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Preface

The first edition of Toxicological Chemistry (1989) was written to bridge the gap between
toxicology and chemistry. It defined toxicological chemistry as the science that deals with the
chemical nature and reactions of toxic substances, their origins and uses, and the chemical aspects
of their exposure, transformation, and elimination by biological systems. It emphasized the chemical
formulas, structures, and reactions of toxic substances. The second edition of Toxicological Chem-
istry (1992) was significantly enlarged and increased in scope compared to the first edition. In
addition to toxicological chemistry, it addressed the topic of environmental biochemistry, which
pertains to the effects of environmental chemical substances on living systems and the influence
of life-forms on such chemicals. It did so within a framework of environmental chemistry, defined
as that branch of chemistry that deals with the origins, transport, reactions, effects, and fates of
chemical species in the water, the air, and terrestrial and living environments.

The third edition has been thoroughly updated and expanded into areas important to toxicolog-
ical chemistry based upon recent advances in several significant fields. In recognition of the
increased emphasis on the genetic aspects of toxicology, the toxic effects to various body systems,
and xenobiotics analysis, the title has been changed to Toxicological Chemistry and Biochemistry.
The new edition has been designed to be useful to a wide spectrum of readers with various interests
and a broad range of backgrounds in chemistry, biochemistry, and toxicology. For readers who
have had very little exposure to chemistry, Chapter 1, “Chemistry and Organic Chemistry,” outlines
the basic concepts of general chemistry and organic chemistry needed to understand the rest of the
material in the book. The er chapter, “Environmental Chemistry,” is an overview of that topic,
presented so that the reader may understand the remainder of the book within a framework of
environmental chemistry. Chapter 3, “Biochemistry,” gives the fundamentals of the chemistry of
life processes essential to understanding toxicological chemistry and biochemistry. Chapter 4,
“Metabolic Processes,” covers the basic principles of metabolism needed to understand how toxi-
cants interact with organisms. Chapter 5, “Environmental Biological Processes and Ecotoxicology,”
is a condensed and updated version of three chapters from the second edition dealing with microbial
processes, biodegradation and bioaccumulation, and biochemical processes that occur in aquatic
and soil environments; the major aspects of ecotoxicology are also included. Chapter 6, “Toxicol-
ogy,” defines and explains toxicology as the science of poisons. Chapter 7, “Toxicological Chem-
istry,” bridges the gap between toxicology and chemistry, emphasizing chemical aspects of toxi-
cological phenomena, including fates and effects of xenobiotic chemicals in living systems. Chapter
8, “Genetic Aspects of Toxicology,” is new; it recognizes the importance of considering the crucial
role of nucleic acids, the basic genetic material of life, in toxicological chemistry. It provides the
foundation for understanding the important ways in which chemical damage to DNA can cause
mutations, cancer, and other toxic effects. It also considers the role of genetics in determining
genetic susceptibilities to various toxicants. Also new is Chapter 9, “Toxic Responses,” which
considers toxicities to various systems in the body, such as the endocrine and reproductive systems.
It is important for understanding the specific toxic effects of various toxicants on certain body
organs, as discussed in later chapters. Chapters 10 to 18 discuss toxicological chemistry within an
organizational structure based on classes of chemical substances, and Chapter 19 deals with
toxicants from natural sources. Another new addition is Chapter 20, “Analysis of Xenobiotics,’
which deals with the determination of toxicants and their metabolites in blood and other biological
materials.

Every effort has been made to retain the basic information and structure that have made the
first two editions of this book popular among and useful to students, faculty, regulatory agency
personnel, people working with industrial hygiene aspects, and any others who need to understand
toxic effects of chemicals from a chemical perspective. The chapters that have been added are
designed to enhance the usefulness of the book and to modernize it in important areas such as
genetics and xenobiotics analysis.
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This book is designed to be both a textbook and a general reference book. Questions at the end
of each chapter are written to summarize and review the material in the chapter. References are
given for specific points covered in the book, and supplementary references are cited at the end of
each chapter for additional reading about the topics covered.

The assistance of David Packer, Publisher, CRC Press, in developing the third edition of
Toxicological Chemistry and Biochemistry is gratefully acknowledged. The author would also like
to acknowledge the excellent work of Judith Simon, Project Editor, and the staff of CRC Press in
the production of this book.

