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Foreword

Networking of Mutagens in Environmental Toxicology is a welcome addition to the
Springer Nature of Environmental Science and Engineering Series. In this book, the
contributed authors have approached their topic in a truly multidisciplinary manner,
where environmental toxicology plays a prominent role in their analysis by pro-
viding sufficient evidences on mutagenic factors. Pollutants are everywhere, and we
are surrounded by it. They can be found in our surroundings that we are getting
radiation exposures, the water that we drink, the air that we breathe, and the
wastewater-irrigated crops that we eat. This book updates the theory and principle
of environmental mutagens with their affecting factors like chemical, physical, and
biological contaminations. Subjects covered in this book are mainly anthropogenic
and natural pollution as well as feedback mechanisms and multiple stress or
response to variable factors. Additionally, the effect of metal toxicity, ecotoxicity,
nanotoxicity, and man-made radiations on human health has been discussed greatly.
There are totally ten chapters, and these chapters mainly focus on the mutagenic
factors and occurrence of mutation due to these in the environment. Discussions on
the mechanisms and protective measures against mutagenic factors are the quality
inclusion in this book. Toxic metal contaminations, and radiation induced toxicity
may be one of the leading causes of concern for human health. This may induce
oxidative stress and lead to neurodegenerative and infertility outcome discussed
well in this book.

In recent years, many books have been published on the environmental toxi-
cology. Mostly, they have specialized the chapters written by the contributing
authors with specific area of research. Therefore, the special feature of this book is
that the chapters are not repeated with a similar theme, where each and every
chapter has multidisciplinary approach on the networking of mutagens in envi-
ronmental toxicology. This shows great interest for readers where they can read and
make an overview on existing mechanisms of toxicity in the environment. This
book breaks the previous trends of specified chapters and offers a broad and
coherent vision of the field. We must congratulate Dr. Kavindra Kesari (Editor) for
the editing and to undertake very important topical issue in this book. This book has
been designed with the aim for use as a reference book in courses offered to
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undergraduate, postgraduate, research scientists, and environmentalists. This book
is also interesting for readers with non-scientific background. This book provides
recent topics for individuals interested in the field of toxicology. We sincerely hope
that the information embodied in this book will enthuse environmentalists and
ameliorate upcoming new information.

Espoo, Finland Prof. Tapani Vuorinen
Vice Dean, School of Chemical Engineering
Department of Bioproducts and Biosystems

Aalto University

Prof. Janne Ruokolainen
Director, Nanomicroscopy Center
Department of Applied Physics

Aalto University
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Preface and Acknowledgements

Networking of Mutagens in Environmental Toxicology updates the theory and
principle of environmental mutagens by providing existing mechanisms of chem-
ically, physically, and biologically interacting contaminants. Networking of muta-
gens is all around us and poses a problem in the onset of various diseases or
physiological disorders to human beings due to man-made substances and com-
pounds. Mutations occur because mutagens are mostly responsible for severe dis-
eases like cancer, infertility, and neurodegenerative diseases. Various mutagenic
factors, which pollute air, water, and food, possibly induce mutations in humans
and are suspected of causing cancer. Such mutagens, which are responsible for
causing mutations, are mainly natural or man-made radiations, heavy metals, stress,
junk food, tobacco smoke, fine particles or nanoparticles, toxic chemicals, bacteria,
viruses which have been discussed in this book. The networking of all these tox-
icants in the environment is responsible for toxicity and severe health issues. This
book examines the mechanism for the environmental causes of cancer, classifica-
tion of mutagens, metabolism of chemical and physical mutagens, and DNA
damage and repair system. The chapters decipher the phenomena of defensive role
of antioxidants and highlight the latest developments in environmental toxicology.
The chapters include all basic to advance level of phenomena in solving the existing
mechanisms of environmental toxicity. This book also highlights the latest devel-
opments in terrestial and aquatic ecosystem links to ecotoxicological effects. This
book provides a sketchy outline about environmental toxicity, mutagenic factors,
and associated health implications along with climatic and ecosystem balancing.
This is not only exploring the theoretical outcomes but also giving an overview on
experimental aspects. There are totally ten chapters, and all are connected and
concerned with each other, where arisen problems have been opted and discussed
by giving possible solutions. With multidisciplinary approach, this book extends a
significant contribution by exploring possible measures in environmental toxicol-
ogy and prevention.

Chapter “Role of Radiation in DNA Damage and Radiation Induced Cancer”
mainly focuses to explore the overall aspects of ionizing and non-ionizing radiations.
The study deciphers the fundamentals and the role of radiation exposures in DNA
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damage and related mechanisms associated with cancer. The man-made radiations
are one of the high causes of concerns in the twenty-first century, where these
radiations have causative effects on brain and associated organs. Moreover, the
heavy metal contamination has also been identified as one of the growing health
concerns. Therefore, Chapter “Mechanistic Effect of Heavy Metals in Neurological
Disorder and Brain Cancer” illustrates the metal evoked mechanism, which impaired
the function of neurons and generated the neurotoxicity and neurodegenerative
diseases. Toxic metals like cadmium (Cd), lead (Pb), arsenic (As), mercury (Hg),
thallium (Th)-induced oxidative stress may initiate the signaling processes, which
activates the glial cells to produce immunogenic response and leads to the neuronal
cell death. Heavy metals or heavy metal-containing compounds have been identified
to be potent mutagens and carcinogens. Therefore, Chapter “Molecular Mechanisms
of Heavy Metal Toxicity in Cancer Progression” has provided an additional
mechanism to understand the phenomena of cancer formation due to heavy
metal-induced toxicity. In this chapter, the authors mainly used molecular pathway
analysis to understand the toxicity and carcinogenicity of heavy metals. Because,
heavy metals may induce oxidative stress, and cause DNA damage, cell death and
several signaling pathways which may leads to an increased risk of cancer and
cancer-related diseases. In this series, Chapter “Burden of Occupational and
Environmental Hazards of Cancer” represents the existing environmental factors,
which are in our surroundings. The chemical, metals, radiations, smoke, asbestos,
etc., are major kinds of environmental pollutants causing serious health issues. These
pollutants have been classified into cancer-causing elements by International
Agency for Research on Cancer. This chapter explores both causing factors and
preventive measures for cancer. In this connection, Chapter “Environmental
Toxicants and Male Reproductive Toxicity: Oxidation-Reduction Potential as a
New Marker of Oxidative Stress in Infertile Men” shows causative effects of several
lifestyle factors including heavy metals or trace elements, which have been found
responsible to cause infertility. Expoure to various environmental factors may
induce oxidative stress and discrete the measures of reactive oxygen species, total
antioxidant capacity, and post-hoc damage suggest an ambiguous relationship
between the redox system and male fertility. Such mutagenic oxidative stress can be
defined by system biology, which has great applications in medical research.
Therefore, Chapter “System Network Biology Approaches in Exploring of
Mechanism Behind Mutagenesis” deciphers the fundamentals for the determina-
tion of different properties of the networks that help in analyzing the network graph
and finding the most probable network that best describes the process. System
network biology helps in providing new perspectives of inspection of these bio-
logical systems in the form of networks with the help of mathematical representa-
tions. Therefore, this study mainly investigates the candidate protein molecule that
may act as a target protein with the help of network analysis. Chapter
“Ecotoxicological Effects of Heavy Metal Pollution on Economically Important
Terrestrial Insects” reveals biological responses toward heavy metal pollution in
living organisms like insects. However, insects play a crucial ecological role in the
maintenance of ecosystem structure and functioning. Therefore, any kind of metal or
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other mutagenic contaminations may kill the natural predators, which may disturb
the ecosystem. It is quite clear now that our environment is being highly polluted due
to man-made sources and there are a number of ways which may affect the human
health by toxic contaminants such as metal, radiation, bacteria through existing
sources like air, water, soil. In this series, Chapter “Contamination Links Between
Terrestrial and Aquatic Ecosystems: The Neonicotinoid Case” represents the exis-
tence of neonicotinoid in environmental toxicity. Regarding pesticide pollution, the
case of neonicotinoid insecticides is one of the most pressing issues nowadays,
which classifies a family of toxic substances based on its known factor as clear
stressors of natural ecosystems. Therefore, this chapter mainly aimed to review the
current state of knowledge about neonicotinoid contamination in terrestrial and
aquatic ecosystems and the toxic effects of NNIs to nontarget organisms, living in
these ecosystems. An increasing human population is one of the leading mutagenic
factors on this ecosystem, where rare diseases are being more generalized in the form
of aging or neurodegenerative diseases. Therefore, Chapter “RAGE Exacerbate
Amyloid Beta (Ab) Induced Alzheimer Pathology: A Systemic Overview” is to
demonstrate the evaluation of thoughts regarding the Alzheimer's disease pathway
and the present information on the glyoxalase enzymes and their documented role in
the control of glycation processes. In this chapter, an important role of biomolecular
glycation-induced AGE and its interaction with expressed RAGEs are surveyed
which shows new treatment strategies for age-related complications, and AD shows
high possibilities for future research. RAGE plays a decisive role in the pathogenesis
of AD, promoting the aging and related disorders by causing synaptic and neuronal
circuit dysfunctions and Ab-tau phosphorylation, which has been discussed in this
chapter. Chapter “Elucidation of Scavenging Properties of Nanoparticles in the
Prevention of Carcinogenicity Induced by Cigarette Smoke Carcinogens: An In
Silico Study” deciphers in silico approach to find molecular interaction of cigarette
smoke carcinogens with enzymes involved in DNA repair pathways. It shows
scavenging capacities of the nanoparticles for polycyclic aromatic hydrocarbons
(PAHs) and other toxicants by measuring the interaction of enzymes, proteins, and
DNA repair pathways. In consideration of the future possibilities, it could be a
problem-solving tool of experimental research. The medicinal use of nanoparticles
significantly grows since a decade. I hope this book will serve as both an excellent
review and a valuable reference for formulating suitable measures against envi-
ronmental toxicology and for promoting the science involved in this area of research.

Finally, I would like to dedicate this book to my mother, late Parwati Devi, for
her blessings. I am also highly thankful to my father, Dr. Arjundas Kesari, who has
given me much inspiration and support. I would also like to thank Prof. Syed
Waseem Akhtar, Founder and Chancellor (Integral University, Lucknow, India),
who encouraged me for this initiative. I would like to thank all the authors who
have contributed to this book. Finally yet importantly, my special thanks to series
editor, publisher, and entire Springer team for their sincere assistance and support.

Espoo, Finland Kavindra Kumar Kesari, Ph.D.

Preface and Acknowledgements ix



Contents

Role of Radiation in DNA Damage and Radiation Induced Cancer . . . . 1
Vaishali Chandel, Gaurav Seth, Priyank Shukla and Dhruv Kumar

Mechanistic Effect of Heavy Metals in Neurological Disorder
and Brain Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Sandeep Kumar Agnihotri and Kavindra Kumar Kesari

Molecular Mechanisms of Heavy Metal Toxicity in Cancer
Progression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Pragati Singh, Deepak Tiwari, Manish Mishra and Dhruv Kumar

Burden of Occupational and Environmental Hazards of Cancer . . . . . . 81
Meenu Gupta and Anupam Dhasmana

Environmental Toxicants and Male Reproductive Toxicity:
Oxidation-Reduction Potential as a New Marker of Oxidative
Stress in Infertile Men . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
Shubhadeep Roychoudhury, Manas Ranjan Saha
and Mriganka Mouli Saha

System Network Biology Approaches in Exploring of Mechanism
Behind Mutagenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Anukriti, Swati Uniyal, Anupam Dhasmana, Meenu Gupta,
Kavindra Kumar Kesari, Qazi Mohd. Sajid Jamal and Mohtashim Lohani

Ecotoxicological Effects of Heavy Metal Pollution on Economically
Important Terrestrial Insects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Oksana Skaldina and Jouni Sorvari

Contamination Links Between Terrestrial and Aquatic Ecosystems:
The Neonicotinoid Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Victor Carrasco-Navarro and Oksana Skaldina

xi



RAGE Exacerbate Amyloid Beta (Ab) Induced Alzheimer Pathology:
A Systemic Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
Firoz Akhter, Asma Akhter, Kavindra Kumar Kesari, Ruheena Javed,
Janne Ruokolainen and Tapani Vuorinen

Elucidation of Scavenging Properties of Nanoparticles
in the Prevention of Carcinogenicity Induced by Cigarette
Smoke Carcinogens: An In Silico Study . . . . . . . . . . . . . . . . . . . . . . . . . 171
Qazi Mohammad Sajid Jamal, Ali H. Alharbi, Mohtashim Lohani,
Mughees Uddin Siddiqui, Varish Ahmad, Anupam Dhasmana,
Mohammad Azam Ansari, Mohd. Haris Siddiqui
and Kavindra Kumar Kesari

xii Contents



Role of Radiation in DNA Damage
and Radiation Induced Cancer

Vaishali Chandel, Gaurav Seth, Priyank Shukla and Dhruv Kumar

Abstract Radiation has been reported to be a proven carcinogen which is responsi-
ble formore than half of all malignancies. The incident rates, morbidity andmortality
of these cancers are increasing and thus reflects a serious health concern in public.
Ionizing and Non-ionizing radiation exposure both lead to the development of can-
cer. Ultraviolet radiation (UVR) which is a non-ionizing radiation damages the DNA
and causes genetic mutations. Exposure to Ionizing radiation results in the various
oxidizing events altering the structure of atoms through direct interactions of the
radiation with the target molecules or via the product of radiolysis of water. In this
chapter we have discussed about the role of radiation in DNA damage and related
mechanisms associated with cancer.

Keywords Radiation · DNA damage · Mutation · Cancer
1 Introduction

Radiation can be broadly classified as Ionizing radiation (IR) and non-ionizing radi-
ation (NIR). Ionizing radiation has shorter wavelengths with higher frequencies and
at the molecular level, has sufficient energy to generate ions in matter by breaking the
chemical bonds. It is emitted as very high energy electromagnetic waves such as x-
rays and gamma rays from the radioactive atomic structures. Non-ionizing radiation,
on the other hand, has long wavelength with low frequency. In the electromagnetic
spectrum, the types of non-ionizing radiation include ultraviolet (UV) rays, visible
spectrum, infrared rays, radio frequencies, microwave frequencies (Ramasamy et al.
2017).
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2 Ionizing Radiation

When the living cells absorb ionizing radiation, it leads to the disruption of atomic
structures which ultimately results in the production of biological as well as chemical
changes. Ionizing radiation also acts in an indirect manner through water radiolysis,
and therefore results in the generation of reactive species that would damage nucleic
acids, proteins and lipids (Arvelo et al. 2016). These indirect and direct effects of
radiation together initiate a cascade of molecular and biochemical signalling events
that can cause permanent changes in the cell physiologically or may result in cell
death (Spitz et al. 2004).

2.1 Primary Effect of Ionizing Radiation

2.1.1 Radiolysis of Water and Reactive Oxygen Species Generation

When water absorbs the energetic radiations, it leads to excitations and ionizations
resulting in the free radicals generation which attack other critical molecules of the
cell. This complex cascade of events can be classified into four stages. The first stage
known as the physical stage involves the incident radiation causing the deposition of
energy and generation of secondary electrons. During the second stage, also known
as the physiochemical stage, these electron species are highly unstable and undergo
reorganization resulting in the production of molecular as well as radical products of
radiolysis. The third stage involves the diffusion and reacting of the different chemical
species with each other and also with the environment. In the last stage known as
the biological stage involves the responding of the cells to damage caused from the
generated products from the previous three stages. This stage basically involves the
biological responses to cells induced by radiation exposure (Azzam et al. 2012).

2.1.2 Reactive Nitrogen Species Generation

The generation of high amount ofNitric oxide (·NO) ismediated by ionizing radiation
that stimulates Nitric oxide synthase activity in the cells. Similar to the ·OH radical,
Peroxynitrite (ONOO–) is extremely capable of attacking and damaging the different
targets of cell including thiols, DNA bases, proteins, lipids since they are highly
reactive (Azzam et al. 2012).

Thus, the generation of the reactive species induced by radiation has severe conse-
quences onto the cell leading to DNA damage. Reactive nitrogen and oxygen species
can attack and damage DNA by causing base damage, sugar crosslinks, DNA breaks,
telomere dysfunction, and destruction of sugars leading to alterations in DNA (Sahin
et al. 2011; O’Neill and Wardman 2009; Valerie et al. 2007). If they are not repaired,
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these can result in the mutations causing cell death or promote transformation of the
cell making it carcinogenic (Kryston et al. 2011).

2.1.3 Effect of Ionizing Radiation on Mitochondria

When the cell is exposed to the ionizing radiation, the metabolic activity of the cell
is hampered and may lead to the disruption of mitochondria function because of
various reasons such as antioxidants modulation, alteration of metabolic activity in
response to oxidative damage, ROS generation (Leach et al. 2001).

Mitochondria is known to be the powerhouse of the cell via aerobic respiration
involving the Electron transport chain, Kreb’s cycle and oxidative phosphorylation
pathway. It has been reported that mitochondria plays a major role in the generation
of reactive oxygen species by consuming 85–90%of the body’s oxygen (Cadenas and
Davies 2000; Babior 1999; Los et al. 1995; Alberto and Chance 1973). About 1–5%
of the electrons generated in the respiratory chain of mitochondria is diverted for
the generation of superoxide radicals mediated by ubiquinone-dependent reduction
mechanism (Boveris et al. 1976). Therefore if the mitochondria is disrupted or is
dysfunctional in cells induced by radiation results in the disturbance in the oxidation-
reduction reactions.

During the oxidative phosphorylation process, from complex 1 and complex 3
(complex 2 to a minor extent) if there is an electron leakage prematurely, than it
leads in the reduction of oxygen (O2) molecule to generate superoxide (O2) (Azzam
et al. 2012). Besides this, the induced radiation leads to further excess leakage of the
electrons from the electron transport chain, and thus resulting in the excess generation
of oxygen radical O2 (Droge 2002). The production of excess—(ROS)—may lead to
mutation in the mitochondrial DNA and alteration in the expression of protein and
cell damage which are essential for the cellular and mitochondrial functions.

The Reactive oxygen species (ROS) generation or Reactive Nitrogen species
(RNS) generation by the induced radiation at the early and late stages leads to changes
in copy number ofDNA (Malakhova andBezlepkin 2005), genomic instability,muta-
tions in DNA, altered gene expression (Chen et al. 2003; Chaudhry and Omaruddin
2011), autophagy (Lomonaco et al. 2009; Chiu et al. 2011), DNA damage (Choi et al.
2007), and transformation of cells (Du et al. 2009).

2.2 Protein Import in Mitochondria

Mitochondria are known to contain its own DNA and the entire system for replica-
tion, transcription and translation. However, mitochondria synthesizes only certain
(13 in humans) proteins (Azzam et al. 2012). The rest of the proteins of mitochon-
dria are encoded by nucleus and are synthesized by cytoplasmic ribosomes. It is
important that the proteins are significantly transported to the sub compartments of
mitochondria from the cytoplasm correctly (Pain et al. 1990). Hence for the mito-
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chondrial biogenesis the fundamental principle involves the import of protein into
mitochondria. If there is a defect in the protein import in mitochondria caused by
induced ionizing radiation, it may result in the amplification of oxidative stress and
can cause certain health effects including metabolic disorders and degenerative dis-
eases (Azzam et al. 2012).

3 Non-ionizing Radiation

Ultraviolet radiation (UVR) has been reported to be a major carcinogen responsible
for majority of the skin cancer. Depending upon the wavelength, UVR is catego-
rized into three types such as ultraviolet C (UVC; 100–280 nm) having the shortest
wavelength and highest energy, ultraviolet B (UVB; 280–320 nm), and ultraviolet
A (UVA; 320–400 nm) with the longest wavelength and least energy (Orazio et al.
2013). The penetration of UV into the skin is in the wavelength dependent manner.
Among the different types of UVR, the mutagenic rate of UVC is very high but it
does not reach the surface of the earth because it is completely absorbed by the ozone
layer of the stratosphere (Ramasamy et al. 2017).

3.1 Responses to UV

3.1.1 Direct Damage

When the DNA absorbs UV rays, it causes the molecular rearrangements leading
to the formation of specific cyclobutane pyrimidine dimers (CPDs) and pyrimidine
(6-4) pyrimidonephotoproducts (6-4PP) which are highly mutagenic. The damage
caused by UV rays are mainly responsible for skin cancer because of the mutation
caused inDNA (Mallet et al. 2016). UVAhaving themaximumpenetration power has
the potential to generate Reactive oxygen species (ROS) which via the indirect pho-
tosensitizing reactions can cause DNA damage. The generation of ROS and DNA
lesions for example cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6–4)
pyrimidone photoproducts (6-4PP) is mediated by UVB that can lead to primary as
well as secondary breaks in DNA. These DNA lesions are responsible for halting
transcription/replication leading to the production of DNA double—strand breaks
(DSBs) near stalled replication fork at CPDs—containing DNA (Batista et al. 2009;
Limoli et al. 2002). These DNA lesions leads to the generation of oxidative product,
strand breaks which if not repaired results in mutation in DNA causing tumouri-
genesis and damage to cell by disruption of fundamental processes (Takahashi and
Ohnishi 2005) (Table 1).
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3.1.2 Indirect Damage

Indirect damage to DNA in response to Ultraviolet radiation occurs due to the gen-
eration of ROS which is majorly caused by UVA. It has already been reported that
UVA irradiation is the leading cause and plays a major role in skin carcinogenesis
and photoaging by ROS generation such as superoxide anions, hydrogen peroxide,
and hydroxyl radical (Takeuchi et al. 1998; Meyskens et al. 2001).

When a chromospheres excited by light does not return to it’s original ground state,
a phenomena known as photosensitization occurs by generation of heat or emission
of photons and leads to the initiation of chemical reactions which ultimately leads
to the generation of reactive species. Therefore the physical nature of UVA and the
interaction with absorbing chromophore in the skin generates ROSin the skin. This
ROS generation in response to UVA acts as a powerful mutagen that causes oxidative
DNA damage (Wondrak et al. 2006) (Table 1).

Since the Nucleotides are very much prone to free radical injury. If there is
an oxidation of nucleotide bases, it promotes mispairing among the bases caus-
ing mutation (Arvelo et al. 2016). When the DNA is exposed to UVA radia-
tion, a number of oxidative products of pyrimidine bases such as 6-hydroxy-5,6-
dihydro-5-yl, -5-hydroperoxy-6-hydroxy-5, 6-dihydropyrimidine and purine bases
such as 8-oxo-Ade,2,6-diamino-4-hydroxy-5-formamidoguanine(FapyGua),8-oxo-
7,8-dihydroguanyl(8-oxoGua), oxazolone and FapyAde have been reported to form
(Ravanat et al. 2001).

3.2 Ultraviolet Radiation Exposure Induces Carcinogenesis

As reported skin cancers are the most common type malignancies in humans, having
over a million cases diagnosed each year (Rogers et al. 2010). Skin cancers can be
categorized asmelanoma and non-melanoma skincancers (NMSC), depending on the
origin of cell and behaviour. The exposure toUltraviolet radiation is the leading cause
of skin cancer (Narayanan et al. 2010). The most dangerous form of skin cancer is
Malignant melanoma arising from the epidermal melanocytes (Berwick andWiggins
2006). Early detection of melanomas can be easily treated by surgical excision alone.
However, melanomas are quick to invade and metastasize and long-term survival is
poor for advanced disease. There has lately been progression in terms of targeted
therapy and immunotherapy, but however melanoma are most difficult to treat once it
has already been migrated from its original site (Orazio et al. 2013). Non-melanoma
skin cancers are less fatal compared to melanoma and can be treated easily because
of the tendency to remain confined to their original primary site of disease and also
has the long term prognosis (Orazio et al. 2013). There are strong epidemiologic
as well as the molecular data suggesting that there is a direct connection of skin
cancer to UV exposure (Poulton et al. 2013) and it has been roughly estimated that
the causative agent for approx 65% of melanoma and 90% of non-melanoma skin
cancer is UV radiation (Armstrong and Kricker 1993; Pleasance et al. 2010).
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The process of development of skin carcinogenesis mediated by UVR is a three
step process including initiation, promotion and progression which is mediated by
different cellular, biochemical, and molecular changes (Arvelo et al. 2016). During
the process of initiation the normal keratinocytes gain the ability to form tumours
which is an irreversible process. While during the process of promotion which is
basically reversible, the keratinocytes which have formed clone expand to develop
into a papilloma (Arvelo et al. 2016). Tumour progression involves a series of genetic
as well as the epigenetic events transforming the premalignant papilloma into malig-
nant squamous cell carcinoma. The cells become resistant to the signal transduction
pathways for terminal differentiation which is because of the genetic alteration in
proto-oncogenes and tumour suppressor genes. There is an overexpression andmuta-
tion in tumour suppressor gene p53 in the interfollicular epidermis due to the constant
ultraviolet radiation exposure leading to squamous cell carcinoma. This mutation is
beneficial for the cell growth and prevents the cell from undergoing apoptosis (Rebel
et al. 2012).

3.3 Pigmentation

The most abundant cells in the layer of epidermis are Keratinocytes and accumu-
late melanin pigments as they mature, and the function of epidermal melanin is to
block the penetration of ultraviolet radiation into the skin (Slominski 2004). There
are two major chemical forms of melanin; (i) eumelanin, a dark pigment expressed
in very high amount in the skin of individuals who are heavily pigmented and (ii)
pheomelanin, a sulphated pigment of light colour which is present in melanin precur-
sors leads to the incorporation of cysteines (Ito et al. 2000). The eumelanin form is
very efficient in blocking the ultraviolet radiation compared to pheomelanin, there-
fore if in the skin the amount of eumelanin is more, than it will be less permeable
to the ultraviolet radiation (Vincensi et al. 1998). A scale known as the “Fitzpatrick
scale” which is made up of six different phototypes is a semi-quantitative scale which
describes the colour of the skin by determining the inflammatory response to UV,
levels of melanin, basal complexion and cancer risk (Scherer and Kumar 2010). A
quantitative method known as the Minimal Erythematous Dose (MED) reports the
ultraviolet radiation amount (especially UVB), which is responsible to induce sun-
burn for 24–48 h in the skin after the exposure by determining edema (swelling) and
erythema (redness) as endpoints.

It has been observed that there is a high risk of skin carcinogenesis in the people
who are fair-skinned because they are more sensitive to the ultraviolet radiation and
have very less amount of epidermal eumelanin. The levels of pheomelanin is almost
similar between the light-skinned and dark-skinned individuals and thus the levels of
epidermal eumelanin plays a major role in determining the complexion of the skin,
sensitivity of ultraviolet radiation and risk of cancer. However pheomelanin leads to
the oxidative damage and causes DNA injury by the generation of free radicals in
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melanocytes even when there is an absence of ultraviolet radiation (Benedetto et al.
1982; Prota 2000; Sealy et al. 1982; Mitra et al. 2012).

In summary, it is easier for the ultraviolet radiation to cause inflammation in the
fairer skin compared to the darker-skinned individuals. In dark-skinned individual,
Minimal Erythematous Dose (MED) is highest because to burn eumelanin rich skin,
more ultraviolet radiation is needed (Kawada 2000; Lu et al. 1996). And Since fair-
skinned people have low Minimal erythematous dose as compared to dark-skinned,
ultraviolet radiation can penetrate easily and damage the skin (Ravnbak 2010).

4 Genes Involved in DNA Damage

Ionizing radiation has proven to beoneof the important carcinogen since it leads to the
generation a bulk of injuries in DNA of the human cells including single and double
stranded breaks (DSBs) and various base damages (Chistiakov et al. 2008). Double
stranded breaks (DSBs) are lethal and deadliest form of DNA damage, since an
unrepaired DSB can lead to cell death (Hein et al. 2014). Various cellular DNA repair
pathways are responsible for correction of radiation induced DNA damage. Double
stranded breaks (DSBs) involve two major mechanisms, homologous recombination
(HR) and nonhomologous end joining (NHEJ) (Agarwal et al. 2006).

4.1 Genes Involved in Homologues Recombination Pathway
of DNA Repair

4.1.1 Ataxia Telangiectasia Mutated (ATM)

The ATM gene encodes for an important checkpoint kinase in cell cycle and regu-
lates a variety of downstream proteins, including BRCA1, p53 which is a tumour
suppressor, various DNA repair proteins such as NBS1 and SMC1, the proteins
involved in checkpoint RAD9 and RAD 17, and checkpoint kinase CHK2. SMC1
plays an important role in andDNA repair after the damage has occurred and control-
ling DNA replication forks. ATM phosphorylates and activates SMC1. BRCA1 and
NBS1 recruit activated ATM to DNA break sites. ATM then phosphorylates SMC1
(Chistiakov et al. 2008). The cells which are ATM-deficient are highly sensitive to
ionizing radiation induced DNA damage (Morrison 2000). However the ATM- defi-
cient cells have the capability to repair most of the DSBs induced by radiation with
the normal kinetics, but they fail to repair a subset of breaks irrespective of the initial
number of lesions induced. Also, as compared to the NHEJ-defective cells, after
irradiation these ATM-deficient cells do not have the ability to recover. These obser-
vations suggest the extreme sensitivity of patients with ATM to ionizing radiation
(Morrison 2000).
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The mutations in ATM gene leads to an autosomal recessive disorder known as
Ataxia telangiectasia. It has been observed that Ataxia telangiectasia patients are
more prone to develop cancer. More specifically, obligate heterozygous carriers of
mutations inATMmayhave an increased risk of developing breast cancer (Chistiakov
et al. 2008).

4.1.2 RAD51

The gene family of RAD51 involves various proteins which show ATPase activity
stimulated by DNA and typically for single-stranded DNA binding and forming
complexes with each other (Thacker 2005). In DNA damage response pathway,
RAD51 is involved and leads to the activation of DSB and HR repair. RAD51 shows
DNA-dependent ATPase activity and has the ability to bind to the single and double
stranded DNA. RAD51 unwinds the duplex DNA and at the site of DNA break forms
helical nucleoprotein filaments (Chistiakov et al. 2008). In the promoter region of
RAD51 gene, two SNPs (−135 G>C) and (−172 C>T) have been found which
shows both are functional and increases the RAD51 promoter activity (Hasselbach
et al. 2005). In the patients of breast cancer majorly at the subgroup involving the
mutations inBRCA2 (Kadouri et al. 2004; Levy-Lahad et al. 2001) and acutemyeloid
leukaemia (Seedhouse et al. 2004) shows a strong association with 135 G>C SNP. It
was reported that there is a significant association of +135C allele of RAD51 with
raised risk of radiotherapy-induced acute myeloid leukaemia (Jawad et al. 2012).
The G to C substitution of RAD51 at 135 position is a gain-of-function mutation,
which leads to an increased RAD51 activity. In addition, increased RAD51 levels
have been observed in different tumour lines (Fan et al. 2004) suggesting that the
increased levels of RAD51 recombinase may play a major role in increased risk of
tumourigenesis process (Raderschall et al. 2002).

4.1.3 BRCA1 and BRCA2

BRCA1 plays a major role in various cellular processes such as regulation of the
cell cycle, chromatin remodelling, transcriptional regulation. In the early steps of
DNA repair, BRCA1 plays an important role in the promotion and regulation of
HR. The kinases such as RAD3 related, ATM, checkpoint kinase 2 phosphorylates
BRCA1, in response to the Double stranded breaks, and plays an important role in
signal transduction induced byDNAdamage (Chistiakov et al. 2008). The function of
BRCA2, on the other hand, is confined to Recombination and DNA repair only. The
core HR mechanism is regulated by BRCA1 and BRCA2 via RAD51 recombinase
control since BRCA1 and BRCA2 binds to RAD51 via BRC repeats which are eight
evolutionary conserved binding domains (Pellegrini et al. 2002). Mutations in the
genes of BRCA1 and BRCA2 are strongly associated with the development of breast
and ovarian cancer. Heterozygous women for mutations in BRCA1 or BRCA2 have
a higher chance to develop breast and ovarian cancer (Honrado et al. 2005). Ionizing
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radiation induced Double stranded breaks repair in human carcinoma cells lacking
BRCA1 andBRCA2gene suggests the rejoining ofDNADSBs normally. This shows
that there may not be a direct role of BRCA1 or BRCA2 in the rejoining of DSBs
induced by radiation in the genome of tumour cells (Honrado et al. 2005).

4.1.4 MRN Complex

MRN complex plays a major role in the detection of DNA damage and DNA dam-
age response activation. MRN complex is formed by three major proteins RAD50,
MRE11 and NBS1. When the DNA is damaged, the MRN complex binds to the
broken ends of DNA and undergoes a series of conformational changes that lead to
the activation of ATM (Paull and Lee 2005).

MRE11 mutations results in an autosomal recessive disease Ataxia-telangiectasia
like-disorder (ATLD) characterized by a raised sensitivity to the exposure of radiation
(Chistiakov et al. 2008).

4.2 Genes Involved in the Non-homologous End Joining
Pathway of DNA Repair

4.2.1 DNA-Dependent Protein Kinase

A multiprotein complex known as DNA-dependent protein kinase (DNA-PK) has
the catalytic and regulatory subunit. The catalytic subunit consists of DNA pro-
tein kinase; DNA-PKcs and the regulatory subunit consist of Ku heterodimer. The
catalytic subunit binds to the Ku heterodimer leading to the formation of DNA-
PK complex that triggers DNA-PKcs activity through autophosphorylation. Ku het-
erodimer which is comprised of two subunits Ku70 and Ku80 binds to the free
ends of the DNA at the break to facilitate them in close proximity (Chan and Chen
2002). Phosphatidylinositol-3-kinase which is a serine/threonine kinase family has
the member DNA-dependent protein kinase (DNA-PK) as part. When DNA-PK is
phosphorylated, it becomes active and phosphorylates various other proteins partic-
ipating in DNA repair such as XRCC4, Artemis, Ku70, Ku80, H2AX and others
(Collis et al. 2005).

4.2.2 XRCC4/DNA Ligase IV Complex

The core components of NHEJ complex involves DNA-PK, DNA ligase IV and
XRCC4 (Chistiakov et al. 2008). Even if the antiparallel strand cannot be ligated,
XRCC4/DNA ligase IV has the capability to ligate one strand and thus the remaining
SSB can be repaired as a single-stranded lesion. It has been reported that the radio
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sensitivity and genomic instability is promoted if there is a genetic alterations in
XRCC4 and DNA ligase IV. Mutation in XRCC4 leads to the deficiency of radiosen-
sitive phenotype and protein of respective cell lines (Chistiakov et al. 2008).

4.2.3 Artemis Nuclease

Artemis is a nuclease which has the endonuclease activity at 5′–3′ that removes
overhangs at 5′ and shortens 3′. It has been observed that when DNA-PK phospho-
rylates Artemis, it activates the Artemis hairpin activity which is essential for V(D)J
recombination (Ma et al. 2002). It was found that after exposure to ionizing radia-
tion, Artemis is a target for DNA-PK (Soubeyrand et al. 2006) and ATM dependent
(Zhang et al. 2004) mediated phosphorylation.

4.2.4 DNA Polymerase µ

DNA polymerase is an important enzyme in NHEJ facilitating the successful repair
of DSBs. It has been shown that with the interaction of Ku, DNA polymeraseμ plays
a major role in radiation-induced DNA repair dependent on the XRCC4/ligase IV
complex. Although till date there is no report of an association of polymerase μwith
radiation-induced cancer (Chistiakov et al. 2008).

5 Epigenetic Regulation

Epigenetic modifications are heritable changes in the function and structure of the
genome that happenswithout the change in theDNAsequence. The post-translational
alterations in histones and DNA methylation are the common epigenetic changes
observed inmammalian cells (Kim et al. 2013). Thesemodifications at the epigenetic
level have been reported to play a critical and important biological role in multiple
organisms such as the normal growth, development, and differentiation (Kim et al.
2013).

It has been reported that the abnormal mechanism of epigenetic modulation dis-
plays the global changes including the chromatin packaging as well as in localized
promoter changes in the gene, which influence the gene transcription involved in the
cancer development (Peter and Baylin 2010) (Table 1).

5.1 Radiation and DNA Methylation

DNA methylation is the most common mechanism responsible for the epigenetic
regulation. It includes majorly two types of alteration; (i) hypomethylation and (ii)
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hypermethylation of certain genes and the global genome DNAmethylation changes
(Kim et al. 2013). Reports suggests that the exposure to Ionizing radiation could
hamper the patterns of DNA methylation. IR exposure has been observed to be dose
dependent (Pogribny et al. 2004).

