose, lipids and cholesterol. Vanadium substances have also
been revealed to be beneficial in patients with IDDM, where they improve sensitiv-
ity to insulin. Oral therapies currently exist for diabetic treatment; however, these
medications do not mimic insulin signalling. Vanadyl(IV) and Zn(II) ions and the
respective coordination compounds have been observed to be useful in the treat-
ment of diabetes in animals and in humans. The compounds consist of dioxo-(semi-
carbazone)vanadium(V) complexes cis-VO2L which were experienced as possible
insulin-mimetic agents [139]. For testing of insulin-mimetic activity, the enzymes
phosphotyrosine phosphatases (PTPase) and tyrosine kinases were proven to par-
ticipate in the binding of insulin receptors. The same were found to be sensitive to
stimulation and inhibition of vanadium and are known as markers [1].

Mainly, V(IV) and V(V) complex compounds were tested as insulin mimetics in the
form of inorganic salts or coordination complexes with organic ligands. The vanadyl
ion, VO2+, has been administered as vanadyl sulphate (VOSO4). This inorganic vana-
dium salt has been the focus of clinical tests although it can have gastrointestinal side
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effects. Bidentate chelating compound obtained by interaction of maltol with VOSO4 to
produce bis(maltolato) oxovanadium(IV), abbreviated BMOV, has been obtained to im-
prove solubility effects, capability for insulin-mimetic action and eventual oral admin-
istration [140]. The structure of BMOV is square-pyramidal for the central V(IV) ion
having one unpaired electron [141]. Comparison of investigation between inorganic va-
nadium compounds and vanadium complexes with organic ligands has been reported
[142]. Inorganic and organic compounds VOSO4 and BMOV interact with HSA and
apoHTf, producing different V-protein complexes. Bis(acetylacetonate)oxovanadium
(IV) complexes VO(acac)2, VO(Et-acac)2 and VO(Me-acac)2 have been reported to have
continuing in vivo insulin-mimetic activity in commonly studied animal model strepto-
zotocin-induced Wistar rats [143]. The above-mentioned vanadium complexes with or-
ganic ligands, VO(acac)2, VO(Et-acac)2 and BMOV, have been compared to VOSO4 in
oral treatment. All the complexes produced a quicker and greater reduction in glycae-
mia, with VO(acac)2 being the most effective [144].

Peroxovanadates were experienced for their insulin-mimetic activity and re-
vealed to stimulate insulin receptor tyrosinase kinase (IRTK or IRK) and to inhibit
the activity of PTPase [145]. These V(V) compounds were found to be effective inhib-
itors of PTPases. Even though peroxovanadates in the solid state are stable, they
are instable in water solution. Since the oral treatment is not probable, the substan-
ces were used intravenously [146, 147]. The heptacoordinate V(V) compound potas-
sium oxodiperoxo(1,10-phenanthroline) vanadate(V) trihydrate, [bpV(phen)]–, was
described [148]. A monoperoxovanadate(V) complex, oxoperoxopicolinatovana-
dium(V) dihydrate [mpV(pic)], was reported to realize a reduction in glucose in
STZ-diabetic rats by intraperitoneal or subcutaneous treatment [149].

Some vanadium(III) coordination compounds were estimated for possible insulin-
mimetic properties [150]. Typically, these complexes undergo fast oxidation to IV and
V oxidation states at pH > 3. In this study, coordination compounds with maltol (ma),
ethyl maltol, kojic acid and other organic ligands were experienced for their stability in
hydrolysis and oxidation–reduction reactions. The maltol complex V(ma)3 was ob-
served to be stable in hydrolysis and oxidation reactions. Its behaviour was comparable
to that observed for BMOV with a formula VO(ma)2. Thus, V(III) complexes can be simi-
lar to V(IV) concerning the insulin-enhancing ability.

Vanadium possesses important medicinal properties [151–154]. It has been re-
ported to inhibit the terminal differentiation of murine erythroleukaemia and after
integration in diet it decreases the possibility of chemically induced mammary carci-
noma. In addition to this activity, vanadium has been revealed to reduce the growth
of human prostate cancer cells and to decrease bone and liver cancer in animals.
These extensive properties on tumour and diabetes suggest that this element is ex-
pected to come under more examination for possible health benefits and toxic activ-
ity. Not all of vanadium’s properties are optimistic. Vanadium is involved in blocking
of enzymes like ribonucleases, mutases, kinases and synthases, and this action has
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negative consequences [1]. A recent study investigated the cytotoxic effects of vana-
dium compounds, [VO(acac)2] and vanadate [155]. Vanadium coordination complexes
have also been developed as effective anti-cancer agents [156, 157]. The most capable
multi-targeted vanadium compound with anti-cancer activity between some bis
(cyclopentadienyl)vanadium(IV) and oxidovanadium(IV) compounds is bis(4,7-
dimethyl-1,10-phenanthroline)sulphatooxidovanadium(IV) (metvan) [158–160]. At
nano- and micro-molar concentrations, metvan induces apoptosis in human leukae-
mia and myeloma cells, as well as solid tumour cells resulting from ovarian, breast,
testicular and prostate cancers. It is extremely active against cisplatin-resistant testic-
ular and ovarian cancer cells. Metvan-induced apoptosis is connected with a loss of
mitochondrial trans-membrane potential, the ROS production and reduction of gluta-
thione [161]. Metvan exhibits substantial anti-neoplastic activity, delays tumour
growth and extends survival time. The broad-spectrum anti-neoplastic activity of
metvan together with the lack of toxicity permits further progress of this compound
as a potent anti-neoplastic agent as an alternative to Pt-based anti-cancer compounds
[162, 163].

10.7 Manganese

Manganese is a very important element involved in many processes in the body. Like
the other transition metals, the living role of Mn appears to be as a typical redox
agent, changing between its +2 and +4 oxidation states.

Manganese is a vital element in numerous enzymes of plants and animals. It also
helps activate many enzymes in metabolism, regulates the immune system and blood
sugar levels, and is connected with the reproduction of cells. Manganese is also signifi-
cant for bone development. Moreover, it acts with vitamin K to regulate blood clotting.
Manganese complements vitamins B to help control the stress effects [4, 5]. It is sup-
posed that not receiving sufficient doses can cause reduced bone construction, and af-
fect the fertility and the blood clotting ability. There is a relation between reduced
manganese intake and higher skin cancer levels. Humans can easily get adequate man-
ganese intake from a good composed diet [4, 5]. In mammals, manganese participates
in arginase, which converts N-containing wastes to urea. There is a set of plant en-
zymes – the phosphotransferases, which incorporate manganese.

Manganese is the coordination ion in SOD, and several cancer cells display lower
SOD2 concentrations [164, 165]. Manganese SOD (MnSOD; encoded by the SOD2 gene)
is the major ROS detoxifying enzyme of cells because of its localization to mitochon-
dria. It is a participant of mitochondrial Fe–Mn containing family of SODs [166, 167].
In human prostatic tumour cell lines, transformation of cDNA upregulates the SOD2
by sixfold, and this advancement is enough for tumour decrease. This property pro-
poses the SOD2 as a tumour suppressor gene. An effective mimic of SOD is the com-
pound Mn-salen (EUK-135) that displays effectiveness in the cell survival [168, 169].

90 Chapter 10 Transition elements

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



The usage of Mn compounds in photodynamic therapy has been reported in the liter-
ature. The tris(pyrazolyl)methane derivative [Mn(tpm)(CO)3](PF6) gets stimulated
after UV-light irradiation, and the CO groups are free in water buffer. The compound
shows photoinduced action in HT29 colon cancer cell line with an efficiency compa-
rable to 5-FU. This specific compound as well as some of its derivatives may be possi-
ble drugs with good specificity and efficacy [170].

The Mn(II) ion has numerous positive possessions that lead to its possible use
as an MRI contrast agent, especially its long electronic relaxation time, high spin
number and kinetic instability leading to strong water exchange. The existing posi-
tion of Mn(II)-enhanced MRI of the heart, suggesting that Mn(2+) uptake may be
understood in relation to the heart function, has been reported in a review article
[171]. Another research paper reported the estimation of new Mn(II)–EDTA deriva-
tives [172]. The manganese complexes of the type [Mn(N4MacLn)(NO3)2] (N4MacLn
is a tetra-azamacrocyclic ligand) and the respective ligands were tested in vitro
against numerous bacteria and fungi to evaluate their inhibiting activity [173].

10.8 Chromium

The transition metal chromium is an essential element in humans. It is a vital mineral
that appears to have a valuable role in the regulation of insulin action to stabilize
blood glucose levels. It helps the bodies captivate energy from the food and can help
rise muscle mass while decreasing fat mass in the body. Chromium helps heart muscle
cells absorb the necessary energy. Chromium is a component in many multivitamins
and supplements; nevertheless, the body absorbs Cr well from food [1]. A deficiency of
chromium(III) or an incapability to use chromium ions can cause diabetes.

In its chemical compounds, chromium is present in +2 ÷ +6 oxidation states,
but the most stable are +3 and +6. In acidic medium, Cr(III) is in the form of aqua
complex Cr(H2O)6

3+. At pH ≥ 4, Cr(III) has a strong predisposition to precipitate in
the form of hydroxide Cr(OH)3:

Cr H2Oð Þ63+ ! Cr OHð Þ3 + 3H+ + 3H2O

The main forms of Cr(VI) are chromate CrO4
2– (yellow) and dichromate Cr2O7

2– (orange)
in solution. The dichromate prevails in acidic medium. The equilibrium of the reaction
is forced to the left by high concentrations of H+:

Cr2O7
2− + H2O $ 2HCrO4

− $ 2H+ + 2CrO4
2−

Both CrO4
2– and Cr2O7

2– are strong oxidizing agents at low values of pH.
Chromium in +3 oxidation state is important for the metabolism of insulin, sugar

and lipids. Its deficiency gives indications of diabetes. Nevertheless, Cr is known as a
toxicant. While chromium in elemental state and Cr(III) ions are non-poisonous, Cr(VI)
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is toxic and cancer-causing [174]. Contact to hexavalent chromium typically includes
sodium chromate. The chromate salts are usually soluble in water solutions and thus
easily absorbed into the bloodstream.

Chromates have been known to be potent inducers of cancer in exposed workers.
Contact with atmospheric chromate may be a reason for bronchogenic carcinoma. In
the body, Cr(VI) can be easily reduced to Cr(III), as depicted in the equation, though
the reverse process is not possible in the body:

CrO4
2− + 8H+ + 3e− ! Cr3+ + 4H2O

The biological role of Cr(III) is connected with the regulation of the metabolism of
carbohydrates and lipids, although the respective mechanism of action is still un-
known [175]. There are some problems in defining the chromium essentialness:
firstly, chromium(III) is passive in reactions of substitution; secondly, its concentra-
tion is very small and it is difficult to find procedures for its determination [176].

The low-molecular-weight substance (LMWCr, also known as chromodulin),
containing chromium, is an oligopeptide that appears to transport chromium in the
body. Chromodulin improves the insulin properties and activates PTPases to some
extent and stimulates the action of IRTK [177–179]. Chromodulin exists in apo-form
in the nucleus of insulin-sensitive cells. Investigations of apo-chromodulin and sim-
ilar compounds of biologically active metals showed the importance of Cr(III).