Copyright © 2003 by CRC Press LLC



The Author

Stanley E. Manahan is a professor of chemistry at the University of Missouri—-Columbia,
where he has been on the faculty since 1965, and is president of ChemChar Research, Inc., a firm
developing nonincinerative thermochemical waste treatment processes. He received his A.B. in
chemistry from Emporia State University in 1960 and his Ph.D. in analytical chemistry from the
University of Kansas in 1965. Since 1968, his primary research and professional activities have
been in environmental chemistry, toxicological chemistry, and waste treatment. He teaches courses
on environmental chemistry, hazardous wastes, toxicological chemistry, and analytical chemistry.
He has lectured on these topics throughout the United States as an American Chemical Society
local section tour speaker, in Puerto Rico, at Hokkaido University in Japan, at the National
Autonomous University in Mexico City, and at the University of the Andes in Merida, Venezuela.
He was the recipient of the Year 2000 Award of the environmental chemistry division of the Italian
Chemical Society.

Professor Manahan is the author or coauthor of approximately 100 journal articles in environ-
mental chemistry and related areas. In addition to Fundamentals of Environmental Chemistry, 2nd
ed., he is the author of Environmental Chemistry, 7th ed. (Lewis Publishers, 2000), which has been
published continuously in various editions since 1972. Other books that he has written include
Industrial Ecology: Environmental Chemistry and Hazardous Waste (Lewis Publishers, 1999),
Environmental Science and Technology (Lewis Publishers, 1997), Toxicological Chemistry, 2nd ed.
(Lewis Publishers, 1992), Hazardous Waste Chemistry, Toxicology, and Treatment (Lewis Publish-
ers, 1992), Quantitative Chemical Analysis (Brooks/Cole, 1986), and General Applied Chemistry,
2nd ed. (Willard Grant Press, 1982).

Copyright © 2003 by CRC Press LLC



Chapter 1 Chemistry and Organic Chemistry
1.1 Introduction
1.2 Elements
1.2.1 Subatomic Particles and Atoms
1.2.2 Subatomic Particles
1.2.3 Atom Nucleus and Electron Cloud
1.2.4 Isotopes
1.2.5 Important Elements
1.2.6 The Periodic Table
1.2.6.1 Features of the Periodic Table
1.2.7 Electrons in Atoms
1.2.7.1 Lewis Symbols of Atoms
1.2.8 Metals, Nonmetals, and Metalloids
1.3 Chemical Bonding
1.3.1 Chemical Compounds
1.3.2 Molecular Structure
1.3.3 Ionic Bonds
1.3.4 Summary of Chemical Compounds and the Ionic Bond
1.3.5 Molecular Mass
1.3.6 Oxidation State
1.4 Chemical Reactions and Equations
1.4.1 Reaction Rates
1.5 Solutions
1.5.1 Solution Concentration
1.5.2 Water as a Solvent
1.5.3 Solutions of Acids and Bases
1.5.3.1 Acids, Bases, and Neutralization Reactions
1.5.3.2  Concentration of H* Ion and pH
1.5.3.3 Metal Ions Dissolved in Water
1.5.3.4 Complex Ions Dissolved in Water
1.5.4 Colloidal Suspensions
1.6  Organic Chemistry
1.6.1 Molecular Geometry in Organic Chemistry .
1.7 Hydrocarbons
1.7.1 Alkanes
1.7.1.1 Formulas of Alkanes
1.7.1.2  Alkanes and Alkyl Groups
1.7.1.3 Names of Alkanes and Organic Nomenclature

1.7.1.4 Summary of Organic Nomenclature as Applied to Alkanes

1.7.1.5 Reactions of Alkanes
1.7.2  Alkenes and Alkynes
1.7.2.1 Addition Reactions
1.7.3 Alkenes and Cis—trans Isomerism
1.7.4 Condensed Structural Formulas
1.7.5 Aromatic Hydrocarbons
1.7.5.1 Benzene and Naphthalene
1.7.5.2 Polycyclic Aromatic Hydrocarbons

Copyright © 2003 by CRC Press LLC

Contents



1.8  Organic Functional Groups and Classes of Organic Compounds
1.8.1 Organooxygen Compounds
1.8.2  Organonitrogen Compounds
1.8.3 Organohalide Compounds
1.8.3.1 Alkyl Halides
1.8.3.2 Alkenyl Halides
1.8.3.3 Aryl Halides
1.8.3.4 Halogenated Naphthalene and Biphenyl
1.8.3.5 Chlorofluorocarbons, Halons, and Hydrogen-Containing
Chlorofluorocarbons
1.8.3.6  Chlorinated Phenols
1.8.4 Organosulfur Compounds
1.8.4.1 Thiols and Thioethers
1.8.4.2 Nitrogen-Containing Organosulfur Compounds
1.8.4.3  Sulfoxides and Sulfones
1.8.4.4 Sulfonic Acids, Salts, and Esters
1.8.4.5 Organic Esters of Sulfuric Acid
1.8.5 Organophosphorus Compounds
1.8.5.1 Alkyl and Aromatic Phosphines
1.8.5.2 Organophosphate Esters
1.8.5.3 Phosphorothionate Esters
1.9 Optical Isomerism
1.10 Synthetic Polymers
Supplementary References
Questions and Problems