Loss of methylation patterns, hypomethylation coupled with the decrease in the
expression levels of DNA methyl CpG binding proteins (MeCP2) and methyltrans-
ferases (DNMTs; DNMT1, DNMY3a, and DNMT3b) and was linked with the
changes induced by radiation (Raiche et al. 2004; Loree et al. 2006). These results
suggest that in the exposed animals due to radiation exposure, DNAhypomethylation
patterns could lead to genomic instability (Kim et al. 2013).

5.2 Histone Modification

Themodulationof normal epigenomeconsidering in aspect ofmaintaining the pattern
of gene expressions and the normal structure of chromosome as well as function by
nucleosome positioning with 147 bp of the DNA coiled around the core histone
octamer (H2A, H2B, H3, and H4) (Kim et al. 2013; Jenuwein and Allis 2001).
The modification of chromatin for packaging of DNA and DNA methylation strong
dependence is well established. Besides this the modification of histones and DNA
methylation closely interact in the initiation of chromatin transcriptional state. The
expression of such genes with no methylation patterns shows that there promoters
have identical distribution of the active marks H3K4me and H3K9acetyl (Nguyen
et al. 2002; McGarvey et al. 2006).

In contrast, when the genes associatedwith silencing are associatedwith hyperme-
thylation, the active markers distribution is drastically decreased and virtually every
histone methylation mark such as monomethylation, dimethylation, and trimethyla-
tion of H3K27 and H3K9 which has been linked with the repression at the transcrip-
tional level is enhanced (McGarvey et al. 2006).

The phosphorylation of γH2AX induced by radiation was significantly studied
as a measure of Double stranded breaks (DSB) accumulation in the cells which are
irradiated (Bonner et al. 2011). Regarding the Ionizing radiation exposure, histone
phosphorylation at serine 139 (γH2AX) is studiedwell as themodification of histones
affected by the exposure of IR since γH2AX is one of the first signals against DSB
for a cellular response and IR exposure (Kim et al. 2013; Pilch et al. 2003; Rogakou
et al. 1998).

γH2AX accumulates in the nucleus at the double stranded breaks leading to the
formation in the γH2AX loci, and a direct interrelation has been observed between
the phosphorylation of γH2AX and the number of DSBs occurring from radiation.
Therefore, for the maintenance of the stability of genome as well as for the DSB
repair, γH2AX is very important and crucial factor (Celeste et al. 2003).
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6 Small RNAs

Small RNAs e.g. microRNA (miRNA) also controls the epigenetic regulation.
MicroRNAs (miRNAs) are short, non-coding ssRNA, 18-25-nucleotide long, which
plays an important role in the regulation of gene expression at post-transcriptional
level via binding to their target protein which encodes for the respective mRNAs
(Bartel 2004; Singh and Campbell 2013). Estimation suggest that 30% of the human
genome is under miRNA regulation and more than 1000 miRNAs are transcribed.
Also one miRNA can lead to the modulation of hundreds of down-steam genes
post-transcriptionally (Kim et al. 2013). They control a diversed range of biological
process such cellular proliferation, cellular differentiation, stem cell maintenance
and apoptosis (Bernstein and Allis 2005). The loss of function in miRNAs can ini-
tiate and lead to the malignant transformation of normal cells and can make them
act as tumour suppressors (Kim et al. 2013). Various mechanisms such as muta-
tion, genomic deletion, epigenetic silencing and alteration in miRNA processing
are responsible for the loss of function of a miRNA (Nakamura et al. 2007; Calin
et al. 2004; Saito et al. 2006). miRNAs are also responsible in IR-induced response
in vivo as well as in vitro. Studies on the effects of IR exposure on the whole body
of rodent, revealed altered expression pattern in miRNA in tissue-specific as well as
sex-specific protective mechanism (Ilnytskyy et al. 2008).

7 PARP—Poly (ADP-Ribose) Polymerase

Poly (ADP-ribose) polymerases (PARPs) comprises a large family including 18
proteins (Soldatenkov and Smulson 2000). DuringDNAdamage, PARP1 and PARP2
enzymes are activated facilitating DNA repair in various pathways including the
base excision repair (BER) and single strand breaks (SSBs) (Heale et al. 2006).
PARP1 consists of threemajor domainswhich are conserved; (i) an automodification
domain, (ii) DNA damage sensing, and (iii) binding domain comprising of three zinc
fingers at NH2 terminal. The strongest affinity for DNA breaks is mediated by Zinc
finger 2, while Zinc finger 1 and 3 is responsible for the activation of DNA dependent
PARP-1 (D’Arcangelo et al. 2016).

PARP1 is a chromatin-associate of NAD+ covalently bonded to itself and various
other nuclear acceptor proteins such as to the side chains of asparagine, arginine,
glutamic acid, lysine, serine, and cysteine residues onto its substrates (Liu et al.
2017; Soldatenkov and Smulson 2000).
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7.1 Role of PARP in DNA Repair Pathway

7.1.1 Base Excision Repair/SSB Repair Process

Many chemical modifications in cells such as deamination, methylation, oxidation
and hydroxylationmay lead to the induction of base damage and Single strand breaks
(SSBs). In Base excision repair, DNA glycosylases cleave the damaged bases lead-
ing to the production of a basic sites which are further processed by AP nuclease
(APE) into SSBs (Wei and Yu 2016). Later these damaged sites are repaired with the
help of two different pathways known as short-patch repair and long-patch repair.
PARP1 can functionally interact with SSRB factor XRCC1, facilitating the assembly
and recruitment of SSRB machinery (Wei and Yu 2016). There are several reports
suggesting that in the BER/SSBR process, PARP1 is able to interact with various fac-
torssuch as XRCC1, DNA polymerase, DNA glycosylase 8-oxoguanine glycosylase
1 (OGG1) (DNAP) β, DNA ligase III, Aprataxin, proliferating cell nuclear antigen
(PCNA) which can undergo PARylation by PARP1. In addition, PARP2 has been
identified to interact with BER/SER proteins such as DNA ligase III. Additionally,
PARP2 has also been identified to interact with BER/SSBR proteins such as DNAP
β, and DNA ligase III, XRCC1. These information suggest that PAR chain plays a
crucial role in the recruitment of DNA repair complexes (Wei and Yu 2016).

8 Prevention from Radiation

8.1 Role of T4N5 Liposome Lotion in Enzyme Therapy
of Xeroderma Pigmentosum

Xeroderma Pigmentosum (XP) is a hereditary disease, caused by extreme exposure
to the Sun leading to excessive sunburn. In the DNA repair mechanism induced by
Ultraviolet radiation, and specifically in the repairing of CPDs, it has been observed
that there is a biochemical defect in XP patients. In initiation of removal of Ultra vio-
let radiation induced CPDs and in mammalian cells replacing of incision enzymes,
T4 endonuclease V bacteriophage plays a major role. In mammalian cells this is
expressed by the transfection of denVgene, which enhances the repairing process
of CPDs and also reduces the frequency of Ultraviolet radiation induced mutations.
T4N5 liposomes are generated by purified recombinant T4 endonuclease V in lipo-
somes in a pH sensitive membrane. T4N5 liposomes in a hydrogel lotion, is applied
to the skin for the prevention from Xeroderma Pigmentosum (Yarosh et al. 1996).
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Table 1 Genetic and epigenetic changes associated with radiation induced cancer

Type of
Radiation

Genetic and
epigenetic
changes

Associated
genes

Function References

Ionizing
Radiation
[γ-rays and
x-rays]

Generation of
free radicals by
radiolysis of
water and RNS

Attack other
critical
molecules of the
cell

Azzam et al.
(2012)

Nitric oxide↑
Peroxynitrite
(ONOO–)↑

Attack and
damage thiols,
DNA bases,
proteins, etc.

Azzam et al.
(2012)

Cause DNA
breaks, telomere
dysfunction

ROS ↑
Superoxide
anion (O2–) ↑

Leads to:
– Mutations in
the
mitochondrial
DNA and
alterations in
the expression
of proteins

Chen et al.
(2003),
Chaudhry and
Omaruddin
(2011), Choi
et al. (2007)

– Changes in
the copy
number

Malakhova and
Bezlepkin
(2005)

– Genomic
instability,
DNA
mutations

Antipova et al.
(2011)

– Autophagy Lomonaco et al.
(2009), Chiu
et al. (2011)

Hypomethylation↑
Hypermethylation↑
Global genome
DNA
methylation↑
Loss of
methylation
pattern
↓ in DNA
expression
levels of methyl-
transferases
(DNMTs)
Methyl CpG
binding proteins
(MeCP2) ↓

Could result in
genomic
instability in the
exposed animals

Kim et al.
(2013), Raiche
et al. (2004),
Loree et al.
(2006)

(continued)
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Table 1 (continued)

Type of
Radiation

Genetic and
epigenetic
changes

Associated
genes

Function References

Methylation and
Acetylation of
lysine residues
on histones—H3
and H4 and
polycomb
complex
components
H3K9acetyl ↓
H3K4me ↓
H3K9 ↑ H3K27
↑
Histone
phosphorylation
at serine139
(γH2AX):
γH2AX ↑

Jenuwein and
Allis (2001)

Nguyen et al.
(2002),
McGarvey et al.
(2006)

McGarvey et al.
(2006)

Main
component for
the measure of
DSBs
accumulation in
the irradiated
cells

Bonner et al.
(2011), Pilch
et al. (2003),
Rogakou et al.
(1998)

Loss of
functions of
miRNAs ↓

Initiate and
contribute to the
malignant
transformation
of a normal cell

Nakamura et al.
(2007), Calin
et al. (2004),
Saito et al.
(2006)

ATM
phosphorylates
SMC1 and
activates it

BRCA1
NSB1
RAD9
RAD17
P53
CHK2

SMC1 plays an
important role in
controlling DNA
replication forks
and DNA repair
after the
damage.

Chistiakov et al.
(2008)

RAD51 shows
DNA-dependent
ATPase activity
and has the
ability to bind to
the single and
double stranded
DNA. RAD51
unwinds the
duplex DNA and
forms helical
nucleoprotein
filaments at the
site of DNA
break
RAD51 ↑

BRCA2 RAD51 is
involved and
leads to the
activation of
DSB and HR
repair.

Chistiakov et al.
(2008)

RAD51
recombinase
may play a role
in increased risk
of tumorigenesis

Kadouri et al.
(2004),
Levy-Lahad
et al. (2001),
Raderschall
et al. (2002)

(continued)
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Table 1 (continued)

Type of
Radiation

Genetic and
epigenetic
changes

Associated
genes

Function References

The kinases
such as RAD-3
related, ATM,
checkpoint
kinase 2
phosphorylates
BRCA1

RAD3
ATM
CHK2

BRCA1 plays an
important role in
the promotion
and regulation
of HR
Plays an
important role in
signal
transduction
induced by DNA
damage

Chistiakov et al.
(2008)

BRCA1 and
BRCA2 binds to
RAD51 via
BRC repeats

RAD51
recombinase

Mutations in
BRCA1 and
BRCA2 is
strongly
associated with
the development
of breast and
ovarian cancer

Pellegrini et al.
(2002), Honrado
et al. (2005)

The core HR
mechanism is
regulated by
BRCA1 and
BRCA2 via
RAD51
recombinase

MRN complex
binds to the
broken ends of
DNA and
undergoes a
series of
conformational
changes that
leads to the
activation of
ATM.

RAD50, MRE11
and NBS1

MRN complex
plays a major
role in the
detection of
DNA damage
and DNA
damage
response
activation.

Paull and Lee
(2005)

DNA-PK is
phosphorylated

XRCC4,
Artemis, Ku70,
Ku80, H2AX

DNA-PK
becomes active
and
phosphorylates
other proteins
participating in
DNA repair
pathway

Collis et al.
(2005)

(continued)
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Table 1 (continued)

Type of
Radiation

Genetic and
epigenetic
changes

Associated
genes

Function References

XRCC4/DNA
ligase IV have
the capability to
ligate one strand
and thus the
remaining SSB
can be repaired
as a
single-stranded
lesion.

The core
components of
NHEJ complex
involves
DNA-PK, DNA
ligase IV and
XRCC4

Radiosensitivity
and genomic
instability is
promoted if
there are genetic
alterations in
XRCC4 and
DNA ligase IV

Chistiakov et al.
(2008)

DNA-PK
phosphorylates
Artemis

DNA-PK
Artemis
ATM

It activates the
hairpin activity
of Artemis
which is
essential for
V(D)J
recombination

Ma et al. (2002)

Interaction of
Ku and DNA
polymerase μ

DNA
polymeraseμ

Plays a major
role in radiation-
induced DNA
repair in a
manner
dependent on the
XRCC4/DNA
ligase IV
complex

Chistiakov et al.
(2008)

Non-ionizing
radiation (UV,
radio, infrared,
microwave)

UVR:
Tumor
suppressor gene
p53 ↑
CPDs ↑ 6-4PP ↑
Pheomelanins
cause oxidative
damage by
generation of
free radicals in
melanocytes

This mutation is
beneficial for the
cell growth and
prevents the cell
from undergoing
apoptosis

Rebel et al.
(2012)

Cause mutations
in DNA

Mallet et al.
(2016)

Causes DNA
injury

Benedetto et al.
(1982), Prota
(2000), Sealy
et al. (1982),
Mitra et al.
(2012)

Direct (UVB)
ROS ↑
CPDs ↑ 6-4PP ↑

Halts
transcription and
replication
Produce DNA
DSBs

Mallet et al.
(2016), Batista
et al. (2009),
Limoli et al.
(2002),
Takahashi and
Ohnishi (2005)

(continued)
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Table 1 (continued)

Type of
Radiation

Genetic and
epigenetic
changes

Associated
genes

Function References

Indirect (UVA)
ROS ↑
Eg: superoxide
anions,
Hydrogen
peroxide
Oxidation of
Nucleotide
bases
Formation of
oxidative
products of
purine and
pyrimidine bases

Causesoxidative
DNA damage

Takeuchi et al.
(1998)
Meyskens et al.
(2001)

Promotes
mispairing
among the bases
causing
mutations

Arvelo et al.
(2016)

Ravanat et al.
(2001)

8.2 Sunscreen and Ultraviolet Radiation Tolerance

Sunscreen acting as the primary protector against the ultraviolet radiation plays a
very important role. It has been observed that after using sunscreen the incidence
rate of skin cancer and the aging process is reduced. By using the daily care and use of
broad-spectrum sunscreens with the sun protection factor (SPF), the disastrous effect
of frequent sub-erythematic exposure to human skin can be prevented. If sunscreen
is applied to the skin, then repeated Ultraviolet radiation in small doses causes no
harm to the texture of the skin (Chao et al. 2010).

8.3 Using Antioxidants

Use of antioxidants can facilitate preventing the generation ofROSand further inflam-
matory reactions caused by them. Topical utilization of vitamin E, carotenoids and
ascorbic acid, which are naturally occurring cancer preventing antioxidants, play a
major role in protection from the induced radiation (Pillai et al. 2005).
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Mechanistic Effect of Heavy Metals
in Neurological Disorder and Brain
Cancer

Sandeep Kumar Agnihotri and Kavindra Kumar Kesari

Abstract Industrialization era is considered as a part of important human devel-
opment. Industrialization increases the extensive use of different metals from earth
crust because of their materials demand. Extensive use of these materials in daily
life and their improper disposal are the reasons for environmental pollution. Toxic
metals are highly causative in an open environment and because of this human
gets exposures frequently. These toxic metal like cadmium (Cd), lead (Pb), Arsenic
(As), Mercury (Hg), Thallium (Th) cross the blood brain barrier to enter into the
brain and leads to development of neurodegenerative diseases. Heavy metals play
an important role by inducing the reactive oxygen species, mitochondrial dysfunc-
tion, calcium ion efflux, an activation of immunogenic response, and suppression
of anti-oxidants like catalase, superoxide dismutase (SOD), glutathione. Moreover,
the brain-derived neurotrophic factor (BDNF) causes the depletion in cognitive dys-
functions and impairs the memory functions with several other neurological diseases
like Alzheimer’s and Parkinson’s diseases. Here we have tried to illustrate the met-
als evoked mechanism, which impaires the function of neurons and generate the
neurotoxicity and neurodegenerative diseases.

Keywords Cancer · Heavy metals · Neurotoxicty · Neuronal diseases
1 Introduction

The environment has started polluting after the industrialization and this led to con-
tamination of water, air and whole atmosphere with unnatural gases. Pollution dis-
turbs the ecosystem with all forms of industrial waste in the modern age of human
civilization and development, pollution level is at its peak and responsible for severe
human illness and diseases. Toxic environment affects more than 200 million people
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worldwide and its worst effects are on newborn babies. Babies’ health and develop-
ment are impaired the most because pollution impact when immunity is weak and a
recent UNICEF report shows that pollution causes the defect in development of the
brain of babies along with causing cardiovascular and respiratory diseases.

Metals are very important for the living system and their homeostasis. However, if
homeostasis collapsed, metal binds to the different site of protein (Nelson 1999) may
impaired and lead to cause different kind of diseases (Halliwell andGutteridge 2007).
Metals also affect the gene regulation (Arini et al. 2015) and signaling pathways,
which may be responsible for the cell growth and differentiation (Christie et al.
2013). However, deregulation of cell growth and differentiation leads to the cancer
and apoptosis growth (Tykwinska et al. 2013).

Heavy metal is used in many occupations like, welding, smelting, pipe indus-
tries, painting, household utensils industries andmany innumerable industries.Heavy
metal has become a big problem with intractable outcome. This is affecting every
individual in a direct or indirect way and leads to the varied diseases related to cardio-
vascular, respiratory, reproduction and cancers (Carpenter and Jiang 2013). Heavy
metals are associated with neurodegenerative diseases such as multiple sclerosis,
amyotrophic lateral sclerosis, Parkinson’s disease, Wilson disease and Alzheimer’s
disease (Giacoppo et al. 2014; Dusek et al. 2015).

Natural environment is a habitat for all biological living organisms. Most of the
biological organisms have been evolving with the ages and show enormous devel-
opment in respect to their previous generations. Humans belong to this category and
the enormous level of development in all the areas makes life stress-free. Progress
of human society increased rapidily with an industrialization in the 18th century. In
the expansion of industrialization, we have builded roads for transportation, motor
vehicles to transport materials, and for this, we have extracted the materials from the
Earth crust and instigated the environmental damage. As the industrialization pro-
gresses, the spreading of wastes materials started polluting the atmosphere. These
waste materials comprises an enormous amount of heavy metals, which gradually
enters into our body system, accumulate and impaires the body homeostasis. Home-
ostasis is necessary to maintain the inner physiological activity and body organ
functions. However, any kind of disruption due to heavy metals may start damaging
the function of organs. Heavy metals commenced to disrupt the functions of all the
organs including the brain (Agnihotri et al. 2015). Brain is an organ of our central
nervous system, which is a most complex and it comprises of networks of billions
of neurons, responsible for homeostatic activity of body, behavior, mood, muscular
activity, memory etc. Brain functions affected by heavymetalsmay induce toxicity to
interrupt the regular functions of central nervous system (Zhang et al. 2016). Heavy
metals role has been understood in major neurobiological diseases such as Parkin-
son’s disease, Alzheimer’s disease, autism, multiple sclerosis (MS), amyotrophic
lateral sclerosis/motor neuron disease (ALS/MND), dementia and cognitive disor-
der (Notarachille et al. 2014; Kumudini et al. 2014; Carocci et al. 2014; Caffo et al.
2014) (Fig. 1).

Heavymetal toxicants exists in dissimilar form in the environment and introduced
in a human body by water, air and food. It is difficult to degrade the heavy metal by
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Fig. 1 Brain is very important part of our body, and is extremely sensitive too. Environmental
pollutant and other heavy metals impact on brain and impairs the cognitive functions, causing long
term potentiation and memory loss, and also impairing an important part of decision making

existing proteins and enzymes in the body. Therefore, proteins (metallothionein) bind
with heavy metal and excrete from the body and reduce the toxicity of heavy metal
(Liu et al. 2014). However, heavy metal dissolves in blood and circulate through
different organs of body that persuades signaling mechanism to generate toxicity.
Brain has specific respect to other organs of the body because; it has blood brain-
barriers (BBB), which separates the circulating blood from brain and extracellular
fluid of the central nervous system (CNS). Blood brain barrier allows the passage
of glucose and amino acid by some selective transport mechanism, however, water,
gases and lipid solublemoleculesmay transportedwith passive diffusion.Blood brain
barrier is a vital part of brain to prevent neurodegeneration from external toxicants
(Zheng et al. 2003) and is used as a defense mechanism for the brain (Nathanson
and Mischel 2011). Heavy metal impairs the blood brain barrier and induces the
oxidative stress, which instigates the cell death and initiates the neurodegeneration
through different signaling pathway (Caserta et al. 2013).

Toxicity of heavy metal pollutant is enormously hazardous for developing central
nervous system. In offspring’s, small amount of intoxication affect their ability to
learn and memorize their cognitive ability. At the developmental stage, low level of
heavy metal impedes the development of the brain and generates neurodegenerative
diseases likes’ autism but the mechanism is completely obscure (Mohamed Fel et al.
2015; Yassa 2014). Here, we have discussed about the impact of heavy metals on
neurodegenerative diseases and related mechanism.
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2 Heavy Metal and Blood Brain Barrier

Etiology of neurobiological disorder is not completely attributed to acquired behav-
iors, proposing that heavymetals and other environmental factors possibly contribute
too. Blood brain barrier (BBB) has been involved in metal transport and neural
defense mechanism. BBB transport energy (glucose and amino acid) and important
ions to maintain the homeostasis of neurons and glial cells and excrete the waste
materials from the brain. Metal ion is exchanged extremely slowly between plasma
and brain compared to other tissues (Serlin et al. 2015). Metals deposits with an
accumulation of proteins have instigated the inflammatory process near the endothe-
lial wall of BBB (Joana et al. 2016; McCarthy et al. 2018) within brain parenchyma,
which leads to neuronal damage and loss (Cherry et al. 2014; Greter and Merad
2013). This progression of the brain degeneration for an extended period leads to
disability and demise of neural cells. Alzheimer disease and Parkinson diseases are
old age diseases that reflect the inflammation caused by the metals and accumulated
proteins (Zeineh et al. 2015; Heppner et al. 2015). These metals are found in many
forms around us since birth and accumulate in brain slowly as aluminum (Al), cop-
per (Cu), iron (Fe), manganese (Mn) lead (Pb), mercury (Hg) and zinc (Zn) as an
essential and non-essential manner. It has been noticed that impede mechanism of
homeostasis triggered by metals indicate the sporadic form of Alzheimer disease (Li
et al. 2015; Grubman et al. 2014). Al, Cu, Fe and Zn are the metals identified for spo-
radic form of Alzheimer disease (Grubman et al. 2014). Fe and Cu deficit have been
analyzed in the substantia nigra of Parkinson’s diseases (Loef and Walach 2015).
Epidemiological studies suggests that Al, Cu, Fe, Pb, Mn, Hg and Zn are risk factors
for Parkinson’s disease (Salvador et al. 2010; Zucca et al. 2017; Greenough et al.
2013; Meyer et al. 2015; Doorn and Kruer 2013). Amyotrophic Lateral Sclerosis
(ALS) is a motor neuron disease in which death of neurons controlling the voluntary
muscle in around 20% of cases is caused by mutation of Cu, Zn-superoxide dismu-
tase (SOD1) (Desai and Kaler 2008; Roos et al. 2006). ALS patient have minimum
amount of Ca and Mg and elevated amount of Al, Cu, Pb, Mn and Hg (Fondell et al.
2013; Robison et al. 2015).

Heavy metals may enters in our body system through polluted air, contaminated
water and food products and absorbed by intestine, lungs, and also through skin.
Further, they mixed in blood and circulated to central nervous system (CNS) by
crossing the BBB or choroid plexus (CP) to cerebrospinal fluid (CSF) or by diffusion
to CNS (Yokel 2006). Although few other metals can be absorbed by a sensory nerve
in the nasal cavity and enters into the brain (Oliver and Fazakerley 1998; Dorman
et al. 2002). Mn and Ni also enters through nasal cavity (Rao et al. 2003). Moreover,
glucose is the primary energy substrate of the brain, and its metabolism accounts for
nearly all of the oxygen consumption in the brain (Mergenthaler et al. 2013). Brain
glucose demands greatly and exceeds the rate of glucose diffusion across the BBB,
where, Glut-1 mediates the brain glucose uptake to meet the brain’s needs (Bélanger
et al. 2011; Camandola and Mattson 2017). Glucose metabolized by the brain is of
two or three times higher (Hyder et al. 2006) than any other organs of the body. If
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Fig. 2 Tight junction between epithelial cells make the blood brain barrier between capillary and
cerebrospinal fluid, which passes the ions, nutrients, oxygen from blood capillary to cerebrospinal
fluid (CSF) and remove the waste from CSF to capillary, in ventricle of the choroid plexus. BBB
exchange materials and gas by diffusion or by specific transporter from blood to brain. Astrocytes
remove the toxicants through BBB and take glucose and oxygen from blood and supply to neurons

BBB is damaged and compromised with energy delivery in the brain, that it may
leads to seizures, mental retardation, compromised brain development and low CSF
glucose concentrations in children (Yang et al. 2013) (Fig. 2).

Metals also transported by some transporter proteins as divalent metal transporter
(DMT1,DCT1,Nramp2), which transports only divalentmetals (Ca, Fe,Mn, Cd, Cu,
Ni, and Pb) (Harris 1983). However transporter proteins as transferrin (transferrin
mediated endocytosis) binds to metal and transported to CSF passing through BBB
(Yokel 2006), diffusion, fluid phase endocytosis, receptor mediated endocytosis.

Aluminium (Al) reaches into the brain after crossing the BBB through transferrin-
mediated endocytosis (TfR-ME) within 4 hours, when it passes into the body as alu-
minium citrate (Davson et al. 1987). Copper is transported byATP receptors (ATP7A,
ATP7B and CTR1) at BBB. Fe is also transported by (1) transferrin-receptor medi-
ated endocytosis, (2) non-transferrin dependent mechanism, (3) DMT1 at BBB to
the brain. Transportation of lead (Pb) through BBB in the brain is done by passive
diffusion as PbOH+ and cation channel (ATP dependent Ca pump). Mercury is trans-
ported only as methyl mercury (MeHg), not in any other form (Aschner 2007), but
some study suggests that it makes complex with L-cysteine and transported through
L-system (Aschner and Clarkson 1989).Mn is passed through BBB by diffusion, and
transferrin mediated endocytosis to reach the brain where, Zn transported by Zip1
and Zip 6 at the BBB. Cd enters via the olfactory bulb and goes through central neu-
rons, and damages the BBB permeability (Chowanadisai et al. 2005). BBB crossed
metals reached to CSF and effluxes by astrocytes (protect the brain by taking out the
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Fig. 3 Representation of differentmetals, present in the environment crossed the blood brain barrier
(Ankley et al. 2010) and evoked neurodegenerative diseases withmemory impairment and cognitive
deficit

leftover and surplus material) to prevent any oxidative damage or reaction, which
instigates numerous signaling processes to develop neurological diseases (Fig. 3).

3 Heavy Metal and Neurological Disease

Metals are divided in two categories, essential and non-essential metals, according
to need of the living organism. Essential metals comprise the property to modu-
late the enzymatic and cellular activity, which controls the physiological actions
such as protein reformation, signaling pathways, electron transport, redox reactions,
metabolism of protein (carbohydrate and Fat), transportation of molecules, immune
reactions and neurotransmitter synthesis and transportation (Wu et al. 2018; Lopez
et al. 2002; Giralt et al. 2000;Murakami andHirano 2008). Thesemetals are essential
for cellular lifespan, however, deficiencies of these metals linked to several neurode-
generative diseases. Moreover, the elevated levels may also induces the intracellular
process, and causes the apoptosis, autophagy, mitophagy, signal transduction, pro-
teinmisfolding, oxidative stress,mitochondrial dysfunction (Wegst et al. 2015; Szabo
et al. 2016; Peres et al. 2016). This might be vulnerable to the normal brain func-
tioning and cause many neurodegenerative diseases. Metals also affects the memory
dysfunction, cognitive ability, muscular dysfunction, neurons apathy, amyotrophic
lateral sclerosis, huntington’s disease, menkes disease, Wilson’s Disease, Friedre-
ich’s ataxia, gulf war syndrome, manganese multiple sclerosis, autism, insomnia,
anorexia, anxiety, depression, Alzheimer’s disease and Parkinson’s disease (Sparks
and Schreurs 2003; Mohandas and Colvin 2004; Koppenal et al. 2004; Andrade et al.
2017; Caito and Aschner 2015).

Aluminium (Al) reached into body or different organs through drinking water and
food. Epidemiological survey identified that higher concentration of Al in drinking
water may develops dementia, like Alzheimer’s disease (Yokel and Florence 2006;
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White et al. 1992; Killin et al. 2016). Exposure to miner concentration (inhale fine Al
&Al2O3)may cause cognitive impairment, slowpsychomotor response, andmemory
loss (Hosovski et al. 1990).Moreover, several other diseases such as, fatigue,working
memory and learning behaviors were found in shipyard Al welders (Riihimaki et al.
2000). However, the role of Al is controversial for AD, because several other studies
reveals that AD patients had the same amount of Al as control group in the urine and
plasma (Graves et al. 1998). Study also suggests that changes occurs inADbrainwere
the same as found in AD (Perl 2001), where, Al increases the plaque deposition, Aβ

protein aggregation and polymerization, and Aβ production in the brain (Clauberg
and Joshi 1993; Mantyh et al. 1993; Kawahara et al. 1994). Aluminium hydroxide
impede the neurological functions and persuade autism, increase anxiety, depression,
long-term memory loss and neuronal death in spinal and motor cortex (Shaw and
Tomljenovic 2013). Brain impairment depends on the exposure of Al concentrations
and period causes physiological changes, which appear later in life.Manganese (Mn)
mostly used in fuel additive, to reduce the combustion of the engine and released in
air as manganese sulphate and phosphate (Lynam et al. 1999). Therefore the environ-
ment polluted air (manganese sulphate and phosphate) ingested by humans lead to the
brain exposures. Mn may interrupt the brain functions and causes parkinsonism-like
syndrome, which is initially apparent through apathy, anorexia, insomnia, extreme
fatigability, somnolence, and a labile mood (Rudgalvyte et al.2016; Martinez et al.
2013; Farina et al. 2013; Gorojod et al. 2015).Mn exposure increases the progression
of Parkinson’s like symptoms tremors, abnormal movements, hypokinesia, speech
disturbance, increased muscle tone, increased sweating and salivation (Tuschl et al.
2012; Quadri et al. 2012). However, brain was found pathologically different from
PD in substancia nigra and basal ganglia (Shen and Dryhurst 1998). Epidemiological
surveys on miners, workers on dry cell batteries and children’s from buried dry cell
batteries site have exhibited the neuropsychological behaviors, cognitive dysfunc-
tions, emotional and motor defectiveness concomitant with an alteration (speedy)
movement.

Arsenic is a major toxicant, found mostly in contaminated ground water which,
makes an alloy with other metals (Prakash et al. 2016). Inorganic and methylated
forms of arsenic accumulated near the different part of the brain and impair the
normal functional mechanism of brain (Waly et al. 2016). Though, arsenic acts as
teratogen, which may cross the placenta, and impairs the brain development through
the formation of neural tube (Martinez et al. 2008). At the biochemical andmolecular
level, arsenic obstructs the cellular and molecular mechanism, where, an imbalance
of Ca++, mitochondrial dysfunction, and oxidative stress, disruption of ATP, altered
membrane potential, cellular morphology, neuronal death and reduction on glial
cells were reported (Yin et al. 1994). These biological changes in the brain leads
to physiological impairment on vocabulary, mental acuity, language precision, total
IQ and comprehending abilities such as difficulty in assembling the pictures with
sequencing. Arsenic induces the beta amyloid formation which has been known
for the main cause of AD (Giasson et al. 2002). It impairs the quality of life and
metal health with a high level of depression, anxiety with psychiatric disorder and
insomnia (Ashok et al. 2017). Arsenic play a major role as carcinogen if present in a
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small amount of drinking water and causes severe intestinal pain, vomiting, diarrhea,
muscle cramps, cardiac arrhythmias (Jarup 2003).

Cadmium has been used in many industrial factories of batteries, electroplating,
solder, nuclear reactor shield, cigarette smokers and dental amalgams. Most of the
cadmium enters in the body by inhalation via the olfactory bulb, which interrupts
the function of BBB (Evans and Hastings 1992). Cd exposure induce the function
of the nervous system and generates neurological disorder (Wang and Du 2013). Cd
is well known factor of AD and PD (Jiang et al. 2007; Okuda et al. 1997). Cd also
accelerates the accumulation of the Tau proteins, which is responsible for AD (Jiang
et al. 2007). It mostly impact the brain in comparison to other organs (Agnihotri
et al. 2015) and develops the neurological dysfunctions like decrease in learning
ability, headache, and olfactory dysfunction (Mason et al. 2014). Cd has been known
for morphological changes in axons and dendrites of the brain, decrease in size and
inhibits the neurite growth (Baker et al. 1983). Cd produces free radicals in the brain,
which radically damages the neurons and oligodendrocytes (Parkinson et al. 1986).
Oligodendrocyte used to form the myelin sheath around neurons, which conduct the
nerve signal in the form of electrical impulses, obstructs the signal by Cd induced
free radical damage. Cd directly abolishes choroid plexus structure, by which a
barrier of CSF and spifflicate the filtration process of unsolicited materials (Pal et al.
1993) that defects the motor disabilities, learning inability, behavior defects, brain
lesions and neurochemical changes. Effects of Cd toxicity, maximum in, cerebral
cortical neurons of brain have been identified (Bishak et al. 2015), where oxidative
stress induced by mitochondrial dysfunction disrupts the Ca++ ion signaling process
and leads to apoptosis in primary murine neurons (Orrenius and Nicotera 1994a).
Neurogenesis is also affected by Cd, which leads to less number of neuronal and
glial cells (Gottofrey and Tjalve 1991; Chow et al. 2008). Apoptosis is a major
concern at the time of development, proliferation and differentiation, where in some
cases, proliferation reduced to 50%. Epigenetic effects of Cd is also known because
of weak association with DNA, and methylation, which disrupts the whole gene
functions (Zevin and Benowitz 1999). DNA methylation is the best study of the
epigenetic process that regulates the gene silencing (Fig. 4).

Lead (Pb) is used in many industries of coloring material such as painting indus-
try, hair coloring, batteries, cables, solder, electroplating and in petroleum industries.
Lead (Pb) is absorbed by children in much more amount than adults due to under-
developed BBB. It has been reported that even a very low level (250 ppm) of Pb can
injure the hippocampus (Jett et al. 1997). Lead (Pb) can get accumulated in different
regions of brain and mainly in the hippocampus (Jett et al. 1997). Lead (Pb) contact
outcomes in discrepancy in language, memory, executing the task, verbal concept
formation, poor reasoning, and poor command following (Hussien et al. 2018). Lead
(Pb) is reported to increase the Tau protein phosphorylation in the cortex and cere-
bellum, which is a primary cause of AD and PD (Rai et al. 2010). Blockade of
receptor on the membrane or disruption in the structure of membrane receptor by
Pb influences the mechanism of neural plasticity, affects the long-term potentiation
and memory loss (Rai et al. 2010; Baranowska-Bosiacka et al. 2012). Schizophrenia,
autism, Attention-Deficit Hyperactivity Disorder (ADHD) has chance to exposure
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Fig. 4 Cadmium impaired the function of Na+/K+ ATPase enzyme and mimicking the function
of Ca++ channel in neurons, which inhibited the expression of brain-derived neurotrophic factors
(BDNF), catalase, superoxide dismutase (SOD) and increase the intracellular Ca++, increased the
free radicles which causes cell death. Cadmium has been detected as a reason to inhibit proliferation
and differentiation in the hippocampus. Cadmium mimics the estrogen effects, in the reproductive
system and disturbs the hypothalamic-pituitary-gonadal (HPG) axis

from environmental pollution fromPb (Modabbernia et al. 2016).With an increase of
environmental pollutants, Pb toxicity has increased in humans, especially in children.
However, if Pb toxicant reaches to the body in early childhood, may be disastrous
for life, and produces abnormal behavior. This may results to brain toxicity and
influence the learning and cognitive ability, memory impairment, and retrieval of
memory, by affecting the normal life. Exposures to Pb may cause severe neurolog-
ical diseases in children during childhood. Moreover, this may perturb the BBB,
disrupts the NMDA receptor, phosphorylation of Tau/AB protein for AD and PD.
This may also imbalance the Ca++ ion concentration, by increasing the PKC activity,
and diminishing the BDNF level due to oxidative stress and which develops Autism,
AD, PD, depression, anxiety, ALS (Zheng et al. 2003) (Fig. 5).