A study reported that long-period contact to chromium can recover the sensitiv-
ity of insulin [180]. Substantial anti-diabetic activity of CrCl3 has been revealed by
in vivo trials [181]. It is known that Cr, Ni and Mn are main metal toxicants in weld-
ing gases and it has been shown that Cr(VI) and the ions of manganese seem more
poisonous by testing lung cell lines in vitro [182]. Investigations on the synthetic,
functional biomimetic trinuclear cation [Cr3O(O2CCH2CH3)6(H2O)3]

+ showed relation
between the insulin resistance and the cancer occurrence [183].

10.9 Cobalt

Cobalt is the metal at the core of the molecule of vitamin B-12 (cobalamin). This co-
enzyme has a crucial role in the nucleic acid metabolism and is needed to form the
red blood cells. A related molecule, methylcobalamin, is used by some anaerobic
bacteria to yield methane. Vitamin B-12 and vitamin C are water soluble and are es-
sential for the food digestion. Furthermore, vitamin B-12 prevents nerve damage
and is important for normal nerve functioning. A lack of vitamin B-12 can cause
anaemia, neuropathy and other neurological consequences. It can be stored in sub-
stantial amounts in the body, and that is why it is easy to get sufficiently of this
significant vitamin in the diet. Deficiencies of vitamin B-12 are usually rare in young
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people, but sporadically occur in adults especially in strict vegetarians because veg-
etables do not contain this significant vitamin [1].

Cobalt intoxication is not common. People can get cobalt intoxication by breath-
ing in too much cobalt, swallowing too much of it or having continued skin contact
with it. The extreme levels are damaging. Utmost cases of human contact to poison-
ous cobalt levels have been observed in workers occupied with solid cobalt alloys
and tungsten carbide, from which very fine alloy particles were breathed in. The side
effects of metal inhalation were observed on the lungs, characterized by pneumonia
and asthmatic reactions. Contact to cobalt is similarly probable through the food and
water [5–7].

Cobalt compounds were recognized for their perfect mimic of metalloenzymes.
Many cobalt compounds have been widely considered for the creation of anti-
tumour, hypoxic-selective and DNA-cleaving agents [184–191]. In solid tumours,
some cells are distant from the blood vessel; thus, it is problematic to influence
them by standard chemotherapeutic agents. The redox couple Co(II)–Co(III) can
offer selectivity in hypoxic cells. The ligands have important results on the activity
of these substances. [1,6-Bis(2-hydroxyphenyl)-3,4-diaryl-2,5-diazahexa-1,5-diene]
cobalt(II) coordination compounds were synthesized and experienced for in vitro
anti-tumour activity on different cancer cells [192]. A range of transition metal Cd
(II), Sn(II), Co(II), Fe(III) and Pb(II) complexes of Schiff bases were tested, and the
Cd(II) and Co(II) coordination compounds were observed to be very effective
against CEM-SS and HeLa cell lines [193]. The complex Co(salen) [where salen = N,
N-bis(salicylaldehyde)ethylenediimine] has been tested for anti-tumour activity,
and the structure–activity relationship was constructed on the ligands used at the
ethylenediamine moiety. Recent progress in this field counts the Co(III) complex of the
MMP inhibitor Marimastat as an anti-metastatic agent, which displays an advanced
level of tumour growing inhibition [194]. Another chemical group of cobalt substances
used in anti-cancer treatment are bi-nuclear carbonyl compounds of cobalt [195–196].
The most potent substance was Co-ASS – the complex of cobalt and carbonyl with as-
pirin which was found effective against some cancer cells, especially breast cancer
cells [197–198].

10.10 Nickel

Of the period of 3d transition metals, nickel’s biochemistry is the most unclear. This
element is a micronutrient important for many vital functions increasing the hormonal
activity and participating in lipid metabolism. Nickel ions are present in some enzyme
systems in the form of porphyrin-type complexes. Several enzymes (urease, NiFe hy-
drogenases, dehydrogenase, etc.) and one cofactor (nickel-tetrapyrrole coenzyme, co-
factor F430) have been shown to contain nickel. The low levels of nickel cause liver
and kidney diseases. Correspondingly, excess amounts of nickel are connected with
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the heart and thyroid diseases as well as with cancer. Therefore, nickel is both essential
and toxic for animals and humans, and the implication of the nickel amount in the
living organisms remains unknown. The main source of contact with nickel is the
food because nickel is important for the plants. Nickel can be found in food and
water in the nature.

Toxicologically, nickel-containing compounds are known as human carcino-
gens because of the high respiratory risks of cancer detected by epidemiological re-
search of sulphide ores. The exposed people may display a skin allergy to nickel,
the so-called contact dermatitis – the other key poisonous effect of nickel metal. It
practically permanently occurs as the consequence of contact of nickel with the
skin when wearing nickel jewellery. The carbonyl complex, Ni(CO)4, is considered
as a very poisonous nickel complex [5–7].

Nickel is recognized as an important trace element for plants and animals.
Many beneficial effects of Ni on plant growth have been reported. Experiments
show that chickens and rats develop liver problems when fed with a diet that lacks
nickel. Some bacteria make specific enzymes using nickel but the function has not
been defined, for instance the bacteria which reduce CO2 to methane also use
nickel. The necessity for nickel has been clarified when it was observed that most
hydrogenases contain Ni in cooperation with Fe–sulphur clusters. Even though in
inorganic chemistry the +III oxidation state is infrequent, Ni3+ ions are connected
with the enzyme redox processes. There are some plants that accumulate nickel, for
instance some tropical trees.

It is known that the contact to numerous nickel-containing compounds raises the
hazards of lung, nasal and other types of cancers. Some authors have studied Ni com-
plexes as potential anti-cancer agents. A nickel coordination complex with ortho-
naphthaquinone-thiosemicarbazone has been experienced on MCF7 tumour cell line,
displaying low IC50 values and suggesting a mode of action which includes embar-
rassment of the activity of topoisomerase II [199]. Ni(II) and Cu(II) complexes with
the ligand N-methylisatin-3-picolinoylhydrazone were found potent in preventing the
in vitro cell production on TOM1 and NB4 leukaemic cells [200]. Therefore, synthesis
of novel anti-cancer drugs continues to be a potential topic for research.

10.11 Molybdenum

Molybdenum is the most physiologically significant element of the group 6B. This
heaviest member of the group has varied functions in the body. It has several oxidation
states like +4, +5 and +6. The redox potentials of these ions overlap with the physiolog-
ical structures. Molybdenum is a required trace element in the diets, just like iron and
magnesium, but its function and the smallest levels have not been recognized. Though
human body only needs very small amounts, it is a key constituent of many vital func-
tions. Molybdenum has a tendency to have the biggest concentration in the liver, skin,
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kidneys and bones. It is needed for the correct function of some substances in the
living organisms. Some of them have significant role and are connected with the
functions of iron and nitrogen in the human diets. This element is supposed to be
significant in helping the production of human cells. Correspondingly, small quanti-
ties of it were attributed with the teeth. There are some suggestions that this element
reduces the hazard of some kinds of asthma occurrences [4, 5].

It is interesting why such rare metal is so physiologically important. The ion
[MoO4]

2– has a high-water solubility at neutral values of pH, making this ion easily
transferrable in physiological conditions. [MoO4]

2– ion with a negative charge is
more appropriate for diverse surroundings than are the 3d transition metal cations.
Actually, it is claimed that the transport of molybdate ion has the same mode of
action as SO4

2–, which is a typical example of the resemblances of ions of groups
6A and 6B.

Situations in which too much or very slight intake of molybdenum are rare, but
both have been connected with serious adverse effects. A deficiency of molybde-
num can contribute to cancer diseases and anaemia. Along with the food sources,
hard tap water is also a source of molybdenum to the diet [4, 5].

Molybdenum is stored mainly in the liver and kidneys, but the most amount is
transformed into a molybdenum cofactor. The molybdenum cofactor activates some
essential enzymes (aldehyde oxidase, sulphite oxidase, xanthine oxidase and mito-
chondrial amidoxime reducing component), which determine many living reac-
tions. The absence of molybdenum cofactor is a very rare genetic disorder in which
babies are born without the capacity to make molybdenum cofactor, although this
condition is extremely rare.

Various enzymes depend on the content of molybdenum, which is typically ab-
sorbed in the form of [MoO4]

2–. The most vital enzyme, containing molybdenum iron
and molybdenum, is nitrogenase. This group of enzymes befalls in bacteria which re-
duces atmospheric N2 to NH3, which is useful for the plants in the synthesis of protein.
Nitrogen fixation is connected with photosynthesis. The process described by N2 fixa-
tion is the reduction of N2 to NH3, useful for the synthesis of amino and nucleic acids,
as well as other important compounds. One interesting aspect of nitrogen fixation is
the role of molybdenum in the enzyme nitrogenase [1]. All Mo-containing nitrogenases
contain two parts: the Fe-protein and the MoFe-protein. The Fe and Mo atoms are situ-
ated in metal–sulphur clusters [201]. Obviously, the N2-fixing bacteria uses enzymes
that hold both Mo and Fe. Many investigators have studied different models for proba-
ble intermediates in these reactions [202–204]. Lehnert and Tuczek studied coordina-
tion potential by using DFT calculations on the compounds [Mo(N2)2(dppe)2], [MoF
(NNH)(dppe)2] and [MoF(NNH2)(dppe)2]

+, with the ligand dppe = 1,2-bis(diphenylphos-
phino) ethane [205]. There is another group of Mo-containing enzyme structures, the
so-called molybdopterins, which have a central moiety containing MoS2 as well as an
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organic moiety identified as a pterin. The same enzymes frequently contain addi-
tional metal, predominantly an Fe–S structures, and they play the important role
in oxidation–reduction reactions.

10.12 Tungsten

Tungsten has a minor function in life processes. It is not identified if humans need
tungsten. Nevertheless, this element has been the subject of many in vivo experi-
mental and in vitro studies in order to regulate its metabolism and toxicity. Opinions
are different regarding the need for tungsten in biological processes, even if it has
been evidenced to be needful for some bacteria. Tungsten and its compounds are
not considered very toxic for humans.

Tungsten is supposed to be used by a minor group of enzymes in a mode compara-
ble to that of Mo [4, 5]. W-containing enzymes occur in some non-oxygen bacteria in
hot ocean environments, the hyperthermal Archaea. Tungsten have compounds in +4,
+5 and +6 oxidation states. As the above-mentioned bacteria occur at high tempera-
tures, it is claimed that W rather than Mo is used by the enzymes because W has a
strong metal-to-ligand bond, permitting the enzyme to work at high temperatures with-
out decomposition. Therefore, the reaction rate for the W enzyme at around 110 °C is
analogous to that of the Mo enzyme at physiological 37 °C. Precisely, how W is utilized
by these bacteria is relatively unclear. Some molybdoenzymes can retain function
when molybdenum is replaced with tungsten, and some organisms have both tung-
sten-dependent and molybdenum-dependent isoenzymes that are expressed under dif-
ferent environmental conditions.