Chapter 2 Environmental Chemistry

2.1  Environmental Science and Environmental Chemistry
2.1.1 The Environment
2.1.2  Environmental Chemistry

2.2 Water

2.3 Aquatic Chemistry
2.3.1 Oxidation—Reduction
2.3.2 Complexation and Chelation
2.3.3  Water Interactions with Other Phases
2.3.4 Water Pollutants
2.3.5 Water Treatment

2.4 The Geosphere
2.4.1 Solids in the Geosphere

2.5 Soil

2.6 Geochemistry and Soil Chemistry
2.6.1 Physical and Chemical Aspects of Weathering
2.6.2  Soil Chemistry

2.7 The Atmosphere

2.8  Atmospheric Chemistry
2.8.1 Gaseous Oxides in the Atmosphere
2.8.2 Hydrocarbons and Photochemical Smog
2.8.3 Particulate Matter

2.9 The Biosphere

Copyright © 2003 by CRC Press LLC



2.10 The Anthrosphere and Green Chemistry

2.10.1 Green Chemistry

References
Supplementary References
Questions and Problems

Chapter 3 Biochemistry

3.1

32

33

34

3.5

3.6
3.7

3.8
39

Biochemistry

3.1.1 Biomolecules

Biochemistry and the Cell

3.2.1 Major Cell Features

Proteins

3.3.1 Protein Structure

3.3.2 Denaturation of Proteins
Carbohydrates

Lipids

Enzymes

Nucleic Acids

3.7.1 Nucleic Acids in Protein Synthesis
3.7.2 Modified DNA

Recombinant DNA and Genetic Engineering
Metabolic Processes

3.9.1 Energy-Yielding Processes

Supplementary References
Questions and Problems

Chapter 4 Metabolic Processes

4.1

4.2

43

4.4

4.5

Metabolism in Environmental Biochemistry

4.1.1 Metabolism Occurs in Cells

4.1.2 Pathways of Substances and Their Metabolites in the Body
Digestion

4.2.1 Carbohydrate Digestion

4.2.2 Digestion of Fats

4.2.3 Digestion of Proteins

Metabolism of Carbohydrates, Fats, and Proteins

4.3.1 An Overview of Catabolism

4.3.2 Carbohydrate Metabolism

4.3.3 Metabolism of Fats

4.3.4 Metabolism of Proteins

Energy Utilization by Metabolic Processes

4.4.1 High-Energy Chemical Species

4.4.2 Glycolysis

4.4.3 Citric Acid Cycle

4.4.4 Electron Transfer in the Electron Transfer Chain
4.4.5 Electron Carriers

4.4.6 Overall Reaction for Aerobic Respiration

4.47 Fermentation

Using Energy to Put Molecules Together: Anabolic Reactions

Copyright © 2003 by CRC Press LLC



4.6 Metabolism and Toxicity

4.6.1 Stereochemistry and Xenobiotics Metabolism
Supplementary References
Questions and Problems

Chapter 5 Environmental Biological Processes and Ecotoxicology
5.1 Introduction
5.2 Toxicants
5.3 Pathways of Toxicants into Ecosystems
5.3.1 Transfers of Toxicants between Environmental Spheres
5.3.2 Transfers of Toxicants to Organisms
5.4 Bioconcentration
5.4.1 Variables in Bioconcentration
5.4.2 Biotransfer from Sediments
5.5 Bioconcentration and Biotransfer Factors
5.5.1 Bioconcentration Factor
5.5.2 Biotransfer Factor
5.5.3 Bioconcentration by Vegetation
5.6 Biodegradation
5.6.1 Biochemical Aspects of Biodegradation
5.6.2 Cometabolism
5.6.3 General Factors in Biodegradation
5.6.4 Biodegradability
5.7 Biomarkers
5.8 Endocrine Disrupters and Developmental Toxicants
5.9 Effects of Toxicants on Populations
5.10 Effects of Toxicants on Ecosystems
Supplementary References
Questions and Problems

Chapter 6 Toxicology
6.1 Introduction
6.1.1 Poisons and Toxicology
6.1.2 History of Toxicology
6.1.3 Future of Toxicology
6.1.4 Specialized Areas of Toxicology.
6.1.5 Toxicological Chemistry
6.2 Kinds of Toxic Substances
6.3 Toxicity-Influencing Factors
6.3.1 Classification of Factors
6.3.2 Form of the Toxic Substance and Its Matrix
6.3.3 Circumstances of Exposure
6.3.4 The Subject
6.4 Exposure to Toxic Substances
6.4.1 Percutaneous Exposure
6.4.1.1 Skin Permeability
6.4.2 Barriers to Skin Absorption
6.4.2.1 Measurement of Dermal Toxicant Uptake
6.4.2.2 Pulmonary Exposure