Mercury (Hg) as heavy metal, is widespread used in several industrial process.
Mercury ismostly used in chemical research industry, laboratory purposes,medicine,
electric industry, cosmetics, firearms and mercury lamp industry. Prevalent uses of
mercury in industrial purposes, may affect the worker’s life and its contamination in
water and air persuades many biological irregularities. Inorganic Hg is incapable to
cross the BBB but its alloy, methyalmercury (MeHg) cross the BBB and impairs the
brain (Sheehan et al. 2014). Hg of aquatic arena mostly methylated and modified to
MeHg due to presence of sulphate reducing bacteria (Parks et al. 2013). MeHg easily
binds with aquatic and sea animals, therefore the consumption of these food chain
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Fig. 5 High affinity of Pb++

towards NMDA receptor
make complex, which
inhibited to take glutamate,
released from presynaptic
neuron and NR2A (subunit
of NMDA receptor) released
the Ca++ in low amount, in
postsynaptic neuron disrupts
the cognitive dysfunction
and memory impairment

organisms by human remains fundamental form of exposure to Hg. High affinity of
MeHg towards sulphur increases the binding to thiol group of protein and may cross
the BBB (Suzuki et al. 1976). MeHg crosses the BBB as amino acid transporters and
can bind to cysteine amino acid andmimicmethionine (Takeda et al. 2000). It crosses
the BBB and gets distributed in the different parts of brain like occipital lobe, basal
ganglia and cerebellum (Davis et al. 1994), to impede the neuronal activities. This also
includes dopamine secretion, neural stem cell differentiation, aberrant mitophagy,
mitochondrial dysfunction, due to oxidative stress (Chang et al. 2018; Yuntao et al.
2016). Some population-based study has reveled mercury in the blood of children
suffering from autism (Pamphlett andKum Jew2016), that risks children of 2–5 years
of age.

Thallium (TI) is heavy metals found in the earth crust. Thallium has been used in
several industries such as electronics, mercury lamps, jewelry, pigmentation, scintil-
lation counters, and semiconductors for different purposes. Thallium is also used in
cement and rodenticide industry, and from there, thallium contaminate the soil and
gets exposed to human body (Galván-Arzate and Santamaría 1998; Cvjetko et al.
2010). Thallium enters into the body with skin contact or by inhalation of thallium
contaminated air and consumption of food from contaminated soil or water. Thal-
lium is reasoned behind numerous neurological diseases and non-neurological dis-
eases. Non-neurological symptoms of thallium are anorexia, vomiting, gastrointesti-
nal bleeding, abdominal pain, paresthesia, alopecia, cardio-toxicitywith arrhythmias,
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and coma like life threating diseases occurs due to expoures. Thallium is also rea-
soned to cause seizure, fatigue, emotional changes, delirium, hallucination, ataxia,
and loss of sensation, cranial-nerve deficit, and polyneuropathy like neurological
symptoms in a dose dependent manner (Saha 2005; Zhao et al. 2008; Pelclová et al.
2009). Cortex, cerebellum and brain stem are the main regions of brain which are
affected by thallium (Ríos et al. 1989).Moreover, toxicity was activated through lipid
peroxidation and lysosomal enzyme beta-galectosydase in brain regions into dose
dependent manner (Osorio-Rico et al. 2017). High concentration of thallium accu-
mulated in hypothalamus and the potassium ion concentration may leads to many
neurodegenerative diseases (Diaz and Monreal 1994).

Several metal in mixture of different concentration changes the homeostasis of
biological environments of the body but have not been studied very extensively and
minutely. Pb, As, Cd, Hgmetals are studied in animalmodels as amixture to examine
the toxicity level and their multiple implications on various mechanisms, which may
lead to neurological disorder.

4 Neurotoxicity Mechanism Induced by Heavy Metals

Heavy metals are used in our daily life, where, minute quantity may cause major
impact in homeostasis, tiny quantity affects the enzyme activity in the brain and
an excess quantity may generate neurotoxicity, which leads to neurodegenerative
disorder. Most of the neurological diseases are developed during late old age and the
reasons are unknown.However, it can be assume that these heavymetalsmay changes
the behavior of enzymatic activity, oxidation of cellular molecules, mitochondrial
dysfunctions, andmolecular or cellular activities in theminute level at the initial stage
in the brain. Metal absorption is different in the brain from other organs, where, most
of themetals absorbs in gastrointestinal tract, skin, lungs, olfactory organs, andmixed
in the circulatory system. Metals reached inside the brain to cross the BBB from
blood to CSF and CSF to the inner side of the brain (Lemercier et al. 2003). Metal
diffused from blood, through BBB, to CSF. In some cases, metal disrupts the BBB,
and make permeable to other pathogens, compounds to generate autoimmune and
neurological diseases like meningitis, epilepsy, multiple sclerosis, de novo diseases,
cerebral edema, brain trauma, an damyotrophic lateral sclerosis.

Metals have an affinity towards divalent metal ion-transporter-1 (DMT-1) and
transferrin (Tf) receptors; interact with BBB and brain tissue (Yokel et al. 2006).
Passing through the BBB, glial fibrillary acidic protein (GFAP) expression reduced.
Metals effect and disrupts the BBB, and make permeable to pathogens to gener-
ate autoimmune neurodegenerative diseases like multiple sclerosis, epilepsy, amy-
otrophic lateral sclerosis, meningitis, cerebral edema, and systematic inflammation.
Divalent cation transporter (DMT-1) and transferrin transporter also bindswith heavy
metals at BBB and takes to CSF, where they accumulate in different parts of the
brain. Metals involves in the mechanisms to bind with NMDA receptors, which
are important for the cognitive behaviors and memory. Generally, NMDA recep-
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tors responsible for glutamate balance in postsynaptic regions and bind to glutamate
induced the efflux of Ca++ to neuronal cytoplasm of postsynaptic region (Farina
et al. 2013). Mostly Pb causes irreversible inhibition of NMDA receptors by bind-
ing, and disrupts the Ca++ signaling in neuronal synapsis (Kim et al. 2005). This may
also generates pathological neurobiological symptoms which has been accountable
for memory function (Neal et al. 2011). Pb transformed the NMDA receptor subunits
NR2A and NR2B ratio which perturb the Ca++ signaling in hippocampus and altered
the BDNF, n-NOS, CERB, liable for memory and long-term potentiation inhibi-
tion (Guilarte et al. 2000). Calcium ion is an indispensable for neuron homeostasis,
which maintains the intracellular signaling of presynaptic terminal, cell body, and
dendritic arbor by balancing the Ca++ efflux (Rai et al. 2010). Pb causes the disrup-
tion of Ca++ concentration and activates the phosphor kinase C (PKC) and phosphor
lipase C (PLC). This may unregulates the phosphor kinase A (PKA) and calmodulin
dependent protein kinases (CMKII), followed to decreased theBDNF,CERB, antiox-
idant enzyme with increased ROS and MAPK signaling might leads the demise of
neuronal cell (Reinholz et al. 1999). Pb affects the pre-syneptic (VAMP1/2, synapto-
physin, synaptotagmin-1, SNAP25, syntaxin-1) and postsynaptic proteins (PSD-95),
which may induce the pathological changes in the cerebellum, forebrain cortex and
hippocampus. Moreover, synaptic region had swollen, elongated and shrunken mito-
chondria in Pb treated animals (Gassowska et al. 2016). These symptoms implies
the synaptic dysfunction and disruption of neurotransmission mechanism due to Pb,
and leads to neurodegenerative disorder and neurobiological diseases (Ashok et al.
2015).

Excessive accumulation of metals, found in different parts of the brain, may par-
ticiapte in the mechanism of oxidative damage to the brain cells by deformation of
protein, accumulation of amyloid protein, disrupting theNa+/K+ ATPase pump, upset
acetylcholine esterase (AchE), and imbalance of ubiquitous Ca++ ions (Kinoshita
et al. 2014). The Cd induced oxidative stress and mitochondrial dysfunction were
recognized by Kumar et al. (2013). Cd exposure increased the Ca++ concentration in
the cytoplasm and nucleus of neurons and such changes may abandone the cellular
functions (Orrenius and Nicotera 1994a, b). Ca++ signaling affects the mitochondrial
dysfunction and generate excess amount of ROS in neurons. Therefore, it conse-
quently reduce the defense mechanism by changing the levels of the anti-oxidant
like, glutathione, catalase, and superoxide dismutase activity. Increased ROS level
induce the apoptosismechanism in neuronal cells by affecting caspase-3 and caspase-
9 activity, resulting in neuronal cell death in various parts of the brain (Jung et al.
2008), which may lead to cause ALS, a neurodegenerative diseases (Hart and Gitler
2012). Cd reduce the mitochondrial membrane potential of mitochondria (Hossain
et al. 2009), (a major source of energy for neurons). It also reduces the capacity of
mitochondria to produce ATP by oxidative phosphorylation and interrupt the trans-
portation of mitochondria in distal part of neurons (Han et al. 2017). Disruption
in mitochondrial transportation implicated in several neurodegenerative diseases as
Alzheimer, Huntington and Parkinson’s diseases (Jiang et al. 2007). Abnormal Ca++

homeostasis andmitochondrial dysfunction also evokes ROS and active free radicals.
These free radicals move to the nucleus for mutation in DNA of pre and post synaptic
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proteins. Increased level of ROS also reduces the BDNF level, which has vital role
for memory and cognitive function in brain hippocampus (Baranowska-Bosiacka
et al. 2012).

Hg proceeded as an organic form in humans, and its minute quantity has a major
impact in the brain (Lohren et al. 2015). Hg found in mother milk also, which
influences the brain development in new born (Johansson et al. 2007), resulting in
cognitive dysfunction and disruption in learning behavior over the years. Hg interacts
in cellular level and disrupts the function of neurotransmitter, microtubule and Ca++

homeostasis (Lafon Cazal et al. 1993). MeHg increased oxidative stress in cerebral
cortex (Chang et al. 2013; Yuntao et al. 2016), causes the neuronal injury which
induces amyotrophic lateral sclerosis/motor neuron diseases (ALS/MNS) (Chang
et al. 2013; Yuntao et al. 2016). Thiol (-SH) group has high tendency to react with
MeHg (Suzuki et al. 1976; Straka et al. 2016), present in cysteine and methion-
ine amino acid of protein. MeHg impedes the thiol metabolism, which is a prime
cause of autism (neurological disease of children at the age of 6), blamable for bio-
chemical changes on transketolase, oxidative stress, abnormal thiamine homeostasis.
Impeded thiol metabolism and oxidative stress decreased the glutathione (GSH), an
anti-oxidant, present into high amount in the brain, and inhibited the activity of
Na+/K+ ATPase, NADH dehydrogenase, glutathione reductase and oxidative stress,
makes neural vulnerable for neurodegenerative diseases (Gibon et al. 2010). MeHg,
is responsible for glutamate (Glu) toxicity in brain (Moretto et al. 2005), block
uptake of glutamate in astrocytes, and further, glutamate amount increased in the
extracellular fluid, causes toxicity in the spinal cord. Toxicity in spinal cord and
high concentration of glutamate by MeHg affects the synaptic activity of neurons,
leading to devastating neurodegenerative diseases (Moretto et al. 2005). Hg inhibits
the activity of superoxide dismutase (SOD), glutathione peroxidases and elevates
the ROS level, which may increase the oxidative stress in cerebral cortex. Moreover,
NF-E2-related factor 2 (Nrf-2) pathway get activated (Yang et al. 2017) and Ca++

ATPase activity inhibited, by increased intracellular loading of Ca++ and unbalanced
Ca++ signaling in neurons. This may inhibit the process of electro-chemical activity
of neuron, which is essential for the information transfer between neurons in every
part of the brain. Hg causes the disruption in mitochondrial membrane potential by
abandoned Ca++ in mitochondria (LeBel et al. 1990) and inhibits the mitochondrial
electron transport chain (ETC) in cultured neural cells. Mercury enhance nitric oxide
production and the activates the glial cells in brain, which reduces the glutathione
level in brain (Simmons-Willis et al. 2002). All these mechanisms induced byMeHg
make the brain vulnerable for neurodegenerative diseases.

Exposure to heavymetals results into neurodegenerative diseases or neurobiologi-
cal diseases withmultiplemechanistic pathway likemitochondrial dysfunction, Ca++

signaling, ROS generation, apoptosis, autophagy, interrupted anti-oxidant enzymes
activity and crucial signaling pathway. Arsenic (As) phosphorylates the tau protein,
(a microtubule associated protein of neurons), where this phosphorylation makes
aggregation of tau proteins, deregulate the function of tau protein and causes neu-
rodegeneration (Alizadeh-Ghodsi et al. 2018). Arsenic also cause the inflammation
and degeneration of neural cells by ROS production and inhibition of antioxidant
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activity in neural stem cells, reasoned for multiple sclerosis (MS) and impaired
neural activity (Sun et al. 2017; Alizadeh-Ghodsi et al. 2018). Arsenic induces the
inflammatory process in the cerebrum; cerebellum, thalamus and brain stem bymod-
ifying the inflammatory genes. Inflammation instigates the myelin reduction in nerve
cells into the central nervous system, which hindered the electric signal in between
neurons and cause neurodegenerative diseases and multiple sclerosis. Other inflam-
matory mechanism activates the microglial cells, cytokine interleukin-6 (IL-6), and
IFN-γ (released from astrocyte), which causes the injury of neurons, inhibition of
regeneration, death of neurons and oligodendrocyte implicated in neurodegenerative
diseases as PD, AD, HD and traumatic brain injury on different parts of the brain
(Alizadeh-Ghodsi et al. 2018; Sun et al. 2017; Ashok et al. 2015).

Mixed metal effects also analyzed in animal to disclose the severity of metal on
neurodegenerative diseases. Al, Pb, Hg may cause the neurotoxicity with deregula-
tion of Ca++ homeostasis in the brain microsomes (Andrade et al. 2017). Changes
in the flux of Ca++ has been presented as indexing of heavy metal neurotoxicity in
brain (Bostanci and Bagirici 2013). Al, Pb, Hg neurotoxicity implemented by IP3
mediated calcium release (Pb > Hg > Al) and inhibition of calcium uptake by micro-
somes in brain (Pb > HG > Al) (Pentyala et al. 2010). Cd and Pb have combined
effects of Na+/K+ATPase, where Pb made the reaction more potent and imbalance
the Na+/K+, Ca++ intracellular manner. Pb, Cd and Arsenic elicits ROS, and stimu-
late the signaling pathway of ERK, JNK, MEPK to induce neurotoxicity inside the
brain and seeding of neurodegeneration diseases (Nori et al. 1996). Every metal has
their different pathways to react and generate its effect, so the cumulative effect is
always more detrimental than a single metal. Further study of mixed metal, Pb, Cd,
MeHg, Arsenics acts individually differently, such as Pb binds to NMDA receptors,
Cd inhibits the Na+/K+ ATPase pump,MeHg inhibits the glutamate uptake, where all
are responsible for Ca++ deregulation in neurons (Ahlskog et al. 1995). This instigate
themechanism to ROS generation, inhibition of antioxidant, reduced BDNF, induced
apoptosis, mitochondrial deregulation, and causing the neural cell death (Wang and
Du 2013; Stackelberg et al. 2013).

5 Signaling Mechanism to Brain Cancer

Abnormal growth of a cell inside the brain causes a brain tumor. Brain tumor is
very rare (2%) in human, and it has been found in two forms, benign and cancerous
(or malignant). Cancerous form is divided in two, primary tumors (within a brain),
and malignant (spread from other organs) (metastasis). Till now, the cause of cancer
is unknown and only few mechanisms speculates the brain cancer, which found in
glial cell (glioblastoma) and meningioma (benign) (Lathia et al. 2015). Glioblas-
toma can developed in astrocytes, oligodendrocytes and neural stem cells, which
have metastatic activities, known as cancer stem cells (Omuro and DeAngelis 2013).
Contrary occupational studies showed that metals have no role in brain cancer, as it
has not been detected in brain cancer patients (Wesseling et al. 2002). Mechanism
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behind the glioblastoma development, further reflected same in heavy metal mecha-
nism, as comparable mechanism thought to be reason behind the initiation of brain
cancer. In glioblastoma, themechanismof calcium ion imbalance or irregular calcium
signaling, mitochondrial dysfunction, increase in apoptotic pathway, restriction in
autophagy, irregular cell cycle, JNK, ERK, MAPK signaling, Na+/K+ ATPase plays
very prominent role, which are reprise by metals. Pb, Cd, As and Hg may induce the
calcium ion deregulation in neural cells (Vu et al. 2018), which disrupts the mito-
chondrial dysfunction (Gugnani et al. 2018), disrupts the energy source and make
cells glucose dependent (founds mostly in glioblastoma cells) (Singh et al. 2005).
Heavy metals induced ROS formation may initiate DNA damage, lipid peroxidation,
disruption in protein activities, free radical generation and correlate with epigenetic
of brain tumors (Zhang et al. 2017). Metals produced oxidative stress causes the
DNA mutation, strand breakage, and DNA methylation, histone alteration. In heavy
metal, arsenic hypermethylate the DNA in the promoter of CDKN2A, Ras associ-
ated domain family protein 1A and serine protease 3 (Cui et al. 2006). Explanatory
study of mechanism induced by metal was obscure but some occupational studies
reveals that metals presents in individual patients with brain cancer. There is elevated
risk of low-grade glioblastoma in worker of metal industry (Van Wijngaarden and
Dosemeci 2006). Pb also has carcinogenic activity (Arslan et al. 2011). Several other
studies also indicated that Pb causes the high risk of cerebral tumor (Cocco et al.
1998, 1999).

6 Conclusions and Future Recommendation

Heavy metal, As, Pb, Cd, Hg, Al has been known for their toxic effects in all
aquatic andmammalian species. Toxicity of these metals are susceptible for the brain
and cause neurotoxicity, which impacts neurodegenerative diseases like, Alzheimer
disease, Parkinson’s disease, Amyotrophic lateral Sclerosis, Multiple sclerosis etc.
Every individual metal has their own mechanism to cross the blood brain barrier
and reach the brain; some make complexes with proteins and some transported by
specific transporter receptors to CNS. Choroid plexus is also playing an important
role into crossing the metal to CNS, from where they reach different brain parts and
induce neurotoxicity, including changes in the memory and cognitive functions of
the brain. Pb, Cd, Hg and Arsenic have a separate mechanisms in diverse part of the
brain to affect neural activity such as Pb bind to the NMDA receptor and prevents
taking glutamate, which affects cognitive disability, memory and LTP. Cd induces
the ROS formation, mitochondrial dysfunctions, imbalance of Ca++, oxidative stress
in neuronal cells, causes the death of neurons in ALS diseases. Metal induced oxida-
tive stress initiate the signaling process of ERK, JNK, and MEPK, which activate
the glial cells to produce immunogenic response. Activated glial cells persuade the
immune system, release cytokine IL-6, IFN-γ which may cause damage to neurons
and degenerate neurons of the nervous system. There is not much evidences of metal
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in a sample of the brain cancer patients; however, the possibility is high in workers
of metal industry to get neurological diseases with lowered level of glioblastoma.

It’s evident from the studies that the lucid mechanism caused by the metal is
obscure. Prolonged exposure of the metal and induction of brain cancer mechanism
and neurodegenerative diseases at molecular level is completely ambiguous. Future
research is represented as an innovation of molecular mechanism which might be
able to explain the association of heavy metals and different types of brain tumors
such as glioblastoma, meningitis.
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Molecular Mechanisms of Heavy Metal
Toxicity in Cancer Progression

Pragati Singh, Deepak Tiwari, Manish Mishra and Dhruv Kumar

Abstract In last few years, cancer became one of the leading cause of death in
humans. There are several factors associated with the cancer initiation and pro-
gression including heavy metals. Several heavy metals including arsenic, cadmium,
uranium, lead, mercury etc. and heavy metal-containing compounds are toxic to
the humans and have been reported to induce mutations in human genome which
further leads to the carcinogenesis. This chapter provides the detail understanding
of molecular mechanisms and pathway analysis to heavy metal toxicity in human
carcinogenesis.

Keywords Heavy metals · Cancer · Arsenic · Cadmium · Cobalt · Uranium

1 Introduction

Heavy metal is simple collaboration of two entirely different words i.e. heavy and
metal or we can say the metals which are heavy. The definition says that density of
metal is high but actually this physical quantity is quite useless in the cases of plants
and other living organisms (Jaishankar et al. 2014). Plants and living organisms do
not deal with metals or we can say that these are not accessible to them in their
elemental form (Jaishankar et al. 2014).

If wewant to define these twowords then heavymeans something that haveweight
and metals means substances or elements which can conduct heat and electricity and
have properties like ductility, malleability and luster (Aziz et al. 2008; Florea et al.
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Fig. 1 Positions of heavy metals in periodic table

2012). The metals having a property i.e. temperature dependent conductivity which
differentiate it from non-metals and metalloids (Jaishankar et al. 2014). Therefore
heavy metals can simply be defined as elements those have a density i.e. 5 times
greater than the specific density of water. The specific gravity of water is found to be
1 at a temperature of 4 °C (39 °F) (Ilyin et al. 2004). Well, we can describe specific
density as a ratio in between the density of any substances to the density of some
other substances considered as standard under specified conditions of pressure and
temperature.

In case of liquids and solids we can consider water as standard and in case of gases
hydrogen or air is considered as a standard (Aziz et al. 2008; Brochin et al. 2008). It
is symbolized as sp.gr. This quantity is dimensionless and therefore not expressed in
units. The heavy metals are chemical components or elements that are mostly found
in the earth crust (Järup 2003; Mamtani et al. 2011. There are a specific place and
description of each and every heavy metal in the periodic table. It is believed that
there must be a correlation in between “toxicity” and “heaviness” (Fig. 1).

Human beings are blessed with power to understand things in a far better way
than other living organisms. Humans, instead of using this power as an asset they are
deteriorating and destroying the environment in which they live. Modernization has
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involved the use of toxic metals more than its limit value which is being causing a
variety of health hazards (Kim et al. 2015).

There are basically two types of Health Hazards: (1) Hazards associatedwithmost
target organ effects, (2) Hazards associated with cancer and mutagenic effects. Inap-
propriate and over exploitation of our resources has a big hand in problems caused
due to heavy metals (Kim et al. 2015). Various heavy metals like cadmium, mercury,
arsenic, lead, etc. are being recklessly used in manufacture of items we use in our
daily lives. In addition to this, the food we eat insecticides which contains Arsenic,
mercury etc. chemicals in high amounts (Kawada 2016). Cadmium, a heavy metal
is known to cause endometrial cancer (Mazariegos et al. 2010). Almost every heavy
metal can cause cancer. Among these heavy metals few are needed by our body for
good metabolism and possess various other functions in our body. Reactive oxy-
gen species (ROS) causes oxidative stress that is proven to be a reason behind most
of diseases caused by heavy metals (Grimsrud and Peto 2006). Cadmium, nickel,
chromium and arsenic fall in 1st category according to International Agency for
Research on Cancer (Su et al. 2007). Several reports show that vulnerability to these
heavy metals causes interference in tumor suppressor gene expression, ruins repair
processes and enzymatic agitated in metabolism by oxidative harm (Zhang et al.
2007). Screening our soil with these harmful heavy metals can contaminate the veg-
etation and can result in oral cancer. The revolution of heavymetals in our bio-system
results in concentration of high amount of toxic metal (Wen et al. 2005). Today pres-
ence of tremendous amount of biological data is an outcome of the increased attention
towards heavy metal and its carcinogenetic impact on health. So the data mining is
very essential method and can be counted into our major concern (Lee et al. 2016).
Chemical/Gene peculiar pathways that are actually very complex can be understood
with the help of the pathways studio databases as it dispense drawings for the path-
ways by using data that are collected from variety of sources (Yuan et al. 2011).
We can use and analyze the pathways because it can give a better and more com-
parative view on carcinogenesis, diseases and marker proteins that are related with
heavy metals (Khatri et al. 2012). Further, more coordinate network between marker
proteins and cell forms adds to the expectation of carcinogenesis particular protein
markers. Damages/Harm or hazards that are instigated by metal could be prevented
and detoxified by engaging different inter-cellular chelation procedures and cancer
prevention or anti-oxidants (Lobo et al. 2010). Resistance against metal poisoning
is developed by combing metal ions with the phytochelatins (phytochelatins known
as the chelating agents in plants). Oxidative damages are overcome by the complex
formed when molecules of anti-oxidants interacts with free radicals (“and dusts,”
n.d.). Utilization of phytochemicals from cell reinforcement substances from plants
can aid the cell reinforcement related detoxification processes.

2 Why It Is Important to Discuss Metal Toxicity?

Heavymetals can be further categorized into beneficial heavymetals and toxic heavy
metals. Here, we lay our focus on the toxic heavy metals since they are of much
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concern for us (Hodson 2004; Jan et al. 2015; Patil et al. 2013). Out of 35 metals that
are needed to be concerned, 23 are heavy metals small amounts of these metals are
essential for good health but large intake is hazardous and can cause acute or chronic
toxicity. Excessive intake causes damage to mental and central nervous function,
lower energy levels, damaged blood composition, lungs, kidneys, liver and other vital
organs (Arif et al. 2016; Singh et al. 2011). Long-term exposure to such metals can
result in-slowprogression in cancer, physicalmuscular and neurological degenerative
processes, Alzheimer’s disease, Parkinson’s disease, muscular dystrophy, multiple
sclerosis etc.

3 Heavy Metals not Associated with Cancer

As earlier stated heavy in small quantities are very essential and beneficial for health.
They exist in various compounds and unimolecular forms and in various food stuffs.

They have various medical and industrial applications

1. Indirect injection of gallium in the radiological procedure
2. In x-ray equipment ‘lead’ is used as a radiation shield.
3. In manufacturing pesticides, batteries, alloys, electroplated metal parts, textile

dyes etc.
4. They also constitute important role in products used in our homes.

4 Toxic Heavy Metals

Heavy metals when not metabolized act as toxic heavy metals resulting in their
accumulation in the soft tissues (Goyer et al. 2004). Their intake/pathways into
the human body are through food, water, air, or adsorption by the skin in case of
pharmaceutical or industrial setting (Barra et al. 2006; Mamtani et al. 2011. Their
intake varies to different age groups such that adults develop metal toxicity generally
through Industrial Exposure whereas in children it develops by eating toxic metals
(Prüss-Ustün et al. 2011; Village 2005) in form of some substance or also from hand
to mouth activity of small children when they touch dirty and contaminated soils etc.

Other common routes of exposure to toxicity are during a radiological procedure,
from inappropriate doing during parental nutrition, from parental nutrition, from bro-
ken thermometers. People residing in older homes with lead painted or old plumbing
develop contamination (Length 2007; Morin et al. 2007; OEHHA 2001). Inhalation
or skin contact with dust, fumes or vapor causes acute poisoning (Kazemipour et al.
2008; Sankhla et al. 2016). The agency for toxic substances and disease registry
in Atlanta, Georgia in cooperation with U. S. Environmental Protection Agency has
compiled a priority list named “The top 20 hazardous substances” in 2001. The heavy
metals 1 Arsenic, 2 Lead, 3 Mercury, 7 Cadmium occur in this list.
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Table 1 Role of Arsenic in cancer initiation and progression

Sources Cancers
associated
with arsenic

Regulatory limitations Target organs Symptoms

Smelting Lung cancer Environmental
Protection Agency
(EPA)—0.01 parts per
million (ppm) in
drinking water

Blood Sore throat

Manufacturing
of chemicals
and glasses

Bladder
cancer

Occupational Safety and
Health Administration
(OSHA)—10 μg/m3 of
workplace air for 8 h
shifts and 40 h work
weeks

Kidneys Reddening at
the contact
point

Production of
arsenic gas
released from
pesticides
containing
arsenic

Skin cancer Central
nervous
system

Severe
abdominal
pain

Digestive
system

Vomiting and
diarrhea

Skin system Other
symptoms
include fever,
mucosal
irritation

4.1 Arsenic

Chronic exposure to Arsenic can result in damage to central nervous system, exces-
sive skin darkening (hyperpigmentation) in areas not exposed to sunlight, excessive
formation of skin on soles and palms (hyperkeratosis), or white bands of arsenic
deposits across the fingernails (visible after 4–5 weeks of exposure) (Tchounwou
et al. 2004). Cardiovascular changes are often diagnosed earlier which later can
lead to cardiovascular collapse (Chioma et al. 2017; Soignet et al. 2001). Table 1
summarizing the sources of arsenic and associated factors.

4.2 Lead

Chronic exposure to lead leads to birth defects, mental retardation, autism, psychosis,
allergies, dyslexia, hyperactivity, weight loss, shaky hands and muscular weakness
(Stohs and Bagchi 1995; Tchounwou et al. 2012a, b). Children are often sensitive to
lead toxicity. Symptoms of chronic lead exposures include—colic, allergies, autism,
hyperactivity, mood swings, nausea, numbness, and lack of concentration (Kaul et al.
1999; Yedjou et al. 2010). Table 2 summarizng the sources of lead and associated
factors.
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Table 2 Role of Lead in cancer initiation and progression

Sources Cancer
associated with
lead

Regulatory
limitations

Target organs Symptoms

Old houses (in
painted surfaces)

Lung cancer EPA—15 parts
per billion (ppb)
in drinking
water,
0.15 μg/m3 in air

Bones Abdominal pain

Industries Stomach cancer Brain Convulsions

Fertilizers Blood Hypertension

Kidneys Loss of appetite,
fatigue, and
sleeplessness

Thyroid gland Renal
dysfunction

Other symptoms
include-
hallucination,
headache,
numbness,
arthritis, and
vertigo

4.3 Mercury

Mercury exists in three forms: Elemental mercury, organic and inorganic mercury.
Liquidmercury ismore likely to be ingested by the children because of its beautiful

colors and unique behavior when spilled. Common sources of liquidmercury are bro-
ken thermometer, or drinking medicine containing mercury (Rooney 2007). Chronic
exposure to mercury can cause permanent problems to central nervous system and
kidneys. Mercury is capable of entering into the placenta and accumulation of which
can cause, mental retardation, brain damage, blindness, cerebral palsy, inability to
speak. Table 3 summarizng the sources of mercury and associated factors.

4.4 Cadmium

Chronic exposure to cadmium causes hazardous disease resulting in chronic obstruc-
tive lung diseases renal disease and fragile bones. It has been concluded by various
research studies especially performed on Egyptian females that in case of breast can-
cer the levels of cadmium and copper were found to be increased and levels of iron
was reduced. Table 4 summarizng the sources of cadmium and associated factors.
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Table 3 Role of Mercury in cancer initiation and progression

Sources Cancer
associated with
mercury

Regulatory
limitations

Target organs Symptoms

Dental amalgam Prostate cancer EPA—2 parts per
billion parts
(ppb) in drinking
water

Brain Sore throat

Thermometers FDA—1 part of
methylmercury
in a million parts
of sea food

Kidney Shortness of
breath

Algaecides and
childhood
vaccines

OSHA—0.1 mg
of organic
mercury per
cubic meter of
workplace air
and 0.05 mg/m3

of metallic
mercury vapor
for 8-h shifts and
40-h work week

Metallic taste in
the mouth

Fertilizers Abdominal pain

Mining industry Nausea

Vomiting and
diarrhea

Headaches

Weakness

Visual
disturbances

Tachycardia

Hypertension

4.5 Aluminum

Aluminum studies show that long-term exposure to aluminum could be a reason
for developing Alzheimer’s disease since the Alzheimer’s patients were found with
the significant amount of aluminum in their brain tissues (Al-fartusie and Mohssan
2017). Aluminum-based coagulants are also being used for water purification which
has balanced its potential health concerns to much extent. Table 5 summarizng the
sources of aluminum and associated factors.

4.6 Iron

Chronic overdose of iron causes its deposit in the heart which may cause death due to
myocardial siderosis. Table 6 summarizng the sources of iron and associated factors.
The high amount of ingestion of iron causes cellular toxicity and impaired oxidative
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Table 4 Role of Cadmium in cancer initiation and progression

Sources Cancer
associated with
cadmium

Regulatory
limitations

Target organs Symptoms

Nickel–cadmium
batteries

Breast cancer Primary drinking
water standard
(MCL)
0.005 mg/l

Liver Nausea

PVC plastics Lung cancer Hazardous waste
screening criteria
(TCLP)
20 mg/kg

Placenta Vomiting

Fertilizers Livestock water
quality 0.5 mg/l

Kidney Abdominal pain

Reservoirs
containing
shellfish

Lungs Breathing
difficulty

Cigarettes Brain Learning
disorders

Dental alloys Bones Loss of taste

Motor oil Growth
impairment

Cardiovascular
disease

phosphorylation and mitochondrial dysfunction resulting in cellular death (Griswold
and Martin 2009).

4.7 Copper

Chronic exposure of copper causes damage to liver and kidney and destroys RBC’s.
Acute (short term) effects of copper causes temporary gastrointestinal distress.
Though copper is essential for body as it helps fight anemia and necessary for nor-
mal metabolic functions in Human. Deficiency of copper causes low numbers of
white blood cells, osteoporosis in infants and children, and defects in connective
tissue leading to skeletal problems. Table 7 summarizng the sources of copper and
associated factors.
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Table 5 Role of Aluminum in cancer initiation and progression

Sources Cancer
associated
with
aluminum

Regulatory limitations Target organs Symptoms

Food additives Breast cancer Secondary drinking
water standard
0.05–0.20 mg/l

Central
nervous
system

Memory loss

Antacids Common range in soils
10,000–300,000 mg/kg

Kidney Learning
difficulty

Buffered
aspirin

Livestock water quality
5.0 mg/l

Digestive
system

Loss of
coordination

Astringents Disorientation

Nasal sprays Mental
confusion

Antiperspirants Colic
heartburn

From drinking
water

Flatulence

Automobile
exhaust

Headaches

Tobacco
smoke

Aluminum foil

Storage
containers

Table 6 Role of Iron in cancer initiation and progression

Sources Cancer
associated
with iron

Regulatory limitations Target organs Symptoms

Iron tablets Lung cancer Secondary drinking
water standard 0.3 mg/l

Liver Nausea

Drinking
water

Colon cancer Common range in soils
7,000–550,000 mg/kg

Cardiovascular
system

Vomiting

Iron pipes Bladder
cancer

Kidney Abdominal
pain

Cookware Hematemesis

Diarrhea

Significant
fluid and
blood loss
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Table 7 Role of Copper in cancer initiation and progression

Sources Cancer associated
with copper

Regulatory
limitations

Target organs Symptoms

Mines Breast cancer Primary drinking
water standard
(MCL) 1.39 mg/l

Liver Nausea

Wires Ovarian cancer Secondary
drinking water
standard 1.0 mg/l

Digestive system Vomiting

Pipes Lung cancer Common range in
soils 2–100 mg/kg

Abdominal
painSheet metal

Table 8 Role of Nickel in cancer initiation and progression

Sources Cancer associated
with nickel

Regulatory
limitations

Target organs Symptoms

Alloys Breast cancer Common range in
soils 5–500 mg/kg

Lungs Chest pain

Jewelries Livestock water
quality 1.0 mg/l

Respiratory tract Cough

Food items Land application of
sewage sludge
420 ppm

Kidney Dyspnoea

Chocolate Cardiovascular
system

Dizziness

4.8 Nickel

Chronic Exposure to nickel causes lung cancer, nose cancer, larynx cancer and
prostate cancer. Exposure to nickel and compounds containing nickel causes der-
matitis known as “nickel itch” to sensitive people (Zofkova et al. 2017). Nickel is
a micronutrient and essential for health. Possible sources for exposure of nickel to
human are air we breathe, drinking water, eating food (vegetables contain nickel) or
smoking cigarettes. Inhalation of nickel gas causes respiratory failure, lung embolism
and chronic bronchitis. Table 8 summarizng the sources of nickel and associated fac-
tors.