10.13 Titanium

Very little is known about the physiological role of titanium. This element has no
identified physiological usage in humans, though it is known to stimulate some
processes. It is non-toxic even in large doses due to its resistance to corrosion from
bodily fluids. That is why Ti is used in prosthetics. In some plants, Ti is utilized in
the energy production.

10.14 Titanium as an anti-cancer agent

Titanium complexes represent good alternatives to Pt-based anti-neoplastic drugs
because of their low toxic effects, due to the hydrolysis of Ti(IV) coordination com-
pounds in biological water-based location to the inert titanium dioxide. Ti(IV) com-
plexes were the first to enter clinical trials in anti-cancer treatment following the
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accomplishment of Pt-based chemotherapy, with the original complexes titanocene
dichloride and budotitane. Many derivatives with different labile organic ligands or
substituents contributed to improve the anti-cancer characteristics. Titanium(IV)
compounds, Budotitane [cis-diethoxy-bis(1-phenylbutane-1,3-dionato)titanium(IV)]
[206] and titanocene dichloride (Cp2TiCl2), exhibit important potency against solid
tumours obtained for pre-clinical trials [207–212]. The mechanism of action of tita-
nium(IV) compounds has been studied by Sadler et al. [213, 214]. Mechanistic
understandings gained for many complexes analysed include probable interaction
with DNA and apoptosis induction [215–217]. Finely dispersed TiO2 was shown to
reduce the HeLa cell line [218] as well as U937 cells at UV activation [219, 220]. The
ROS created by photoexcited TiO2 can possibly damage DNA.

Recent developments in Ti anti-tumour studies open numerous guidelines to pro-
duce definite, stable in the hydrolysis interaction and active anti-cancer candidates.
The main directions contain the creation of non-metallocene and non-diketonato Ti co-
ordination compounds with bis-phenolato ligands [221], carbonyl derivatives of titano-
cene [222] and fulvene derivatives of titanocene [223]. Alternative current improvement
in Ti-anti-neoplastic drug study is the compound Titanocene Y, a variation of dichlori-
dotitanocene. This coordination compound has methoxyphenyl substituents on each
cyclopentadienyl ring, which gives better stability, solubility in aqua solutions and bet-
ter cytotoxic activity [224–226]. The SAR will be established for the numerous substi-
tuted alternatives of the initial complex.

The most important discovery in the field of titanium anti-cancer agents came
with the introduction of titanocene [227]. Recently, there have been explorations
into synthesizing titanocene derivatives to decrease its lipophilicity and hopefully
lower the in vivo toxicity. Quieroz [228] and Tacke [229] have been involved in the
more recent titanocene chemistry. The chemistry being explored by Quieroz in-
volves modification of the Cp rings to form the complex known as Titanocene
X. This new titanium derivative can be readily synthesized by first synthesizing the
substituted fulvene ligand and reacting it with titanium dichloride. This new tita-
nium dichloride derivative was tested in vivo against Ehrlich’s ascites tumour inoc-
ulated mice. This data indicates that this new derivative is quite effective at certain
doses in vivo. The work done by Tacke et al. involves modification of the Cp rings
with dimethylamino and heteroaryl groups to try to improve the efficacy of this
class of drugs. Modification of the Cp rings was explored in hopes of lowering the
in vivo toxicity of these types of metallodrugs. The anti-cancer potency of these
compounds was experienced against the human carcinoma cells LLC-PK to make a
direct comparison to the activity of cisplatin and Titanocene X. The data presented
indicates that, at least in vitro, these new titanocene derivatives are extremely ac-
tive against carcinomas. Interestingly, all of these compounds are more active than
Titanocene X which has already shown excellent efficacy in mouse in vivo model.

The mechanism of cancer activity for titanium is not completely understood; how-
ever, there have been some studies done to shed some light on this subject [230–232].
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It is believed that titanium complexes bind to nucleic acids and therefore suppress
DNA or RNA synthesis. Other groups have shown titanium to inhibit protein kinase C
which is an enzyme that regulates cell proliferation. Still others have demonstrated the
ability of titanium to inhibit the enzyme topoisomerase II which performs an important
role in the synthesis of DNA. From all of these studies, a precise model of action was
not determined, but may be clarified in the future.

Numerous novel amino-functionalized aqua-soluble titanocenes were prepared,
which displayed substantial cytotoxic activity against different human tumour cells
together with cisplatin-resistant cell lines like A2780-cis [233]. Other types of func-
tionalized titanocenes consist of dichloride derivative compounds holding methoxy
groups close to the cyclopentadienyl groups which showed potent cytotoxic behav-
iour against kidney carcinoma cell line (LLC-PK) and ovarian carcinoma cell line
(A2780/cp70) [234, 235].

Some coordination complexes of titanium(III) were also investigated for their cy-
totoxic and anti-microbial activities. Ti(III) complexes were found to show moderate
activity when experienced at high concentration on bacteria and fungi [236, 237].
Among the appealing properties of titanium complexes is that they do not demon-
strate usual adverse effects of the known cytostatic and cytotoxic agents which make
the synthesis of novel titanium compounds motivating for the possible use in the
combined therapy.

10.15 Zinc

Zinc is thought to be comparatively non-toxic, particularly if administrated orally. Zinc
and its inorganic salts do not cause problems to the human skin. Cases of intoxication
have been caused by the ingestion of zinc inorganic salts (chloride or sulphide), but
these are infrequent. Excessive inhalation of zinc compounds is frequently associated
with copper shortage and can cause fever, cough and vomiting [4, 5].

Rather than being a toxic metal ion, zinc is an important trace element for all
organisms including plants and animals. Among trace elements, zinc possesses
a second position after that of iron in biological importance. Though the normal
adult body contains only 2–3 g of zinc, the element possesses some very significant
functions. Zinc participates in many reactions in the body, which help the bodies
construct and maintain DNA and protein metabolism. A lack of zinc in the world is
the most typical soil deficiency.

Over 300 Zn enzymes have been detected and their roles have been clarified.
They accomplish every feasible type of enzyme functions. One of the most important
of these functions is the participation in hydrolysis reactions; the Zn-containing hy-
drolases catalyse the hydrolytic reactions of P-O-P, P-O-C and C-O-C chemical bonds.
That is why zinc is the most critical element in the diet. Zinc is commonly considered
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as a very significant element especially for the immune system, vital for the use of
hormones in the body.

Zinc is needed for the cell growth, cell division and cell function. Whereas sev-
eral other metals are well-known cancer-causing agents, zinc is not generally con-
sidered to be a contributing agent for cancer development. Dislocation of zinc from
Zn-binding structures may be a mechanism for carcinogenicity of Cd, Co, Ni and As.
The zinc ion is totally resistant to oxo-redox changes at the values of physiological
potentials; therefore, Zn cannot serve a redox function, but nevertheless zinc ion is
very useful. Zinc acts as a Lewis acid in enzymes. Zinc prefers tetrahedral geome-
tries in most of the zinc enzymes. Moreover, Zn(II) undertakes very fast ligand ex-
change, enabling its role in enzyme functions. Systemic zinc poisonousness is not a
main health problem, but due to its essentialness, an absence of this metal leads to
far more severe and prevalent problems. Along with the common symptoms of zinc
deficiency, the zinc shortage has been shown to induce oxidative stress, distur-
bance of growth and influence on the immune system [5–7].

10.16 Organozinc compounds

Organozinc reagents are a significant class of organometallic compounds with a
wide variety of applications [238]. They contain carbon to zinc chemical bonds. The
preparation of zinc organometallic compounds is represented by the below equa-
tion. In this interaction, the Grignard-type CH3ZnI is an intermediate compound:

2CH3I + 2Zn ! CH3ZnCH3 + ZnI2

Zinc forms many Grignard-type compounds, such as RZnX (X = Cl, Br, I; R = ethyl,
butyl, etc.). Organozinc compounds were between the first organometallic com-
pounds prepared. They are less reactive than many other similar organometallics. Zinc
organometallic compounds are similar to their corresponding magnesium compounds.
Zinc organometallic compounds are highly reactive compounds and should be ac-
corded the same carefulness to toxicity. The burning of very flammable organo-Zn
substances, for instance dimethyl and diethyl derivatives, gives fine particles of
ZnO fumes:

2 CH3ð Þ2Zn + 8O2 ! 2ZnO + 4CO2 + 6H2O

Though zinc oxide is useful, inhalation of ZnO fume particles causes fever and high
temperature [1–7]. Diphenylzinc illustrates the poisonousness that is obtainable
from the organic part upon decomposition. At some conditions, (C6H5)2Zn produces
poisonous C6H5OH and Zn species:

C6H5ð Þ2Zn + O2f g=H2O ! C6H5OH + Zinc species
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Numerous Zn substances with organic components (organic acids salts, zinc coordi-
nation compounds) perform a significant role in various biological systems and
some of them have beneficial uses including anti-fungal zinc compounds, soaps –
zinc stearate and palmitate, antibacterial Zn bacitracin, low-toxic wood preservative
Zn naphthenate and Zn phenolsulphonate with insecticidal possessions. Currently,
new functionalized phthalocyanine–Zn(II) complexes have been estimated for their
photodynamic potentials showing mediated photo-cytotoxic activity to J774 murine
macrophage cells [239]. In many of the studied Zn(II) complexes, zinc is found to be
bioactive interacting with target proteins. The design and screening of zinc coordi-
nation compounds with advanced activity is not efficient without consideration of
the long-term toxicity, side effects and pharmacokinetic properties.

10.17 Cadmium

The toxicological effects of the group IIB metals rise in the order Zn, Cd, Hg. Com-
pared with those of zinc, the toxic risks of Cd are relatively high. Cadmium is a poi-
sonous metal which is present in food and is generally ingested at maximum levels.
This element and its compounds are highly toxic, and contact with this metal causes
cancer. It has solubility in organic acids occurred in food and produces salts that can
be transformed to CdCl2 through the gastric juices. Cadmium is a respiratory toxic ele-
ment. Acute exposure to Cd fumes may cause flu-like symptoms. Chronic exposure
can result in kidney, bone and lung diseases [4, 5]. The kidney is most disposed to
cadmium, around 200 ppm can cause serious damage. Smokers also absorb substan-
tial amounts of cadmium. Contact to cadmium from manufacturing sources espe-
cially the Ni–Cd battery is becoming a major problem. There are varied thoughts on
Cd – while it is certainly believed not to be crucial for living physiological processes,
some trust Cd has a necessary role in metabolism and other biological and pharmaco-
logical processes. Its position as a vital trace element still remains uncertain, and its
necessity and use are not presently understood.

10.18 The toxicity of cadmium

Cadmium poisoning affects many organs. Along with metals like Hg and Pb, this
metal is one of the very hazardous metal toxicants. Cadmium belongs to the same
group IIB in the periodic table below zinc and conduct yourself like zinc. This is a
reason for cadmium’s poisonousness; Zn is a crucial trace element, consequently
Cd substitution for zinc could disturb many biological processes.