Copyright © 2003 by CRC Press LLC



6.4.3 Gastrointestinal Tract
6.4.4 Mouth, Esophagus, and Stomach
6.4.5 Intestines
6.4.6 The Intestinal Tract and the Liver
6.5 Dose—Response Relationships
6.5.1 Thresholds
6.6 Relative Toxicities
6.6.1 Nonlethal Effects
6.7 Reversibility and Sensitivity
6.7.1 Hypersensitivity and Hyposensitivity
6.8 Xenobiotic and Endogenous Substances
6.8.1 Examples of Endogenous Substances
6.9 Kinetic and Nonkinetic Toxicology
6.9.1 Kinetic Toxicology
6.10 Receptors and Toxic Substances
6.10.1 Receptors
6.11 Phases of Toxicity
6.12 Toxification and Detoxification
6.12.1 Synergism, Potentiation, and Antagonism
6.13 Behavioral and Physiological Responses
6.13.1 Vital Signs
6.13.2 Skin Symptoms
6.13.3 Odors
6.13.4 Eyes
6.13.5 Mouth
6.13.6 Gastrointestinal Tract
6.13.7 Central Nervous System
6.14 Reproductive and Developmental Effects
References
Supplementary References
Questions and Problems

Chapter 7 Toxicological Chemistry
7.1 Introduction
7.1.1 Chemical Nature of Toxicants
7.1.2  Biochemical Transformations
7.2 Metabolic Reactions of Xenobiotic Compounds
7.2.1 Phase I and Phase II Reactions
7.3 Phase I Reactions
7.3.1 Oxidation Reactions
7.3.2 Hydroxylation
7.3.3 Epoxide Hydration
7.3.4 Oxidation of Noncarbon Elements
7.3.5 Alcohol Dehydrogenation
7.3.6 Metabolic Reductions
7.3.7 Metabolic Hydrolysis Reactions
7.3.8 Metabolic Dealkylation
7.3.9 Removal of Halogen
7.4 Phase II Reactions of Toxicants
7.4.1 Conjugation by Glucuronides
7.4.2 Conjugation by Glutathione

Copyright © 2003 by CRC Press LLC



1.5
7.6

1.7
7.8

7.9

7.4.3 Conjugation by Sulfate

7.4.4 Acetylation

7.4.5 Conjugation by Amino Acids
7.4.6 Methylation

Biochemical Mechanisms of Toxicity
Interference with Enzyme Action

7.6.1 Inhibition of Metalloenzymes
7.6.2 Inhibition by Organic Compounds
Biochemistry of Mutagenesis
Biochemistry of Carcinogenesis

7.8.1 Alkylating Agents in Carcinogenesis
7.8.2 Testing for Carcinogens

Ionizing Radiation

References
Questions and Problems

Chapter 8 Genetic Aspects of Toxicology

8.1

8.2

8.3
8.4

8.5
8.6

Introduction

8.1.1 Chromosomes

8.1.2  Genes and Protein Synthesis

8.1.3 Toxicological Importance of Nucleic Acids

Destructive Genetic Alterations

8.2.1 Gene Mutations

8.2.2 Chromosome Structural Alterations, Aneuploidy, and Polyploidy
8.2.3 Genetic Alteration of Germ Cells and Somatic Cells
Toxicant Damage to DNA

Predicting and Testing for Genotoxic Substances

8.4.1 Tests for Mutagenic Effects

8.4.2 The Bruce Ames Test and Related Tests

8.4.3 Cytogenetic Assays

8.4.4 Transgenic Test Organisms

Genetic Susceptibilities and Resistance to Toxicants
Toxicogenomics

8.6.1 Genetic Susceptibility to Toxic Effects of Pharmaceuticals

References
Supplementary Reference
Questions and Problems

Chapter 9 Toxic Responses

9.1
9.2
9.3

9.4
9.5

Introduction

Respiratory System

Skin

9.3.1 Toxic Responses of Skin
9.3.2 Phototoxic Responses of Skin
9.3.3 Damage to Skin Structure and Pigmentation
9.3.4 Skin Cancer

The Liver .