4.9 Tin

Large amount of consumptionof inorganic tin causes stomachaches, anemia, liver and
kidney problems. Chronic poisoning to tin can result in neurological problems. Acute
exposure can cause skin and eye irritation, respiratory irritation and gastrointestinal
effect. High amount ingestion can be fatal. Table 9 summarizng the sources of tin
and associated factors.
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Table 9 Role of Tin in cancer initation and progression

Sources Cancer
associated with
tin

Regulatory
limitations

Target organs Symptoms

Alloys Prostate cancer All food in solid
form 230 ppm

Nervous system Stomach aches

Soil Testicular
cancer

All food in
liquid form
230 ppm

Hematological
system

Eye irritation

Anti-foiling paint Respiratory
system

Respiratory
irritation

Lungs

4.10 Uranium

Uranium (U) is the heaviest radioactive metal which occurs naturally in the envi-
ronment. It has an atomic number, A, of 92. It is one of the actinide series elements
which is well documented, extensively studied and highly explored by human beings.
Its physical properties are given in Table 10. Natural uranium (Nat U) is a mildly
radioactive element consists of three (radio) isotopes namely U-238, U-235 and U-
234, which exist in almost a secular equilibrium with each other. It emanates mainly
Alpha particles, beta particles and gamma rays. The most relevant isotopes and their
half-lives are provided in Table 11 and the level of contamination of uranium in
ground water in many countries given in Table 12. It is known that Alpha particles,
which carry massive energy of 4–8 meV (Mega electron volts), pose almost no exter-
nal hazard i.e. when it is present outside of the body. That is because its range in
air is only a few centimeters and it can be stopped even by a piece of sheet. Alpha
cannot even penetrate the dead layer of our skin. However, when ingested through
water or food can cause of a lot of internal damage to the soft tissues.

United States Environmental Protection Agency (USEPA) has classified uranium
as a confirmed human carcinogen (GroupA) and has published guidelines to enforce-
ment agencies to follow a Zero tolerance for its presence in drinking water, with a
maximum permissible limit of 30 ppb. World Health Organization (WHO) has pub-
lished a set of reports in which it has emphasized that limits of uranium in drinking
water should be less than 15 ppb, which it later in 2011 changed to 30 ppb. In India
Atomic Energy Regulatory Board (AERB) has fixed maximum permissible limits of
60 ppb (AERB 2004).

Since uranium it is a naturally occurring radionuclidewith an estimated half-life of
millions of year, it is present in varying proportions in Earth’s crust, seawater, surface
waters, groundwater, plants and animals. While its concentration is reported around
3 ppb (part per billion orμg/L) in different water bodies, including seawater, it occurs
in Earth’s crust at an averageworldwide level of around 3 ppm (Hu andGao 2008). As
it is a naturally occurring and ubiquitously present radioactive element, it ingestion
from food, drinkingwater and inadvertently from soil is a regular phenomenon. It has



60 P. Singh et al.

Table 10 Physical properties
of uranium metal

Density (high purity) 19.05 ± 0.02 g/cm3

Density (industrial uranium) 18.85 ± 0.20 g/cm3

Melting point 1.132 ± l °C

Boiling point 38,113 C

Heat of fusion 4.7 kcal/mole

Vapor pressure 10−4 mm

Thermal conductivity 0.071 cal/cm-s-°C

Electrical resistivity @ (25 °C) 35 × 106 �/cm3

Mean coefficient of linear thermal
expansion (random orientation)

16 × 10−6/°C

Specific heat 6.65

Enthalpy (25 °C) 1,520 cal/mole

Entropy 12.0 cal/mole/°C

Table 11 Relevant
radioisotopes of uranium

Radioisotope Abundance
(w/w %)

Radioactivity
percent (%)

Half-life
(years)

U-238 99.27 48.7 4.47 × 109

U-235 0.720 2.72 7.04 × 108

U-234 0.005 49.03 2.4 × 105

U-233 Trace,
anthro-
pogenic

– 1.6 × 105

U-232 Anthropogenic – 68.9

Table 12 Occurrence of
elevated levels of uranium in
groundwater around the
world (BARC REPORT)

S. No. Location
details

Uranium content (μg/L or ppb)

1 Finland 0.04–12,000

2 France 0.35–74.4

3 Germany 0.03–48

4 Switzerland 0–80

5 China 0.01–56

6 USA 0.01–652

7 Sweden <2–470

8 Norway <0.02–170

9 Jordan 0.04–1,400

10 Punjab,
India

<0.2–644
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Fig. 2 Decay series of uranium (U-238)

been estimated that an average adult human ingests (intakes) 1–2 μg/day of uranium
from food and 1.5 μg/day from drinking water (Konietzka 2015; Singh et al. 1990).
One gram of natural uranium having this relative isotopic abundance has an activity
of 0.69 μCi (or 25,530 Bq as 1 Ci = 3.7 × 1,010 Bq). Of this 49.0% of the activity
is attributable to U-234, 2.27% of the activity is attributable to U-235, and 48.7% of
the activity is attributable to U-238 (Fig. 2).

Uraniumwhen inhaled or ingested through air or food or water gets rapidly elimi-
nated from the body. The maximum absorption in case of inhalation is 1–5% through
lungs and in case of ingestion it is around 0.5–5%. Majority of inhaled uranium gets
cleared from the lungs via mucociliary action or through fecal excretion of the swal-
lowed sputum, however a very small portion of uranium may reside in the lungs
for years. Ingested uranium (only 0.5–5%), on the other hand, gets absorbed in the
blood from where it gets distributed initially to soft tissues and lymph nodes and
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then finally to kidney, liver and bone. Overall, most ingested uranium is excreted in
feces and remainder in urine (Radespiel-Tröger and Meyer 2013).

Uranium, being an actinide series element can exist in +II, +III, +IV, +V and
+VI oxidation states, however oxidation states of +IV and +VI are the ones which
form a range of complex compounds in the environment and the only states which
are abundant enough to study. The U(VI) oxidation states are mainly water-soluble
compounds while +IV are otherwise and are abundantly found in soils and rocks.
U(IV) is rather insoluble and exists in complex forms with inorganic ligands e.g.
fluoride, chloride, sulphate and phosphate. U(VI), as uranyl (UO2++) complex is
abundant in wet soils and water mediums (Gómez et al. 2006).

In 20th century which lead to discovery of fission of uranium, to produce vast
amount of energy trapped in the nucleus, has led to slight increase in worldwide
concentration of fallout uranium. Extensive uranium mining, atmospheric nuclear
tests, nuclear fuel recycling, use of depleted uranium in armours and waste disposal
are some of the anthropogenic sources which cause increase in Uranium content of
the environment accessible to human beings.

Apart from its presence in food, uranium gets inside human body through its
presence in groundwaterwhich ismajor source of drinkingwaterworldwide. Slightly
elevated levels of uranium in has been reported from all over the world including
India. The reasons for elevated levels were previously attributed to leaching from
soil due to excessive use of fertilizers or from fly-ashes produced from Thermal
Power Plants operating on coal, which may be a case in few locations (Bajwa et al.
2017; Brindha and Elango 2013; Efstathiou et al. 2014; Liesch et al. 2015). However,
recent developments and studies have found the source of uranium may be more of
geogenic origin than anthropogenic (Liesch et al. 2015).

One of the peculiar phenomenon which occurs during the decay series of U-238
is production of a volatile gaseous daughter products, Radon-222 (Rn-222), which a
half-life of 3.82 days. Rn-222 then diffuses out from the rocks, soil or aquifer sources
to the atmosphere, dissolves in groundwater or sometime to crevices present in the
nearby vicinity and the decays to its subsequent daughter products (Gokhale 2008).
Although the half-life is in days, it is always found present in the environment as it
is being continuously produced due to decay of natural uranium. Rn-222 is an alpha
emitter with an energy of 5.5 meV and it is one the major cause of lung cancer in
non-smokers. Rn-222 causes thousands of deathsworldwide because of its inhalation
frommilling,mining and cement and concretematerialswhich have elevated levels of
natural uranium in it (Samet 2011). International Atomic Energy Agency (IAEA) has
given a threshold limit for annual activity concentration of Rn-222 as 1,000 Bq/m3

for building with high occupancy factor (IAEA 2015).



Molecular Mechanisms of Heavy Metal Toxicity … 63

5 Methodologies for Radiological and Chemotoxic Risk
Assessment of Uranium

Human health effects due to exposure of uranium can be classified as radiological
risk (ionizing radiation effects of uranium isotopes) and as chemotoxic risk being
a heavy metal. The radiological risk factor can be evaluated based on the general
USEPA standard method (Hartmann et al. 2000). Using the risk factor and uranium
level in subsurface water, the excess cancer risk which an average individual faces
due to presence of uranium in drinking water can be calculated from below given
equations (Kumar et al. 2011).

Risk factor (per Bq/L) = Risk coefficient

×Water IngestionRate× total exposure duration (1)

where,

Risk coefficient (RC) 1.19 × 10−9 Bq,
Water Ingestion Rate (WIR) 4.05 L/day,
Total Exposure Duration Avg. Life Expectancy (India, 63.7 years) × 365 =

23,250 days.

ExcessCancer Risk = UraniumConcentration in groundwater× Risk factor (2)

where,

Uranium concentration (Bq/L) Measured value (μg/L) × conversion factor
(0.025 Bq/μg).

The chemotoxic risk can similarly be calculated based on the hazard quotient (HQ)
and chemical toxicity risk in the form of Lifetime Average Daily Dose (LADD) were
calculated through ingestion of groundwater by the following formula

HazardQuotient (HQ) = LADD/RfD (3)

LADD (µg/kg/day) = [Ci× IR × EF× LE]/[BW× AT] (4)

where,

Ci Concentration of U in subsurface water (μg/L),
IR Ingestion rate (L/day),
EF Exposure frequency (days/year),
LE Life expectancy (years),
AT Average Time (days),
BW Bodyweight (kg),
RfD Reference Dose (μg/kg/day),
LADD Lifetime average daily dose, (μg/kg/day).
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6 Clinical Effects of Various Toxic Metals

Arsenic: Arsenic causes perforation of nasal septum, respiratory cancer, peripheral
neuropathy, dermatomes and skin cancer.

Cadmium: Cadmium causes proteinuria, glucosuria, osteomalacia,
aminoaciduria, emphysemia.

Chromium: Chromium causes ulcer, perforation of nasal septum, respiratory can-
cer.

Manganese: Central and peripheral neuropathies.
Lead: Lead causes encephalopathy, peripheral neuropathy, Central nervous dis-

orders, and anemia.
Nickel: Nickel causes cancer and dramatis.
Tin: Tin causes central nervous system disorders, visual defects and EEG changes

and Pneumoconiosis.
Mercury: Mercury causes proteinuria.

7 Mechanism of Toxicity and Carcinogenicity of Some
Specific Heavy Metals

7.1 Chromium

Main factors that determine the toxicity of chromium compounds are oxidation state
and solubility. Chromium (VI) compounds are considered more toxic and irritation
and corrosion. They are also better oxidizing agents (Mamtani et al. 2011; Dayan
and Paine 2001). Inspite of the fact that biological mechanisms are not known, but
the level of toxicity of various states of chromium can be explained as the more
easily Cr(VI) can pass through cell membranes and further intracellular reduction
to reactive intermediates (Adenocarcinoma et al. 2014). Therefore Cr(VI) is more
toxic than Cr(III) i.e. poorly absorbed by any route.

Cr(VI) to Cr(III) extracellularly can help reducing in toxic effects of chromium.
Cr(VI) form can be soaked up by the gastrointestinal tract, lungs and even up to cer-
tain extent by skin (Chioma et al. 2017; Odewabi and Ekor 2017; Stohs and Bagchi
1995). Cr(VI) can be reduced under physiological conditions by hydrogen perox-
ide (H2O2), glutathione (GSH) reductase, ascorbic acid and GSH to form reactive
intermediates which includes Cr(V), Cr(IV), thiylradicals, hydroxyl radicals, and
ultimately, Cr(III). Any of these species can attack/strike DNA, proteins, membrane
lipids henceforth in disturbing cellular integrity and function (O’Brien et al. 2003).
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NSCLC

Cr = Chromium Hydrogen peroxide = H2O2 Hydroxy radical = OH 

SCLC

Fig. 3 The figure is obtained from KEGG databases showing mechanism of Carcinogenesis
induced by chromium metal. The oxidised and reduced forms of chromium metal act as a geno-
toxic carcinogens which leads to the formation of a DNA adduct and non genotoxic carcinogens
which activate a transcription factor that causes DNA damage respectively. Further altogether these
processes results into NSCLC and SCLC

7.1.1 Carcinogenesis Due to Chromium

According a report of epidemiological investigations workers are found suffering
from respiratory cancer due to exposure to Cr(VI) containing compounds in their
occupational environment (Clarkson 1993; O’Brien et al. 2003; Tchounwou et al.
2012a, b). Oxidative damage is considered as hidden cause of the genotoxic effects
which include chromosomal abnormalities and DNA stand breaks (Dayan and Paine
2001) (Fig. 3). However recent studies show a biological relevance of non-oxidative
mechanisms in Cr(VI) carcinogenesis. Carcinogenicity seems to be linked with
inhalation of less soluble ore insoluble Cr(VI) compounds. Cr(VI) isn’t toxic in
its elemental form. Toxicity shows a vast variation to different Cr(VI) compounds
(Clarkson 1993; Dayan and Paine 2001). Epidemiological evidence state Cr(VI) as
a factor in Carcinogenesis (Goulart et al. 2005).

Solubility and other properties of chromium such as size, crystal modification,
surface charge and the ability to be phagocytized could be significant in determining
cancer risk (IARC 2006; Yamashoji and Isshiki 2001). Hypothetical concepts have
been proposed to explain the carcinogenicity of chromium and its salts, although
there have some issues from initial when discussing metal carcinogenesis because its
different compounds have different potencies. Due to exposure ofmultiple chemicals
in the industries thus it would be hard to conclude the carcinogenicity from any single
metal (Browning et al. 2014; Duffus 2002). Hence carcinogenic risk is said to be
caused not because of any single metal. Thus, carcinogenic risk often can be said to
cause not because of any single but due to some group of metals.
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As = Arsenic MMA= Monomethylarsonic acid DMA =  Dimethylarsinic  acid

Fig. 4 The obtained figure is fromKEGG database showing mechanism of carcinogenesis induced
by arsenic metal. The reduction and oxidation phenomena of arsenic metal is responsible for the
activation of lipid transcription factor and formation of two products i.e. monomethylarsonic acid
and dimethylarsinic acid respectively that causes DNA damage and finally leads to the occurrence
of different types of skin, lung and liver cancers

7.2 Arsenic

Solubility, oxidation state as well as several other extrinsic and intrinsic parameters
strongly affects the toxicity. In case of Arsenic toxicity these factors in addition with
many other factors that are reported by several research conducts lie frequency and
time-period, exposure dose, gender and age, the biological species, alongwith genetic
and nutritional parameters and person susceptibilities play a key role in regulating
the toxicity levels (Puccetti et al. 2000). Exposure to inorganic As (arsenic) can be
considered as a reason for a large number of human toxicity caused by the Arsenic.

In comparison to pentavalent arsenate As(V), the inorganic trivalent arsenite
As(III) possess 2–10 times more toxicity (Hong et al. 2014; Velma and Tchounwou
2011). The As(III) attacks on the sulfhydryl groups or thiol of the protein and form
a complex with them. By this way it can stop the activity of more than 200 enzymes
(Jhaa et al. 1992). This mechanism is mainly responsible for the arsenic toxicity,
effects of which can widely observed on various organ systems (Dong 2002; Mum-
taz et al. 2002; Walker et al. 2010). Whereas pentavalent arsenate As(V) induces an
exchange of phosphate group which in implicated in various biochemical pathways
(Basu et al. 2001; Length 2007; Mamtani et al. 2011. The uncoupling of oxidative
phosphorylation and the suppression of manymitochondrial enzymes causes impair-
ment of cellular respiration through this mechanism arsenic impart its toxic effects
(Fig. 4).

Enzymes like thiolase and dihydrolipoyl dehydrogenase becomes inactive when
sulfhydryl groups of protein react with arsenic as result of which the processes of
oxidation and beta oxidation of pyruvate and fatty acids respectively gets inhib-
ited. In humans methylation is main metabolic pathway for inorganic arsenic (Basu
et al. 2001; Sankhla et al. 2016; Tchounwou et al. 2004). Through a Non-enzymatic
process, the Arsenic trioxide gets methylated to two main metabolites. Firstly it
gets converted into monomethylarsonic acid (MMA) and before the discharge in the
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Urine it again enzymatically methylated to dimethyl arsenic acid (DMA) (Chioma
et al. 2017; Soignet et al. 2001). According to recent research it has been found
that methylater metabolites can be more hazardous in comparison to arsenite if they
possess arsenic trivalent forms (Stevens et al. 2010; Takahashi et al. 2002). Arsenic
compounds have ability that they can restrict the process of DNA repair, can bring out
chromosomal aberrations, replacement in between sister-chromatid and also causes
organization ofmicronuclei in both rodent cells in culture and humans and in exposed
human cells (Khoury et al. 2015; Liu et al. 1996; Odewabi and Ekor 2017; Verin
et al. 1998).

7.3 Cadmium

Cadmium is an extreme pneumonic and gastrointestinal aggregation, which can be
lethal if breathed in or ingested (Chioma et al. 2017; Zhang et al. 2004). Side-effects
like muscle cramps, vertigo, stomach pain, burning sensations, spewing, sickness
(nausea), lack of consciousness, shock and convulsions are typically observed within
15–30 min if taken in small amounts. It’s consumption or intake in small amount
can also lead to problem like disintegration of gastrointestinal tract, hepatic or renal,
pneumatic damage and chronic unconsciousness i.e. coma and is totally based upon
the course (routes) of poisoning (Kippler et al. 2012;Odewabi andEkor 2017).A neg-
ative Impact has been observed on the serotonin, acetylcholine and norepinephrine
levels upon the persistent exposure to chromium.

Pulmonary adenocarcinomas can be caused by chronic inhalation of cadmium
and it is proved by the experiments or research works conducted upon the rodents
(Mumtaz et al. 2002; Skipper et al. 2016; Yedjou and Tchounwou 2007). Systematic
or direct subjection can also be a factor for the prostatic proliferate lesions that in
turn contain adenocarcinomas. In spite of the fact that here we have an inadequate
information about the mechanism of cadmium toxicity it has been observed that the
reason of cell destruction is mainly the production of ROS, which in turns leads
to destruction of the single stranded DNA and distorted synthesis of proteins and
nucleic acid (Adenocarcinoma et al. 2014; Length 2007; Mumtaz et al. 2002; Skip-
per et al. 2016; Yedjou and Tchounwou 2007). Against cadmium exposure many
stress response system are activated e.g. Heat shock, oxidative stress, cold shock,
stringent response, SOS etc. and it is proved by using 2-D gel-electrophoresis stud-
ies. According to in vitro studies cadmium concentrations from 0.1 to 10 μm can
induce free radical dependent DNA destruction and cytotoxic effect.

Cadmium being a weak mutagen alters signal transduction induces production of
inositol polyphosphate, high amounts in cytosolic free calcium level in different cell
types and restricting calcium channels. At lesser concentration (1–100μm) cadmium
sticks to protein leading to 70 protein degradation, poor DNA repair, and increases
the cytokines and proto-oncogenes as for c-hyc, c-jun, c-fos and gear ups expression
of various gene consisting of metallothioneins glutathione transfers heat shock pro-
tein, heme oxygenase, acute-phase reactants and DNA polymerase β (Kazemipour
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et al. 2008; Morin et al. 2007). At a concentration of 4 mg/kg body weight, male
reproduction changes as in mice model. Cadmium is considered to be a human car-
cinogen as it had been found that people suffering from lung cancer were exposed to
cadmium also that data shows pulmonary systems, as the primary target site of expo-
sure to cadmium. All the cancerous heavy metals are found to cause DNA damage
through base pair mutation, deletion, or oxygen radical attack on DNA (Aziz et al.
2008; Kazemipour et al. 2008; Morin et al. 2007; Skipper et al. 2016).

7.4 Mercury

The molecular system of toxicity of mercury are relied upon its biological charac-
teristics and chemical activities which refer that oxidative stress is responsible in
its toxicity (Clarkson and Magos 2006). Oxidative stress of mercury has exhibited
that mechanisms of sulfhydryl reactivity. Hg2+ and MeHg make covalent bonds with
cysteine residues of protein and consume cellular anti-oxidants. Consumption of
mercury compounds causes oxidative damage by gathering reactive oxygen species
(ROS) which generally gets removed by cellular anti-oxidants (Clarkson and Magos
2006; Goyer et al. 2004; Jan et al. 2015; Patil et al. 2013; Singh et al. 2011). In
eukaryotes, the synthesis of ROS is done in the mitochondria by normal metabolism
(Clarkson andMagos 2006; Goyer et al. 2004; Jan et al. 2015; Patil et al. 2013; Singh
et al. 2011; Stohs and Bagchi 1995). Inorganic mercury cause increase in synthesis
of ROS through inducing glitch in oxidative phosphorylation and electron transport.
Mercury causes underdeveloped shedding of electrons to molecular oxygen which
results in an increase in production of ROS by increasing of electron transfer in
electron transport frame (Chioma et al. 2017; Odewabi and Ekor 2017).

Organic mercury compounds are found to cause growth in intracellular calcium
by advancing the influx of calcium against extracellular medium and mobilizing
intracellular stores. Mercury compounds causes increased level of 3-4 methylene-
dioxyamphetamine (MDA) in livers, kidney, and lungs. Carcinogenesis is found to
have its stages viz. initiation, promotion, progression, followed by metastasis. Expo-
sure tomercury has been a doubtful topic (Clarkson 1993; Khoury et al. 2015; Yedjou
et al. 2015). There are some studies which assure the genotoxic potential of mercury
while other deny (Puccetti et al. 2000; Tchounwou et al. 2003). Mercury causes
production of ROS which is known to lead to DNA damage in cells (Al-azzawie
et al. 2013), a method that is known to lead to the carcinogenesis procedure. Though
mercury and its compounds are not mutagenic in bacterial assays, inorganic mercury
is found to cause mutational events in eukaryotic cells (Schurz et al. 2000). People
consuming contaminated fish which is intoxicated by methyl mercury are found to
have higher Glutathione levels. Despite of all, the studies show the chronic intake of
mercury causing DNA damage also it can be cell specific as well as species specific.
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7.5 Lead

Lead toxicity possess a lot of severed unfavorable impacts in both in adults and chil-
dren’s populations (Goyer 1993; Kaul et al. 1999). In children’s it causes blood poi-
soning and diminished intelligence, hindered neurobehavioral development, dimin-
ished hearing sharpness, discourse and dialect handicaps, development implement,
poor capacity to focus, and hostile to social and persistent practices (Alghazal et al.
2008; IARC 2006). In grown up population defects like diminished Sperm check
in Men, abortions or pre-nature births in Women are caused by high lead exposure
(Yedjou and Tchounwou 2007).

In acute exposure, Lead can caused damage to kidney, brain, and various gas-
trointestinal disease and it’s chronic exposure through an adverse impact Vitamin D
metabolism, blood pressure and CNS (Awasthi et al. 1996; Heipieper et al. 1996).
Lead having an ability that it can mimic or inhibit the action of calcium by the way
it can incorporate itself in place of calcium inside the skeleton and then interact
with various biological molecules like proteins etc. and by acquiring a number of
mechanics it interrupts their function. When amide and sulfhydryl groups of enzyme
from a complex with lead it changes their configuration and decreased their actions
or activities (Awasthi et al. 1996; Heipieper et al. 1996; Village 2005). In human
externalization of phosphatidylserine and turn on of caspase-3, damage of DNA,
transcriptional turn on of stress genes, oxidative stress and cell deaths are events
that are associated with many cellular and molecular processes observed apoptosis
and toxicity and are involved due to lead as reported by various research studies
(Kazemipour et al. 2008; Patil et al. 2013; Village 2005).

8 Special Considerations

8.1 Children

Children are at much higher risk of being caught by environmental hazards. The
possible reasons for this are—drinking more water, breathing more air, eating more
food per unit weight also they are more in contact with the floor and they touch
and put it in their mouth which seems them attractive (Hotz et al. 1999). The major
difference between a children mechanism than the adults is their immune system.
While adults have much developed immune system than children thus they are more
prone to be caught up by the diseases. Children playing outside are often found to
suffer more from air pollution (Alfvén et al. 2000).

Mercury is present in high amount in fishes of fresh water and ocean through
disposal ofmercury inwater. Thus, consumption of fishes can damage the brain effect
the memory of a person. This can be illustrated by a case in Minamata Bay, Japan in
1960s where discharge of large amount of mercury in the bay caused contamination
of the fishes and ingestion of those fishes by pregnant women resulted in death of 41
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infants and 30 found to be bornwith brain injury hereby, certifying the bad impacts of
mercury on a child’s health (Jarup et al. 1995). Children don’t have developed blood-
barrier like as in adults. So, the inorganic lead can pass through the blood-barrier in
children making them exposed to the diseases caused by lead toxicity.

Cadmium has a half-life of 10–30 years in bones and kidneys thus children suffer
more from cadmium toxicity from its exposure (Nishijo et al. 1995). Pregnant women
who smoke causes serious threat to their infants since tobacco and tobacco smoke
contain cadmium which can also cause cancer at its highest exposure (Duruibe et al.
2007). Thus children are at much higher risk of being exposed to toxic metals thus
immediate prevention from them is the time’s need. Alongwith all these environmen-
tal and parental factors poverty is also a major factor since children do not get proper
nutrition, proper medication, and healthy environment thereby leading to chronic
exposure to metal toxicity. Soil contains traces of many metals along with pesticides
and many other toxic materials (Ayandiran et al. 2009). Therefore, its consumption
is very unsafe to health. Many children develop habit of eating soil which if ignored
can cause serious threats to life (Morin et al. 2007).

8.2 Challenges Ahead

Exposure to toxic metals not only causes serious illness and even deaths. Inadequate
services, unawareness of people about the diseases from metal toxicity has made
it much serious case which is needed to handled immediately (Appenroth 2010).
Almost all the metals on their high exposure show similar symptoms. It is a big
challenge in front to identify all the factors which make people especially children
exposed of metal toxicity. This subject is not given its needed priority in medical and
nursing schools as a result there are very less doctors who have intense knowledge
to this subject. Thus, an urgent concern over this subject is the needed. The factors,
the relation between metal exposure and risk of disease caused are the important
matters to be understood in depth. Factors like smoking and obesity require a more
deep inspection (Al-fartusie and Mohssan 2017; Jaishankar et al. 2014). One of
the biggest challenges is to understand the carcinogenetic impacts of some heavy
metals on their severe exposure. Monitoring and establishing the measures to control
over metal toxicity is a big challenge and will require additional resources and inter
sectoral collaboration.

8.3 Eco-Friendly Ways to Remove Heavy Metal Toxicity

Water is life-essential resource. Water is being used by each and every living-
organism that is present on this earth because of this element (Paknikar et al. 2003;
Volesky et al. 1995). Chemically it is oxygen and hydrogen but its application is very
broad. Because of a poor life-style and management this resource is being polluted
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day by day. One of the reasons which need our strong concern is the heavy metal
toxicity in water bodies. Lead, chromium, mercury, uranium, selenium, zinc, arsenic,
cadmium, silver, gold and nickel are the metals considered as threat if occurs in a
large quantity in the living organisms (Paul et al. 2006; Yan and Viraraghavan 2000).
In the natural environment the sediment and ores are primary sites of the heavy
metals where these are found in immobilized form. However, we have observed an
increment in the levels of heavy metals that are depositing itself in our aquatic and
terrestrial environment and the reason behind this is the several human undertakings
(Wilke et al. 2006; Duruibe et al. 2007; Morin et al. 2007). For example, industrial
activities and ore mining that has disturbed the natural biogeochemical circle. When
these pollutants are liberated out in the absence of a regular treatment causes a trouble
for natural system as well as for the public health (Ayandiran et al. 2009; Wilke et al.
2006). These heavy metals are non-biodegradable and remains as it is or constant
with the passage of time. Metals can enter into the food web by a process known as
leaching in which the metals are extracted away from the dumped waste materials,
polluted soils and water. This process leads to another important phenomenon that
is bio-magnification where these toxic metals get incorporated in food chains.

We can also use a word bio-accumulation in which certain substances or chemical
gets deposited inside an organism or plants (Paul et al. 2006; Yan and Viraraghavan
2000). TheseHeavymetals have ability that they can bindwith proteinmolecules and
can restrict the process of DNA replication which further blocks the process of cell-
division. Therefore, to prevent this health risk we need to discard these toxic metals
from waste water/polluted water before its further disposal. Heavy metals should be
removed from the waste water before their disposal in order to prevent health related
risks. The various sources of heavy metal poisoning are urban industrial aerosols,
solid wastes from animals, mining activities, industrial and agricultural chemicals.
Acid rain and break down of soil and rock into water also contaminates the water
(Paknikar et al. 2003; Volesky et al. 1995).

To purify the contaminated water resources, there are several technologies viz.
reverse osmosis, electro dialysis, ultra-filtration, ion-exchange, chemical precipi-
tation, phytoremediation etc. However, these methods are not subjected for total
removal of metal removal (Duruibe et al. 2007). Since the present technologies
have various disadvantages therefore we need some cost-effective alternatives tech-
nologies. Recently Biomass has been emanated as another waste water treatment
process and it is a cost-effective and eco-friendly method. Biosorption is defined
as “a non-directed phyicochemical interaction” which can occur in midst metal and
microbial cells. It can be used to treat contaminated water also it has several pros over
other methods like chemical/biological sludge economical, regeneration of biosor-
bent making it is possible to take out metal from contaminated water.

Solvent is attracted and bounded to sorbate with various mechanisms since the
sorbent has a higher affinity. This process keeps on going until equilibrium is estab-
lished among quantity of solid-bound sorbate species and its part left in the solution
(Yan and Viraraghavan 2000).

A fine biosorbent leads to fruitful biosorption (Table 13). However starting from
selection of types of biomass followed by prior treatment confinement is done so



72 P. Singh et al.

Table 13 Shows the biosorption mechanism of copper in different regents

Mechanism Biosorption of Regent used

Physical adsorption Copper Bacterium Zoogloea ramigera and Alga cholera

Ion-exchange Copper Fungi Ganoderma lucidum and Aspergillus niger

Complexation Copper C. vulgaris, and Z. ramigera

as to gain productivity of metal uptake and hence removing the adsorbed metal,
by desorption process so as the biosorbent can be reiterated for other operations
(Paknikar et al. 2003).

8.4 Toxic Heavy Metals and Undeclared Drugs

Asian Herbal Medicines (AHMs) are becoming more pronounced in most the devel-
oped countries (Ko 1999). AHM’s are not supplied as medicine since because of
proper information about pharmacology and toxic properties are disguised (Cosyns
et al. 1999; Napolitano 2001). It is a crucial matter to be looked as AHM’s contain
heavy metals or undeclared drugs. In India, a case revealed that out of 12 cases of
poisoning in drug in taking, 9 were caused due to herbal medicines which contained
inappropriate amount of heavy metals. A recent report by Indian authors brought out
that 31 ayurvedic traditionalmedicines containedmercury, out of which 30 contained
it in amount more than as set up by the standards i.e. 1 ppm. These data bring up
about the real picture of herbal Ayurvedic medicines in India. Thus, it should be over
looked.

8.5 Chinese Herbal Ayurvedic Medicines

In China, from time to time, various case and series of incidents of heavy metals
related to use of traditional Chinese medicine have been published. In California
various Chinese herbal medicines have been banned in the retail stores. However,
heavy metals are not only contaminant present in herbal remedies; they are even
associated with contaminants like herbicides, pesticides, micro-organisms or myco-
toxins, insects or undeclared herbal constituents. In Belgium contamination of heavy
metals because of plants ofAristolochia species resulted in plague of subacute intesti-
nal nephropathy which caused kidney transplantation of many of the patients (Ernst
2002;Ko1999;Koneman andRoberts 2002; Saper et al. 2008). In various case reports
published by different countries viz. Australia, Belgium, China, Netherlands, New
Zealand, UK and USA states that adulteration of TCM’s with some synthetic drug
causes health problems to user some of which are fatal (Barnes 2003; Cosyns et al.
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1999; Ernst 2004; Keane et al. 1999; Linde et al. 2001). The symptoms to these
altered herbal remedies may appear or may not.

8.6 Concern About Safety of Asian Herbal Medicines

The above data reveals the critical situation of present which could even become
worse if not handled today. The herbal medicine that we take to cure the disease
is itself causing diseases because of being altered by various adulterants. Thus the
current need is to restrict the supply of contaminated herbal medicines (Barnes 2003;
Keane et al. 1999).

8.7 Measures to Be Taken by Every Patient with Reference
to Use of Herbal Medicine

• The Herbal remedies must be regarded as medicines.
• The Herbal remedies should be in taken by doctor’s prescription and dosages
should also be followed.

• Long term use of these medicines should be prevented.
• If some undesired symptoms are observed after ingestion to the herbal medicine.
Immediately stop its use and report it to your doctor.

• Be careful of the adulterated herbal medicine.
• Buy it only from reputed stores.
• Pregnant women and young children should not in take herbal medicine.

9 Conclusion

Some of the heavy metals are directly associated with cancer initiation and progres-
sion through suppressing immune system and altering cancer signaling pathways.
Heavy metals which are associated with cancer are: arsenic, uranium mercury, lead,
cadmium and aluminum etc. These deadly and silent invaders cause suppression
and/or deregulation of the immune system, leading to cancer initiation and progres-
sion. Heavy metals are also linked to increased free-radical activity, DNA damage,
apoptosis, cell damage, cell death, ROS andNOS generation and oxidation processes
that promote cancer initiation and progression. Understanding the molecular mech-
anisms of heavy metal toxicity in cancer initiation and progression would be helpful
to find effective therapeutic intervention for the cancer specifically induced by heavy
metals.
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Burden of Occupational
and Environmental Hazards of Cancer

Meenu Gupta and Anupam Dhasmana

Abstract Ecological studies showed the association of exposure to carcinogens
present surroundings an indoor and outdoor environment. The International Agency
for Research on Cancer (IARC) has classified arsenic, asbestos, benzene, radon gas
etc. into group 1 carcinogens. In many countries, pollution is rising due to trend
of increasing industrialization and urbanization, occupational exposure to asbestos
and chemical carcinogens. Mostly in developing countries, women are tradition-
ally leader in cooking but due to frequent use of biomasses and wood fuel in poor
ventilated houses, they are exposed to indoor air pollutants. However, not only in
developing countries, but also in developed countries like United States facing seri-
ous smoking problem where after smoking, radon is the second common cause of
bronchogenic cancer. Smoking and radon exposure has synergistic effect on carcino-
genesis. Adequate legislation like banning, elimination or substitutions of carcino-
gens in industries along with the public education can help in reduction of burden
of the environmental and occupational cancer. This chapter is in process to explore
the exiting occupational and environmental hazards present in the environment and
causing several health diseases.

Keywords Environment · Carcinogens · Asbestos · Radon
1 Introduction

Environment is everything outside the body that interacts with humans or living
matter. Environment is derived from the French word “Environ” which means, “sur-
rounding”. For human health andwell-being, a clean environment is necessary. Inter-
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actions between environment and human health involves various pathways. Some
substances found in environment can potentially lead to cancer, which has been
defined as an uncontrolled division of cells. There are other complex factors in addi-
tion to carcinogens in the environment, whichmay lead to the development of cancer,
including lifestyle and genetic makeup. Cancer is the second leading cause of death
globally. Globocan report showed that cancer is responsible for an estimated 9.6 mil-
lion deaths in 2018 (Bray et al. 2018).WHO reported that 19% of all cancer cases are
attributable to the environment, including the workplace (IEPH 2016). The burden of
environment related cancer deaths is 1.7 million deaths annually (Bray et al. 2018).

International Agency for Research on Cancer (IARC) classifies various com-
pounds or physical factors, which can cause cancer (Cogliano et al. 2011).