Cadmium is known with its eight stable isotopes between 106Cd and 116Cd. The
most common of them are 112Cd and 114Cd. Cadmium produces a variation of com-
plex organic complexes with amine, sulphur and chloro substituents. In all of its
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compounds, this element occurs in the form of Cd2+ ion. Cadmium ions produce sol-
uble inorganic salts such as carbonates, arsenates, phosphates and ferrocyanide
salts. Associated with the zinc production, it can be obtained in variety of industrial
forms.

Cadmium disturbs cell production, differentiation as well as apoptosis. These
processes are connected with the ROS generation resulting in oxidative stress and
the apoptosis induction. Cadmium constrains the potency of enzymes with antioxi-
dant properties, for instance catalase, MnSOD and Cu/Zn-dismutase. Cadmium can
also modulate the cellular level of Ca2+. This element has poor absorption by the
gastrointestinal tract. It is transported to red blood cells and is excreted by urine
and faeces.

Different forms of cadmium compounds have various clinical demonstrations
and poisonous effects. Acute pulmonary symptoms of Cd contact can be caused by
the inhalation of CdO, which results in pneumonitis and other pulmonary diseases.
Chronic exposure causes emphysema. Cadmium mainly gathers in the kidney, liver,
bone, etc. The kidney is the most sensitive organ to chronic Cd intoxication. Chronic
poisonous effects of cadmium contact include skeletal demineralization, as well as
hypertension and adverse cardiovascular effects. Itai-itai disease is the most serious
form of chronic cadmium toxicity [5–7]. Cadmium compounds were categorized as
carcinogenic in humans, including lung, prostatic and renal cancers. This metal is
highly cumulative and its half-life is around 20–30 years.

Cadmium in the body affects several enzymes [1–7]. The toxicity of Cd2+ is con-
nected with its high thiophilicity, permitting Cd2+ ions to replace Zn2+ in the respective
enzymes. Cadmium(II) has a larger ionic radius than Zn(II) and Lewis-acid properties,
and that is why a substitution of Zn2+ for Cd2+ generally results in an inactivation of the
respective enzyme. Along with this, because of the comparable ionic radii of Cd(II) and
Ca(II), cadmium ions also act as Ca2+ antagonists. Cadmium ions can be constructed
into Ca sites of bone hydroxyapatite, causing osteoporosis. Additionally, cadmium ions
have a high attraction to the phospholipids in cell membranes. Through the coordina-
tion interactions, this disables the functions of membranes.

The removal of heavy metals includes the addition of some non-toxic chemicals
to decrease the solubility of the respective metal. Elimination of cadmium or detoxifi-
cation can be achieved by coordination to thioneines, by glutathione γ-Glu-Cys-Gly
or by phytochelatines {(γ-Glu)-Cys}n-Gly (where n = 2–11). Cadmium intoxications
need refinement, chemical decontamination and the usage of nanoparticles and che-
lating agents [240–243].
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10.19 Cadmium organometallic compounds

Organocadmium compounds contain carbon–cadmium bond. The corresponding
chemistry of cadmium, zinc and mercury is very similar. In the absence of water, cad-
mium halides interact with organolithium compounds:

CdBr2 + 2Li+C6H5
− ! 2LiBr + C6H5ð Þ2Cd

Chemical interactions of organocadmiumcompoundswith imine, nitrile and carbonyl
compounds are not as typical as for the equivalent organometal compounds of zinc.

The oily liquid (CH3)2Cd is poisonous to the respiratory system at inhalation.
Diethylcadmium ((C2H5)2Cd) is like oil and interacts actively with O2 in air. (C3H7)2Cd
is a typical oil and interacts with H2O. The dialkyl analogues are not stable above
150 °C and undergo decomposition.

A major weakness of the use of organocadmium reagents is the poisonousness
and environmental problems associated with usage of cadmium, and this has lim-
ited the recent use of organocadmium reagents [5–7]. The cadmium organometallic
compounds produce vapours, containing Cd and CdO, which are toxic at inhalation
[243, 244].

10.20 Mercury

In contrast with cadmium, contamination by Hg, although theoretically a serious
problem, was not found as a comprehensive problem [1–7]. Mercury sources are com-
bustion of waste from Hg batteries, the chlor-alkali electrolysis by the amalgam pro-
cess and pesticides. Mercury and its inorganic compounds are extremely poisonous,
and its organic compounds in addition are teratogenic. They are accountable in the
atmosphere, aqua-sphere and sidero-sphere. The species can be abiotic and biotic.

Mercury is directly below cadmium in group IIB, but has significantly different
chemical properties than its analogues Cd and Zn [5–7]. Elemental mercury is the
only liquid metal at normal conditions. Having a high vapour pressure, this element
is very dangerous, especially to the central nervous system. The metal has slight
solubility in water because of the weak metal bonding.

Mercury occurs in various compounds: metallic Hg, inorganic compounds and
organometal compounds (methylmercury). These mercury compounds vary in the
degree of poisonousness and in the consequences on many systems. Mercury oc-
curs naturally mostly in metallic form and as cinnabar (HgS). It is mainly produced
from volcanic activity. Inorganic mercury compounds are typically less toxic be-
cause of their low solubility. More hazardous are their organometal compounds.
They can be easily absorbed and kept by the organism more strongly than the inor-
ganic analogues. The methylation of Hg in biological environment is performed by
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methylcobalamin, the important vitamin B12. Another major hazard is the organo-
mercury fungicides.

Human activity remains the key source of Hg pollution, for instance the produc-
tion of thermometers and barometers. Currently, mercury is used in chlor-alkali
electrolysis, in the compositions of dental fillings. As mentioned above, mercury
can be converted to methylmercury by some bacteria. Methylmercury then bioaccu-
mulates in organisms.

Along with the usages of the metal, the compounds of mercury have numerous
applications. HgO is the main raw material for the production of additional Hg com-
pounds. Mercury(II) acetate, Hg(C2H3O2)2, has a good solubility in many organic sol-
vents. The water-soluble Hg(II) chloride, HgCl2, is very poisonous in comparison with
the other inorganic compounds. In contrast with the group analogues, Hg produces
also monovalent substances in the form of binuclear Hg2

2+ ion. The most important
mercury(I) compound is calomel, Hg2Cl2, used as a component of electrodes. Hg(I)
compounds are commonly less poisonous than Hg(II) compounds due to their lesser
solubility. There are many toxic organomercury compounds. It has to be mentioned
that Hg compounds are used as disinfectants (HgCl2). Inorganic mercury is a compo-
nent of some skin-treating products. Many mercury compounds of the aryl and alkyl
groups are used as fungicides. The highly toxic mercury compound methylmercury is
a potent neurotoxin [4, 5, 245]. Thiomersal (ethylmercury) has preservative properties
and its main usage is in the pharmaceutical industry. It does not accumulate by the
organism and is not a health hazard. Mercury and its compounds can be touched
safely, but strict precautions must be taken at inhalation and ingestion.

Metallic mercury in its vapour state can be easily absorbed by the pulmonary
system. Inorganic compounds are usually absorbed by the intestinal route or by the
skin [5–7]. Mercury exposure can lead to developmental problems in the brain,
which can also affect physical functions. Though metallic mercury is quickly oxi-
dized to Hg(II) in the red blood cells, a huge part of the metal reaches the brain
before oxidation which is connected with the lipid solubility of metal Hg(0). Inor-
ganic Hg(II) ions and the respective compounds have a tendency to accumulate in
the kidney. Like its analogue Cd, Hg(II) has a strong attraction to sulphhydryl
groups of many proteins, enzymes, haemoglobin and serum albumin. Sulphhydryl
groups are abundant as active functional groups of many enzymes, and that is why
it is problematic to establish precisely which of them are affected by Hg in living
systems. The consequence of mercury vapour on the central nervous system is
largely psychopathological (tremor, emotional instability and depression). These in-
dications are the consequence of impairment to the blood–brain barrier, which con-
trols the transmission of metabolites [1–7].
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10.21 Organomercury compounds

The first synthetic organomercury compound has been made by E. Frankland in
1853 by the reaction at photochemical condition:

2Hg + 2CH3I + hν sunlightð Þ ! CH3ð Þ2Hg + HgI2

Many synthetic paths are possible for the synthesis of various Hg organometallic com-
pounds. Later, many of these medicinal compounds were obtained and used. These
organomercury compounds have been widely used as pesticidal fungicides [246].

Most literature data on organomercury compounds are connected with methyl-
mercury derivatives, for example monomethyl salts (CH3Hg

+) and dimethyl salt
(CH3)2Hg, which have good solubility and are instable. These kinds of compounds
are obtained from inorganic Hg by means of anaerobic bacteria with the help of
methylcobalamin:

HgCl2 sð Þ + ðMethylcobalaminÞ ! CH3Hg+ aqð Þ + 2Cl−

The interaction is favoured in acidic solutions. In neutral or slightly alkaline water
solution, dimethylmercury production is favoured. Dimethylmercury is volatile and
may easily reach the atmosphere. Additionally, these compounds have lipid solubil-
ity, favourable for bioaccumulation through the pulmonary system, as well as by
the skin and gastrointestinal tract.

Regarding the biodistribution, the methylmercury compounds are similar to
metallic Hg, because the deposited amounts of them can be converted to metallic
mercury. Corresponding to elemental Hg, they cross the blood–brain barrier, thus
disturbing the nervous system. Methylmercury interacts with sulphhydryl groups
and produces similar signs and symptoms as ethyl mercury [5–7].
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Chapter 11
Transition metals in chemotherapy

The affiliation of metals to cancer treatment combines the expertise of many special-
ists in the field of bioinorganic chemistry, pathology, pharmacology and oncology
[1–7]. Therapeutic activity of metal coordination compounds in cancer remedy is in-
teresting mostly because of the unique features of metals, including their activity in
oxo-reduction processes, flexible coordination structures and chemical reactivity
with bio-substrate. Redox-active metals commonly produce ROS, and they are used
to induce DNA cleavage [247, 248]. Ligand exchange and variation of the initial chem-
ical constructions led to the preparation of many metal-based complexes with im-
proved cytotoxic activity and different pharmacokinetic profiles. Several metals of
interest (e.g. gold, platinum, ruthenium, rhodium and silver) and their metal-based
compounds which have been examined for effective treatment of cancer or for active
reduction of the malignancies are described in this chapter.

11.1 Gold

The usage of gold-based compounds in medicine (chrysotherapy or aurotherapy)
started in 1935. Some gold(III) and gold(I) compounds have been considered for
their medicinal effectiveness in numerous diseases, particularly rheumatic arthritis.
The cytotoxic activity of Au complexes has attracted consideration as an alternative
to cisplatin. The electronic configuration of Au(III) is d8, equivalent to Pt(II) and helps
the square-planar geometry typical for Pt(II) complexes. Many structures of gold(III)
complexes have been obtained, and their anti-neoplastic activity has been evaluated
against different cancer cells. The physiological and anti-proliferative potencies of
gold(III) complexes do not stand up from the attraction to DNA, and this is rather dif-
ferent from representative Pt(II) complexes [249]. In addition, the anti-tumour Au(III)
complexes hardly disturb the cell cycle [250]. Current investigational suggestions
specify a direct interfering with mitochondrial functions [251, 252].