Blood and the Cardiovascular System
9.5.1 Blood

9.5.2 Hypoxia

9.5.3 Leukocytes and Leukemia

Copyright © 2003 by CRC Press LLC



9.5.4 Cardiotoxicants
9.5.5 Vascular Toxicants

9.6 Immune System

9.7 Endocrine System

9.8 Nervous System

9.9 Reproductive System

9.10 Developmental Toxicology and Teratology
9.10.1 Thalidomide
9.10.2 Accutane
9.10.3 Fetal Alcohol Syndrome

9.11 Kidney and Bladder

References

Supplementary References
Questions and Problems

Chapter 10 Toxic Elements

10.1
10.2
10.3
10.4

10.5

10.6

Introduction

Toxic Elements and the Periodic Table

Essential Elements

Metals in an Organism

10.4.1 Complex Ions and Chelates

10.4.2  Metal Toxicity

10.4.3  Lithium

10.4.4 Beryllium

10.4.5 Vanadium

10.4.6  Chromium

10.4.7 Cobalt

10.4.8 Nickel

10.4.9 Cadmium

10.4.10 Mercury
10.4.10.1 Absorption and Transport of Elemental and Inorganic Mercury
10.4.10.2 Metabolism, Biologic Effects, and Excretion
10.4.10.3 Minimata Bay

10.4.11 Lead
10.4.11.1 Exposure and Absorption of Inorganic Lead Compounds
10.4.11.2 Transport and Metabolism of Lead
10.4.11.3 Manifestations of Lead Poisoning
10.4.11.4 Reversal of Lead Poisoning and Therapy

10.4.12 Defenses Against Heavy Metal Poisoning

Metalloids: Arsenic

10.5.1 Sources and Uses

10.5.2 Exposure and Absorption of Arsenic .

10.5.3  Metabolism, Transport, and Toxic Effects of Arsenic

Nonmetals

10.6.1 Oxygen and Ozone

10.6.2  Phosphorus

10.6.3 The Halogens
10.6.3.1 Fluorine
10.6.3.2  Chlorine
10.6.3.3 Bromine
10.6.3.4 Iodine

Copyright © 2003 by CRC Press LLC



10.6.4 Radionuclides
10.6.4.1 Radon
10.6.4.2 Radium
10.6.4.3  Fission Products
References
Supplementary Reference
Questions and Problems

Chapter 11 Toxic Inorganic Compounds
11.1 Introduction
11.1.1  Chapter Organization
11.2 Toxic Inorganic Carbon Compounds
11.2.1 Cyanide
11.2.1.1 Biochemical Action of Cyanide
11.2.2  Carbon Monoxide
11.2.3  Biochemical Action of Carbon Monoxide
11.2.4 Cyanogen, Cyanamide, and Cyanates
11.3 Toxic Inorganic Nitrogen Compounds
11.3.1 Ammonia
11.3.2 Hydrazine
11.3.3  Nitrogen Oxides
11.3.4  Effects of NO, Poisoning
11.3.5 Nitrous Oxide
11.4 Hydrogen Halides
11.4.1 Hydrogen Fluoride
11.4.2 Hydrogen Chloride
11.4.3 Hydrogen Bromide and Hydrogen Iodide
11.5 Interhalogen Compounds and Halogen Oxides
11.5.1 Interhalogen Compounds
11.5.2 Halogen Oxides
11.5.3  Hypochlorous Acid and Hypochlorites
11.5.4  Perchlorates
11.6 Nitrogen Compounds of the Halogens
11.6.1 Nitrogen Halides
11.6.2  Azides
11.6.3  Monochloramine and Dichloramine
11.7 Inorganic Compounds of Silicon
11.7.1  Silica
11.7.2  Asbestos
11.7.3  Silanes
11.7.4  Silicon Halides and Halohydrides
11.8 Inorganic Phosphorus Compounds
11.8.1 Phosphine
11.8.2 Phosphorus Pentoxide
11.8.3  Phosphorus Halides
11.8.4 Phosphorus Oxyhalides
11.9 Inorganic Compounds of Sulfur
11.9.1 Hydrogen Sulfide
11.9.2  Sulfur Dioxide and Sulfites
11.9.3  Sulfuric Acid

Copyright © 2003 by CRC Press LLC



11.9.4 Carbon Disulfide

11.9.5 Miscellaneous Inorganic Sulfur Compounds
References
Questions and Problems

Chapter 12 Organometallics and Organometalloids
12.1  The Nature of Organometallic and Organometalloid Compounds
12.2  Classification of Organometallic Compounds
12.2.1 TIonically Bonded Organic Groups
12.2.2  Organic Groups Bonded with Classical Covalent Bonds
12.2.3  Organometallic Compounds with Dative Covalent Bonds
12.2.4  Organometallic Compounds Involving w-Electron Donors
12.3  Mixed Organometallic Compounds
12.4  Organometallic Compound Toxicity
12.5 Compounds of Group 1A Metals
12.5.1 Lithium Compounds
12.5.2 Compounds of Group 1A Metals Other Than Lithium
12.6  Compounds of Group 2A Metals
12.6.1 Magnesium
12.6.2  Calcium, Strontium, and Barium
12.7 Compounds of Group 2B Metals
12.7.1 Zinc
12.7.2  Cadmium
12.7.3  Mercury
12.8  Organotin and Organogermanium Compounds
12.8.1 Toxicology of Organotin Compounds
12.8.2  Organogermanium Compounds
12.9  Organolead Compounds
12.9.1 Toxicology of Organolead Compounds
12.10 Organoarsenic Compounds
12.10.1 Organoarsenic Compounds from Biological Processes
12.10.2 Synthetic Organoarsenic Compounds
12.10.3 Toxicities of Organoarsenic Compounds
12.11 Organoselenium and Organotellurium Compounds
12.11.1 Organoselenium Compounds
12.11.2 Organotellurium Compounds
References
Supplementary References
Questions and Problems