Group 1: “Carcinogenic to humans”—There is enough evidence to conclude that
it can cause cancer in humans. Examples includes asbestos, benzene and ionizing
radiation.
Group 2A: “Probably carcinogenic to humans”—There is strong evidence of causing
cancer in humans, but at present, it is not conclusive. Examples includes diesel engine
exhaust, formaldehyde and PCBs.
Group 2B: “Possibly carcinogenic to humans”—There is some evidence causing
cancer in humans but at present, it is far from conclusive. Examples includes styrene
and gasoline exhaust.
Group 3: “Unclassifiable as to carcinogenicity in humans”—There is no evidence
at present causing cancer in humans. Examples include anthracene, caffeine and
fluorescent lighting.
Group 4: “Probably not carcinogenic to humans”—There is strong evidence that not
causing cancer in humans. Example is Caprolactam.

In the process of cancer formation, there is an activation of proto-oncogenes and
the inactivation of tumor suppressor genes. Studies showed that combined effect of
genetic and external factors acting concurrently and sequentially results in cancer
formation (Lodish et al. 2000).

2 Cancer Risk from Environmental Exposure to Arsenic

Arsenic, a naturally occurring metalloid, is present in rock, soil, air, water and is
constituted in animals and plant kingdom. The source of consumption of arsenic
inside our body enters through the breathing air, drinking water, and the consump-
tion of food. Inorganic compounds of arsenic found in industry, building products
and arsenic-contaminated water has been linked to cancer (Arsenic cycle is shown
in Fig. 1). Main source of environmental exposures to arsenic in some regions of
the world is drinking water. An increased levels of arsenic occurs naturally in drink-
ing water in various parts of Taiwan, Bangladesh, Japan and Western South Amer-
ica. Ground source of water like wells are rich source of arsenic as compared to
water from lakes or reservoirs (Surface water). Based on the evidences from human



Burden of Occupational and Environmental Hazards of Cancer 83

Fig. 1 The arsenic cycle in nature

studies, expert agencies like the “International Agency for Research on Cancer”
(IARC) classifies arsenic as well as inorganic arsenic compounds as “carcinogenic
to humans”. Arsenic exposure can result in carcinoma of the lung, urinary bladder
and skin. Chronic exposure to this element usually results in carcinogenesis with a
latency period of 30–50 years (Cogliano et al. 2011; Ratnaike 2003). Data published
by Oberoi et al. (2014), showed that in every single year 9129–119,176 additional
cases of urinary bladder cancer, 11,844–121,442 cases of bronchogenic cancer, and
10,729–110,015 cases of skin cancer globally are attributable to inorganic consump-
tion of arsenic in food products.

The maximum contamination level of arsenic allowed in drinking water in United
Kingdom and United States of America is 10 µg/L (Andrew et al. 2017). The WHO
confirmed a guideline level of 10 µg/L for inorganic arsenic in drinking water. Ele-
vated arsenic concentrations in groundwater is found in certain locations like in
Bangladesh. Countries like Bangladesh have adopted a guideline of 50 µg/L due
to non availability of alternative water (Smith and Steinmaus 2009). In rural areas
of Bangladesh, people depends on untreated groundwater for their drinking water
consumption. Arsenic contaminated water when used for irrigation in agricultural
settings also has an impact on crop yields. Rice is the primary source of calories
in this country. A survey was done for estimation of arsenic levels in paddy soils
of Bangladesh and results showed that in those zones where groundwater used for
irrigation has high arsenic concentrations, and also where these tube wells were func-
tional for the prolonged period of time, arsenic levels were elevated in these zones
(Meharg and Rahman 2003). Study of nine hundred and one Polished White Rice
Grain samples sourced from ten countries and four continents estimated cancer risks
by multiplying daily arsenic intakes by the slope of internal cancer risk proposed by
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the Environmental Protection Agency. For a fixed consumption of “100” g intake
of rice daily, median excess internal cancer risks were 7 in 10,000 for India, 15 in
10,000 for China, and 22 in 10,000 for Bangladesh (Mukherjee et al. 2006). In parts
of Eastern India, arsenicosis due to environmental exposure is a serious public health
concern. A case of double malignancy of bronchogenic as well as skin squamous cell
carcinoma in 49 years old male has been reported by Sinha et al. (2016). Source of
drinking water for this patient was from tube well which contains an increased level
of arsenic (0.125 mg/L), where arsenic test was found positive in his hair and nail
samples. He received chemotherapy (gemcitabine/carboplatin), followed by radio-
therapy. There was complete response seen on radiological images. This case is a
warning sign for public health concern for arsenic exposure in this part of India.

Prevention and Control: Provision of safe water supply for drinking, cooking and
irrigation of crops can help the affected communities. Water with low arsenic can be
utilized for food preparation, drinking and cultivation, and for bathing and washing
clothes, high arsenic water can be used. Low-arsenic water with higher-arsenic water
can be blended together for an acceptable arsenic concentration level. Rainwater stor-
age can be safe. Painting of tube wells or hand pumps with different colours sym-
bolizing high or low arsenic concentration can help the people. Various techniques
like oxidation, coagulation-precipitation, absorption and ion exchange are used for
arsenic removal systems. The highly recommendable preventive and control meth-
ods can be considered by providing awareness through education to the communities
living around affected areas (Flanagan et al. 2012; Diaz and Arcos 2015).

3 Asbestos (IARC Group 1 Carcinogen)

Asbestos is bundles of six naturally occurring longer thinner fibres of themineral sili-
cate of “serpentine” and “amphibole” series. These are serpentine mineral chrysotile
(White asbestos) and 5 amphibole minerals which are actinolite, amosite (Brown
asbestos), anthophyllite, crocidolite (Blue asbestos) and tremolite. All the commer-
cial form of Asbestos are declared as human carcinogens by IARC. Asbestos market
is captured andmaintained by the urban industries involved inmining,manufacturing
and handling of asbestos containing products. Epidemiological studies showed that
high incidence of lung cancer, pleural, peritoneal mesotheliomas and gastrointesti-
nal tract cancers were reported in the group of occupationally exposed to asbestos
fibers (Kim et al. 2013). Government regulations have imposed permissible limits
of 2 fibers/cm3 asbestos. Italy was the leader of asbestos production and consumer
in Europe of 20th century until it was banned in 1992. Occupational exposure to
asbestos occurs in mining and marketing of asbestos, shipyards, cement production,
asbestos textured ceiling (Fig. 2) and textile industries (Marsili et al. 2017). India is
one of eight countries that accounted for 80% of the world’s asbestos consumption
including Russia, China, Kazakhstan, Ukraine, Thailand, Brazil, and Iran. According
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Fig. 2 a Asbestos texured ceiling. b Pleural plaques due to asbestos exposure

to US geological survey report, it was found that asbestos consumption increased in
Asian countries like India, China, Kazakhstan and Ukraine.

Various studies showed the supra-additive effects of increase in lung cancer risk
with asbestos, smoking and asbestosis. Lung cancer mortality among non-smokers
increases with exposure to asbestos as shown by Markowitz et al. (2013). Public
health challenge arises due to the decrease in asbestos usage by more developed
countries and the burden is taken by less-developed countries that are continuing to
use asbestos.

Prevention: Workers ‘Medical Screening Examination’ is must to identify early
detection of risk factors and lung changes where intervention can have maximum
benefit. Preplacement and periodic examination including blood, urine, exhaled air,
pulmonary function tests, radiological examination of lungs to be done. An occupa-
tional exposure history and a respiratory health questionnaire must be recorded. Use
of respiratory masks and protective clothing during occupational exposure can help
the occupational workers. Employers must operate a medical surveillance program
for all workers (Szeinu et al. 2000). Workers should be advised to quit smoking as
already mentioned that smoking with simultaneous asbestos exposure has synergis-
tic effect on likelihood of lung cancer regardless of the use of respiratory protection
equipment (Hashim and Boffetta 2014). Three Es: Enforcement, Engineering and
Education in the workplace can reduce the hazards.

4 Benzene Exposure

Report of “International Agency for Research on Cancer (IARC)” showed that the
benzene is carcinogen substance in both animal and humans studies (McMichael
1988). Benzene is a light yellow liquid, flammable substance having aromatic odour.
Route of entry into the body is through inhalation, ingestion and skin exposure.
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Fig. 3 Household and
commercial chemical
carcinogens those
accumulated indoor and
outdoor environment

Metabolites of benzene from the liver like Benzoquinone and Mucoaldehyde causes
toxicity in bone marrow. Benzene is used in organic solvent, inks in the printing
industry, lubricants, dyes, cleaners, production of rubber, and pesticides in the chem-
ical and pharmaceutical industries (Fig. 3). The benzene affect Hematopoietic Stem
Cells (HSC) and differentiation steps of progenitor cells thus cause different type
of haematological cancers derived from stem cell of hematopoietic system (Kauts
et al. 2016). Benzene exposure occurs by breathing in air containing benzene, breath-
ing second-hand smoke, burning coal and oil emissions, motor vehicle exhaust, and
gasoline service stations evaporation. Data showed that about 50% of the exposure to
benzene in the US results from tobacco smoking or from exposure to tobacco smoke.
Benzene from gasoline can be permeated into the skin (Korte et al. 2000).

Prevention: Reduction of benzene exposures like vehicle exhausts emissions can
be minimized by reviewing and improving the designs and continuous monitoring
of engine settings. Location and design of petrol filling stations policies should be
strong. Domestic use of benzene-containing products should be avoided and infants
and children to be isolated from vehicle emissions in indoor settings (Nazaroff 2013).
Replacement or utilization of alternative solvents in industrial processes can help in
risk reduction. One example of occupational aplastic anaemia reduction occurs in
a Chinese shoemaking factory in China. Here four cases of aplastic Anaemia were
detected among 211workers over an eight-month period. No further case occurs once
benzene was replaced by new solvent (Issaragrisil et al. 2006). Public awareness and
educational activities required in industry and domestic sites.
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Fig. 4 Carcinogens, like diesel engine exhaust, solvents, metals, and dust are the main source of
outdoor air pollution

5 Outdoor Air Pollution (OAP) in Urban Settings

Air pollution causes cancer confirmed by WHO. Reports of IARC concluded that
outdoor air pollution causes cancer of lung and an increased risk for bladder can-
cer is linked with exposure to outdoor air pollution. Industrial sources, power plants,
motor vehicles etc. release carcinogens into outdoor air (Fig. 4). In densely populated
industrial urban territories, outdoor air contains human carcinogens like benzene,
benzopyrene, and benzene soluble organics. The excess lung cancer risk associated
with ambient air pollution is small as compared to cigarette smoking (Srogi 2007).
More polluted cities like in China, OAP may contribute to as much as 10% of bron-
chogenic carcinoma overall, and may be a larger proportion is contributed in women
who never smokes. As there is a lack of studies with robust data in developing world,
most of conclusions are based on extrapolating the relative risk estimates from the
ACS study to China, India, and other settings. Developing world has differences and
variations in health status and composition of air pollution as compared to developed
world, which results into uncertainties (Madaniyazi et al. 2015).

6 Indoor Air Pollution

Indoor living habits, such as passive smoking, cooking on solid fuel like coal,
biomass, wood, crop residues and inadequate ventilation systems produce numerous
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Fig. 5 Indoor air pollution by incomplete combustion of wooden/bio fuel inside ill ventilated
houses

indoor air pollutants (Fig. 5). Tobacco smoke contains over 4000 chemicals in the
form of particles and gases. Of the 4000 chemicals, 60 are carcinogens, including
benzene, cadmium, formaldehyde and toluene. Smoking around the children results
in second hand smoke (SHS). Children’s are higher risk by this SHS due to respira-
tory rate, which is slightly more than the adult counterparts and large lung surface
area. An increased amount of nicotine from second hand smoke is found deposited
on household surfaces, furniture, air and dust in the homes (Burton 2011).

An hour a day in a room with a smoker is nearly a hundred times more likely to cause lung
cancer in a non-smoker than 20 years spent in a building containing asbestos-Sir Richard
Doll.

Globally approx. 2.8 billion people depends upon solid fuels like coal, biomass
and simple stoves. In developing countries, biomass fuels in open fires from wood
and cake of animal dung and traditional stoves are used for extensive periods inside
poorly ventilated dwellings. Thus leading to increased levels of household air pol-
lution (HAP) exposure. Health damaging pollutants like carbon monoxide, sulfur
oxides, nitrogen oxides, aldehydes, benzene, and particulate matters and polyaro-
matic compounds are emitted by smoke of coal and biomasses. Indoor coal com-
bustion emissions are human carcinogens and defined in IARC Group 1. Concen-
trations of polycyclic aromatic hydrocarbons and other carcinogenic compounds in
the wood smoke labelled as mutagenic. Evidence of genotoxic effects are seen in
subjects exposed to wood smoke (Bruce et al. 2010).
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Prevention: Educational public awareness is best method of prevention. Moreover,
IAP associated with solid fuel use due to poor socioeconomic conditions can be
alleviated by poverty reduction. IAP is a major concern for health of women and
young children, who may spend many hours close to the fire. Stoves with flues that
vent smoke to the exterior, cleaner fuels (LPG or kerosene) etc. should be provided
by Government to poor communities with utilization of NGO services. The Indian
National Programme of improved cook stoves was established in 1983 with targets
like conserving fuel, reducing smoke emissions in the cooking area, improving health
conditions and improving employment opportunities for the people living in rural
areas with poor socioeconomic circumstances (Jeuland and Pattanayak 2012). Along
with distribution of stoves, education is required regarding operating andmaintaining
of these durable stoves.

7 Radon Gas

Radon is chemically inert radioactive gas that is colourless and odourless. When
atoms of uranium 238 decay, due to radioactive disintegration reactions they trans-
formed into several series of other radioactive elements. The “fifth generation” is
radium, and its decay generates radon. Uranium traces are easily found in earth’s
rock and soil in most of the areas of United States. Depending on the underlying
geology, its concentrations vary from place to place. The Environmental Protection
Agency (EPA) report showed that radon is the 2nd leading cause of lung cancer in
the United States which may killing 21,100 people per annum (Cao et al. 2017).
The combined health effects of radon and tobacco exposure are synergistic rather
than additive, so reducing either of the exposures substantially reduces lung cancer
risks (Keith et al. 2012). Up to 20% of lung cancer mortality in the United States
occur each year in an individuals, who have never smoked, and which may translates
to about 30,000 Americans in 2017. Protracted exposure to radon is considered the
most common cause of lung cancer in this population (Ou et al. 2018).

Half-life of radon gas is 3.8 days, as this is produced from rocks and soils, it has
tendency to concentrate in enclosed spaces like underground mines or houses (Lugg
and Probert 1997). Buildings design and construction and the quantity of radon in the
underlying soil has impact on the magnitude of indoor radon concentration. Radon
gas from the ground or soil into the houses can be entered due to vacuum created
because of pressure differences between the house and the soil. Air pressure inside
a home is often lower than the pressure in the soil especially near the basement floor
slab and these air pressure differences allows the houses act as vacuum and there
is the easy entry of radon gas inside the houses. Air Cracks in concrete floors and
walls, construction joints, around pipe penetrations, or pores in hollow-block walls
are route of entry of radon gas inside homes (Fig. 6). Radon gas released by well
water during showering and other household activities is another source (Nielson
et al. 1997).
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Fig. 6 Uranium contaminated rocks, soil are the source of indoor radon gas exposure, which emit
alpha particles, and these particles are inhaled and absorbed by lung tissue

7.1 How Radon Causes Cancer?

Radioactive decay of radon results in emission of Alpha particles, which are ionizing
radiations. It also emits some radioactive short-lived decay products. Alpha particles
can penetrate the sensitive and unshielded lung cells (Fig. 6) and thus causes damage
to double helical strands of DNA. Picocurie (pCi) is rate of radioactive decay of
radon. Four picocuries per liter of air (4 pCi/L) is the U.S. Environmental Protection
Agency (EPA) recommended action level. The EPA recommends this level when
owners of houses take action for radon reduction. EPA estimates that nearly one out
of everyfifteen homes in theUnitedStates has radon levels above the action level.One
in three houses in Minnesota have been found radon levels above the action level
(Levy et al. 2015a, b). Eight Universities and a few research Institutions in India
participated in co-ordinated research project sponsored by the Board of Research in
Nuclear Sciences (BRNS) ofDepartment ofAtomic Energy. The results show that the
radon gas concentrations vary between 4.6 and 147.3 Bq/m3 in different regions with
an overall geometric mean of 23.0 Bq/m3 (GSD 2.61). The geographical distribution
pattern shows relatively high inhalation dose rates (>2.0 mSv/y) in the north-eastern
part of India. Concentration of uranium and thorium in soil and rocks in northeast
areas of India is quiet high. Results of this study showed that Indian dwellings in
most areas do not require any action levels with respect to indoor radon due to good
natural ventilation in Indian dwellings. Inhalation dose rates on higher side has been
observed in the north-eastern part of the country is matter of concern (Pintilie et al.
2018). In another study, Radon (222Rn) in the drinking water of Dehradun City,
which is a part of sub Himalayan ranges of India, from the tube wells and hand
pumps was measured. Results showed that the values were observed to be more
than the average of the recommendations. However, these values were below the
highest recommended value of 400 Bq l−1. As study concluded that the water used
for drinking in this region is contaminated by radon but still there is lack of big data
and more studies are required to explore the study area (Srinivasa et al. 2005).
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7.2 Genotoxic Profiling of Radon Gas

Many previous studies are evident (Fig. 8) that radon are capable to inducing geno-
toxicity in human and other lab animals. Chromosomal aberrations, micronuclei,
gene mutations (HPRT), sister chromatid exchanges and DNA damages like markers
were noticed in the human peripheral and whole blood lymphocytes, Rat (tracheal
epithelial cells), Rabbit (somatic cells), Mouse and rat bone marrow cells (Bilban
and Jakopin 2005; Shanahan et al. 1996; Tuschl et al. 1980; Abo-Elmagd et al. 2008;
Hornung and Meinhardt 1987).

7.3 Prevention from Radon Exposure (CGR 2012)

1. Testing radon at home is only way to find if people living in these houses are
at risk or not. Environmental Protection Agency (EPA) and the surgeon general
recommend fixing homes that have levels at or above 4 pCi/L (picocurie per
liter). United States have radon programs and provide free radon test kits, which
is not very expensive methods to fix and prevent high radon exposure in homes.

2. Sealing visible cracks is a basic part of most radon mitigation approached, but
sealing alone is not enough.

3. For dilution of radon, opening of doors andwindowsmay sometimes be effective,
but it is not a practical long-term solution.

8 Ionizing Radiation and Cancer

Populations are exposed to radiation from environmental sources, such as nuclear
reactor accidents and fallout from weapons testing. In addition, cancer risk occurs
from background radiation and ultraviolet radiation. Ionizing radiations induce gene
mutations and chromosome aberrations, which are known to be involved in the pro-
cess of carcinogenesis (Thomas andSymonds 2016). Figure 7 showsdifferent sources
of radiation exposures.

Survivors of atomic bomb tragedy in Hiroshima and Nagasaki, who are followed
for more than 50 years, provide the evidence based data on the carcinogenic effects
of radiation in humans. Epidemiological studies showed that exposure to moderate
to high doses of radiation increases the risk of cancer in most organs (Jordan 2016)
(Fig. 8).

The Life Span Study (LSS) cohort consists of about 120,000 survivors of the
atomic bombings in Hiroshima and Nagasaki, Japan, in 1945. The Radiation Effects
Research Foundation (RERF) and its predecessor, the Atomic Bomb Casualty Com-
mission, have studied them. This is one of the longest study with large number of
samples and follow up period 1950–2000. Leukaemia was the first cancer linkedwith
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Fig. 7 Various source of radiation increases mutational and cancer risks

Fig. 8 Genotoxic impact of radon

radiation exposure in atomic bomb survivors (Folley et al. 1952) and has the highest
relative risk of any cancer. Results provided by Pierce and colleagues showed that
78 of 176 (44%) leukaemia deaths among survivors with doses exceeding 0.005 Sv
were due to radiation exposure (Little 2009).

Cancers of the breast, thyroid and lung risk estimates are fairly precise in addition
to leukaemia’s, and associations have been found at relatively low doses (<0.2 Gy).
Associations between radiation and cancers of the, colon, salivary glands, urinary
bladder, ovary, central nervous system and skin have also been reported, but the
relationships are not as well quantified. Persons exposed to irradiation for medical
reasons have been studied. Medical radiation exposure results in non-uniform doses
to the various organs of the body. Therapeutic procedures results in organ specific
doses often as high as 40 or more Grey. Association of Leukaemia with medical
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radiation exposure is documented in many studies. Other medical radiation studies
demonstrated a dose-response relationship for breast cancer (Shah et al. 2012). The
latency period for radiation exposure cancers like induction of leukaemia is 5–7 years,
and for solid tumours is at least 10 years. Radiation exposures by Ultraviolet rays
is associated with 65% of melanoma cases and 90% of non-melanoma skin cancers
including basal cell carcinoma and squamous cell carcinoma (Testa et al. 2017).

Epidemiological studies provided the “Dose-Response Relationships” for can-
cer induction following exposure to moderate to high doses of low LET radiation.
Although some studies showed radiation effects below 100 mSv but still larger data
and more studies are required to yield results which will be statistically significant
(Suzuki and Yamashita 2012).

Preventions

(i) Unnecessary exposures as well as over-exposures can be prevented by principle
of ALARA “As low as reasonably achievable”. Time, Distance, and Shielding
are three primary means to keep body safe from radiation exposure (Edison
et al. 2017).
Time: Minimize the time of exposure to radiation will decrease the dose.
Distance: The greater the distance between source of radiation and individual,
the exposure will be decreased.
Shielding: Shielding is useful for absorbing radiation energy and less of radia-
tion dose is absorbed in the body’s tissues. Lead or Lead Equivalent Shielding
for X-rays and gamma rays is an effective way to minimize the radiation expo-
sure. When working in radiation areas lead glasses, lead aprons, mobile lead
shields, and lead barriers can reduce the exposure to radiations.

(ii) Labeling radioactive and potentially radioactive areas and items will help pre-
vent the spread of contamination.

(iii) Use of personal protective equipment (PPE) such as safety glasses, radiation
protection gloves, laboratory coats, thyroid shields are good for prevention.
The minimum protective lead equivalents in hand gloves and thyroid shields
should be 0.5 mm (Hyun et al. 2016).

(iv) Sign-ages in radiation areas like “no unauthorized entry” or “CONTROLLED
RADIATIONAREA” with colour recommended by authorities can make pub-
lic aware of hazard areas.

(v) Education and knowledge about safe handling of all levels of radiation is impor-
tant to prevent or minimize possible biological effects (Awosan et al. 2016).

In summary, most of the occupational and environmental cancers are preventable.
Strong policies should be originated from labour, environment, medical sector, health
and other ministries involved in preventing occupational and environmental cancers.
Moreover, research in the field of environmental carcinogens can be explored for
more solutions.
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9 Summary

1. Elimination of risk factors by primary prevention of cancer through mitigation
of environmental and occupational determinants.

2. Policies and regulations for phasing out of replaceable processes or substitution
of chemicals.

3. Promote safe measures for storage, disposal or recycling of chemicals.
4. Trade and transport of hazardous substances needs strong legislation (e.g. increas-

ing taxes).
5. Public and alternative transportation systems to be utilized like promotion of

pedestrian-oriented streets.
6. Standards for Radiation Protection like IAEA/BARC.
7. Education of practitioners to promote the use of referral guidelines.
8. Justification of radiological medical procedures.

Control measures in the working environment

1. Identification and surveillance of exposure
2. Regulating the use of protective equipment for workers
3. Inclusion of occupational cancer in national lists of occupational diseases
4. Notification
5. Establishing national dose registries
6. Providing workers access to information, thus Empowering them

Research in this area

1. Dose response for different types of cancers
2. Low-level exposures to carcinogenic pollutants
3. Environmental risks and genetic susceptibility.
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Environmental Toxicants and Male
Reproductive Toxicity:
Oxidation-Reduction Potential as a New
Marker of Oxidative Stress in Infertile
Men

Shubhadeep Roychoudhury, Manas Ranjan Saha and Mriganka Mouli Saha

Abstract Exposure to various environmental and lifestyle-dependent factors such
as heavy and trace metals, hydrocarbons, ethylene glycol ethers, obesity, tobacco,
alcohol and recreational drugs etc. have been identified to cause reproductive toxicity
in men. A number of toxicants affect spermatogenesis leading to poor semen quality
affecting fertility in such men, primarily through the mechanism of oxidative stress.
In the male reproductive system, oxidative stress is brought about either by excessive
production of extrinsic free radicals or by reduced activity of intrinsic antioxidants
thereby disrupting the redox balance. Discrete measures of reactive oxygen species,
total antioxidant capacity, and post hoc damage suggest an ambiguous relationship
between the redox system andmale fertility. Antioxidantswork by donating electrons
to the oxidants, thereby reducing the chances of oxidants to acquire electrons from
other nearby structures and cause oxidative damage. Oxidation-reduction potential
(ORP) measures this relationship between oxidants and antioxidants in semen. The
MiOXSYS system used to measure ORP requires a small volume (~30 µl) of lique-
fied semen and the measurement is completed in less than 5 min. The galvanostat-
based analyzer uses electrochemical technology to measure the ORP in millivolts
(mV) which is then normalized to express as mV/106 sperm/mL. The role of ORP
as a surrogate marker to conventional semen quality parameters is a current topic
of investigation by a number of researchers and clinicians. It can be measured in
semen and seminal plasma up to 2 h of liquefaction. ORP correlates negatively with
conventional as well as advanced semen quality parameters, including sperm concen-
tration, total sperm count, total motile sperm count, motility, morphology, and DNA
fragmentation thus confirming the association of oxidative stress with male factor
infertility. ORP values can differentiate the degree of oxidative stress-induced male
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infertility. A number of clinical studies involving cohorts of men from USA, Qatar
and India have established seminal ORP cut-off values to distinguish fertile men
from infertile patients. Monitoring ORP levels may help predict treatment efficacy
in patients as higher ORP values are indicative of the progression of infertility. It can
also be measured in cryopreserved semen samples, which is important in predicting
the success of assisted reproductive techniques (ART). A recent ART study reported
higher clinical pregnancy rate in infertile men with low seminal ORP in comparison
to patients with high ORP. Findings of recent clinical investigations indicate ORP as
a novel, independent and robust diagnostic marker of seminal oxidative stress that
should find its place in the male infertility workup algorithm.

Keywords Environment · Lifestyle · Toxicity · Semen · Male reproduction ·
Infertility · Oxidative stress · Oxidation-reduction potential

1 Introduction

Reproduction is a natural process for most of the couples involving neither spe-
cial planning nor intervention. However, 15% of couples struggle to conceive after
one year of regular, unprotected intercourse and, consequently, seek medical advice
on how to improve their chances of fertilization and successful pregnancy (Trussell
2013). Hence, infertility has become themost important public health concern affect-
ing 48.50 million couples globally (Agarwal et al. 2015a, b) wherein only the male
factor accounts for 40–50% of infertility cases (Kumar and Singh 2015). Several
toxicants of chemical and physical origin generated by industrial and agricultural
activities are released into the environment constitute a putative hazard to the fertility
of men (Spira andMultigner 1998). Exposure to various environmental and lifestyle-
dependent factors have been associated with excessive production of extrinsic free
radicals or reduced activity of intrinsic antioxidants thereby causing oxidative stress
in the male reproductive system that may gradually manifest into reproductive tox-
icity affecting fertility in such men (Jana and Sen 2012; Pizent et al. 2012; Aitken
et al. 2014; Gabrielsen and Tanrikut 2016). Clinicians largely rely on routine semen
analysis for the diagnosis of male infertility in spite of poor association of conven-
tional semen parameters with male fertility potential (Björndahl et al. 2015; Agarwal
et al. 2017a). However, it is felt by many clinicians as well as researchers that male
fertility evaluation should not be based on conventional semen analysis alone and
more reliable, quantifiable, unbiased and universal functional measures of semen
quality must be incorporated in male infertility evaluation (Esteves 2014; Agarwal
et al. 2017a).
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2 Environmental Toxicants and Male Reproductive
Functions

A number of environmental toxicants have been identified to affect spermatogene-
sis leading to low sperm count, abnormal sperm morphology and eventually poor
semen quality. Various classes of compounds such as heavy metals, organic poly-
chlorinated dibenzodioxins, dicarboximide fungicides, environmental phenols and
several other different classes of pollutants and chemicals are often released into the
environment during industrial processes which are gradually taken up by humans
through the ingestion of contaminated food and water, usage of consumer products
(e.g. plasticware and cosmetics etc.), inhalation of polluted air and so on (Spira and
Multigner 1998; Aitken et al. 2004; Sharpe 2010).

2.1 Heavy and Trace Metals

Plethora of evidences revealed negative impact of heavy metals including cadmium,
lead, manganese, chromium, copper, mercury, nickel and silver on male infertility.
Significantly higher levels of cadmium was reported in blood and seminal plasma
of infertile patients in comparison to fertile men or men from the normal popula-
tion upon environmental exposure which was further validated in animal model and
reduced sperm concentration and motility was noted (Benoff et al. 2009). Seminal
plasma cadmium level was found to be significantly higher than the serum cadmium
level when it was tested among 60 infertile males and 40 normozoospermic subjects
(Akinloye et al. 2006). Application of low dose of cadmium was able to disrupt
inter-Sertoli cell tight junctions in rats leading to disruption of spermatogenesis (Siu
et al. 2009). Cadmium also contributes to infertility in males with varicoceles as the
percentage of apoptotic nuclei and testicular cadmium levels were found to be high in
such men (Benoff et al. 2004). Lead is another heavy metal that passes to the blood-
stream and is incorporated into the tissues, including hypothalamus, hypophysis,
and testes due to ingestion or inhalation, affecting neuroendocrine system (Lamb
and Bennett 1994). Reduced sperm cell formation was observed in 150 workers
exposed to lead in their workplaces (Lancranjan et al. 1975). High lead concentra-
tion in blood was also noted among people working in batteries and paint factories
with decreased sperm velocity, reduced sperm motility suggesting retarded sperm
activity (Lamb and Bennett 1994; Naha and Chowdhury 2006). Literatures revealed
that manganese could alter reproductive functions, elevated levels exhibiting harmful
effects on sperm morphology and motility (Li et al. 2012). Copper, an essential trace
metal, can decrease sperm function including concentration, viability and motility
in mammalian model in its ionic and non-ionic forms in a dose-dependent and time-
dependent manner indicating the possibility of its adverse affect on male fertility
(Holland and White 1988; Roychoudhury and Massanyi 2008; Roychoudhury et al.
2010, 2016a, b). Molybdenum concentration was found to be the most consistent in
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blood with reduced sperm concentration and morphology when a bunch of essen-
tial and nonessential metals (arsenic, cadmium, chromium, copper, lead, manganese,
mercury, molybdenum, selenium and zinc) were subjected to assess their effects on
semen quality (Meeker et al. 2008).

2.2 Pollutants

Several pollutants are associated with deteriorating seminal quality depending upon
the dose and time of exposure. Workers in tollgates were found to have lower sperm
motility including lower progressive motility and sperm kinetics than the control
males (Rosa et al. 2003). Hydrocarbons such as toluene, benzene and xylene were
reported in the blood and semen of some workers at workplaces where their air con-
centration exceeded the maximum permissible levels resulting in decreased sperm
vitality and motility in the occupationally exposed men (Xiao et al. 2001). Adverse
effect of dioxin exposure during infancy or at puberty was associated with reduc-
tion in sperm concentration, progressive motility, total motile sperm count, estradiol
and an increase in follicle stimulating hormone (Mocarelli et al. 2008). It is also
believed that environmental pesticide exposures can adversely affect spermatogene-
sis in men at large. Environmental exposures to polychlorinated biphenyls (PCB) and
dichlorodiphenyldichloroethylene (DDE) were found to be associated with altered
semen quality parameters when a cross-sectional study was conducted on 212 male
partners of subfertile couples (Hauser et al. 2003).

2.3 Chemicals

Plethora of evidence reflects the pronounced adverse effect of chemical exposures
during adulthood affecting testicular and post-testicular functions and male fertility.
For instance, ethylene glycol ethers produced by chemical industry (especially, ethy-
lene glycol methyl ether and ethylene glycol ethyl ether) exerts deleterious effects
on reproduction and fertility in mammalian models (Boatman 2001; Multigner et al.
2005). In a human study, exposure to glycol ether was linked to a secular decrease in
semen quality (Multigner et al. 2007). Another common industrial chemical exhaust,
bisphenol A (BPA) has been associated with lowered sperm count and motility in
men whoworked in the BPA-based factories (Rahman et al. 2015;Manguez-Alarcon
et al. 2016).
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3 Lifestyle and Male Reproductive Functions

There are some lifestyle-dependent factors including obesity, smoking, alcohol and
drugs that play a vital role in male reproductive health. However, these factors reflect
less conclusive evidences affecting semen quality and male fertility.

3.1 Obesity

Obesity is an important lifestyle-dependant factor that has negative impact on sper-
matogenesis and/or male fertility. Evidences suggest that men with poor semen qual-
ity are three times more likely to be obese than men with normal semen quality. Male
infertility was found to be associated with a higher incidence of obesity exhibiting
reduced androgen levels and sex hormone-binding globulin levels accompanied by
elevated estrogen levels, thereby indicating endocrine dysregulation in obese men
and increased risk of altered semen parameters and infertility (Magnusdottir et al.
2005; Hammoud et al. 2008). In overweight and obese men (BMI≥ 25 kg/m2) mean
sperm concentration was found to be lower than those of normal-weight men (BMI
20–25 kg/m2) (Jensen et al. 2004). Obesity was also associated with a 1.3-fold rel-
ative risk for erectile dysfunction which can be explained by the decreased T levels
and elevated levels of several pro-inflammatory cytokines in such individuals (Bacon
et al. 2003; Seftel 2006).

3.2 Smoking and Alcohol

Cigarette smoking and alcohol consumption are two major recreational factors that
usually come top of the list of affecting male reproductive health. Sperm density
was reported to be much lower among smokers in comparison to non-smokers (Vine
et al. 1996). Among smokers, reduced spermdensity, decreased total sperm count and
lower total number of motile sperm was observed, too (Kunzle et al. 2003). Another
study strongly associated tobacco chewing males in India with a decrease in their
semen quality and the extent of oligoasthenozoospermia or azoospermia (Said et al.
2005). Smokingwasbelieved to be the cause of seminal oxidative stress, lackof sperm
plasma membrane integrity and DNA fragmentation that directly corroborate with
male infertility (Saleh et al. 2002; Belcheva et al. 2004; Sepaniak et al. 2006). Alcohol
consumption has been associated with impairment of spermatogenesis and reduction
in sperm counts and testosterone levels (Muthusami and Chinnaswamy 2005). A
significant decrease in the number of sperm cells was noted due to severe alcohol
intake (Donnelly et al. 1999; La Vignera et al. 2013). A synergistic effect of cigarette
smoking and alcohol consumption results in significant reduction of seminal volume,
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sperm concentration, percentage of motile spermatozoa, and increased number of
non-motile viable gametes (Martini et al. 2004; Guthauser et al. 2013).

3.3 Recreational Drugs

A few studies demonstrated the adverse impact of recreational drugs such as cocaine,
cannabis andmarijuana onmale infertility although the actual mechanism is not very
clear. Use of cocaine for five or more years was found to be associated with lower
sperm motility, concentration and abnormal morphology (Bracken et al. 1990). Sim-
ilar results were also observed in chronic use of marijuana (Harclerode 1984). Dele-
terious effects of delta-9-tetrahydrocannabinol, the active compound of marijuana
on sperm function was evident from the reduction in sperm progressive motility and
decreased acrosome reaction (Whan et al. 2006). In addition, methadone and heroin
were found to cause lower serum testosterone concentrations, reduced spermmotility,
lower ejaculate volumes and abnormal sexual dysfunction (Fronczak et al. 2012). Use
of anabolic androgen steroids by athletes, weightlifters and bodybuilders induces a
state of hypogonadotrophic hypogonadism by means of decreasing testosterone con-
centration thereby reducing spermatogenesis (Knuth et al. 1989; Karila et al. 2004).
Interestingly, a few prescribed drugs of different types may also exert adverse impact
on spermatogenesis. For instance, sulfasalazine, used for the treatment of irritable
bowel disorders and some other chemotherapeutic agents (e.g. cyclophosphamide)
used for treatment of cancers or kidney diseasesmay induce infertility inmen (Nudell
et al. 2002; Feagins and Kane 2009; Semet et al. 2017).