Most of the described gold(III) complexes have a strong effect on cell lines resis-
tant to cisplatin. The preferred donor centres and the ligands are Cl, Br, S and
P. Mononuclear anti-neoplastic gold(III) complexes can be generally classified in
the next group: gold(III) polyamines [253], gold(III) polypyridines [254, 255], gold(III)
porphyrins [256], gold(III) dithiocarbamate [257–259] and organogold [260] compounds.
None of these complexes has made it to clinical trials [261] despite their good redox
activity, in vitro cytotoxic effects and different from Pt(II) mechanism of action.

The use of gold in the field of treating cancer dates back to the late 1980s with
the work reported by Mirabelli [262]. There have been some reports on the activity of
Au(I) complexes [263, 264], and the most recent work in this area has been explored
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by Filipovska [265] and Reedijk [266]. The work studied by Filipovska involves the
use of Au(I) complexes of phosphines, which have been previously shown to have
promising anti-cancer effects [267]. The previous work employed the use of diphenyl-
phosphine ligands to complex the gold atom, whereas in the newer work dipyridyl-
phosphines have been used as the ligands of choice. The change in ligand was a
result of the in vivo hepatotoxicity that was found to occur with diphenylphosphine
complexes in clinical development. The gold complexes were examined against the
human breast cancer cells MDA-MB-468 and the normalized breast cell line HMEC
(normal human mammary epithelial cells) to determine their anti-cancer activity and
selectivity between normal and cancerous cells.

Though gold has been used clinically for 80 years, its mode of action is not fully
elucidated [2]. However, the mode of action is believed to be connected to the coordi-
nation at the gold centre. It is believed that tetrahedral gold complexes attack the
mitochondria of the cell. Studies have been done in rat hepatocytes with tetrahedral
gold phosphines. The mitochondria were isolated, and it was determined that much
of the drug was uptaken due to its cationic and lipophilic nature. Once in the mito-
chondria it is believed that gold attacks the mitochondrial DNA producing cross-links
and strand breaks, along with inhibition of protein synthesis, efflux of calcium and
mitochondrial swelling. These effects eventually lead to the shutdown of the mito-
chondria and cell death [267, 268].

It is well known that Au compounds are predominantly effective in the rheumatoid
arthritis treatment and in the anti-inflammation; however the mode of action is still
discussed. Some Au(I) complexes were studied for their anti-inflammatory effects in
the treatment of rheumatoid arthritis [269]. It was observed that people experiencing
chrysotherapy have low risk of malignancy [270]. Several well-recognized drugs like cy-
clophosphamide, 6-mercaptopurine and methotrexate show both anti-neoplastic and
anti-inflammatory activities [271–273]. One of the most common compounds used in
the rheumatoid arthritis treatment is auranofin, (C14H19O9)-S-Au = P(C2H5)3. Auranofin
displays activity against Hela cell line [274] and against P388 leukaemia cell line
in vivo [275]. A number of phosphane-gold(I) complexes were potent when tested
in vitro against P388 and B16 cell lines and in vivo against P388 [276]. The connection
of organophosphanegold(I) with bioactive thiols perhaps displays double action of
both parts and the cytotoxic in vitro and in vivo profile is improved [277, 278]. The bi-
dentate phosphanes form a coordination compound with gold(I) which have effective
cytotoxic activity as observed by means of in vitro and in vivo assays. The clinical trials
have been stopped as a result of acute toxic effects to many organs like lungs, liver
and heart [279–281].

Numerous binuclear gold(I) complex compounds of bidentate nitrogen–heterocy-
clic carbene ligands were estimated [282]. The effects of several gold(I) and gold(III)
complex compounds on mitochondrial thioredoxin reductase were studied. Both Au(I)
and Au(III) complexes were revealed to be very effective [283]. Novel gold(I) and
gold(III) complex compounds of chloroquine were in vitro estimated against Plasmodium
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falciparum and have showed good anti-malarial features against chloroquine-sensitive
and chloroquine-resistant strains [284, 285].

11.2 Rhodium

Rhodium was discovered to have anti-cancer properties in the early 1970s when Bear
and co-workers were exploring the activity of rhodium(II) carboxylates against various
tumour cell lines [286]. These structures are generally tetrabridged systems with short
Rh–Rh bonds and contain various axial ligands. Pruchnik [287] and de Souza [288] fur-
ther explored rhodium(II) carboxylate derivatives for their anti-cancer activity. The
work explored by Pruchnik involves not only rhodium(II) carboxylates but also rho-
dium(II) complexes with the nitrogen containing ligands 2,2ʹ-bipyridine and 1,10-
phenanthroline. A major drawback of these types of rhodium complexes is their limited
water solubility. Therefore, de Souza and co-workers explored the effect of axial ligand
coordination on the solubility of these rhodium complexes. The rhodium complexes
showed anti-neoplastic activity against oral carcinoma KB cell line. These rhodium
complex compounds were obtained by interaction of Na4[Rh2(CO3)4] with acetic acid,
with formic acid and 2,2ʹ-bipyridine, and with formic acid and 1,10-phenanthroline
[289, 290].

De Souza and co-workers explored similar structures to Pruchnik; however,
they were interested in improving the water solubility of the dirhodium carboxy-
lates by varying the axial ligands bound to the rhodium centre. To enhance water
solubility, the axially coordinated water ligands were replaced with isonicotinic
acid [291]. These new dirhodium carboxylates were synthesized by slowly adding
two equivalents of isonicotinic acid in methanol to a stirred solution of the previ-
ously synthesized dirhodium carboxylates in methanol [292]. Rh(II) complex com-
pounds were experienced for their anti-neoplastic activity against K562 cells, a
human leukaemia cell line and for their acute in vivo toxicity in male Balbc mice.
For the acute toxicity study, the mice were broken into four groups of eight per com-
plex. Each group was given an IP injection of a different dose to determine the LD10

of each complex. Because there are reports that dirhodium compounds inhibit pro-
tein synthesis and DNA replication comparable to cisplatin [293–295], the mechanism
by which these dirhodium carboxylates cause cell death has been extensively studied
by Chifotides and Dunbar [296, 297].

Rhodium(III) complexes have also been studied, though to a much lesser extent
than rhodium(II), for their anti-cancer activity [298–301]. The most promising rhodium
(III) anti-cancer agents have been explored by Pruchnik where the ligands pyrazole,
imidazole, triazine and terpyridine have been used to complex rhodium(III) [302]. The
rhodium(III) complexes were obtained by adding an ethanolic solution of the respec-
tive ligand to RhCl3 in ethanol. All of the products precipitated as the yellow solids.

11.2 Rhodium 107

 EBSCOhost - printed on 2/13/2023 2:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



These rhodium(III) complex compounds were experienced for in vitro anti-neoplastic
activity against bladder cancer cells HCV29T and compared to the activity of cisplatin.

Rh radiopharmaceuticals have also been reported. Novel ligand groups for sta-
bilization of 105Rh radiopharmaceuticals involved N-heterocyclic carbenes obtained
by a direct interaction of the carbene with RhCl3·xH2O [303]. Alternative study dem-
onstrated the anti-cancer activity of new Rh(III) complex [cis-dichloro(dipyrido
{3,2a-2ʹ,3ʹc}phenazine)(1,10-phenanthroline)rhodium(III) chloride] [304].

11.3 Ruthenium

Before the discovery of cisplatin, the best-known chemotherapy drug, some Ru-
based complexes have been tested for their anti-tumour potentials [305]. Ruthe-
nium is located in group VIIIB in the second period of the periodic table, below Fe.
Ruthenium has a good potential to form coordination compounds because of its
wide range of easily obtainable stable oxidation states between –2 and +8. Ruthe-
nium can form complexes with octahedral geometry that provide prospect for using
more organic ligands in comparison to Pt(II) compounds that only form complexes
with square planar geometry. In water solution, its most stable oxidation states are
+2 and +3. These compounds possess relatively high kinetic stability which make
ruthenium compounds appropriate for medical applications. First of all, the rate of
ligand exchanging reactions is comparatively slow and similar to that of Pt(II) and
Pt(IV) [306]. Its accessible oxidation states (+2, + 3 and + 6) are stable under physio-
logical conditions. Additionally, ruthenium mimics iron in binding to certain life
molecules [307]. The most important is the octahedral geometry of ruthenium, re-
lated to square-planar geometry of Pt, and the possibility of a dissimilar mechanism
of action with a diverse capacity.

Currently, the therapeutic chemistry of ruthenium has extended to a broader
range and Ru compounds have been examined as immunosuppressants, antibiot-
ics, NO scavengers and anti-tumour and anti-metastatic drugs [308–310]. The earli-
est reports of ruthenium complexes possessing anti-cancer activity came in the
1980s when Clarke discovered the activity of fac-[Ru(III)Cl3(NH3)]; however, this
drug has poor water solubility [311]. To date, there have been a variety of ruthenium
complexes studied; however, only a few complexes have had activity comparable to
cisplatin. The most promising class of ruthenium compounds is represented by Ru(III)
salts with imidazole and indazole ligands connected to the metal centre by their re-
spective free nitrogen atoms. Keppler was the first to report on these types of com-
plexes [312]. Impressively, they proved to be quite efficacious against colorectal tumour
cells and many resistant to cisplatin tumours with small toxic adverse effects [313]. The
most impressive characteristic of the complexes is that they exceeded the activity
of 5-fluoruracil, the standard treatment for colorectal cancer today. These results
have led to the complex being explored in clinical trials. So far, data from phase I
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and II have shown extremely promising results against colon, liver, head, neck,
etc. cancers with active doses being well tolerated.

Mononuclear anionic ruthenium compounds are labelled as NAMI and NAMI-A,
where NAMI is the abbreviation for New Antitumour Metastasis Inhibitor. The most
important of them are trans-Na[RuCl4(dmSo)(Him)] (Him = imidazole) and trans-
(H2Im)[RuCl4(dmSo)(Him)] [314, 315]. NAMI showed activity meaning better than
cisplatin on Lewis lung carcinoma, MCa mammary carcinoma or B16 melanoma, as
well as a drastic decrease of the metastasis’s formation. The low stability upon stor-
ing of NAMI led to the synthesis of NAMI-A, passed in clinical trials. NAMI and
NAMIA significantly increased the width of the connection materials of the tumour
capsule and round tumour blood vessels, which possibly delays metastasis expan-
sion and blood flow to the tumour [316–319]. NAMI-A has shown very impressive
anti-cancer and anti-metastatic properties [320]. This ruthenium complex was first
synthesized because ruthenium coordination compounds with dimethylsulphoxide
have been discovered to have anti-neoplastic and anti-metastatic activities. The re-
markable preclinical activity of NAMI-A has led to its use in clinical trials and this
potential drug has completed phase I as an anti-metastatic agent.

More recently, there has been work done exploring the activity of ruthenium(II)
complexes. Sadler [321] has explored ruthenium arene complexes and Reedijk [322]
has looked into ruthenium complexes of 2-phenylpyridine. Both of these categories
of complexes seem to be active against human ovarian carcinomas.