Chapter 13 Toxic Organic Compounds and Hydrocarbons
13.1 Introduction
13.2  Classification of Hydrocarbons
13.2.1  Alkanes
13.2.2  Unsaturated Nonaromatic Hydrocarbons
13.2.3  Aromatic Hydrocarbons
13.3  Toxicology of Alkanes
13.3.1 Methane and Ethane
13.3.2 Propane and Butane
13.3.3  Pentane through Octane

Copyright © 2003 by CRC Press LLC



13.3.4  Alkanes above Octane
13.3.5 Solid and Semisolid Alkanes
13.3.6  Cyclohexane
13.4 Toxicology of Unsaturated Nonaromatic Hydrocarbons
13.4.1 Propylene
13.4.2 1,3-Butadiene
13.4.3 Butylenes
13.4.4  Alpha-Olefins
13.4.5 Cyclopentadiene and Dicyclopentadiene
13.4.6  Acetylene
13.5 Benzene and Its Derivatives
13.5.1 Benzene
13.5.1.1 Acute Toxic Effects of Benzene
13.5.1.2 Chronic Toxic Effects of Benzene
13.5.1.3 Metabolism of Benzene
13.5.2 Toluene, Xylenes, and Ethylbenzene
13.5.3  Styrene
13.6  Naphthalene
13.6.1 Metabolism of Naphthalene
13.6.2 Toxic Effects of Naphthalene
13.7 Polycyclic Aromatic Hydrocarbons
13.7.1 PAH Metabolism
References
Questions and Problems

Chapter 14 Organooxygen Compounds
14.1  Introduction
14.1.1 Oxygen-Containing Functional Groups
14.2  Alcohols
14.2.1 Methanol
14.2.2  Ethanol
14.2.3  Ethylene Glycol
14.2.4  The Higher Alcohols
14.3  Phenols
14.3.1 Properties and Uses of Phenols
14.3.2 Toxicology of Phenols
14.4  Ocxides
14.5 Formaldehyde
14.5.1 Properties and Uses of Formaldehyde
14.5.2 Toxicity of Formaldehyde and Formalin
14.6  Aldehydes and Ketones
14.6.1 Toxicities of Aldehydes and Ketones
14.7  Carboxylic Acids
14.7.1 Toxicology of Carboxylic Acids
14.8  Ethers
14.8.1 Examples and Uses of Ethers
14.8.2  Toxicities of Ethers
14.9  Acid Anhydrides
14.9.1 Toxicological Considerations
14.10 Esters
14.10.1 Toxicities of Esters