4 Oxidative Stress, Male Reproductive Toxicity
and Infertility

Reactive oxygen species (ROS) are molecules that contain an oxygen atom with an
unpaired electron in outer shell. Due to the unpaired electron in the outermost shell
they become very unstable and these unstable forms of oxygen are called free rad-
icals. ROS are produced in living cells either from intrinsic or extrinsic sources as
byproducts of cellular metabolism resulting from mitochondrial respiration through
oxidative phosphorylation (Sharma and Agarwal 1996; Dickinson and Chang 2011;
Chen et al. 2003; Lavranos et al. 2012; Roychoudhury et al. 2017a, b). ROS hinder
the cells’ own natural antioxidant defense system. Endogenous antioxidants or those
acquired from diet limit the damage to cells by detoxifying these reactive intermedi-
ates by donating an electron to ROS to stabilize them (Finkel 2011). Under normal
physiological circumstances ROS are present in genital tract in low concentration
(Guerin et al. 2001; Roychoudhury et al. 2017a, b) which is necessary for functions
of the male gamete including capacitation, hyperactivation and acrosome reaction
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(Aitken and Fisher 1994; Sharma and Agarwal 1996). Oxidative stress occurs when
the delicate balance in the redox system that maintains equilibrium between the ROS
and the antioxidants, is disturbed (Agarwal et al. 2017a; Roychoudhury et al. 2017a,
b). Studies indicated that infertile men are more likely to have higher concentrations
of ROS and lower level of antioxidants in their seminal plasma (de Lamirande and
Gagnon 1995; Roychoudhury et al. 2016a, b). ROS causes reproductive toxicity and
impairs fertility by means of two principal mechanisms. First, being rich in polyun-
saturated fatty acids, sperm cell membranes are highly vulnerable to ROS; thereby
lipid peroxidation of the plasma membrane takes place which in turn reduces sperm
motility, quality and fertility (Henkel 2011; Aitken et al. 2014, 2016). Secondly,
ROS directly damage sperm DNA affecting the purine and pyrimidine bases and the
deoxyribose backbone (Agarwal et al. 2003; Oliva 2006). Additionally, ROS may
initiate apoptosis within the sperm, leading to caspase-mediated enzymatic degra-
dation of the sperm DNA (Moustafa et al. 2004; Villegas et al. 2005). Leukocytes
especially neutrophils and macrophages, as well as immature spermatozoa include
the major endogenous sources of ROS. Environmental and lifestyle factors discussed
earlier in this chapter play an important role in production of exogenous ROS leading
to male reproductive toxicity and infertility which have been confirmed by studies in
human subjects as well as mammalian models (Saleh et al. 2003; Gharagozloo and
Aitken 2011).

Amongst several environmental factors mentioned above, cadmium directly
induces oxidative stress in testes affecting sperm production, testosterone activity,
secretion, spermatogenesis impairment as well as it decreases antioxidant defense
system by means of reducing superoxide oxidase, glutathione peroxidase and cata-
lase enzyme activity of seminal plasma membrane (Turner and Lysiak 2008; Sarkar
et al. 2013). Testicular cadmium level has been associated with varicocele which is
the most common correctable cause of male infertility and oxidative stress appears to
be the primary mechanism of varicocele-induced injury (Benoff et al. 2004; Jensen
et al. 2017). Lead exposure associated with oxidative stress contributes to an imbal-
ance in the reproductive system disrupting testicular steroidogenesis by inhibiting the
activities of testicular steroidogenic enzymes (Liu et al. 2008). Lead toxicity is also
manifested by its deposition in testes, epididymis, vas deferens, seminal vesicle and
seminal ejaculate which in turn reduce the sperm count, motility and germ cell pop-
ulation (Adhikari et al. 2001; Chowdhury 2009). Copper facilitates the production of
superoxide radicals, hydroxyl radicals and hydrogen peroxide via the Haber-Weiss
reaction causing oxidative damage and initiate adverse effect on spermatozoa con-
centration, viability and motility in animal models including reproductive toxicity of
copper oxide nanoparticles (Roychoudhury andMassanyi 2008; Roychoudhury et al.
2010, 2016a, b). Manganese, required as a cofactor in many cellular enzymes includ-
ing arginase, superoxide dismutase, alkaline phosphatase etc. has become a global
concern due to its increased release into the environment which in turn accumulates
in mitochondria, disrupting oxidative phosphorylation and increases the generation
of ROS (Gunter et al. 2006). Manganese intoxication has been reported to lower
synthesis and secretion of testosterone by acting directly on the Leydig cells or indi-
rectly by acting on the anterior pituitary gland inhibiting the secretion of luteinizing
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hormone which in turn inhibits androgen biosynthesis in Leydig cells (Chandel and
Jain 2017).

Formaldehyde, a ubiquitous environmental pollutant, exerts detrimental effects on
the reproduction, respiratory and haematological systems by means of production of
excessive ROS (Zhou et al. 2006). Studies revealed that use of formaldehyde can lead
to testicular atrophy and decreased testes weight, diameter of seminiferous tubules,
seminiferous epithelial height and decreased number of spermatozoids (Golalipour
et al. 2007; Gules and Eren 2010). Inhalation of toluene alters the hormonal status
of the anterior pituitary gland in rodents as well as it facilitates oxidative damage to
DNA and reproductive toxicity by means of decreased sperm number and increased
8-oxo-2′-deoxyguanosine formation in sperm cells of the testis (Nakai et al. 2003).
Similarly, toxicity of benzene may result from oxidative metabolism of benzene to
reactive products which ultimately cause DNA damage and this could be the pos-
sible mechanism by which benzene acts as a toxicant for spermatogenesis (Song
et al. 2005). Long term exposure to xylene leads to reproductive toxicity through
decreased spermatozoa viability, decreased motility with lower acrosin action from
spermatozoa (Xiao et al. 2001). Polychlorinated biphenyls are the most environmen-
tally persistent pollutants that disrupt the endocrine system (Apostoli et al. 2003)
by reducing testosterone synthesis and steroidogenic enzyme activity in Leydig as
well as Sertoli cells (Fiandanese et al. 2016), while ROS-induced BPA concentration
is negatively associated with sperm concentration, normal morphology, and sperm
DNA damage (Meeker et al. 2011). Administration of ethylene glycol monoethyl
ether was found to be adversely affect steroidogenesis in rodents by decreasing the
expression of steroid acute regulatory protein and androgen-binding protein (Adedara
and Farombi 2013).

Furthermore, lifestyle-depended factors, such as obesity has been shown to be
associated with the production of ROS which results in decreased sperm density
and total count and significant negative correlation to increasing body mass index
dysregulating the action of hypothalamic-pituitary-gonadal axis (Furukawa et al.
2004). Smoking and marijuana inhalation have been the key factors in the produc-
tion of excessive ROS, which help in pathogenesis of several diseases including
reproductive toxicity thereby inhibiting sperm motility, viability and thus fertility of
the male (Close et al. 1990; Whan et al. 2006; La Maestra et al. 2015). On the other
hand, although tobacco chewing is comparatively less harmful than smoking, it is
not harmless altogether. It increases the risk of multiple oral premalignant lesions
and affects semen parameters in a dose-dependent manner including reduced sperm
concentration, motility, morphology, and viability (Said et al. 2005; Sunanda et al.
2014). However, the actual mechanism is still not known.

From the above discussion, it is clear that several environmental as well as
lifestyle-dependent factors are involved in the pathophysiology of male infertility
by means of mechanisms including oxidative stress-induced reproductive toxicity.
Excessive increase in the generation of ROS and/or excessive decrease in the level of
antioxidants may disrupt the seminal redox balance and trigger molecular changes
that induce deterioration of semen quality and associated male fertility parameters
including oxidative damage to sperm DNA, lipids and proteins. Therefore, allevia-
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tion of oxidative stress constitutes a potential treatment strategy for male infertility
(Agarwal et al. 2017a). Various direct and indirect tests used by different laboratories
for measurement of seminal oxidative stress are discussed below.

5 Measurement of Oxidative Stress in Semen

Seminal oxidative stress is commonly measured by means of quantifying the ROS
via chemiluminescence assay or by measuring the total antioxidant capacity (TAC
assay) or post hoc damage by malondialdehyde (MDA) assay. The chemilumines-
cent ROS assay is based on the reaction between luminol and oxidizing compounds
distinguishing poor quality of semen samples from good quality ones (Agarwal et al.
2014a, 2015a, b). The TAC assay is based on the ability of antioxidants present in
semen to scavenge the ROS through specific or non-specific mechanisms (Muller
et al. 2013). Amongst several TAC assays, Trolox equivalent antioxidant capacity
is the most widely accepted test for determining seminal TAC levels between poor
and good quality semen samples in order to differentiate infertile men from healthy
ones (Roychoudhury et al. 2016a, b). The MDA assay determines the damage done
to proximate lipids by free radicals in semen samples (Marnett 1999). However,
these conventional approaches are single marker measurements that fail to capture
both of the components of oxidative stress i.e. oxidants, and antioxidants/reductants
(Agarwal et al. 2015a, b, 2017a). All of these have their own drawbacks as such
assays are tedious, time consuming, involve sophisticated instruments and/or require
special technical skills and large semen volumes causing difficulty in providing the
full picture of the true oxidative state of the sample. Hence, a comprehensive mea-
sure of the activity of all known as well as unknown oxidants and antioxidants in
a semen sample will better describe the state of the redox system thus facilitating
better diagnosis and treatment of male infertility by the clinician.

6 Oxidation-Reduction Potential of Semen: A New
Diagnostic Marker in Male Infertility

Antioxidants work by donating electrons to the oxidants, thereby reducing the
chances of oxidants to acquire electrons from other nearby structures and cause
oxidative damage. Oxidation-reduction potential (ORP) measures this relationship
between oxidants and antioxidants in fluids including semen. Validation of a novel
ORP diagnostic platform by comparison tomass spectrometry using disposable elec-
trodes has paved the way for a rapid and comprehensive status of redox state in a
sample. The difference between oxidants and antioxidants (reductants) is detected as
electrical signal produced by oxidation of an electrode under standardized conditions
without determining contributions of individual molecules involved (Roychoudhury
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et al. 2017a, b; Agarwal et al. 2018; Polson et al. 2018). Based on the electrochemical
technology, the MiOXSYS system uses a platinum-based electrode sensor with an
Ag/AgCl reference cell, and a galvanostat-based analyzer, which completes the cir-
cuit. A small volume (~30 µl) of liquefied semen sample is added to the pre-inserted
sensor and allowed to flow across the working electrode and to fill the reference
cell, thereby completing the electrochemical circuit. Voltage is measured between
the reference cell and working electrode every 0.5 s (or 2 Hz), while the counter
is set to a voltage sufficient to achieve a 1 nA stabilizing current. The resulting
ORP measurement is displayed in millivolts (mV) reflecting a net average of the
run (Roychoudhury et al. 2017a, b). The entire process takes less than 5 min. The
raw ORP value displayed by the analyzer (mV) is divided by the sperm concentra-
tion (sperm count × 106/mL) to obtain the normalized ORP, which is expressed as
mV/106 sperm/mL (Agarwal et al. 2017a).

In the diagnosis of male infertility, the role of ORP as a surrogate marker to con-
ventional semen quality parameters is a current topic of investigation by a number
of researchers and clinicians. It facilitates wider application of oxidative stress mea-
surement in clinical and research settings. ORP can be measured in neat semen and
seminal plasma and themeasurements are not affected by the age of semen or seminal
plasma for up to 2 h of liquefaction (Agarwal et al. 2016b). ORP correlates negatively
with conventional as well as advanced semen quality parameters, such as sperm con-
centration (Agarwal et al. 2016b, 2017a; Agarwal and Wang 2017; Roychoudhury
et al. 2017a, b; Toor et al. 2016), total sperm count (Agarwal et al. 2016b, 2017a;
Toor et al. 2016), total motile sperm count (Al Said et al. 2017), motility (Agarwal
et al. 2017a; Agarwal andWang 2017; Toor et al. 2016), morphology (Roychoudhury
et al. 2017a, b; Majzoub et al. 2017), and DNA fragmentation (Arafa et al. 2017)
confirming the association of oxidative stress with poor semen quality.

ORP values can differentiate the degree of oxidative stress-induced male factor
infertility. Using a cohort of fertile and infertile men fromUSA a seminal ORP cutoff
value 1.36 mV/106 sperm/mL was established for distinguishing fertile men from
infertile patients (Agarwal et al. 2017a). A couple of studies conducted collectively
and individually between Cleveland Clinic (USA) and Doha (Qatar) recommended
similarORP cutoff values 1.41 and 1.42mV/106 sperm/mL to distinguish fertile from
infertile men (Agarwal et al. 2017b; Arafa et al. 2018). Recently, from a cohort of fer-
tile and infertile men in India, Roychoudhury et al. (2017a, b) established a seminal
ORPcutoff 1.23mV/106 sperm/mL to distinguish healthymen from infertile patients.
Furthermore, ORP is highly predictive of oligozoospermia and asthenozoospermia
(Agarwal et al. 2017b), and an ORP cutoff 2.59 mV/106 sperm/mL best predicted
oligozoospermia using a cohort of men from USA (Agarwal and Wang 2017). Mon-
itoring seminal ORP levels over time may help predict the efficacy of antioxidant
therapies and define effective doses and durations of treatment. Monitoring ORP
as a marker of oxidative stress has also been proposed in cases of leukocytosper-
mia because ORP values paralleled the levels of biomarkers of active inflammation
(Hagan et al. 2015; Sikka et al. 2016).

In the human body, the sperm cells live in an aerobic environment like all other
cells, and hence, are exposed to different redox states depending on the prevailing
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circumstances (Naviaux 2012; Agarwal et al. 2016a, b). ORP can also be measured
in cryopreserved semen samples, which is important in predicting the success of
assisted reproductive techniques (ART) (Agarwal et al. 2016b). In ART procedures
sperm cells are exposed continuously to several culture media and incubating condi-
tions starting from sperm preparation to sperm cryopreservation. An optimum redox
potential is required for successful embryogenesis and to avoid teratogenesis (Ufer
et al. 2010), and the ORP of the culture medium might be involved in the regulation
of the fertilization process (Panner Selvam et al. 2018). It is important to maintain
the ORP of culture media on the lower side in order to neutralize and counteract ROS
produced especially during the centrifugation process of abnormal semen samples
from infertile men (Agarwal et al. 2014b). Determination of ORP values of 10 dif-
ferent culture media commonly used for sperm preparation and ART revealed lower
values of the sequential culture medium and one-step culture medium compared
to the sperm wash media. SAGE-1-Step medium recorded the lowest ORP value
of 208.63 mV (Panner Selvam et al. 2018). In intracytoplasmic sperm injection
(ICSI), during sperm processing seminal plasma (that contains protective antiox-
idants) is removed keeping the sperm cell vulnerable to possible attack by toxic
oxygen metabolites generated by immature spermatozoa and leucocytes (Aitken and
Baker 1995; Zini et al. 2009). In ICSI procedures, post-washed sperm specimens
are loaded into a microdroplet containing a viscous medium of polyvinylpyrrolidone
or hyaluronic acid that slowdown the sperm movement thereby facilitating sperm
selection, handling and immobilization (Roychoudhury et al. 2018). Comparison of
ORP levels of sperm cells exposed to polyvinylpyrrolidone and hyaluronic acid in
an experimental ICSI study suggested lower ORP levels in polyvinylpyrrolidone-
selected sperm than using hyaluronic acid after 20 min and 1 h of exposure. This
indicated that the lower levels of oxidative stress are found in washed sperm cells
selected in the polyvinylpyrrolidone-based medium (Roychoudhury et al. 2018). In
another clinical study on embryo quality and clinical pregnancy rate, patients with
low seminal ORP (<1.36 mV/106 sperm/mL) had higher clinical pregnancy rate in
comparison to the group with high ORP (Ayaz et al. 2017).

Discretemeasures of free radicals, antioxidant activity, and oxidative damage sug-
gest an ambiguous relationship between the redox system and male fertility. Measur-
ing ORP can help rule in male infertility cases associated with oxidative stress that
would otherwise go undetected with a conventional semen analysis. Data generated
from recent clinical and experimental studies poses ORP as a novel, independent and
robust diagnostic marker of male infertility.
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Abstract Mutagenesis is the alteration of the genetic material by the help of muta-
gens. Mutations that are capable of inducing any diseases have a large impact on
the biological systems. Whenever mutation occurs, it not only affects any particular
gene or protein, but also affects the whole system related to that gene. Changes in
one system will further bring out changes in the adjacent systems, which works in
coordination with the mutated system. Thus, a single mutation can have an impact
on more than one system. System network biology helps in providing a new per-
spective of inspection of these biological systems in the form of networks with the
help of mathematical representations. In this chapter, we deal with different proper-
ties of the networks that help in analyzing the network-graph and finding the most
probable network that best describes the process. Here we tried to investigate the
candidate protein molecule that may act as a target protein with the help of network
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analysis. For this, we used various datasets and software that would be used in the
reconstruction of different biological networks and pathways.

1 Introduction

Mutations are the spontaneous changes that occur in nature. These alterations can
be both, useful as well as harmful. These alterations take place on the basis of
evolution at various biological levels. Mutations may have developed artificially
through spontaneous hydrolysis. Mutations could generate ROS and DNA adducts
or produce error in repair and replication process of DNA. The mammalian cells
work on rescue mechanisms where it may participate to repair the mutated sites of
theDNA. If the repairmechanisms fail to correct the errors inDNA, themutatedDNA
gets copied in the daughter cells. Moreover, if the damage is large and irreparable,
then the cells has the mechanism to induce programmed cell death.

Artificially induced mutations help in understanding the structural or functional
relationships between different proteins. Polymerase chain reaction (PCR) is the
most widely used technique for artificially inducedmutations. Real time-PCR is very
simple but robust and highly sensitive technique used for the detection of mutations.
Although, for diagnosis of multifactorial diseases like cancer, molecular tests are
widely used. Moreover, for molecular characterization of tumors, the key parameters
used as genetic mutations and the gene expression profiles. These helps in accurate
prognosis of diseases and selection of treatments (Morlan et al. 2009). Medical
science has nowentered into the era of systemsbiology. In systemsbiology, biological
systems are represented as networks. These networks represent complex interaction
between different entities. In medical sciences, network-based methods are being
used for the detection of mutations and also being used for prediction of stability
of mutation induced proteins (Frenz 2005). Network biology not only used for the
representation but also for the analysis of interactions between the entities of various
biological systems using graph theory (Stam and Reijneveld 2007).

2 Graph Theory

Graph theory is the mathematical study of graphs, which consists of vertices, also
known as nodes and edges or lines. In present scenario, graphs can be used to rep-
resent almost all the practical problems ranging from social and physical to the
biological and other information systems. Computational neuroscience graphs are
useful method to represent various physical and functional connections between dif-
ferent parts of the brain. Nodes of different parts and areas of the brain are presented
by the functional interactions between these nodes, which may be presented by the
edges (Kang et al. 2011). With the help of structural analysis of graphs and by calcu-
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lating the distances, one can be able to determine the exact expression of the entities
(Gao et al. 2017).

3 What Is System Network Biology?

Systems biology is a science that mainly focuses on the building of mathematical
models for cellular networks (Villaverde et al. 2013). A network comprises of nodes
and edges. The nodes represent the genes or proteins involved in process while the
edges represent physical interactions between them (Bosley et al. 2013). Immensely
complex networks of protein-protein interactions govern all the biological processes
inside the organisms. These networks are highly packed and comprises of nodes and
edges. For the study of biological networks, there are some standard steps that must
be followed (Lv et al. 2013).

At very first step, it is important to find out candidate genes that are linked with
the biological system under study. For this, literature survey along with text mining
and data mining must be performed. There are various databases, which may help in
finding the associated genes like t3db for carcinogens, Reactome, KEGG etc.

Next step is to scan the protein-protein interactions. For this databases like
STRING can be used. One can even construct the protein-protein interaction net-
work by the help of STRING database (Szklarczyk et al. 2015).

Once PPI network has been constructed, the next and the most important step
is topological analysis of PPI network. For topological analysis, one can find the
node with this highest degree and that will be hub node; the node with maximum
betweenness centrality which would depict the bottleneck protein etc. After topo-
logical analysis, one can construct the backbone network from nodes with large
betweenness centralities followed by its validation.

3.1 Types of Networks

Different types of networks are created depending on the requirement.

3.1.1 Directed Network

Directed networks or graphs are those in which direction of the movement of infor-
mation is known. It is also known as a digraph. By definition, a directed graph is
a graph that has nodes or vertices and directed edges. In biological systems, such
networks are of great importance as these help in predicting the possible drug targets.
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3.1.2 Undirected Network

Undirected graphs are the graphs in which the edges have no particular orientation.
In mathematical terms, an undirected graph is one, which consists of a set of N nodes
and a set of E edges, which are unordered pairs of elements of N.

3.1.3 Weighted Network

These are the networks in which each edge has assigned a weight. The advantage of
weighted network is that it helps in estimation of relationship between elements or
nodes in network.

3.1.4 Unweighted Network

The networks in which the edges are not weighted are unweighted networks or
graphs. If one has the local information, weighted networks could be created from
the unweighted networks. This could be done by the distribution of the weight to the
edges.

3.2 Types of Network Edges

3.2.1 Undirected Edges

This type of edge is found in protein-protein interaction networks (PPINs). Undi-
rected edges represent the simple relationship between two nodes. These do not
represent the direction of flow of information between nodes.

3.2.2 Directed Edges

This is a kind of connection found, for example, in metabolic or gene regulation
networks. There has a clear flow of signal implied and the network can be organized
hierarchically.

3.2.3 Weighted Edges

Weighted edges represent the qualitative relation between the two nodes. Directed
as well as undirected edges can have weights. Weights depict various information
like how reliable the interaction is, how much sequence similarity presents between
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the two genes etc. Edges can also be weighted by their centrality values or several
other topological parameters.

4 Properties/Topological Analysis of Biological Networks

To understand a complex system network, analysis could be done in a bottom-up
approach in systems biology.Analysis starts from individual components and reaches
to their connections. Interaction of each element with other elements has been done
in network analysis. Network analysis could be done locally as well as globally.
Local topological measurements of networks include degree, shortest path length
and size used to analyze the network. Whereas for the global network analysis, terms
like mean shortest path length and average degree may be used. The mean shortest
path length depicts the average count of steps required or used to join each and every
pair of nodes present in network by using their shortest path. The average degree of
network is an average of degrees of all nodes that would present in the network (Ran
et al. 2013).

4.1 Size

Size of network has the total number of nodes that may present in that network.

4.2 Degree

Degree defines the connectivity of individual nodes in network with other nodes. It
is the number of connections of a node with other nodes in a network. If the network
is directed network, then each node has two types of degrees, namely, in-degree and
out-degree presented in Fig. 1. In-degree is the number of edges that are coming to
node (Fig. 1a) while out-degree is defined as the number of edges having that node
as a source (Fig. 1b).

4.3 Shortest Path

Shortest path is also known as the geodesic path. It is the path in a network that
connects two nodes with minimum number of edges required.
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Fig. 1 Shows directed
network with different nodes
namely a in-degree is the
number of edges that are
coming to the node,
b out-degree is defined as the
number of edges having that
node as a source

4.4 Scale-Free Network

Scale-free networks are the networks in which connections of each node with other
nodes follow the power law. Scale free networks tend to be more robust. Even if
any node has been removed, the network would not be fallen apart and loses its
connectivity, but this only hold true when the nodes removed may not the major hub
nodes.

4.5 Transitivity

Transitivity is rarely found in real networks. It refers to connections between all the
nodes and the edges bywhich theymay connected. To explain this in simple words, if
nodes A and B are connected with an edge and node B is also connected with another
node, say C, then node A and node C are also supposed to be connected. This is rarely
found in real life network problems. Those graphs, which are intransitive, leads to
the formation of clusters in the graph. The measure of transitivity or the transitivity
index is also known as the clustering index (Frank 2010). This index ranges from 0
to 1 where 1 represents a complete transitive graph.

4.6 Centralities

Centrality is one of the most important properties in a graph. It helps in identification
of the most important nodes and edges within the graph. Centrality analysis in bio-
logical networks is important as it gives an estimate of which proteins are important
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in a PPIN. There are various types of centralities, which are analyzed depending on
the type of analysis. The algorithm for the calculation also changes depending on the
type of graph under study (Kalna and Higham 2007). For weighted and unweighted
graphs, separate algorithms are followed. There are two most important centrali-
ties, which are mostly estimated, in a biological network. These are: betweenness
centrality and closeness centrality.

4.6.1 Betweenness Centrality

It is the measure of times; a node acts as a bridge in the shortest path between two
other nodes (Dietz et al. 2010). The nodes with high betweenness centrality control
the flow of information between two other nodes. Such nodes play important roles in
biological pathways and hence can be the most potent targets for drug discoveries.
There is no standard formula for the calculation of betweenness centrality. The most
basicway to find betweenness centrality is by calculating the number of shortest paths
that pass through that node in graph and then dividing it by total number of shortest
paths (Borgattia and Everett 2006). Betweenness centrality can further be divided
into node betweenness centrality and edge betweenness centrality.Node betweenness
centrality tells the most central node in network while edge betweenness centrality
tells the fraction of path through which maximum information passes between two
nodes in whole network (Brandes 2008; Dietz et al. 2010).

4.6.2 Closeness Centrality

This defines the closeness of node that how close a node is with other nodes in a
graph (Borgatti 2005). It could be also defined the closeness centrality as how fast
we can pass a piece of information from given node to another. It is an inverse to the
farness.

4.7 Bottleneck Proteins

In network, those proteins or nodes, which have high betweenness centrality, are
known as bottleneck proteins. Bottleneck proteins are of huge importance in the
topological analysis of the biological networks (Yu et al. 2007; Zhu et al. 1999).
These proteins play significant role of connectors between different proteins and
these can be considered as dynamic components in any interaction networks (Zhu
et al. 1999).
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4.8 Clustering Coefficient

Cluster analysis is done to create modules that have mutually exclusive proper-
ties from each other (Gavin et al. 2006; Bullmore and Sporns 2009). It has impor-
tant applications to club different elements with similar properties. For example, if
protein-protein interaction network for the cell cycle regulatory proteins has been
created and after performing cluster analysis, it will most likely to get the clusters or
modules that are involved in different pathways like the apoptotic pathway, proteins
involved in pathways of cancer, NF-KB signaling pathway etc.

Clustering coefficient can be defined as measures of degree in a graph to which
nodes tend to be in a cluster (Barabási and Oltvai 2004; Opsahl and Panzarasa 2009).
There are two types of clustering coefficient that are used for network analysis namely
local clustering coefficient and global clustering coefficient. Local and global cluster-
ing coefficients are calculated differently for directed and undirected networks (Kalna
and Higham 2007; Krot and Prokhorenkova 2015; Prokhorenkova and Samosvat
2014; Pržulj et al. 2004).

4.9 Hub Proteins

Hub proteins are those proteins that have maximum degree and the nodes that are
highly connected with other nodes in network (Vallabhajosyula et al. 2009; He and
Zhang 2006; Zotenko et al. 2008). There are two types of hub proteins in any network
namely date hub and party hub. There is a clear distinction between the party hub and
the date hub. Party hubs are also known as static hubs where as another name of date
hub is dynamic hub (Vandereyken et al. 2018; Frank 2010; Chang et al. 2013). Party
hubs interact with all their partners at the same time where as date hubs interact at
different times or different locationswith their partners. Date hubs act like connectors
that organize different autonomous modules while party hubs appear as the centre
for each autonomous module (Dietz et al. 2010; Goel and Wilkins 2012).

4.10 Clique

It is a subset of an undirected graph. In protein-protein interaction network, Spirin
and Mirny in 2003, detected tightly linked protein clusters that had few interactions
outside the cluster (Spirin and Mirny 2003). As clique is the subset of the undirected
graph, it is important to find the maximum clique in a graph for proper analysis
of a network. To find the maximum number of clique, systematic inspection of all
the subsets needs to be done. By this way of finding maximum number of clique
represents Brute-force search but this might be very time consuming (Wu 2013).
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5 Case Study

Human beings are surrounded by numerous chemicals and due to these chemicals
contaminations serious mutations may occurs. Agencies like EPA have reported that
diesel exhausts contain fine particles that pose serious threats to human health. As per
the reports from National Toxicology Program, there are around 200–300 carcino-
gens that include pesticides, cigarette smoke, PAH etc. Nicotine is highly addictive
compound present in cigarette smoke (Buisson and Bertrand 2002). Exposures to
nicotine may cause DNA damage (Hecht 2003; Howard et al. 1998; Pfeifer et al.
2002; Zhu et al. 1999) as well as changes in the cell cycle regulatory machinery. By
the help of databases like PUBMED and t3db (Wishart et al. 2015; Lim et al. 2010;
Lu 2011) in this article we were able to find around 300 genes and they were, getting
up-regulated and down regulated (Table 3) because of the interaction of nicotine.
With the help of STRING, we have created a topological network (Fig. 2) and also
performed further analysis to find the hub proteins that could be potent target candi-
dates for nicotine. STRING software not only allows the user to create topological
network but it also performs enrichment analysis of the query proteins. STRING
obtains these results from the Gene Ontology, KEGG pathways, InterPro and Pfam
domains based on the enriched P values. Topological analysis was done with the help
of Cytoscape (stand-alone software) (Shannon et al. 2003).We have created the clus-
ters by usingMCODEApp of the cytoscape software.MCODEcreates clusters based
on the topology. It helps in finding densely inter-connected regions. Figures 3 and
4 represent top 2 clusters of nicotine network that were generated by MCODE. The
clusters were ranked based on the cluster’s computed scores and numbered according
to their ranks. The cluster 1 (Fig. 3) was highest ranked cluster with computed score
of 38. It had 38 nodes and 703 edges. Cluster 2 (Fig. 4)was second ranked clusterwith
score of 37.263, 39 nodes and 709 edges. We have also generated the clusters based
on KEGG enrichment pathways (Table 1), which has been obtained from STRING
database. Table 1 consists of only those enriched KEGG pathways for which the cor-
rected P value lies above PPI-enriched P value. Figure 5 represents cluster network
generated by the genes that were hampered by nicotine action and they were related
to Parkinson’s disease. The enriched network pathway for the Parkinson’s disease
consists 44 nodes, 669 edges. The average node degree was 30.4 and the average
clustering coefficient was 0.977. Figure 6 represents the cluster network generated by
genes that were associated with Alzheimer’s disease. The enriched network pathway
for Alzheimer’s disease consisted 42 nodes, 501 edges, and had average node degree
of 23.9 and an average local clustering coefficient of 0.857. Figure 7 represents clus-
ter network generated by genes that were associated with the Huntington’s disease.
The enriched network pathway for the Huntington’s disease consisted 39 nodes, 520
edges. The average node degree was 26.7 and the average local clustering coefficient
was 0.951. Figure 8 shows the genes that got hampered by the action of nicotine
and they causes cancer. This network cluster consisted 29 nodes, 53 edges, and an
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Fig. 2 Complete protein topology network of nicotine. Total no. of nodes present in this network
are 422, edges are 2260, avg. node degree are 10.7 and avg. local clustering coefficient is 0.528

average node degree of 2.86 and an average local clustering coefficient of 0.336. We
have also tried to analyze important nodes in the main network with the help of cyto-
Hubba App of cytoscape software. CytoHubba helps to predict an important node in
network and its subnetworks using various algorithms and displays their results in
table format. It calculates the degree, centralities, bottleneck, clustering coefficient
etc. of all nodes involved in selected network. Table 2 represents a list of important
nodes of nicotine topological network along with their properties.
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Fig. 3 Shows the cluster 1 generated by MCODE

Table 1 Enriched-KEGG pathways

Pathway ID Pathway description Observed gene
count

P value

5012 Parkinson s disease 44 1.24E−37

3050 Proteasome 29 4.34E−37

4932 Non-alcoholic fatty liver disease (NAFLD) 42 3.22E−34

190 Oxidative phosphorylation 39 9.74E−33

5010 Alzheimer s disease 42 2.94E−32

5016 Huntington s disease 39 7.11E−27

5200 Pathways in cancer 37 7.58E−16
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Table 2 CytoHubba analysis of important nodes

Name Degree Betweenness
centrality

Bottleneck Clustering
coefficient

Closeness
centrality

TP53 49 12930.9559 49 0.3767 125.58333

NFKB1 43 6202.05525 27 0.55925 121.99286

PSMB8 41 1188.83354 10 0.82073 114.40952

PSMD14 40 4685.81213 7 0.86154 116.99286

NDUFA12 39 11763.02235 39 0.90553 91.42024

PSMA3 39 1458.85911 1 0.90553 115.43333

NDUFA9 39 374.45427 2 0.90688 82.68373

PSMD6 39 248.55397 4 0.90688 112.49286

PSMA4 39 215.88633 2 0.90688 112.15952

PSMB4 39 215.88633 1 0.90688 112.15952

PSMC1 39 133.57151 2 0.90688 112.15952

NDUFV1 38 5646.88867 26 0.94737 87.91111

CCND1 38 3655.97494 12 0.62731 116.70952

UBE2C 38 2528.14841 8 0.67425 111.91667

PSMB3 38 57.38508 2 0.95306 111.65952

PSMD2 38 57.38508 1 0.95306 111.65952

PSMB7 38 57.38508 1 0.95306 111.65952

PSMA1 38 57.38508 1 0.95306 111.65952

PSMA7 38 57.38508 1 0.95306 111.65952

PSMC5 38 57.38508 1 0.95306 111.65952

PSMA5 38 57.38508 1 0.95306 111.65952

PSMC4 38 57.38508 1 0.95306 111.65952

PSMD8 38 57.38508 1 0.95306 111.65952

PSMD4 38 57.38508 1 0.95306 111.65952

PSMB6 38 57.38508 1 0.95306 111.65952

PSMD1 38 57.38508 1 0.95306 111.65952

PSMB2 38 57.38508 1 0.95306 111.65952

PSMB1 38 57.38508 1 0.95306 111.65952

PSMB5 38 57.38508 1 0.95306 111.65952

PSMC6 38 57.38508 1 0.95306 111.65952

PSMA6 38 57.38508 1 0.95306 111.65952
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Fig. 4 Shows the cluster 2 generated by MCODE

6 Statistical Analysis of Primary Network

The network consisted 322 nodes and 2273 edges with an average node degree of
10.8 and an average clustering coefficient of 0.514. The network diameter was 9
(Fig. 2). The TP53 had highest degree, 49; bottleneck, 49; betweenness central-
ity, 12930.9559; closeness centrality, 125.58333; and clustering coefficient, 0.3767
(Table 2). Data based on cytoscape, we can predict that TP53 is hub protein with
highest degree. Since their cluster coefficient was less than 0.5 therefore, it proposes
date hub protein. It was also the bottleneck protein with the largest betweenness
centrality of 12930.9559.
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Fig. 5 Network of the genes associated with Parkinson’s disease

7 Conclusions and Future Aspects

Today we are surrounded by an environment that contains enormous types of muta-
tion causing chemicals. There are many sources such as chimney exhaust of indus-
tries, pesticides, insecticides used in the agricultural fields, diesel exhausts of vehi-
cles, cigarette smoke, which may release hazardous chemicals in the environment.
Although these are potent of causing serious damages to the human health. They are
potent enough to cause serious DNAdamages and lethal changes in the cell cycle that
are not possible to repair or revert and leads to deadly diseases like cancer. Different
chemicals have different mechanisms or mode of actions in our human body. The
high-throughput technologies like micro arrays, protein chips or yeast two-hybrid
screening have provided us enormous quantitative data revealing the basic design
and structure of living systems. This knowledge has opened a new era of network
biology, where it is becoming possible for the scientists to predict most probable
pathways of the disease expression (disease network). With system biology, the pre-
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Fig. 6 Network of the genes associated with Alzheimer’s disease

Fig. 7 Network of the genes associated with Huntington’s disease
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Fig. 8 Network of the genes associated with cancer

diction of most probable targets for the drugs leading to the development of targeted
drug delivery methods.