The work explored by Sadler involves Ru(II) complex compounds with the
structure [(η6-arene)-Ru(A)(B)(C)], where the arene ligand is benzene/substituted
benzene, and A, B and C are monodentate halides, acetonitrile and nicotinamide,
or A–B is a bidentate ligand such as ethylenediamine or N-ethylethylenediamine.
The arene ligands are believed to help in the stabilization and most of these com-
plexes are ionic leading to enhanced water solubility. The metal complex com-
pounds were obtained by adding the respective [(η6-arene)-Ru(A)]2, where A is a
halide, to either acetonitrile, methanol or benzene, and allowing them to stir with
NH4PF6, or adding in a diamine or isonicotinamide and letting them stir with
NH4PF6. The anti-neoplastic activity of the complexes was tested against the human
ovarian cancer cells A2780. The IC50 values were calculated after exposing the cells
for 24 h with each Ru(II) complex. None of the complexes is as active as cisplatin;
however, some of them are as active as carboplatin. The mechanism by which these
Ru(II) complexes kill cells has not fully been determined, but preliminary reports by
Sadler indicate that they selectively bind to the N7 site of guanine.

The Reedijk group has been working with the water-soluble bis(2-phenylazo-
pyridine)Ru(II) complex compounds to determine their level of anti-cancer activity.
These metal complexes can be readily synthesized by adding the ligand 1,1-
cyclobutanedicarboxylic acid, oxalic acid or malonic acid to a stirring solution of
α-[Ru-(azpy)2(NO3)2], where azpy is 2-phenylazopyridine, in acetone at 40 °C for 4
days. The anti-neoplastic activity of these complex compounds was also established
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against the ovarian cancer cells A2780 along with the cisplatin-resistant type of these
cells A2780cisR. The cells were incubated for 72 h with the respective metal com-
plexes, and the IC50 values were then determined. All the complexes were more ac-
tive than carboplatin and on the order of cisplatin against the normal cancer cells.
Impressively, they were all more effective than both cisplatin and carboplatin against
the resistant cell lines. The stability of these compounds was examined by 1H-NMR
spectroscopy under mimicked physiological conditions where CDCl3 was modified to
be at pH 7.4 by the addition of phosphate buffer and contain NaCl concentration of
0.1 M. These are the conditions of physiological saline solution and are the best
mimic for in vivo bloodstream conditions. The spectra were monitored for 1 month to
see what effects were caused. Metal complexes showed no change in their respective
spectra, meaning they would probably be stable in vivo.

The mechanism by which ruthenium is active against cancerous cells is be-
lieved to occur through one of three different pathways. These three mechanisms
include the construction of Ru-DNA inter-strand cross-links, Ru mimicking Fe and
interaction with transferrin, and lastly many rapidly dividing cells are hypoxic and
have lowered pH which are favourable conditions for the Ru interaction with intra-
cellular proteins [2]. Reedijk and co-workers have explored how ruthenium bound
to guanine [323]. They used the ruthenium compound mer-[Ru(terpy)Cl3] and re-
acted it with a variety of guanine derivatives and discovered that these types of ru-
thenium compounds formed interstrand DNA cross-links with the N7 position of the
guanine ring. This is interesting because it is opposite of the intrastand cross-links
formed by cisplatin. Clarke and Keppler explored the ability of ruthenium to mimic
iron [324]. Because rapidly dividing cells require more iron, they have high number
of transferrin receptors on the surface. Work done in this area has shown that ruthe-
nium binds to transferrin and therefore it is believed that transferrin carries ruthe-
nium into the cell which may help explain its low toxicity in vivo. Clarke and
Keppler have also explored why the hypoxia and lowered pH allow for Ru(III) com-
plexes to be active in cells. They have shown that this is due to the ability of Ru(III)
to readily undergo reduction to Ru(II) in these types of environments. Therefore, Ru
(III) drugs are believed to be prodrugs and it is actually Ru(II) that is the active spe-
cies. This mechanism is known as “activation by reduction.”

Ru(III) compounds with heterocyclic monodentate ligands showed promising
anti-cancer properties. These are trans-(H2Im)[RuCl4(Him)2] (Ru-im or ICR) and
trans-(H2Ind)[RuCl4(Hind)2] (also called Ru-ind or KP1019). These compounds ex-
hibited marked potential against P388 cell lines, while Ru-im showed improved ac-
tion against Walker carcinoma cell lines and Stolkholm ascitic tumour [325, 326]. In
an induced colorectal tumour rat model (which is insensitive to cisplatin), the com-
pounds Ru-im and Ru-ind exhibited proficient results. Ru-ind was found less toxic
and can be applied at higher dose. The presented anionic coordination complexes
are typical pro-drugs which hydrolyse quickly in vivo to produce comparatively sta-
ble and neutral trans-[RuCl3(H2O)(L)2] compounds.
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Other novel ruthenium complexes that were obtained and showed cytotoxic
properties on different tumour cell lines include cis-[RuCl2(dmSo)3(dmsO)] as anti-
tumour and anti-metastatic agents [327]. It decreases significantly primary tumour
growth in the tested tumours (Lewis lung carcinoma, B16 melanoma and MCa mam-
mary carcinoma). The respective trans-[RuCl2(dmSo)4] showed also proficient anti-
tumour and anti-metastatic properties at lesser doses related to its cis-isomer. The
cis-isomer in water directly undertakes loss of the dmsO ligand, while the trans-
isomer produces a cis-di-aqua complex, losing two dmSo ligands. Both hydrolysed
isomers then undertake slow dissociation to chloride, thus producing cationic species.
The trans-isomer with three active species is more potent compared to the cis-isomer.

Among the Ru-ammine compounds, cis-[RuCl2(NH3)4]Cl and fac-[RuCl3(NH3)3]
display an encouraging response against P388 leukaemia cell line. [RuCl(NH3)5]

1+/2+

and [Ru(H2O)(NH3)5]
2+/3+ bind favourably to guanine and adenine. The pyridine an-

alogue cis-[Ru(H2O)(py)(NH3)4]
2+ binds completely to the guanine residue [328].

Newly synthesized organo-ruthenium compounds have been widely investigated
for their anti-cancer activity. The organometal compounds, having the formula, [Ru(II)X
(η6-arene)(en)]+ (X – halide, arene, e.g. benzene/substituted benzene, en – ethylenedi-
amine), of this class have been synthesized and were found to have promising in vitro
IC50 values in the A2780 cells [329–332]. The most potent compound of this group,
[Ru(η6-tha)(en)Cl]PF6 (tha = tetrahydroanthracene), has equipotent activity as the
drug cisplatin [333]. It was observed that cytotoxic activity raised by growing the hy-
drophobicity of the respective arene. These complexes were active against some resis-
tant to cisplatin tumour cell lines. Substituting ethylenediamine with larger N-donor
ligands, for instance bipyridine or N,N,N′,N′-tetramethylethylenediamine, decreases
the potency [334].

Ru(II)–arene complex compounds with amphiphilic ligand 1,3,5-triaza-7-
phosphaadamantane (PTA), namely Ru(η6-toluene)-(PTA)Cl2, RAPTA-T, Ru(η6-p-
cymene)(PTA)Cl2 and RAPTA-C, showed small toxic effects in vivo, but as a
whole, they displayed related anti-neoplastic activity. The complex, [Ru(η6-p-
cymene)(PTA)Cl2], soluble in water, exhibited DNA binding, depending on pH
[335]. Comparable to NAMI-A, the compounds were not active against primary
tumours, but were recognized to be active against metastases in vivo. Given the
structural modifications between RAPTA and NAMI-A complexes, they are expected
to interact in a different way with proteins, to select dissimilar biomolecular targets
or to have different mechanism of action. A series of water-soluble dinuclear Ru(III)
complexes, such as Na2{(trans-RuCl4(dmSo))2(μ-L)}, (L is an aromatic N-donor li-
gand), have been obtained and their anti-cancer potency against animal tumour
models has been investigated. In vivo, these compounds demonstrated activity com-
parable to that of NAMI-A against MCa mammary carcinoma [5–7].
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11.4 Rhenium

There have been a variety of reports on the activity of rhenium in the field of cancer
therapy [336–340]. More recently, work in this area has been explored by Moreno-
Carretero [341] and Wong [342], where both groups use Re(I) as the metal of choice.
The chemistry explored by Moreno-Carretero involves complexes of rhenium with
6-amino-5-nitrosouracil ligand derivatives. The rhenium complexes can be readily
synthesized by the equimolar reaction of the respective ligand and ReCl(CO)5 in
CH3CN at reflux for 3 h. These rhenium complex compounds were experienced
against the breast cancer cells MCF7 and EVSA-T, the neuroblastoma cell line
NB69, the glioma cell line H4 and the bladder carcinoma cells ECV. The IC50 values
of these complexes were all around 10 μM for all cell lines tested indicating that
there is little selectivity for the Re(I) 6-amino-5-nitrosouracil complexes. The rhe-
nium complexes explored by Wong involve complexation to the ligand 2-amino-4-
phenylamino-6-(2-pyridyl)-1,3,5-triazine known as appt. The Re(I) complex of this
ligand was synthesized by the reaction of ReCl(CO)5 with appt in equimolar amounts
in methanol for 24 h forming the pure yellow solid. The anti-cancer properties of this
complex were explored in vitro against the epidermal carcinoma cells KB-3-1 and its
multi-drug resistance analogue KB-V-1, the hepatocellular cancer cells HepG2, the
cervical cancer cells HeLa and the lung fibroblast cells CCD-19Lu, compared to cis-
platin. Interestingly, there is selectivity between the cancerous cell lines and the nor-
malized lung fibroblasts, but the Re complex is not nearly as active as cisplatin.

A recently published report by Baird on the mode of action of rhenium complexes
against cancer cells in vitro elucidated some interesting results [343]. They explored
the ability of certain rhenium compounds to inhibit cathepsin B. Cathepsin B is a pro-
tein that is believed to be elevated in tumours and is proficient for degrading compo-
nents in the extracellular matrix. In cancer cells, especially, it is believed to be
involved in metastasis, angiogenesis and tumour progression [344]. The data col-
lected by Baird indicate that rhenium complexes have the ability to actively bind the
active site of cathepsin B rendering it inactive indicating that this is, at least, one way
that rhenium is active against cancer.

Within the last years, novel radionuclide therapies were developed as resourceful
devices for tumour and inflammatory treatment. Rhenium has two possible advanta-
geous isotopes, 186Re and 188Re. Rhenium-186 and Rhenium-188 have been used in radio-
immunotherapy [345–349]. Rhenium, copper and technetium complexes with different
organic ligands have also been investigated as labelling agents [350–357] and have con-
firmed the feasibility and clinical helpfulness for a wide range of diseases.
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11.5 Silver

Silver is a promising metal in cancer therapy because its toxic effects in humans are
supposed to be quite low [358]. In fact, silver has been found in 29 different human
tissues in trace quantities [359]. Though it is found in the body, there is no recog-
nized physiological action for silver. There are already a variety of ways that silver
is being used in medical applications, including coating of heart valves, cardiac
catheters and urinary catheters to reduce or prevent infection [360, 361]. The only
major known side effect of silver ingestion is a permanent skin discoloration, the
so-called argyria. Argyria is not thought to be damaging to the body physically, and
it takes an extreme consumption of silver to progress this condition [362].