Copyright © 2003 by CRC Press LLC



References
Questions and Problems

Chapter 15 Organonitrogen Compounds

15.1
15.2

15.3

15.4
15.5
15.6

15.7
15.8
15.9

Introduction

Nonaromatic Amines

15.2.1 Lower Aliphatic Amines
15.2.2  Fatty Amines

15.2.3  Alkyl Polyamines

15.2.4  Cyclic Amines
Carbocyclic Aromatic Amines
15.3.1 Aniline

15.3.2 Benzidine

15.3.3  Naphthylamines

Pyridine and Its Derivatives
Nitriles

Nitro Compounds

15.6.1 Nitro Alcohols and Nitro Phenols
15.6.2  Dinoseb

Nitrosamines

Isocyanates and Methyl Isocyanate
Pesticidal Compounds

15.9.1 Carbamates

15.9.2  Bipyridilium Compounds

15.10 Alkaloids
References
Questions and Problems

Chapter 16 Organohalide Compounds

16.1

16.2

16.3

16.4

16.5

16.6

Introduction

16.1.1 Biogenic Organohalides

Alkyl Halides

16.2.1 Toxicities of Alkyl Halides

16.2.2  Toxic Effects of Carbon Tetrachloride on the Liver
16.2.3  Other Alkyl Halides

16.2.4  Hydrochlorofluorocarbons

16.2.5 Halothane

Alkenyl Halides

16.3.1 Uses of Alkenyl Halides

16.3.2 Toxic Effects of Alkenyl Halides
16.3.3  Hexachlorocyclopentadiene

Aryl Halides

16.4.1 Properties and Uses of Aryl Halides
16.4.2 Toxic Effects of Aryl Halides
Organohalide Insecticides

16.5.1 Toxicities of Organohalide Insecticides
16.5.2 Hexachlorocyclohexane

16.5.3  Toxaphene

Noninsecticidal Organohalide Pesticides

16.6.1 Toxic Effects of Chlorophenoxy Herbicides
16.6.2 Toxicity of TCDD

Copyright © 2003 by CRC Press LLC



16.6.3  Alachlor
16.6.4  Chlorinated Phenols
16.6.5 Hexachlorophene

References
Questions and Problems

Chapter 17 Organosulfur Compounds

17.1  Introduction
17.1.1 Classes of Organosulfur Compounds
17.1.2 Reactions of Organic Sulfur
17.2  Thiols, Sulfides, and Disulfides
17.2.1  Thiols
17.2.2  Thiols as Antidotes for Heavy Metal Poisoning
17.2.3  Sulfides and Disulfides
17.2.4  Organosulfur Compounds in Skunk Spray
17.2.5 Carbon Disulfide and Carbon Oxysulfide
17.3  Organosulfur Compounds Containing Nitrogen or Phosphorus
17.3.1 Thiourea Compounds
17.3.2  Thiocyanates
17.3.3  Disulfiram
17.3.4  Cyclic Sulfur and Nitrogen Organic Compounds
17.3.5 Dithiocarbamates
17.3.6  Phosphine Sulfides
17.3.7 Phosphorothionate and Phosphorodithioate Esters
17.4  Sulfoxides and Sulfones
17.5 Sulfonic Acids, Salts, and Esters
17.6  Organic Esters of Sulfuric Acid
17.7 Miscellaneous Organosulfur Compounds
17.7.1  Sulfur Mustards
17.7.2  Sulfur in Pesticides
17.7.3  Sulfa Drugs
17.8  Organically Bound Selenium
References

Questions and Problems

Chapter 18 Organophosphorus Compounds

18.1

18.2
18.3
18.4
18.5

18.6
18.7

Introduction

18.1.1 Phosphine

Alkyl and Aryl Phosphines

Phosphine Oxides and Sulfides

Phosphonic and Phosphorous Acid Esters
Organophosphate Esters

18.5.1  Orthophosphates and Polyphosphates
18.5.2  Orthophosphate Esters

18.5.3  Aromatic Phosphate Esters

18.5.4  Tetracthylpyrophosphate
Phosphorothionate and Phosphorodithioate Esters
Organophosphate Insecticides

18.7.1 Chemical Formulas and Properties
18.7.2  Phosphate Ester Insecticides

18.7.3  Phosphorothionate Insecticides

Copyright © 2003 by CRC Press LLC



18.7.4  Phosphorodithioate Insecticides
18.7.5 Toxic Actions of Organophosphate Insecticides
18.7.5.1 Inhibition of Acetylcholinesterase
18.7.5.2 Metabolic Activation
18.7.5.3 Mammalian Toxicities
18.7.5.4 Deactivation of Organophosphates
18.8  Organophosphorus Military Poisons
References
Supplementary Reference
Questions and Problems

Chapter 19 Toxic Natural Products
19.1 Introduction
19.2 Toxic Substances from Bacteria
19.2.1 In Vivo Bacterial Toxins
19.2.1.1 Toxic Shock Syndrome
19.2.2  Bacterial Toxins Produced Outside the Body
19.3  Mycotoxins
19.3.1 Aflatoxins
19.3.2  Other Mycotoxins
19.3.3  Mushroom Toxins
19.4 Toxins from Protozoa
19.5 Toxic Substances from Plants
19.5.1 Nerve Toxins from Plants
19.5.1.1 Pyrethrins and Pyrethroids
19.5.2 Internal Organ Plant Toxins
19.5.3 Eye and Skin Irritants
19.5.4  Allergens
19.5.5 Mineral Accumulators
19.5.6  Toxic Algae
19.6 Insect Toxins
19.6.1 Bee Venom
19.6.2  Wasp and Hornet Venoms
19.6.3  Toxicities of Insect Venoms
19.7  Spider Toxins
19.7.1 Brown Recluse Spiders
19.7.2  Widow Spiders
19.7.3  Other Spiders
19.8  Reptile Toxins
19.8.1 Chemical Composition of Snake Venoms
19.8.2 Toxic Effects of Snake Venom
19.9  Nonreptile Animal Toxins
References
Supplementary References
Questions and Problems