Systems network biology has opened new avenues for the development of
highly accurate and personalized medicine and drug development by the help of
perturbation-basedmodeling. Perturbation in concentration of single entity in biolog-
ical system could affect the physical and functional interactions of other components
and thus will ultimately affect the whole interactome.
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Ecotoxicological Effects of Heavy Metal
Pollution on Economically Important
Terrestrial Insects

Oksana Skaldina and Jouni Sorvari

Abstract Pollution is among the major anthropogenically induced drivers of envi-
ronmental change. Heavy metals, released from industry and transport, can contami-
nate aquatic and terrestrial environments, inducing further ecotoxicological effects in
different organisms. Insects play crucial ecological roles in maintenance of ecosys-
tem structure and functioning and deliver such ecosystem services as food provi-
sioning, plant pollination, dung burial, pest control and wildlife nutrition. Econom-
ically important terrestrial insects vary in an ability to accumulate heavy metals and
demonstrate substantial difference in heavy metal tolerance. Despite global pollina-
tor decline, only limited information is available about effects of heavy metals on
wild bees. Ants, wasps and beetles are key-predatory insect groups in many terres-
trial ecosystems. Responses in ants are investigated to higher extent than in wasps
and revealed ecotoxicological effects of heavy metal pollution in beetles are biased
to model species. Insect pests such as aphids and butterfly larvae respond to heavy
metal pollution with modifications in their morphology and physiology, however
more studies are needed to understand general directions of adaptations in this func-
tional group of economically important insects. When investigated the problem of
insect decline, heavy metal pollution should be thoroughly considered. In addition
to natural habitat transformation, use of insecticides and modifications in agricul-
ture, ecotoxicological effects of heavy metals on useful insects might have direct
consequences to food security, agricultural economy and human welfare.
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1 Introduction

Climate change, forest clearing, intensive agriculture, global trade and pollution are
main man-induced defendants of life transformations on the Earth. Afore global
environmental change understanding of living beings’ adaptability to various envi-
ronmental stresses is crucial for decision making policy, environmental management
and environmental law (Chasek 2018). Despite vast scientific studies and public
efforts, environmental pollution remains among key environmental concerns glob-
ally. Such pollutants as chlorofluorocarbons (CFCs), organochlorine (OC), poly-
chlorinated biphenyls (PCBs), perfluorinated compounds (PFCs), organotins (OTs)
and heavy metals (HM), released from industry and transport, penetrate into aquatic
and terrestrial ecosystems and cause acute or chronic threats to biota (Mateo et al.
2016). However, the lack of knowledge about direct effects of pollution on different
biological compartments of terrestrial ecosystems requires further analyses on the
topic.

Heavy metal pollution may affect all components of terrestrial ecosystems, from
soil and microbes to vertebrates (Gall et al. 2015). As trace elements, the heavy
metals such as cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum
(Mo), selenium (Se) and zinc (Zn) are essential micronutrients for plants, animals
and humans. While some of the other elements, like arsenic (As), cadmium (Cd),
chromium (Cr), mercury (Hg), lead (Pb) and nickel (Ni) have no useful biological
function and might cause toxic effects even at low concentrations (He et al. 2005).

Revealing biological responses towards heavy metal pollution in living organ-
isms, particularly in those, which are of great ecological and economic importance,
and developing practical biomonitoring tools, may effectively facilitate progress in
modern terrestrial ecotoxicology (Skaldina and Sorvari 2017). Especially since “the
concept of biological monitoring, based on the study of the biological response of
organisms to pollutants, termed biomarkers, is today well established” (Romeo and
Giamberini 2013). This is practically important for further development of ecotoxi-
cology, aiming to discover causal linkages between the source of pollution and range
of its biological effects with the purpose to reduce an impact via different kinds of
legislative, social and environmental interventions (Elliott et al. 2011).

2 Economic Importance of Insects

Insects represent one of the most diverse groups of living organisms, with estimated
possible number of species up to 10million (Gaston 1991). They are important drivers
of key ecosystem processes, which are ultimately mediated through interactions
between all ecosystem components. Even though cumulative biomass of insects
contributes less to global carbon and nutrient cycling than, for example, the total
biomass of plants and microbes (Yang and Gratton 2014).
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Insects provide substantial provisioning, regulating, supporting and cultural
ecosystem services such as plant pollination and food provisioning, medicine ser-
vices, biological control, recycling organic matter, soil nutrient and fertility reg-
ulation, biodiversity protection, bioindicators and conservation tools, religion and
spiritual value and cultural heritage (Noriega et al. 2018). So what kind of beneficial
tasks do terrestrial insects perform? They pollinate plants and disperse seeds, protect
crop and control pests, maintain soil structure and cycle nutrients, maintain food
webs and favor ecosystem health (Scudder 2017). Economic value of the ecosystem
services such as dung burial, pest control, pollination and wildlife nutrition, pro-
vided by wild not domesticated or mass-reared insects in the USA is estimated as
$57 billions per year (Losey and Vaughan 2006).

Economically important, beneficial insects belong to various systematic cate-
gories. For instance, bees, hover flies, lacewings, predatory bugs, caterpillar para-
sitoids and ants. However, insects are responsible for numerous adverse environ-
mental and ecological concerns as well. Many insect species, belonging to the orders
Lepidoptera, Coleoptera, Orthoptera and Hymenoptera (Van Emden and Wearing
1965; Del Toro et al. 2012), are serious agricultural pests. Therefore, economic role
of various insects should be thoroughly considered in different types of environmen-
tal surveys.

3 Current State of Environmental Heavy Metal Pollution
and General Ecotoxicological Effects in Terrestrial
Insects

Although, current levels of industrial heavy metal pollution have been decreasing in
European Union (Tóth et al. 2016) the opposite tendency is occurring in China (Li
et al. 2014) and several other eastern countries (Järup 2003).

Different metal ions are vital for normal physiological processes in small concen-
trations, however, poisonous in higher amounts. Therefore, organisms should pos-
sess proper regulatory mechanisms for metal uptake, assimilability and excretion.
Insects’ adaptability to heavy metal pollution depends on their dispersal capacities,
as mobile organisms may drift to better habitats, while sessile species should derive
phenotypic and genetic adaptations (Merritt and Bewick 2017). Profound investiga-
tion of heavy-metal tolerance (Cd) in soil-living springtailOrchesella cincta revealed
that in metal-exposed field populations the metallothionein gene is overexpressed in
this species (Janssens et al. 2009). Therefore, it was suggested that cis-regulatory
change of genes, engaging into cellular stress response, might be significant for the
evolution of tolerance mechanisms towards heavy metal pollution in insects.

Heavy metals induce diverse ecotoxicological effects on terrestrial insects and
affect some taxa more than the others. Thus, knowledge on the responses in few
species cannot be generalized over different insect orders.
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4 Ecotoxicological Effects of Heavy Metals on Pollinators

Pollinators is, probably, one of the most important functional group of insects, pro-
viding crucial ecosystem services for crops and wild plants. Pollinator decline and
consequent loss of pollination services will rapidly result in adverse effects on crop
production, food security and human welfare (Potts et al. 2010). Both honey bees
(Apis mellifera) and bumble bees (Bombus sp.), which are key pollinators in diverse
terrestrial ecosystems, accumulate heavy metals in their bodies (Lindqvist 1993;
Fakhimzadeh and Lodenius 2000; Szentgyörgyi et al. 2011; Satta et al. 2012).Meindl
and Ashman (2013) suggested that soil metals, especially Ni, can impair foraging
behaviour of bumble bees in polluted areas. In their experimental study, it was shown
that nectar solutions with elevated levels of nickel were visited for shorter time peri-
ods than the control ones.

Besides honey bees and bumble bees, heavy metals might affect other pollinators.
However, ecotoxicological effects of heavy metals on wild bees are poorly under-
stood. Szentgyörgyi et al. (2017) failed to reveal any association between heavy
metal contamination and developmental instability, measured as fluctuating asym-
metry (FA) of forewing. Therefore, more studies are needed to understand the effect
of heavy metal pollution on various pollinating insects.

5 Ecotoxicological Effects of Heavy Metal Pollution
in Important Predatory Insects

Many insect species are important natural predators in food chains and crucial biolog-
ical control agents in pest management programs. Ants, wasps, bugs and lacewings
comprise the most economically valuable groups of predatory insects.

Being important predatory insects, ants (Formicidae) can tolerate heavy metal
pollution quite well (Folgarait 1998; Grześ 2010). Nevertheless, it can induce eco-
toxicological responses related to morphology or physiology and alter behaviour in
this group of insects. Recently we have found that hairy wood ant Formica lugubris
respond to heavy metal contamination with decreased body mass and head melanin-
based colouration (Skaldina et al. 2018). Grześ et al. (2015b) found that the size-
distribution of workers in black garden ant Lasius niger colonies in a polluted area
was biased to small workers.

In heavily polluted areas, ants demonstrate disturbed immune responses and there-
fore may be subject to higher risk of infections (Sorvari et al. 2007). Physiological
ecotoxicological responses in ants to heavy-metal pollution correlates with exposure
time. Under experimental set-up it was shown that prolonged feeding with Cd and
Hg contaminated food diminished their ability to maintain proper energetic balance
and resulted in decreased activity of several vital enzymes (Migula et al. 1997).
It was also discovered that heavy metal pollution can decrease normal aggressive
behaviour between workers of different ant colonies in Formica aquilonia (Sorvari
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and Eeva 2010). Aggressive territorial behaviour is needed to maintain proper pop-
ulation structure and colony integrity. Potentially, this behavioural alteration might
modify structure of invertebrate communities in boreal and temperate forests, as F.
aquilonia is an ecologically dominant species in these areas (Sorvari and Eeva 2010).
No signs of developmental instabilities have been revealed in ants. Red wood ants
Formica pratensis and yellow meadow ants Lasius flavus, inhabiting heavily metal-
contaminated sites inAustria and Poland did not show signs of fluctuating asymmetry
(Rabitsch 1997; Grześ et al. 2015a). It was suggested that some ant species might
possess effective mechanisms of heavy metal regulation (Grześ 2009), therefore not
every ant species are suitable for monitoring heavy metal pollution.

Ecotoxicological responses ofwasps to heavymetal pollution are practically unre-
vealed. To our knowledge, one study about wasps as bioindicators, addressed levels
of pollutants in wasps’ feces (Urbini et al. 2006) and the other one revealed elevated
lead concentrations in midgut epithelium of paper wasps (Polidori et al. 2018). Our
results revealed that common wasp Vespula vulgaris accumulates heavy metals such
as As, Co, Cu, Fe, Ni, Pb, Sr and Zn, and from those the levels of As, Cd, Cu and
Pb decreased with an increase in distance from Harjavalta Cu-Ni smelter (Skaldina
et al. unpublished). Biochemical and physiological mechanisms of such responses
to heavy metal pollution in wasps should be studied further.

Beetles (Coleoptera) are generally less capable for heavy metal accumulation in
compare with some other invertebrates (Heikens et al. 2001; Butowski 2011). The
majority of studies about ecotoxicological effects of metals in beetles were done with
the model species and very limited information is available about the other .

6 Heavy Metals and Pest Insects

Aphids and butterfly larvae are among the most damaging pest insects. Heavy metal
pollutionmay lead tomorphological and physiological alterations in these organisms
as well. Görür (2006) revealed that metals, accumulated in host plant, might result
in expression of morphological traits (size of various body parts) in aphids. It was
shown that cadmium significantly affects life-history traits and metabolic enzymes
in cotton bollworm Helicoverpa armigera. Experimental setup with an increased
Cd-supplemented diet resulted in belated larval development, decreased survival
rate, decreased female fecundity and altered enzymes (GST, CarE, P450 and AChE)
activity in this species (Zhan et al. 2017). Sun et al. (2011) found immune sensitivity
of important Asian Lepidopteran pest Spodoptera litura to nickel pollution, and it
was dependent on the Ni concentrations and periods of exposure.
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Fig. 1 Effects of toxic heavy metals on economically important terrestrial insects, providing cru-
cial ecosystem services, may induce morphological, physiological and behavioural alterations and
threaten biodiversity with further consequences to food security and human welfare

7 Conclusions

To summarize, heavy metal pollution may induce different morphological, physio-
logical and behavioural alterations in economically important insects, such as pol-
linators, predators and pests. Current knowledge about ecotoxicological effects of
heavy metals in important terrestrial insects is quite scarce. Most of studies on the
topic addressed model species with no or little significant consideration of the eco-
logical or economical role of the organisms. Ecotoxicological effects of heavy metal
pollution in economically important insects should receive more scientific attention,
as it has direct consequences to food security, human welfare and health (Fig. 1).

References

Butowski R (2011) Heavy metals in carabids (Coleoptera, Carabidae). ZooKeys 100:215–222
Chasek PS (2018) Global environmental politics. Routledge, New York, p 482
Del Toro I, Ribbons RR, Pelini SL (2012) The little things run the world revisited: a review of
ant-mediated ecosystem services and disservices. Myrmecol News 17:133–146

Elliott JE, Bishop CA, Morrissey CA (eds) (2011) Wildlife ecotoxicology: forensic approaches.
Springer, New York, 468 pp

FakhimzadehK, LodeniusM (2000) Heavymetals in Finnish honey, pollen and honey bees. Apiacta
35(2):85–95

Folgarait PJ (1998) Ant biodiversity and its relationship to ecosystem functioning: a review. Biodiv
Conserv 7:1221–1244



Ecotoxicological Effects of Heavy Metal Pollution … 143

Gall JE, Boyd RS, Rajakaruna N (2015) Transfer of heavy metals through terrestrial food webs: a
review. Environ Monit Assess 187(4):201

Gaston KJ (1991) The magnitude of global insect species richness. Conserv Biol 5:283–296
Görür G (2006) Effects of heavy metal accumulation in host plants to cabbage aphid (Brevicoryne
brassicae)—morphology. Ekológia (Bratislava) 25(3):314–321
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Abstract Current rates of economic development are interrelatedwith an increase in
environmental pollution.Amongdifferent contamination agents,modern insecticides
such as neonicotinoids (NNIs) require precise attention in evaluation of losses and
benefits. NNIs is relatively new class of systemic insecticides, being in use for about
20 years and embracing around 25% of global pesticide market. Currently there are
several methods to apply NNIs to plants such as foliar sprays, soil drenches and seed
treatments, and in recent years there has been a global shift towards seed treatment
(seed dressing) rather than aerial spraying. The discovery of NNIs was considered as
a milestone in the research on insecticides. Possessing chemical structure similar to
nicotine and acting as agonists at insects’ acetylcholine receptors, NNIs demonstrate
selective toxicity to invertebrates versus vertebrates. In addition, toxicity of NNIs
in mammals is between one to three orders of magnitude lower than the toxicity
caused by their predecessors: organophosphates, carbamates and pyrethroids. How-
ever, NNIs are mobile contaminants that can be transferred from plants to soils and
water and induce diverse array of toxic effects in non-target organisms, even affect-
ing animals not in contact with them directly. Surface- and groundwater may also act
as vector for the transport of NNIs to untreated locations. The presence of NNIs in
water bodies might facilitate their uptake by non-target plants present in littoral and
riparian zones, with the potential threat to herbivorous insects. Leaching of NNIs
to groundwater may imply their further distribution to other matrices, potentially
leading to undesirable environmental issues. Pollinators and aquatic insects appear
to be especially susceptible to these insecticides and chronic sublethal effects tend to
be more prevalent than acute toxicity. Although a complete knowledge of the fate of
NNIs in the environments is missing, authorities are starting to react to the threat they
pose by limiting their use and application. Relevant improvements have been made
in the field of the toxicity to non-target organisms. Studies that include factors such
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1 Introduction

Current rates of industrial and agricultural development have inevitable side effects
and one of those is environmental contamination (Grossman and Kruger 1995). Per-
sistent organic pollutants (POPs), petroleum hydrocarbons, heavy metals, plastic
pollutants and pesticides are some of the most common contaminants affecting ter-
restrial and aquatic ecosystems in a daily routine. Theirmassive or continuous release
can provoke ecological disasters, causing acute toxicity to many different organisms.
However, inconspicuous, hidden or extended consequences can be even more dan-
gerous. Not resulting in immediate alarming effects, theymay go unnoticed for a long
time before the critical moment comes. In addition, complex interactions between
climate change and pollution can alter physical and chemical stressors, starting to be
even more problematic for the organisms, living at the edge of their tolerance (Noyes
et al. 2009). Finally, the ongoing environmental contamination and related ecosystem
change lead to widespread species extinction and biodiversity loss (Butchart et al.
2010; Hooper et al. 2012).

Terrestrial and aquatic ecosystems are closely interrelated. One of the major land-
water linkages in the biosphere is gravitational movement of material in drainage
waters (Likens and Bormann 1974). Some contaminants entering soil may cause
pronounced effects to organisms living in water. Holistic approach regarding land-
air-water interactions is required for intelligent management of landscapes.

Regarding pesticide pollution, the case of neonicotinoid insecticides is one of the
most pressing issues nowadays. Neonicotinoids (new nicotine-like insecticides—N-
NIs) are a family of toxic substances, including imidacloprid, acetamiprid, dinote-
furan, nitenpyram, thiamethoxam, thiacloprid and clothianidin, are used to kill agri-
cultural pest insects (Simon-Delso et al. 2015). Also, they are in use in veterinary
medicine for controlling parasitic insects such as ticks or fleas. Neonicotinoids are
relatively new class of systemic insecticides, being in active use for only two decades.
NNIs possess chemical structure similar to nicotine and act as agonists at insects’
acetylcholine receptors (nAChRs), exhibiting selective toxicity to invertebrate versus
vertebrate species (Matsuda et al. 2001). The approval of the first neonicotinoid, imi-
dacloprid, was granted in 1994 in USA and in 2005 in the EU. During the following
years, the other neonicotinoids were developed and approved to be used in the mar-
ket. These were nitenpyram, thiamethoxam, clothianidin, dinotefuran, thiacloprid
and acetamiprid.

Many recent studies confirmed toxic effects of NNIs to non-target organisms
(Beketov and Liess 2008; Lever et al. 2014; Addy-Orduna et al. 2019). Meanwhile,
it is still necessary to summarise and understand general linkages of neonicotinoid
pollution between terrestrial and aquatic ecosystems. Therefore, here we aimed to
review current state of knowledge about neonicotinoid contamination in terrestrial
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and aquatic ecosystems and the toxic effects of NNIs to non-target organisms, living
in these ecosystems.

2 History of Neonicotinoids

The discovery of NNIs was considered as a milestone in the research on insecticides
(Tomizawa and Casida 2011). Their solubility in water, together with their low tox-
icity to humans and other species of mammals made them a great choice among
the available plant protection products. The insecticide market slowly switched from
organophosphates, carbamates and pyrethroids to NNIs (Wood and Goulson 2017).
Comparing the oral LD50 in rats (available in Yu 2015), it can be concluded that the
toxicity of NNIs is between one and three orders of magnitude lower than the toxicity
caused by their predecessors, such as organophosphates, carbamates and pyrethroids
(Yu 2015).

However, NNIs were not as safe as it seemed for other organisms. Already during
the registration process, imidacloprid was found highly toxic to three species of
bees, with a LD50 of 0.0439 µg/bee (USEPA 1992). In 2008, an accidental release
of clothianidin affected 11,000 hives and resulted in a massive death of bees in
Germany (BVL 2008). The EU commission requested a conclusive assessment to
the European Food Safety Authority (EFSA) on the risk of three NNIs (imidacloprid,
thiamethoxam and clothianidin) to bees (EFSA 2012).

EFSA presented evidence of sublethal toxic effects in bees resulting from the
exposure to these insecticides (EFSA 2013a, b, c). As the EU member states did not
come to an agreement about the banning of these substances (some state members
did not agree and some others such as Finland abstained), the European commission
adopted a proposal (RegulationNo. 485/2013) that prompted the restriction in the use
of three NNIs for the period of two years, until new scientific evidence was gathered.
The restriction started on December 1st, 2013, and it applied to three members of the
neonicotinoid family, imidacloprid, clothianidin and thiamethoxam. Additionally,
during the following years, several emergency authorizations were granted to a total
of sevenmember states despite to the ban (e.g.: EFSA 2018a, b). Authorizations were
granted due to the lack of alternative measures or products against specific pests.

In addition, the five NNIs approved for use in the EU were selected in 2016 to
complete the First Watch list for emerging water pollutants (European Commission
2015). EFSA examined the new evidence related to the risk assessment of the three
NNIs involved and after long deliberations, the EU commission implemented the
regulations that ban the outdoor use of imidacloprid, clothianidin and thiamethoxam
in May 2018 (Regulations (EU) 2018/783, 2018/784 and 2018/785, respectively).
It must be highlighted that the regulations do allow the use of the three compounds
indoors (e.g.: in greenhouses), what may protect bee populations but also may cause
NNIs to leach to water bodies. It is also important to remark that the ban does not
affect the use of other NNIs such as acetamiprid and thiacloprid. At first these two
compounds were found to be less toxic to bees than imidacloprid, thiamethoxam
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and clothianidin (EFSA Panel PPR 2012), but they are highly toxic to freshwater
invertebrates (Raby et al. 2018a) and therefore a threat for the future of aquatic
organisms and their surrounding ecosystems.

In the US, the environmental protection agency (US-EPA), released NNIs assess-
ments for public comment in 2017 and will come to a definitive conclusion during
2019, aiming at reducing risk. The NNIs involved in these procedures are imida-
cloprid, thiamethoxam, clothianidin, dinotefuran and acetamiprid. It is worth noting
that thiacloprid permission was voluntarily cancelled by the manufacturer already in
2014.

3 Neonicotinoids in the Environments

Neonicotinoids are systemic insecticides: the active compounds distribute to all plant
tissues and therefore provide a more complete protection to pests that would feed
on any part of the plant. Due to the unique properties of NNIs such as increased
intrinsic acute and residual activity for many agricultural pests (whiteflies, Colorado
potato beetles, aphids etc.) and their systemic properties, they are applicable to many
different crops: rape, corn, cotton, potatoes, sugar beet, tobacco, cereals, pome fruits
(Jeschke and Nauen 2008).

Currently there are several methods to apply NNIs to plants, including foliar
sprays, soil drenches and seed treatments (Bonmatin et al. 2015). In recent years
there was a global shift towards widespread application of these insecticides as a
seed treatment rather than aerial spraying (Hladik et al. 2018). The so called “seed
dressing” initiates the protection of the plant at the seed stage and, due to the solubility
of NNIs, helps to the distribution of the insecticides to all plant tissues. Flowers
and pollen would therefore contain the applied neonicotinoid(s) even if application
methods such as foliar spray are avoided. Seed dressing additionally minimizes the
loading of pesticides to the surrounding environment and reduces the occupational
exposure of farmers compared to spraying or foliar treatments.

When the plant has flowered, NNIs are distributed throughout all the plant tissues.
Different species of invertebrate and vertebrate pollinators are in contact with NNIs
through flowers and pollen andmay uptake them. Neonicotinoids are present at every
parts of plants growing from treated seeds: in stem, leaves, nectar and pollen, and it
is generally assumed that from 2 to 20% of pesticide’s coating is absorbed by plants’
tissues (Alford and Krupke 2017; Hladik et al. 2018).

There are several routes of environmental exposure of NNIs from treated seeds to
terrestrial and aquatic ecosystems (Fig. 1). Seeds can be ingested by birds and some
small terrestrial mammals. NNIs are highly persistent in soils and are characterized
by a high runoff and leaching potential to surface and groundwater (Bonmatin et al.
2015). Penetrating aquatic environments, they become a threat to larvae of aquatic
insects and fish.
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Fig. 1 Links of neonicotinoid contamination between terrestrial and aquatic ecosystems

4 NNIs Contamination: Links Between Ecosystems

Despite the good intentions of the seed dressing treatments, up to 95% of the NNIs
that are coating the seeds leach to the surrounding soils (Sur and Stork 2003). In
soils, NNIs are persistent, with DT50’s reaching thousands of days (Goulson 2013).
If the DT50 reach over one year, the compounds are accumulating in the soil andmost
likely their concentrations increase with time. Neonicotinoids are prone to leaching
if the right conditions are met. Usually, rainfalls (Hladik et al. 2014) or even melting
snow (Main et al. 2016) can provoke a rise in neonicotinoid concentrations in the
surrounding water bodies. Thus, it has been common to find NNIs in water bodies all
around the world in concentrations ranging from the low ng L−1 to the hundreds µg
L−1 (Morrissey et al. 2015), and often surpassing the concentrations set as quality
guidelines for e.g.: imidacloprid. In addition to the findings in surface water bodies,
NNIs have been detected also in groundwater (Bradford et al. 2018).

Surface- and groundwater may act as vector for the transport of NNIs to untreated
locations. Two key aspects related to this transport have not been extensively investi-
gated and are important when considering the whole neonicotinoid cycle since they
enter the environment. First, the presence of NNIs in water bodies might facilitate
their uptake by non-target plants present in littoral and riparian zones, with the poten-
tial threat to herbivorous insects. A similar scenario was first presented by Goulson
(2013), who suggested that NNIs might be available from soils to non-target flora
in areas near treated fields, what has been recently reviewed in Wood and Goulson
(2017). Second, the leaching of NNIs to groundwater may imply their further dis-
tribution to other matrices, potentially leading to undesirable environmental issues
(Huseth andGroves 2014). If groundwater is used as irrigation, NNIsmay recirculate
to the same crop they were originally applied to (Huseth and Groves 2014).
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It is still unknown whether lotic waters (surface- and groundwaters) can transport
NNIs to areas far away from the agricultural fields where theywere originally applied
to. In addition, it would be interesting to knowwhether non-target plants or organisms
uptake NNIs from these lotic water bodies.

Most likely, pollinators are the vector of transport of NNIs to their predators, as for
example thiacloprid and imidacloprid have been found in the blood of the European
honey buzzard (Byholm et al. 2018), as one of its major food sources are pollinating
bumble bees. The transfer to honey buzzards may be reinforced by the fact that bees
that have uptaken NNIs are less likely to avoid predators (Tan et al. 2014).

Contrarily to what occurs with other hydrophobic contaminants such as PCBs, it
is not expected that the concentrations of neonicotinoids increase along the trophic
chain (biomagnification), due to their solubility in water and therefore their excretion
in urine. However, the finding of imidacloprid and thiacloprid in this long distance
migrating raptor opens more questions about the presence of NNIs in other animals
and the toxic effects that they may cause. Unfortunately, the aforementioned study is
not the only one that has recently reported the presence of NNIs in birds. Additionally
to the honey buzzard, NNIs have been found in other birds such as the Eurasian eagle
owl (Taliansky-Chamudis et al. 2017), hummingbirds (Bishop et al. 2018) and quail
(Turaga et al. 2016). The ingestion of NNIs by birds may result in toxic effects. It
has been found that the South America eared dove would need to eat as less as 1.7 g
of seeds to reach the LD50 of imidacloprid (Addy-Orduna et al. 2019). Importantly,
a recent article reported a reduction in the migration ability of songbirds (Eng et al.
2017), finding that opens questions about the effects of NNIs in other migrating
species such as the European honey buzzard.

Additional to the toxic effects caused by direct ingestion or contact with NNIs
present in seeds, prey or pollen, indirect effects caused by other factors may also
affect bird populations (Gibbons et al. 2015). Factors as declining populations of
invertebrate prey are important when considering the whole consequences in the use
of NNIs and other pesticides. A decrease in insectivorous birds has been associated
with higher concentrations of imidacloprid in surface water of The Netherlands
(Hallmann et al. 2014), what constitutes a dramatic example of indirect effects to
entire bird populations.

5 Ecotoxicological Effects of NNIs in Non-target Species

Neonicotinoids specifically bind and continuously activate the insect nicotine acetyl-
choline receptor (nAChR), causing a series of disorders and finally leading to the
death of an insect (Yu 2015). Certainly, there is no specific distinction between the
binding capacities of NNIs to the nAChR in target vs. non-target insects. Thus, the
high sensitivity of most insects to NNIs does not come as a surprise. The main use
of NNIs has led to widespread detection of NNIs in the environment (in soil, water,
pollen or honey). Pollinators and aquatic insects appear to be especially susceptible
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to these insecticides and chronic sublethal effects tend to be more prevalent than
acute toxicity.

5.1 Neonicotinoids and Non-target Terrestrial Insects:
Threats to Pollinators

When comparing agricultural pollution to other pollution types, environmental con-
tamination by pesticides might appear relatively insignificant, however pesticide
residues in soils might be toxic to soil microbial and invertebrate faunas (Iyaniwura
1991). Those insects, living in soil permanently or partly during some their stages
facing this type of exposure. There are many of such examples, including ground-
nesting bumble bees and wild solitary bees, spider wasps, larvae of predatory beetles
or hoverflies. Many of those are important pollinators and natural predators, helping
to control and reduce populations of pest insects. One extreme example of the threats
posed by pesticides was the case of bees’ mass-dying occurred close to corn fields
during sowing NNIs-treated seeds. That was due to acute intoxication via exposure
to the dust clouds near sowing machines (Girolami et al. 2012). However, the effects
of such sowing techniques on many other wild beneficial insects remains unknown.

Ongoing chemicalization of terrestrial ecosystems is one of themost severe danger
for overall biodiversity and for resilience in important ecosystem services (ES),
provided by insects. Insects are major agents for plant pollination, which is one of
the most essential ES (Noriega et al. 2018). Indeed, the value pollination is widely
accepted in financial, food security and health terms, as insect pollination services
represent 9.5% of global crop production value (Gallai et al. 2009). Substantial loss
of pollinators has been documented in many regions of the globe (Potts et al. 2010;
Cameron et al. 2011; Lever et al. 2014). A horizon scan approach determined novel
NNIs to be among six major issues of high priority, which will remain significant
threats for pollinators in the nearest future (Brown et al. 2016).

Both commercial and wild pollinators such as honeybee, wild bees, bumblebees,
beetles, wasps, ants and butterflies are in the high risk-zone. Honey bee (Apis mellif-
era) is the most studied non-target terrestrial invertebrate (Pisa et al. 2015). Because
of the specific metabolic routes and target links to nervous system NNIs have direct
effects on learning capacities, memory and behavior. Wild pollinators are also espe-
cially susceptible to neonicotinoid pesticides, which induce chronic sub lethal effects
rather than acute toxicity (Hladik et al. 2018). Neonicotinoid pesticides are spread-
ing from agricultural areas to neighboring wildflowers and make greater impact on
wild pollinators than it was initially assumed (Botías et al. 2016). Because NNIs are
systemic pesticides, pollinating insects are exposed to small amounts of insecticides
each time, when they feed on pollen or nectar of treated plants (Godfray et al. 2014).
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5.2 NNIs and Non-target Aquatic Organisms

Once the presence ofNNIs in diverse aquatic ecosystemswas confirmed, the question
was whether the levels of the NNIs reported were a threat to the species living in
these ecosystems. In order to comply with the protection of the aquatic environment
and its organisms against chemical threats, threshold concentrations of NNIs were
set by environmental agencies in different parts of the World. For imidacloprid, the
threshold concentrations are as low as 0.23µg L−1 for Canadian freshwaters (CCME
2007) and an annual average of 0.0083 µg L−1 for Dutch freshwaters (maximum
acceptable concentrations of 0.2 µg L−1; RIVM 2014). In countless occasions these
values are exceeded, with the consequent risk to populations of aquatic organisms.

The values for freshwater in The Netherlands are more complete, since they
distinguish average and maximum concentrations. In the real environment, variable
concentrations are usually found, especially in lotic water bodies near agricultural
areas.Neonicotinoidsmay be detected in pulses after rain events in thesewater bodies
(Hladik et al. 2014; Beketov and Liess 2008), due to their leaching potential. In lentic
water bodies such as wetlands, low but more constant concentrations of NNIs may
be the dominant trend (Maloney et al. 2018). Therefore, the patterns of exposure
of organisms dwelling in lentic and lotic may be completely different (Raby et al.
2018a).

It has been proved that aquatic insects are more sensitive to NNIs than other taxa
(Beketov et al. 2008; Raby et al. 2018a, b) in both laboratory and mesocosm exper-
iments. Morrissey et al. (2015) comprehensively reviewed the toxicity of aquatic
invertebrates to NNIs and determined that the orders Ephemeroptera (mayflies), Tri-
choptera (caddisflies) and Diptera (flies) are, in that order the most sensitive aquatic
insects. The responses of different species over short or long-term studies may vary
dramatically and a single pulse of one neonicotinoid can alter the abundance and
taxa richness of invertebrates in streams (Beketov et al. 2008). Interestingly, recov-
ery of some species of invertebrates occurs weeks after the contamination episode
or under low concentrations, even after a pronounced initial decline (Beketov et al.
2008; Rico et al. 2018; Pickford et al. 2018). Multivoltine insects such as mayflies
and chironomids can recover from stress episodes. The fact that these species have a
short life cycle and produce several generations per year is an advantage compared to
the univoltine species, which larvae develops at a slower pace (Beketov et al. 2008;
Rico et al. 2018). Additionally, NNIs have been found to affect reproduction (Raby
et al. 2018b) and metamorphosis (Raby et al. 2018b), for example ecdysis (Cavallaro
et al. 2018) in emerging insects, which are key species in connecting aquatic and
terrestrial ecosystems (Baxter et al. 2005), as we have suggested above.

At the molecular level, imidacloprid caused oxidative stress in the amphipod
Gammarus fossarum (Malev et al. 2012). The concentrations at which the toxic
effects were observed were over 100 µg L−1, what proves the decreased sensitivity
in amphipods compared to insects.

Regarding to aquatic vertebrates, some signs of immuno- and genotoxicity have
been reported in fish (Hong et al. 2018; Iturburu et al. 2017; Velisek and Stara 2018).
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Also, the responses of Wood frogs to predation were altered in frogs exposed to imi-
dacloprid as tadpoles (Lee-Jenkins andRobinson 2018). However, the concentrations
at which toxic effects are found are several times higher than the concentrations at
which NNIs are toxic to insects. In addition, positive results are usually found at
concentrations not environmentally relevant. However, Vieira et al. (2018) found
a significant increase in DNA damage in erythrocytes of Prochilodus lineatus at
1.25 µg L−1 of imidacloprid and Velisek and Stara (2018) found changes in the lev-
els of antioxidant enzymes in the early life stages of the common carp at 4.5 µg L−1.

It is plausible that NNIs are genotoxic or immunotoxic at high concentrations.
However, this would not be evident in more sensitive organisms, as at high concen-
trations mortality would occur before any toxicity is observed at the molecular level.
Although in organisms that are not as sensitive as e.g.: insects, NNIsmay cause geno-,
immunotoxicity or oxidative stress, the mechanisms and long-term consequences are
still unknown.