Research efforts have been focused on developing silver(I) complexes of a variety
of different ligands to combat cancer. These include silver(I) coordination complexes
of phosphines, carboxylates, thio-groups and thioamides, tripodal thio-glycosides
and the natural organic compound coumarin [363–370]. These silver complexes show
a high level of anti-neoplastic activity against various different cell lines. The silver(I)
phosphine complexes have been explored by Berners-Price and by McKeage. These
silver phosphine complexes can be synthesized by the general route of adding two
molar equivalents of the phosphine ligand to one equivalent of silver nitrate in either
chloroform or acetone. They have been shown to be stable in light and are soluble in
a variety of solvents. 31P NMR spectral studies show that these silver complexes are
stable in solution for at least 24 h and when nine molar equivalents of NaCl was
added, the spectra were unaffected indicating the chloride does not displace the sil-
ver ion from the ligands. Stability to NaCl solution is important because there is a
high concentration of chloride in the bloodstream, so potential drugs need to be sta-
ble to chloride. Other 31P NMR spectral studies were done to determine the effect of
glutathione (GSH) on these complexes. In the body, GSH is involved in many redox
reactions including playing a major role in detoxification of harmful materials, espe-
cially the chelation and removal of heavy metals. The anti-tumour potency of these
compounds was determined in vitro against the B16 melanoma cells, and in vivo
against P388 leukaemia and M5076 reticulum cell sarcoma in mice. The silver com-
plex activity was compared to the respective free phosphine ligand. The level of
in vivo activity was determined by the per cent increased lifespan (ILS) of the tested
animals compared to the untreated animals where the silver complexes were admin-
istered on days 1–5 following the implantation of the tumours. The ILS represents
how much longer the tested animals lived compared to the untreated animals. The
data indicate that the compounds that were tested in vivo were all relatively active.

Silver(I) polymeric complexes have also been studied to determine the extent of
their anti-cancer properties. Zhu has explored silver(I) carboxylates and Zachariadis has
explored silver(I) polymeric complexes formed with the use of conjugated heterocyclic
thioamides. The polymeric structures synthesized by Zhu have the structures [Ag(fbc)]n,
[Ag2(cpd)]n and [Ag2(idc)]n (fbc = 4-fluorobenzoate, cpd = cyclopentane-1,1-dicarboxylate,
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idc = iminodiacetate). These silver(I) extended networks are synthesized by dissolving
Ag2O and the carboxylic acid, 1:2 for cpd and idc and 1:1 for fbc, in an ammonium solu-
tion. The solutions were allowed to sit in the air until a solid precipitate formed yielding
the desired silver complexes which were confirmed by elemental analyses and IR spec-
troscopy. These silver polymers were tested in vitro against solid tumour cells: HeLa,
HepG2, BGC, 95-D, CNE, and normalized cells: NIH 3T3 and L-02. The research explored
by Zachariadis involves the self-assembly of polymeric silver compounds using the thio-
amide 2-mercapto-3,4,5,6-tetra-hydropyrimidine. Use of the thioamide was chosen be-
cause these types of ligands have a tendency to form bridged oligo and polynuclear
compounds, a goal of this field of research. The in vitro anti-neoplastic activity was esti-
mated against the murine leukaemia cell line L1210 and was compared to their cytotoxic-
ity against the normal T-lymphocyte cells Molt4/C8 and CEM. The ligand itself shows no
cytotoxicity to any of the cell lines tested; however, the Ag(I) complexes show good ac-
tivity with some selectivity.

The anti-neoplastic activity of silver(I) complexes of coumarins has been ex-
plored by Egan [371]. Coumarins are a large class of naturally occurring com-
pounds. Naturally, they have been shown to possess minimal anti-cancer activity;
however, when complexed to metals their activity greatly increases. The silver(I)
complexes of coumarins were synthesized by deprotonation of the respective cou-
marin derivative in an ethanolic solution of sodium hydroxide by the interaction
with AgNO3. The silver coordination compounds precipitated out of solution and
were isolated without further purification and their structures were confirmed by IR
and NMR spectroscopies. Four different coumarin derivatives were used to synthesize
the silver(I) complexes 6-hydroxycoumarin-3-carboxylatosilver, 7-hydroxycoumarin-
3-carboxylatosilver, 8-hydroxycoumarin-3-carboxylatosilver and coumarin-3-
carboxylatosilver. The anti-cancer potency of coumarins and their silver complexes
was determined in vitro against the cancerous cells A-498 (kidney adenocarcinoma)
and Hep-G2 (hepatocellular carcinoma), and compared to the normal cell lines HK-2
(proximal tubular) and CHANG (hepatic) cells. The activity of the complexes was com-
pared to silver perchlorate and cisplatin. The silver coordination complexes were as po-
tent as cisplatin against the cancerous cells (Hep-G2 and A-498), and showed better
selectivity against the normalized cell lines (CHANG and HK-2). The exact mechanism
of how silver is active against the various cancer cells is not totally known; however,
there have been a few reports that indicate possible answers to this question [372]. The
work in this area done by Egan using their coumarin silver complexes suggest that sil-
ver kills through an apoptotic pathway. Through electrophoresis studies, they observed
a DNA ladder pattern which is consistent with drugs causing apoptosis.

Another indication that silver causes apoptosis is that the cells that undergo
this type of death usually have increased levels of caspases 3 and 9. Caspases are
known as executioner proteins meaning they play a major role in cell death. The cells
that were treated with the silver coumarins had elevated levels of both caspases. The
Egan group also explored if silver causes defects in the cell cycle. From their studies,
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they determined that silver does not allow cancer cells to enter G1 phase. In the cell
cycle, G1 phase is defined as the growth phase of the cycle where many biosynthetic
pathways, including synthesis of the enzymes needed for DNA replication, resume
[373]. It is an important phase in cell growth and may have a major link to why silver
is active in cancer cells.

Silver has also recognized anti-bacterial activity. In the years, silver nitrate so-
lution was known to have anti-bacterial properties. Au(II) compounds are nowa-
days attractive as bactericides. They have good solubility in water, contrasting Au(I)
inorganic salts (excluding AgNO3 and AgF), though silver nanoparticles have been
currently developed as a prevalent way of monitoring bacteria and viruses. More-
over, one of the most proficient water decontamination systems includes also silver
constituents.

11.6 Platinum

Platinum complexes, particularly cisplatin, are the best known of the metal-
based compounds for cancer treatment. Cisplatin was firstly synthesized in 1844
[374]. Its completely unexpected anti-tumour activity was discovered in 1965 by
Barnett Rosenberg at the study if the rate of bacteria growth at the electric field
conditions [375, 376]. Agreement by the Food and Drug Administration for the
[cis-diamminedichloridoplatinum(II)] as a drug for treatment of cancer has been
given later in 1978 [377]. The complex is nowadays existing for treatment and is
known as cisplatin. The reason for the compound’s efficiency appears to be the
capability of the cis-(H3N)2Pt molecule to cross-link DNA parts, thus avoiding ad-
ditional synthesis of DNA.

However, resistance to cisplatin has been occurred. Nevertheless, it becomes
the essential basis which activated the search for alternate metal-based compounds
with enhanced anti-neoplastic and pharmacokinetic activities. On this base, thou-
sands of alternate Pt-based compounds have been developed, similar to the parent
cisplatin. Carboplatin, oxaliplatin, ormaplatin, satraplatin, aroplatin, sebriplatin,
enloplatin, miboplatin, zeniplatin, satraplatin, picoplatin and iproplatin – all of
them are products of wide-ranging study of platinum coordination compounds. Till
now, relatively few of them finalized the clinical trials [378] and six are presently ap-
proved, specifically – cisplatin [cis-diamminedichloridoplatinum(II), PtCl2(NH3)2],
oxaliplatin [(R,R)-diaminocyclohexane-1,2-ethanedicarboxylatoplatinum(II)], nedaplatin
[cis-diammine-2-hydroxyacetatoplatinum(II); Japan], carboplatin [cis-diammine-1,
1-cyclobutanedicarboxylatoplatinum(II)], lobaplatin [cis-1,2-diamminocyclobu-
tane-2-hydroxypropanoatoplatinum(II); China] and heptaplatin [cis-malonato-
[(4R,5R)-4,5-bis(aminomethyl)-2-isopropyl-1,3-dioxolane]platinum(II); South Korea].
After preliminary achievement of the discovery of cisplatin, the second-generation Pt
drug (carboplatin) shows lacking of nephrotoxicity accompanied by decreased
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gastrointestinal harmfulness. The third-generation Pt drugs involve oxaliplatin,
which also disables the resistance and is active in the treatment of testicular and
ovarian cancer. Heptaplatin, or otherwise known as SKI-2053 R, is used for treatment
of gastric cancer [379–382]. It is permitted for therapy combined with 5-fluorouracil
and the compound showed reduced nephrotoxicity in comparison to the parent cis-
platin [383, 384].

11.6.1 Cisplatin

Presently, the anti-neoplastic cisplatin is endorsed and is known as cisplatinol®
and platinosin®. Cisplatin has been permitted for the treatment of ovarian, lung tes-
ticular, head, neck tumours, as well as breast metastatic cancer [385]. This platinum
drug has shown response rates between 70% and 90% in these types of tumours
with survival rates ranging anywhere from 12 to 38 months depending on the cancer
type and severity, as shown in Table 11.1

Cisplatin displays enhanced therapeutic rate for the treatment of testicular cancer
and for ovarian cancer [386]. It has to be mentioned that only the cis geometric iso-
mer of [diamminedichloridoplatinum(II), PtCl2(NH3)2] was found active. The trans iso-
mer showed no pharmacological activity. Therefore, these coordination compounds
illustrate the isomerism impact on the chemical performance. There are some key
problems of the usage of cisplatin for tumour treatment. These limitations are its low
saline solubility, resistance and serious adverse effects [387]. Additionally, cisplatin
has to be applied intravenously, which is rather problematic. Colorectal tumours and
non-small-cell lung cancers show essential resistance to the drug cisplatin [388]. This
resistance is generally multi-factorial [389].

Table 11.1: Response rates and survival time for cancers treated by cisplatin.

Tumour type Response rate (%) Median survival rate (months)

Small cell lung cancer – –

Ovarian (stages II–IV) – –

Testicular (stage I) – Most patients cured

Head and neck – –

Non-small-cell lung cancer  
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11.6.2 Second-generation platinum(II) drugs

A structure–activity relationship (SAR) has been developed in platinum anti-neoplastic
research field [390, 391]. These basic guidelines help to project new drugs comparable
to cisplatin activity. According to the SAR, it has been proven that Pt(+2) or Pt(+4) com-
plexes should possess cis-geometrical conformation with the formula cis-[PtX2(Am)2] or
cis-[PtX2Y2(Am)2] (X = leaving functional group; Am = passive amine). The respective
amine group should have a minimum one NH moiety. The requirement for the leaving
functional groups X are to be anions with middle binding to Pt and a weak trans-effect
to stop Am release in biological environment. It has to be taken into consideration that
compounds with non-stable leaving groups, for example ClO4

– and NO3
–, are extremely

poisonous, middle labile Cl– or Br– are anti-tumour potent, while complexes with com-
paratively passive leaving group, for instance I–, N3

– or SCN–, are not active to tumours
and are non-cytotoxic. With the purpose of overcoming the limitations exerted by cis-
platin, for example toxicity, acquired and inherent resistance as well as low saline
solubility, second-generation medications were established. These metal-based com-
plexes are composed of less-labile ions like oxalate, carboxylate or glycolate. The most
promising compound within the group is the drug carboplatin that holds the multiden-
tate cyclobutanedicarboxylic acid. It displays better therapy index and overcomes
some of the observed adverse effects. Carboplatin is used in the combination treatment
for the management of ovarian cancer. This compound shows lower activity and lower
toxicity than the parent cisplatin [392]. Lobaplatin is a platinum derivative, signified as
1,2-diammino-l-methyl-cyclobutane-platinum(II)-lactate. It displays equal or higher
in vivo and in vitro potency related to the drugs carboplatin or cisplatin. Lobaplatin
does not show cross-resistance to cisplatin [393, 394].

11.6.3 Third-generation platinum(II) drugs

The third-generation compounds contain various chiral amines [395] accompanied
by carboxylate ions as ligands. Oxaliplatin is the most potent drug in the group.
This is a Pt compound containing oxalate and diaminocyclohexane (DACH). DACH
does not show cross-resistance to oxaliplatin and cisplatin and acts a chief role in
cytotoxic activity. It is approved for the combination treatment with additional che-
motherapeutics in the therapy of non-small-cell lung and colon cancers. The medi-
cation shows improved protection profile compared to cisplatin, and that is why it
can be applied in patients not tolerating cisplatin. The second compound in this
series is [R, R-1,2-diaminocyclohexane bis-neodecanoatoplatinum(II)], L-NDDP.
This compound is still in active research [396–400]. L-NDDP is the first platinum
compound with liposomal properties considered in clinical research [401]. The mo-
tivation for this alteration is to solubilize better the Pt complex and to decrease the
nephrotoxicity, as well as its cross-resistance [402–404].
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Regrettably, no one of the replacements of the drug cisplatin could be found bet-
ter than the original compound in relation to toxic activity and medical effectiveness
and, therefore, the search for innovative Pt-based complexes with optimized proper-
ties continues to be an unresolved problem. Many Pt-based compounds have been
tested by clinical experiments in order to discover an alternate to cis-platinum, prin-
cipally attributable to side effects or to resistance. The absence of greater benefit of
the new preparations over cisplatin led to the postponement of the research. Pt drugs
suspended from clinical tests involve sebriplatin, cycloplatam, spiroplatin, aroplatin,
miboplatin, SPI-077, BBR3464, zeniplatin, iproplatin, ormaplatin JM 11, enloplatin
and NSC 170898. TRK-710 is an alternative referent compound, which was considered
in phase-I clinical tests in Japan. The non-appearance of cisplatin cross-resistance ob-
served in both in vitro and in vivo predominantly in the L1210/CDDP model [CDDP =
cis-diamminedichloridoplatinum(II)] decreased the toxicity, and the observed differ-
ent mode of action stimulated the clinical progress. The other complexes of the
DACH series are not established further due to the adverse effects, poisonousness
and chemical lability [405, 406].

An entirely different line to dynamic drug design is to include ligands showing ste-
ric crowding. These compounds do not achieve the standards of third-generation medi-
cations, though its inclusion in the group of non-classical Pt drugs is not achievable. A
well-known compound is picoplatin. The compound is a 2-methylpyridine analogue of
cisplatin (previously identified as ZD0473) firstly established to afford steric protection
round the Pt centre, thus giving a steric interference to the medication and avoiding
the nucleophilic attack. Preclinical research revealed promising anti-neoplastic activi-
ties in the resistant to cisplatin cell lines. Such compounds violate the SAR rules of cis-
platin-corresponding complexes but show substantial anti-tumour potency. Picoplatin
was proven to be active in the administration of ovarian tumour cell lines resistant to
carboplatin and cisplatin [407–409]. Picoplatin has confirmed its activity in various
solid tumours, involving ovarian, lung, colorectal and prostate cancers [410].

11.6.4 Non-classical platinum compounds

Recently, a wide variety of non-classical Pt compounds have been obtained, and their
anti-neoplastic activities against tumour cells have been estimated. This includes modi-
fying the parent compounds by using different ligands to reach the anticipated results.
Generally, the respective pharmacokinetic properties, range of action and cytotoxicity
are enhanced to avoid those problems characteristic for the parent complexes. They in-
clude trans-Pt(II) compounds [411], platinum(IV) compounds, sterically hindered Pt
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compounds, Pt(II) and Pt(IV) complexes with pharmacologically appropriate carrier li-
gands, Pt complexes with intercalator organic ligands, as well as multifunctional poly-
nuclear Pt complexes. The typical feature of these complexes is a definitely dissimilar
mechanism of action to living targets such as DNA or cellular protein. Consequently,
they were anticipated to overcome the resistance.

11.6.5 Trans-platinum(II) compounds

It is well known that the trans isomer of the drug cisplatin ‘transplatin’ demonstrates no
anti-tumour potential. Consequently, consistent with SAR rules the trans complexes
would not be supposed to show activity. Nevertheless, Farrell et al. [412] created a group
of potent trans complexes with a key formula, trans-[PtCl2(L)(NH3)] (L = heterocyclic
amine in planar conformation). The trans-E,E-iminoether platinum(II) compound
[413, 414] exhibited a noticeable improvement in cytotoxic activity compared to inac-
tive trans-platin and significant anti-tumour activity resistant to cisplatin cancer
cells. Other trans compounds have also been studied [415–418].

11.6.6 Platinum(IV) compounds

Innovative methods have been implemented to explore other obtainable Pt-related
compounds. These are centred around Pt(IV) compounds, whose anti-neoplastic ac-
tivity has been documented during the last decades. Their stability and extended
sphere assist as a benefit of overcoming the problems typical for Pt(II) complexes.
Some platinum(IV) complexes have been examined as orally potent medications.
They are suitable for intestinal absorption because they have lipophilic groups at
axial positions. Platinum(IV) complexes can be reduced to active Pt(II) prior to reac-
tion with DNA, by extra- and intracellular reducing agents, so they are typical ‘pro-
drugs’. They have six saturated coordination spheres with octahedral geometric
conformation. This feature provides the kinetic stability over the Pt(II) compounds. The
most promising one is [bis-(acetato)-amminedichlorido(cyclohexylamine)platinum(IV)],
the so-called satraplatin or JM216, which is the first orally administrated bioavail-
able Pt medication. This drug displays variable pharmacodynamic and kinetic
properties comparative to other Pt complexes and henceforth may have a diverse range
of anti-neoplastic activity. Two additional effective complexes are JM335 [trans,cis,
trans-amminedichlorido(cyclohexylamine)dihydroxidoplatinum(IV)] and ormaplatin
[cis-tetrachlorido(1,2-cyclohexyldiamine)platinum(IV)] [419].
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11.6.7 Platinum compounds with intercalator ligands

These complexes have structures which are diverse from that of cisplatin. They
have aromatic heterocyclic intercalators in planar geometry, for instance terpyri-
dine, bipyridine, phenanthroline [420]. Pt(II) terpyridine complexes are the best
considered as Pt intercalators. [Pt(terpy)(SC2H4OH)]

+ shows intercalating DNA bind-
ing [421]. The usage of a fourth ligand, like neutral 4-picoline, produces 2+ ions,
with better water solubility. Some of the mentioned complexes were experienced
against L1210 leukaemic cell line in vitro and in vivo. The complex ion [Pt(terpy)Cl]+

has not displayed potency though the other terpy-Pt complexes have been observed
to be active [422].

11.6.8 Polynuclear platinum compounds

Polynuclear Pt coordination complexes represent a distinct structural group of DNA-
binding candidates with excellent anti-neoplastic properties. The use of as a minimum
two Pt coordinating units directly means that multifunctional DNA binding approaches
are possible. The strategy of novel anti-tumour compounds is focused towards the di-
nuclear and tri-nuclear compounds [423–430]. They can interact with DNA by making
long-variety of interstrand and intrastrand cross-links at several sites [431]. Wide
choice is possible to vary the metal-coordination sphere: leaving groups, amine li-
gands and backbone linkers. The di-nuclear motif involving two cis-PtCl(NH3)2 parts
connected through a flexible diamine-linker [432]. The complex [Cl(NH3)2PtH2N(CH2)
nNH2PtCl(NH3)2] (n = 4) may occur in different forms of isomers: covering the coordi-
nation parts in cis conformation (2,2/c,c), both coordination units in trans (2,2/t,t) or
in mixed cis,trans (2,2/c,t) types [433]. SAR concerning the chain-length and anti-
tumour capacity is detected for the better potent trans-isomer [434]. It has been ob-
served that tri-functional binuclear complexes interact with DNA and successfully
produce inter-strand cross-link to DNA [435]. Cytotoxic profiles of these complexes
have been investigated on ovarian cancer cells [436] and on the resistant cell line
41 M/cisR [437].

Triplatin complex BBR3464 has experienced phase II clinical test for adminis-
tration on various malignancies. In the complex, three Pt coordination components
are associated with polyamine linkers. The high oxidation state (4+) accompanied
by H-bonding potential makes this complex highly vulnerable for electrostatic affin-
ity to DNA [438–442].

The polyamine complexes of spermidine and spermine have polycationic profile
and become protonated at biological values of pH. The linkers may afford non-covalent
contacts with the negative DNA backbone [443–447]. The Pt complexes with spermidine
and spermine demonstrated good cytotoxic properties in cells like L1210/0 and in the
resistant cell line L1210/CDDP. Other similar substituted compounds with less toxic
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effects and better acceptance have been synthesized and examined for anti-neoplastic
activity. These so-called blocked polyamines after coordination with platinum have less
cytotoxicity than the separate ligand spermidine and consequently can be improved
medicines [448, 449].

Many Pt drugs are still mostly effective against the same class of cancers that
cisplatin is active against; however, they have shown efficacy against tumours that
have acquired cisplatin resistance [450]. Still, the same toxicity factors usually arise
with the use of these new derivatives as shown in Table 11.2. Though the use of cis-
platin and its derivatives has led to a major improvement in the treatment of differ-
ent tumours, the limitations due to the possible toxic effects and resistance have
encouraged major research efforts into the development of numerous non-platinum
-based chemotherapeutics for the treatment of cancer.

Table 11.2: Toxicity of cisplatin and its analogues.

Drug Max. dose (mg/kg) Major limiting toxicity

Cisplatin  Nephrotoxicitya

Carboplatin  Nephrotoxicitya

Nedaplatin  Myelosuppressionb

Cycloplatam  Myelosuppressionb

SKI  R  Hepatotoxicityc

a Severe toxicity to the kidneys.
b A condition where bone marrow activity decreases, resulting in less red and
white blood cells, as well as platelets.

c Severe toxicity to the liver.
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