6 Conclusions

Neonicotinoids are clear stressors of natural ecosystems. They are highly mobile
insecticides that can be detected in areas where they were not applied to and in
organisms that were not the target of the application. Although a complete knowledge
of their fate in the environment is missing, authorities are starting to react to the threat
they pose by limiting their use and application. Relevant improvements have been
made in the field of the toxicity to non-target organisms with the aim of protecting
natural ecosystems and pollination processes. However, testing the toxicity of NNIs
at more environmentally relevant conditions is a priority for the complete assessment
of the threats to terrestrial and aquatic ecosystems. Studies that include factors such
as mixture toxicity (Kunce et al. 2015; Maloney et al. 2017, 2018; Cavallaro et al.
2018; Rico et al. 2018), field or semi-field exposures (Beketov et al. 2008; Cavallaro
et al. 2018; Pickford et al. 2018) and pulse exposures (Beketov et al. 2008; Beketov
and Liess 2008; Mohr et al. 2012; Raby et al. 2018a) are of great value and need
to motivate the performance of new experiments. They may contribute to renew
the existing risk assessment data on single compounds in laboratory conditions by
expanding the analyses to multiple compounds and stressors.
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RAGE Exacerbate Amyloid Beta (Aβ)
Induced Alzheimer Pathology:
A Systemic Overview
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Janne Ruokolainen and Tapani Vuorinen

Abstract Alzheimer’s disease (AD) is the most common irreversible, progressive
brain disorder which causes problems with memory, thinking and behavior with the
age. Alzheimer’s is the sixth leading cause of death in the United States. Combi-
nation of genetic, environmental factors like; chemical radiations, toxicants and
mutagens are the main causes for neurodegeneration. Including with these factors
some other events can produce early stages of AD, known as early stage AD, and lead
to the same eventual distinctive final pathways in the late stages. Such stages could
be characterized by neuroinflammation, oxidative stress and neurodegeneration. Fur-
thermore, advanced glycation end products (AGEs) exacerbate amyloid beta (Aβ) has
shown enhanced neurotoxicity. Considering these factors, we reinvestigated the role
of AGE–RAGE interaction in AD pathology. Accumulation of AGEs is a normal fea-
ture of aging, but it becomes impaied in AD. AGEs are prominent in amyloid plaques
and neurofibrillary tangles. Several lines of evidences demonstrate that AGE-RAGE
interactions are critical for disease pathogenesis and it is at least partially responsible
for extensive oxidative stress, inflammation, and neurodegeneration. Thereforemany
in vitro, in vivo and clinical studies have been focused on AGE–RAGE inhibitors,
although their undesirable side effects and solubility issues may limits the usage.
Therefore, it is needed to develop a potential, effective and multi-targeted inhibitors
in order to prevent AGE induced neurological disorder.
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1 Introduction

Alzheimer’s disease (AD) is the foremost cause of dementia in the elderly popu-
lation. Over 35 million people suffering with AD, has been reported worldwide in
2010 (Querfurth and LaFerla 2010). The World Alzheimer Report 2013 states that
this number is expected to be double by 2030. AD is an advanced neurodegener-
ative disease that leads to the irreversible loss of neurons, intellectual abilities and
eventually causes death within a few years (Akhter et al. 2017a, b, c). Major patho-
logical hallmarks of AD include intracellular deposition of neurofibrillary tangles,
which were associated with paired helical filaments (PHF), hyperphosphorylated tau
protein and extra cellular accumulation of amyloid beta (Aβ) peptide in the senile
plaques. Aβ is generated predominantly in a form of containing 42 amino acids
from amyloid precursor protein (APP) on sequential cleavage by β and γ secretases
(Yan et al. 2018). Indeed Aβ is a neurotoxic peptide and intra- and extra-cellular
accumulation of this peptide was characterized by aggregation, insolubility, protease
resistance and delayed turnover. This may leads to functional modifications of the
cells including inflammation, impaired energy metabolism, overwhelmed oxidative
stress, synaptic dysfunction followed by neuronal death (Akhter et al. 2017a, b, c).
Another characteristic feature of AD is the intracellular accretion of neurofibrillary
tangles (NFTs) in pyramidal neurons, which accentuates a local inflammatory state
around the amyloid plaques and causes a decrease in glucose uptake and utilization
by the brain cells (Schmidt et al. 2001). Despite extensive studies related to AD, and
the exact pathophysiology of AD still remains elusive.

Several recent findings from different laboratories have reported that advanced
glycation end products (AGEs) played a vital role in many disease settings including
diabetes mellitus, inflammation, renal failure, atherosclerosis and neurodegenera-
tive diseases, especially AD (Srikanth et al 2011; Ahmad et al. 2014; Galasko et al.
2014; Kuhla et al. 2014; Perrone and Grant 2015). These studies have shown that
over accumulation of AGEs in brains of AD-affected people, is a major causative
factor during an early stage of disease (Takeuchi et al. 2007). AGEs are the end
products of post translational modifications of proteins, lipids and nucleic acids that
should be facilitated by non-enzymatic reaction of reducing sugars and protein amino
groups (Srikanth et al. 2009). AGE formation is accelerated under the conditions of
oxidative stress, hypoxia, hyperglycemia and inflammation. The pathophysiological
consequences of AGEs are mediated by reactive oxygen species (ROS), especially
superoxide and hydrogen peroxide production. These pathological actions have also
been mediated by cascade events of inflammation (Akhter et al. 2013, 2016, 2017a,
b, c; Li et al. 2018; Shahab et al. 2014), which induces lowered glucose consumption,
lowered ATP levels and down regulated mitochondrial activity that leads to the neu-
ronal cell death (Kuhla et al. 2004). AGEs have been reported to impair the neuronal
cells by cross linking with the substrates, resulting an increased Aβ deposition in AD
(Yan et al. 2008).

Here we revisit the relation between advanced glycation end products and their
receptor RAGE role in AD pathogenesis. Oxidative stress and neuronal inflammation
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caused by AGE-RAGE and/or RAGE-Aβ interactions are discussed and currently
available inhibitors for AGEs and RAGE are documented.

2 AGEs and RAGE

Non-enzymatic reactions of sugar moieties and the amino group of proteins form
AGEs and/or phospholipids (Ahmad et al. 2013, 2018; Shahab et al. 2014; Akhter
et al. 2013). During AGE formation, Schiff bases undergo various reversible rear-
rangement steps to produce Amadori products. These products can rearrange again
and eventually, through dehydration, condensation and oxidation reactions give irre-
versible compounds called as advanced glycation end (AGE) products. It is believed
that two primary sources are responsible for AGEs are (1) food intake and (2) in vivo
synthesis (Semba et al. 2014). Since the half-life of glycated products may double the
normal cell life, this could to be a major part of their adverse effects on normal cells.
However, long-lived cells such as nerve and brain cells, collagen and eye proteins
may affected less. Nonetheless, the body as a whole is only able to combat the AGEs
slowly. The pathological effects of AGEs is more concerned in the development of
aging and age-related diseases including, AD (Deane et al. 2003; Chen et al. 2007),
stroke (Muhammad et al. 2008), multiple sclerosis (Akhter et al. 2014), amyotrophic
lateral sclerosis (Ilzecka 2009), neurological complications of diabetes (Toth et al.
2007), cancer, coronary artery disease and rheumatoid arthritis (Clynes et al. 2007;
Logsdon et al. 2007). RAGE is a transmembrane receptor, belonging to the family
of super immunoglobulins and it is located on chromosome 6 in the MHC class
III region (Neeper et al. 1992; Schmidt et al. 1992). The human RAGE precursor
has 404 amino acids with five kinds of protein domains such as three extra cellular
immunoglobulin domains (V and C type domains), a single transmembrane domain
and a short 43 amino acid C-terminal cytosolic tail. AGEs are the primary ligands
for RAGE and other ligands such as HMGB1 (high mobility group box 1), S100 pro-
teins (calgranulin family); prominently among these Aβ peptide, found to be central
players in pathogenic mechanisms of AD (Yan et al. 1996, 2000). RAGE consists
of different isoforms such as full-length RAGE (fRAGE), N-truncated RAGE (lig-
and deficient form) and soluble RAGE (sRAGE) that were generated by alternative
splicing and proteolytic cleavage mechanisms (Kalea et al. 2011). Indeed, sRAGE
lacks the transmembrane and cytosolic domain, and thus it is neither anchored in the
cell membrane nor stimulated the signaling pathways including fRAGE (Huttunen
et al. 1999). Two types of sRAGEs exist, endogenous sRAGE (esRAGE) and RAGE
cleaved by ADAM-10 and MMP-9, which may act as a decoy receptor, stopping
the interaction of mRAGE with its ligands (Zhang et al. 2008). Keeping in view
the functional roles of RAGE as a core connector to many chronic diseases, several
lines of candidate mechanisms has been proposed regarding RAGE actions in the
disease progression. Interaction of AGEs and RAGE induces oxidative stress and ini-
tiates the inflammatory cascade system (NADPH oxidase and activation of different
kinases includingMAPK like ERK1/2, SAPK/JNK, p38; PI3 K/Akt; JAK/STAT and
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GSK3ß). Finally, RAGE accelerates the downstream signals through transcription
factors like NF-kß and SP1 and leads to the cellular perturbations (Motoyoshi et al.
2014; Yamagishi et al. 2015; Salahuddin et al. 2014; Shemirani and Yazdanparast
2014). Cellular dysfunctions are responsible for vascular damage, organ damage
and/or failure. Earlier studies indicate that RAGE induces the influx of circulating
Aβ from blood to brain through the Blood Brain Barrier (BBB). Further RAGE is
antagonized by LRP-1 that mediates the efflux of Aβ (Sharma et al. 2012; Liang et al.
2013; Provias and Jeynes 2014; Wan et al. 2015). Up regulation of RAGE through
neuroinflammation, tremendously increased Aβ levels in brain by enhancing the rate
of Aβ influx, which is accompanied by decreased Aβ efflux (Kuwahara et al. 2013).
On the other hand, the pathogenic mechanism of AD via RAGE-Aβ interaction fol-
lowed the positive feedback mechanism driven by overwhelmed Aβ and maintained
the RAGE expression (Akhter et al. 2017a, b, c). There has been growing interest in
designing RAGE inhibitors and/or antagonists as a means to protect the AD affected
brain from lipid peroxide derivatives and pathological consequences that result in
Aβ removal (Thome et al. 1996). Recent observations by Zhang et al. (2014) have
reported a genetic deficiency of neuronal RAGE that protects the synaptic damage
via the AGE-mediated p38 MAP kinase system in knockout mice. The inability of
available inhibitors to be effective here underscores the need to develop potent and
safe drugs that can target multiple proteins to prevent this late life threaten.

3 RAGE and Amyloid Pathology

Many intriguing studies including biochemical, genetic and pathological studies
revealed critical role of amyloid beta peptide (Aβ) in the AD pathogenesis (Fang
et al. 2010). The amyloid hypothesis is well established in AD; it occurs due to
imbalance in production and clearance of Aβ. The clearance of Aβ from the AD-
affected brain indicates perivascular load of Aβ in the brain and RAGE plays a major
role in the production of Aβ and the failure of its clearance.

3.1 Failure of RAGE in Aβ Clearance

It is well accepted from the published literature that amyloid hypothesis is a major
considerable factor in AD pathogenesis. In an agreement to this, majority of the
scientific interventions have focused on the development of therapeutics against AD
through the Aβ clearance mechanism. Indeed the pathophysiological symptoms of
ADwere increased along with the Aβ accumulation due to failure in clearance mech-
anisms in the brain. The balanced circuit of Aβ production and removal will decide its
role in physiology and/or pathophysiology of AD (Liu et al. 2012). The studies from
different laboratories including our own have proposed different mechanisms for Aβ

clearance such as microglial phagocytosis, interstitial fluid drainage and RAGE and
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lipoprotein receptor related protein-1 (LRP-1) mediated transport of Aβ across BBB
to the circulation (Fang et al. 2010). It is well established that RAGE served as
transporter of Aβ via influx and efflux actions. Since, efflux of Aβ from the brain
into the circulation that could be employed by LRP-1 and P-glycoprotein. Further,
vascular endothelial growth factor (VEGF) and endothelial nitric oxide synthase
(eNOS) could also affect the Aβ transportation at the BBB. It has been suggested
that endothelial network damaged by soluble Aβ accumulation and on the other hand
RAGE mediated Aβ cytotoxicity to the vascular endothelial cells, eventually distort
the BBB structural and functional integrity. RAGE-Aβ interactions would affect
zonula occluden protein-1of tight junction, ultimately responsible for structural per-
turbations of BBB (Watson et al. 1991). Studies also reveals that Aβ mediates tight
junction disruptions are harbored by RAGE via Ca+2 calcineurin pathway (Young
et al. 2013; Wan et al. 2014). It is evidenced from the studies that lowered RAGE
activity responsible for depletion of Aβ levels in cerebral blood vessels and mitigates
the neuronal toxicity during AD.

3.2 Role of RAGE in Aβ Production

There are several studies documented that RAGE is the main factor for Aβ caus-
ing toxicity. The positive feedback mechanism of RAGE, when it interacts with Aβ,
results in activation of the pro-inflammatory cytokines (IL-1 and IL-6) and ROS gen-
eration,which ultimately leads to furtherAβ cytotoxicity, RAGEexpression andBBB
dysfunction. The interaction of Aβ oligomers mediates inflammation and oxidative
stress, which aggravates AD pathogenesis. However, combination of Aβ monomer
and RAGE did not show any effect (Qosa et al. 2014). AD-affected brain shows an
increased expression level of RAGE that is possibly relevant to the Aβ generation
through enhancing the activities of β and γ secreatases. Extensive recent studies
indicated that oxidative stress is an event that precedes formation of neurofibrillary
tangles (NFTs) and senile plaques, which are considered to be major hallmarks of
AD. Therefore, RAGE is a crucial player in mediating oxidative stress and inflamma-
tory response that could lead to a cycle of amyloid pathological change and neuronal
stress followed by neuronal death.

4 Role of Oxidative Stress in AD

It is well established that, AGEs are involved in the vicious cycle of inflammation,
generation of ROS that thereby initiates the copious production of AGEs and leading
to an inflammatory environment. The interaction of RAGE-AGE may be linked to
an increase in ROS production by numerous mechanisms, at least in part by causing
perturbations in the numerous antioxidant defense systems (activities of superox-
ide dismutase, catalase and glutathione family related enzymes) and also activation
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of protein kinase C (Obrosova 2002; Jiang et al. 2004). The direct link between
inflammation and AGE formation is indicated, where activation of myeloperoxidase
(MPO) and its associated pathways directly generated CML-AGEs. Other studies
have shown the oxidative stress feedback action of AGE, in which MDA (malonodi-
aldehyde) cause secondary oxidative damage to the vital biomolecules including pro-
teins (Traverso et al. 2004). Besides, activated microglia, mostly surrounded senile
plaques are generating source of NO and O−,

2 that can further react to form nitroxy
radicals (Good et al. 1996). Aβ has been directly implicated in the formation of
peptidyl radicals (Durany et al. 1999). Advanced glycation end products in the pres-
ence of transition metal ions (Cu, Fe ions) initiate redox cycling with consequent
production of reactive oxygen and/or nitrogen species that could affect the cellular
functions thereby accentuates the AD (Ramasamy et al. 2004).

5 AGEs-RAGE Interactions Provides Clues
for Therapeutics for AD

The importance of AGEs-RAGE interaction was proposed in 1990s. In the human
brain, AGEs are mainly located in pyramidal neurons (Sugaya et al. 1994) but
over expressed in Alzheimer’s patients. The rate of AGE-positive neurons increases
along with the disease progression when compared to age-matched healthy subjects.
Further, AGE-positive neurons exhibit hyperphosphorylated tau, suggesting a link
between AGEs and NFTs (Luth et al. 2005). Choi et al. (2014) have reported that Aβ,
AGE and RAGE positive granules were presented in the perikaryon of hippocam-
pal neurons in AD. In AD brains most astrocytes (70–80%) contain both AGE and
RAGE positive granules and were distributed in the major part of the brain, where as
very few are contained with Aβ positive granules (20–30%) indicating the presence
and distribution of glycated proteins other than Aβ. AGEs accelerate the Aß deposi-
tion and plaque formation by providing driving force to Aβ polymerization (Loske
et al. 2000). It is evident from the studies of Cho et al. (2009), who demonstrated
that the AGE-RAGE interaction could regulate the amyloid precursor protein (APP)
processing, which is considered to be an indicator for Aβ generation in neurons. In
vitro cell cultures and AD transgenic animal studies reveal that AGE-RAGE interac-
tion was responsible for increased dephosphorylation of the nuclear factor activated
T-cells such as NFAT-1. In general, NFT1 is known to regulate the BACE1 expres-
sion at transcriptional levels. However, dephosphorylated NFAT1 by AGE-RAGE
interaction could elevate the BACE1 expression, which subsequently enhances the
Aß levels in the neuronal cells (Fig. 1a).

From the above information, it is clear that (1). AGE-RAGE interaction is critical
for Aß generation; (2). NFT1 possibly regulate the BACE1 expression, which in turn
regulates the APP processing; (3). Glycated Aß; It is hypothesized that these cohort
approaches will be helpful to design potent drug molecules against AD.
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�Fig. 1 a The schematic figure represents AGE-RAGE interaction, aggravates the neuronal death in
AD. AGE-RAGE interaction can initiates ROS generation; on the other hand NADPH oxidase and
activated microglia could produce ROS. This ROS further activates the signaling pathways thereby
it regulating Transcription; thus it forms a overwhelmed oxidative stress and inflammatory envi-
ronment. Subsequently it accentuates the Aβ generation and reversible AGE/Aβ-RAGE complex,
together have trigger neuronal death. bKeep in view of AD suffers health; there are several potential
inhibitors have been experimentally tested against AGE-RAGE interactions, Aß and/or Aß-RAGE
and different proteins ofmitochondria. Since blockers can dwindle theROSproduction by inhibiting
the signaling cascade events subsequently it minimizes the oxidative and/or inflammation

6 AGEs-RAGE as Drug Targets

6.1 AGE Inhibitors

Several lines of evidence suggests that AGE-RAGE blockers are the promising can-
didates in AD therapy. Since, the blockers followed the different ways to inhibit
the AGE formation, which includes (1) Blocking the attachment of sugar moiety to
proteins, (2) Attenuation of glycoxidation (AGE cycle breakage) (3) Targeting of
oxidative stress and/or inflammation. All targeting points depicted in the diagram
(Fig. 1b).

Several synthetic compounds have been reported as AGE inhibitors. AGE
inhibitor, Pimagedine (amino guanidine), which can deplete the AGE formation
by interacting with the 3DG (Abdel and Bolton 2002). Deferoxamine, benfotiamine,
carnosine and tenilsetamhave also been reported as to down regulate theAGEactivity
(Rahbar and Figarola 2002). The reduction of Aβ toxicity may be achieved through
the reduced inflammatory response and oxidative stress, which facilitate the detach-
ment of AGEs to RAGE (Blatnik et al. 2008).

6.2 RAGE Inhibitors

Blatnik et al. (2008) have documented that mice treated with anti-RAGE antibody
inhibit the binding of ligand to RAGE causing significant reduction in pro inflamma-
tory cytokines indicating that RAGE can be used as a therapeutic target. In addition
to this, other clinical trials have conclusively reported that RAGE antagonists such
as TTP488 prevents the interaction of Aβ and RAGE thereby reducing the Aβ medi-
ated cytotoxicity. On the other hand, soluble RAGEs have been tested clinically
to block RAGE induced toxicity by competing with full length RAGE for ligand
binding (Geroldi et al. 2006). Further, PF-04494700 clinically tested for efficacy
for 10 weeks in AD-affected people did not reduce amyloid beta levels in plasma
(Sabbagh et al. 2011). Recently, double blind, placebo-controlled clinical study at 40
academic centers in the US, PF-04494700 at 20 mg/day was shown to have adverse
effects such as cognitive decline. It was, however, a good safety regimen at 5 mg/day
concentration is under consideration for AD.
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7 Conclusion and Future Perspectives

Advanced glycation end products (AGEs) were implicated in aging and age associ-
ated diseases including diabetes (type-II), atherosclerosis and neurodegerative dis-
orders. In this way, the recent scientific interventions have led to reduce the AGEs
and/or AGE mediated complications in resulting delayed the age onset diseases
and improve the lifespan. RAGE plays a decisive role in the pathogenesis of AD,
promoting the aging and related disorders by causing synaptic and neuronal cir-
cuit dysfunctions and Aβ-tau phosphorylation through the disrupted mitochondrial
energy metabolism, oxidative stress and inflammation. We have previously reported
that RAGE is a key cellular target that can be considered as potential drug target
for AD (Yan et al. 2012). By taking, this basic principle in design and synthesis of
different inhibitors for RAGE could be in use and under clinical trials. Since the
available reports to date indicate there are no RAGE-inhibitors in clinical use for the
AD patients, and there is an urgent need to develop a new generation of safe and
durable molecules that inhibit RAGE activity, which can be used as potential drugs
for clinical management of AD.
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Abstract Nanotechnology, a science dealing with particles at nano scale, is cur-
rently used in many fields including environmental management and medicine for
welfare of human being. The economic development and quality of life have been
improved through nanotechnology. The Polycyclic aromatic hydrocarbons (PAHs)
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and other toxicants have higher affinity to scaveng by nanopartilces. The structural
properties and surface chemistry of nanoparticles are the players, further, extremely
high surface area to volume ratio results in multiple enhancement of many bene-
ficial properties. Hence, we have followed a methodology to compare the binding
efficiency of nanoparticles and cigarette smoke carcinogens with selected enzymes
involved in DNA repair pathways. The molecular interactions have been accom-
plished using PatchDock server and interestingly got significant interacting results
for our hypothesis. PatchDock results showed nanoparticles could be able to trap
cigarette smoke carcinogens efficiently in the cellular system. The highest obtained
binding efficiency between 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
versus Single wall carbon nanotube (SWcNT) is 2632 score in contrast with NNK
versusHumanMDC1BRCTT2067D in complex (PDB ID: 3K05) shows 2454 score,
which means NNK could interact with SWcNTmore efficiently than 3K05. Another
part of the study shows that the highest binding efficiency 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL) versus SWcNT = 2746 score and NNAL versus
Titanium dioxide (TiO2) Rutile = 2110 score in contract with NNAL versus Human
Thymine DNA Glycosylase(PDB ID: 2RBA) shows 1696 score. It is also signified
that NNAL interact with SWcNT and TiO2 rutile more efficiently than 2RBA. The
results clearly signifying that SWcNT/TiO2 are binding with NNK/NNAL more
efficiently than biomolecules.

Keywords Cancer · Cigarette smoke · Nanoparticles · TiO2 · In silico

1 Introduction

1.1 Environmental Chemical Causing Cancer

Human population is constantly exposed to many environmental chemical com-
pounds and exprimentaly, they have been reported to cause cancer or mutation
(Wogan et al. 2004).

The mutagenic and carcinogenic factors are commonly found in environmental
air, water including soil which can affect exogenously and endogenously. The patho-
logical and physiological activities such as production of some metabolic products
may also cause certain changes in cellular activities which result into human cancer
(Wogan et al. 2004). A food associated primary cancer of liver has been reported by
aflatoxin. A causal association between contact to aflatoxin, a strongly cancer caus-
ing mycotoxin of dietary staples in Asia and Africa, and elevated risk for primary
liver cancer has been reported through the application of well-valida (Kensler et al.
2011).This research has also been reported a striking synergistic interaction between
hepatitis B virus infection a flat and oxinin elevating liver cancer.

Chuang et al. have reported the risk of cancer by the consumption of tobacco
products (Chuang et al. 2010). It has also been reportedwell that tobacco carcinogens
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and their DNA adducts play a significant role to induce a specific tobacco mediated
cancer like polycyclic aromatic hydrocarbons (PAHs) and NNK reported for lung
cancer (Hecht 2012).

1.2 Prevention of Carcinogenesis by Using Nanoparticles
as Scavenger

Nanotechnology, actually means the use of the substances at their nano scale, is
expected to improve the economic development and quality of life globally. Under-
standing of metabolic processes of nanoparticles is a strong powerful force in the
development of nanotechnology. The nanoparticles offers not only size-dependant
physical properties but also offer beneficial optical and magnetic effects which have
been used for a number of biological/medical applications, like as a fluorescent bio-
logicalmarker, for the gene anddrugdelivery, for the detection of proteins, pathogens,
Probing of DNA structure, for the treatment of cancer by tumor destruction via heat-
ing (hyperthermia), in tissue engineering, for the purification of biological molecules
and cells, in the contrast enhancement of MRI, and phagokinetic studies etc. (Kudr
et al. 2017). The list of utilities of nanomaterials to biology or medicine is ever
escalating. Recently, some of the nanoparticles have been used in soil remediation
to remediated the high molecular weight PAHs from the contaminated soils (Karn-
chanasest and Santisukkasaem 2007). Amphiphilic polymer nanoparticles have also
been used as nano-absorbent for pollutants in aqueous phase (Shim et al. 2007).

The hunting capacities of the nanoparticles for PAHs and other toxicants could
probably be credited to their higher affinity towards the xenobiotics. The structural
properties and surface chemistry of nanoparticles are the players, further, extremely
high surface area to volume ratio results in multiple enhancements of such properties
(Dhasmana et al. 2014).

1.3 Potential of Nanoparticles (TiO2) in Reduction
of Harmful Compounds

TiO2 is biological Inert but in ultrafine form and in high conc. TiO2 causes the fibrosis
in tissues which may lead the cancer (Chen et al. 2014). In 2006, the carcinogenic
risk of TiO2 reviewed by International Agency for Research on Cancer (IARC) and
remarked that it is “possibly carcinogenic to humans” (Group 2B) based primarily on
studies in rats indicating lung tumors (IARC 2006). However, epidemiology studies
conducted inNorthAmerica andEurope, onmore than 40,000workers in the titanium
dioxide industry at manufacturing locations reported neither link with an amplified
risk of lung cancer nor with any other adverse lung effects (Council 2013).

However, study conducted on inhalation exposures to TiO2 in rats can result in
lung tumors and lung effects (Bermudez et al. 2004). It is generally thought that the
rat is exclusively sensitive to the effects of “lung overload”, with the production of
chronic lung inflammation and lung fibros which result into tumor formation but it
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was not observed in other species including humans (Warheit et al. 2016). The IARC
conclusion was based on studies that involved rat “lung overload” effects. But in low
and definite conc., Ultra Fine TiO2 significantly reduced the harmful compounds
from the cigarette smoke (Deng et al. 2011). A number of chemical compounds have
been found in Cigarette smoke aerosol which are present in both vapour phase as well
as particulate (Rodgman and Perfetti 2013). Some important compounds of cigarette
smoke are tar, nicotine andwater. The toxic nature and health risk have been observed
with Tar, PAHs and tobacco-specific nitrosamines (TSNAs) (Lee et al. 2012).

Titanate Nano Tubes (TNT) and Titanate nanosheets (TNS) have also been syn-
thesized and used to extract harmful compounds in CS (Deng et al. 2011). Thus, TNS
and TNT were introduced into cigarette filter to reduce harmful compounds includ-
ing nicotine, tar, hydrogen cyanide, ammonia, phenolic compounds and selected
carbonyls. Interestingly, TNT exhibits highly efficient reduction capability for the
most of the harmful compounds. This might be related to the intrinsic properties of
TNT (Deng et al. 2011).

Hence, we have followed a methodology to analyse the binding efficiencies of
nanoparticles and cigarette smoke carcinogens. Themolecular interactions have been
accomplishedusingPatchDock server and interestingly got significant binding results
for advantageous contribution of our hypothesis in the field of carcinogens.

2 Materials and Methods

The minimum system requirement for the completion of computational study is as
follows.

2.1 Supported Operating Systems

Discovery Studio Visualizer is supported on the following operating systems:

• Microsoft® Windows 7 Professional
• Red Hat® Enterprise Linux® 4.0, Updates 4-7
• Red Hat Enterprise Linux 5, Retail, Updates 1-2
• SUSE® Linux Enterprise 10 (SP2).

2.2 Processor and RAM Requirements

• Processor: An Intel-compatible ≥2 GHz is required.
• RAM: A minimum of 2 GB of memory for the visualizer.

2.3 Disk Space Requirements

A standard installation of Discovery Studio Visualizer requires 272MB of disk space
on Windows and 454 MB on Linux.
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2.4 Software

• Accelrys discovery studio visualizer (Designing of crystal structure, visualizing
and manipulating protein and crystal 3D structures) (Dassault Systemes, BIOVIA
Corp., San Diego, CA, USA).

• PatchDock (Docking server).
• Open Babel (File converter) (O’Boyle et al. 2011).
• PyMol 3D structure visualizer (The PyMOLMolecular Graphics System, Version
2.0 Schrödinger, LLC.).

• An Internet Browser and valid internet connection.

2.5 Preparation of 3D Structures of Nanoparticles

After studying the anatase crystal structure, using Accelrys Discovery studio, we
have designed the TiO2 rutile (Fig. 1a), TiO2 anatase (Fig. 2a), fullerene (Fig. 3c)
and single wall carbon nanotube (SWcNT) (Fig. 3d) 3D crystal structure.

2.5.1 The 3D Structure of Cigarette Smoke Carcinogens

The chemical structures of carcinogens NNK (Fig. 2a) and NNAL (Fig. 2b) (Jamal
et al. 2012, 2017) were drawn on Chemsketch (www.acdlabs.com) followed by gen-
eration of their PDB structures by (http://accelrys.com/products/discovery-studio/)
Discovery Studio visualizer and their PDB structures were generated using link
(http://www.molecular-networks.com) for tool CORINA. CharMM force field was
application and optimized, subjected to single step minimization through smart min-
imize algorithm for 1000 steps at RMS gradient of 0.01 s (Brooks et al. 2009).

2.5.2 Preparation of 3D Structures of Proteins

From the our earlier study we have selected DNA repair enzymes 1CKJ (mammalian
protein casein kinase I), 2O8B (DNA mismatch repair protein Msh2), 3K05 (human
MDC1 BRCT T2067D in complex), 3GQC (human Rev1-DNA-dNTP ternary com-
plex), 1Q2Z (the 3D solution structure of the C-terminal region of Ku86), 1T38
(human o6-alkylguanine-dna alkyltransferase) and 2RBA (Human Thymine DNA
Glycosylase) and their crystal structures of DNA repair enzymes were downloaded
from protein data bank (www.pdb.org) (Jamal et al. 2012, 2017). Further the selected
enzymes were interacted with nanoparticles using PatchDock analysis.

2.6 Docking Studies Using PatchDock Server

We have performed comparative interaction analysis between nanoparticles and
selected enzymes using PatchDock server (Fig. 3).

PatchDock server (http://bioinfo3d.cs.tau.ac.il/PatchDock/).

http://www.acdlabs.com
http://accelrys.com/products/discovery-studio/
http://www.molecular-networks.com
http://www.pdb.org
http://bioinfo3d.cs.tau.ac.il/PatchDock/
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Fig. 1 Shows the structural variations of a TiO2 rutile, b TiO2 anatase, c fullerene and d SWcNT

• In the receptor molecule option click “choose file” button, and select the protein
file “model.pdb”, from the location where it has been saved. Then in the Ligand
molecule option “choose file”, and select the ligand file “Ligand.pdb”, from the
location where it has been saved.

• Give your e-mail address in the space provided where the results would be sent.
• Keeps the default clustering RMSD value , i.e., 4.0.
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Fig. 2 Cigarette smoke carcinogensNNKandNNALas a ligand for analysis, where structural com-
positions are a 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (PubChem Compound ID-47289,
ChemSpider ID-43038), and b 4-(methylnitrosamino)-1-(3-pyridyl)-1-butan-1-ol (PubChem Com-
pound ID-104856, ChemSpider ID-94646)

Fig. 3 Home page of PatchDock for the molecular docking algorithm
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• Select complex type from the drop down menu as Protein-Small Ligand.
• Press “submit form” button. Results would be sent to the provided e-mail address
after sometime.

3 Results and Discussion

Wehave performedmolecular dockingmethod using PatchDock server to find out the
interaction between NNK versus Nanoparticles and NNK versus proteins involved in
DNA repair Pathways (Table 1) and the interaction between NNAL versus Nanopar-
ticles and NNAL versus proteins involved in DNA repair Pathways (Table 2).

The implemented hypothesis suggest that if NNK/NNALand nanoparticleswould
be present in the cellular system than nanoparticles could interact with carcinogens
like NNK and NNAL firstly on the basis of obtained binding energy using Patch-
Dock tool and visualization of interaction pattern in Fig. 4a–u. All graphic were
generated by PyMol 3D visualizer (The PyMOL Molecular Graphics System, Ver-
sion 2.0 Schrödinger, LLC.).

The molecular surfaces are divided into shape-based patches by The PatchDock
algorithm. This division deals the efficiency as well as discriminate between residue
types (polar/non-polar) in the patches. Moreover, we also have created the use of

Table 1 Comparison of PatchDock scores obtained from docked NNK versus proteins and NNK
versus nanoparticles conformations

S. No. Protein’s
name

Protein
versus
NNK

SWcNT
versus
NNK

TiO2
anatase
versus
NNK

TiO2 rutile
versus
NNK

Fullerene
versus
NNK

1 1CKJ 2790 2632 2068 1360 910

2 2O8B 2720 2632 2068 1360 910

3 3K05 2454 2632 2068 1360 910

4 3GQC 3054 2632 2068 1360 910

Table 2 Comparison of PatchDock scores obtained fromdockedNNALversus proteins andNNAL
versus nanoparticles conformations

S. No. Protein’s
name

Protein
versus
NNAL

SWcNT
versus
NNAL

TiO2
anatase
versus
NNAL

TiO2 rutile
versus
NNAL

Fullerene
versus
NNAL

1 1CKJ 3688 2746 2110 1360 954

2 1Q2Z 3374 2746 2110 1360 954

3 1T38 3240 2746 2110 1360 954

4 2RBA 1696 2746 2110 1360 954
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Fig. 4 a TiO2 docked with 1CKJ; b TiO2 docked with 1Q2Z; c TiO2 docked with 2O8B; d TiO2
docked with 1T38; e TiO2 docked with 3GQC; f TiO2 docked with 3K05; g TiO2 docked with
2RBA; h fullerene docked with 1CKJ; i fullerene docked with 1Q2Z; j fullerene docked with
1T38; k fullerene docked with 2O8B; l fullerene docked with 3GQC; m fullerene docked with
3K05; n fullerene docked with 2RBA; o SWcNT docked with 1CKJ; p SWcNT docked with
1Q2Z; q SWcNT docked with 1T38; r SWcNT docked with 2O8B; s SWcNT docked with 3GQC;
t SWcNT docked with 3K05; u SWcNT docked with 2RBA; v visualization of SWcNT and NNAL
interaction; w visualization of SWcNT and NNK interaction
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Fig. 4 (continued)

residue and hot spots in the patches. In the next step, improvement for the shape
complementarily function are carried out by method by utilizing distance transform.

Moreover, it implements faster scoring, based on multi-resolution surface data
structure. Our improved shape complementarily function further helps to improve
the quality of the results. However, here the docking is rigid, the utilization of the
last three components enables us to permit more liberal intermolecular penetration.
PatchDock results showed nanoparticles could be able to trap cigarette smoke car-
cinogens efficiently in the cellular system. The highest obtained binding efficiency
between NNK versus SWcNT is 2632 score (Table 1 and Fig. 4w) in contrast with
NNKversus 3K05 shows 2454 score (Table 1),whichmeansNNKcould interactwith
SWcNT more efficiently than 3K05 (Fig. 4t). Another part of the study shows that
the highest binding efficiency NNAL versus SWcNT = 2746 (Table 2 and Fig. 4v)
score and NNAL versus TiO2 Rutile = 2110 score (Table 2) in contract with NNAL
versus 2RBA shows 1696 score (Table 2). It is also signified that NNAL interact with
SWcNT and TiO2 rutile more efficiently than 2RBA (Fig. 4g, u).
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4 Conclusion

As mentioned earlier, the fact that technical TiO2 has been very often of the
(metastable) anatase form; and in many cases anatase is photocatalytically more
active than rutile. This has provoked theoretical study of anatase, but there are
hardly any experiments on well-characterized surfaces that would enable verification
of these theoretical predictions. This lack of experimental research data is mostly
because of the limited availability of anatase crystals of adequately large size.

This study of anatase [1, 0, 1] surface may establish valuable way for biotechno-
logical researchers since this aspect of biotechnology has yet not been explored. The
surface is also for interactions, this surface is also found over TiO2 nanotubes, which
are presently the subject of interest of the research community of electronics and
nanotechnology innovators. In low and definite conc., TiO2 significantly reduced the
harmful compounds from the cigarette smoke (Deng et al. 2011).

The scavenging capacities of the nanoparticles for PAHs and other toxicants could
probably be attributed to their higher affinity towards the xenobiotics. The structural
properties and surface chemistry of nanoparticles are the players, further, extremely
high surface area to volume ratio results inmultiple enhancements of such properties.

Our study is conformity of study of Deng et al. (2011), who reported the use
of titanate nanosheets and nanotubes are significantly reduces the harmful com-
pounds in tobacco smoke. Our study confirmed this action in Biological sys-
tem that by using of Bioinformatics tools we have done the comparative dock-
ing study between Nanoparticles-biomolecules and NNK/NNAL-Nanoparticles, we
concluded that SWcNT, TiO2-Biomolecules binding shown lower scores and
NNK/NNAL-Nanoparticles binding shown higher scores. Hence, Results are
clearly signifying that SWcNT/TiO2 binding with NNK/NNAL is more efficiently
than biomolecules.

5 Future Scope

There is a lot to be done in this research work. We are just at the beginning; yet
have much to be studied. Further studies can be done by applying force fields like
crystal-CHARMm (Chemistry at HARvard Molecular Mechanics) (Brooks et al.
2009), SIBFA (Sum of Interactions Between Fragments Ab initio computed) (Gresh
et al. 2002) (these are the few force fields which deals with metals and crystal struc-
tures) and then going for various interaction studies and energy calculations. The
major hurdle in this work is that most of the softwares currently available do not rec-
ognize, i.e., they do not contain information regarding crystallographic bonding (or
arrangements) and metallic atoms, their physical, chemical and quantummechanical
properties formolecular dynamic simulations of the same. There is an urgent require-
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ment for a complete software package which can be used to design and manipulate
inorganic or organic crystals as well as the biomolecules.
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