Chapter 20 Analysis of Xenobiotics

20.1 Introduction

20.2 Indicators of Exposure to Xenobiotics
20.3 Determination of Metals

Copyright © 2003 by CRC Press LLC



20.3.1 Direct Analysis of Metals
20.3.2 Metals in Wet-Ashed Blood and Urine
20.3.3 Extraction of Metals for Atomic Absorption Analysis
20.4 Determination of Nonmetals and Inorganic Compounds
20.5 Determination of Parent Organic Compounds
20.6 Measurement of Phase I and Phase II Reaction Products
20.6.1 Phase I Reaction Products
20.6.2 Phase II Reaction Products
20.6.3 Mercapturates
20.7 Determination of Adducts
20.8 The Promise of Immunological Methods
References
Supplementary References
Questions and Problems

Copyright © 2003 by CRC Press LLC



CHAPTER 1

Chemistry and Organic Chemistry

1.1 INTRODUCTION

This book is about toxicological chemistry, the branch of chemical science dealing with the
toxic effects of substances. In order to understand this topic, it is essential to have an understanding
of chemistry, the science of matter. The nature of toxic substances depends upon their chemical
characteristics, how they are bonded together, and how they react. Mechanisms of toxicity are
basically chemical in nature. Chemical processes carried out by organisms play a strong role in
determining the fates of toxic substances. In some cases, chemical modification of toxicants by
organisms reduces the toxicity of chemical substances or makes them entirely nontoxic. In other
cases, chemical activation of foreign compounds makes them more toxic. For example,
benzo(a)pyrene, a substance produced by the partial combustion of organic matter, such as that
which occurs when smoking cigarettes, is not itself toxic, but it reacts with oxygen through the
action of enzymes in the body to produce a species that can bind with DNA and cause cancer.

The chemical processes that occur in organisms are addressed by biochemistry, which is
discussed in Chapter 3. In order to understand biochemistry, however, it is essential to have a basic
understanding of chemistry. Since most substances in living organisms, as well as most toxic
substances, are organic materials containing carbon, it is also essential to have an understanding
of organic chemistry in order to consider toxicological chemistry. Therefore, this chapter starts
with a brief overview of chemistry and includes the basic principles of organic chemistry as well.

It is important to consider the effects of toxic substances within the context of the environment
through which exposure of various organisms occurs. Furthermore, toxic substances are created,
altered, or detoxified by environmental chemical processes in water, in soil, and when substances
are exposed to the atmosphere. Therefore, Chapter 2 deals with environmental chemistry and
environmental chemical processes. The relationship of toxic substances and the organisms that they
affect in the environment is addressed specifically by ecotoxicology in Chapter 5.

1.2 ELEMENTS

All substances are composed of only about a hundred fundamental kinds of matter called
elements. Elements themselves may be of environmental and toxicological concern. The heavy
metals, including lead, cadmium, and mercury, are well recognized as toxic substances in the
environment. Elemental forms of otherwise essential elements may be very toxic or cause environ-
mental damage. Oxygen in the form of ozone, O, is the agent most commonly associated with
atmospheric smog pollution and is very toxic to plants and animals. Elemental white phosphorus
is highly flammable and toxic.
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Nucleus

(— Electron “cloud”

Figure 1.1  Representation of a deuterium atom. The nucleus contains one proton (+) and one neutron (n).
The electron (-) is in constant, rapid motion around the nucleus, forming a cloud of negative
electrical charge, the density of which drops off with increasing distance from the nucleus.

Table 1.1 Properties of Protons, Neutrons, and Electrons

Subatomic Particle Symbol? Unit Charge Mass Number Mass in p Mass in Grams
Proton p +1 1 1.007277 1.6726 x 102
Neutron n 0 1 1.008665 1.6749 x 10
Electron e -1 0 0.000549 9.1096 x 10728

a The mass number and charge of each of these kinds of particles can be indicated by a superscript and
subscript, respectively, in the symbols 1p, {n, 9 e.

Each element is made up of very small entities called atoms; all atoms of the same element
behave identically chemically. The study of chemistry, therefore, can logically begin with elements
and the atoms of which they are composed. Each element is designated by an atomic number, a
name, and a chemical symbol, such as carbon, C; potassium, K (for its Latin name kalium); or
cadmium, Cd. Each element has a characteristic atomic mass (atomic weight), which is the average
mass of all atoms of the element.

1.2.1 Subatomic Particles and Atoms

Figure 1.1 represents an atom of deuterium, a form of the element hydrogen. As shown, such
an atom is made up of even smaller subatomic particles: positively charged protons, negatively
charged electrons, and uncharged (neutral) neutrons.

1.2.2 Subatomic Particles

The subatomic particles differ in mass and charge. Their masses are expressed by the atomic
mass unit, u (also called the dalton), which is also used to express the masses of individual atoms,
and molecules (aggregates of atoms). The atomic mass unit is defined as a mass equal to exactly
1/12 that of an atom of carbon-12, the isotope of carbon that contains six protons and six neutrons
in its nucleus.

The proton, p, has a mass of 1.007277 u and a unit charge of +1. This charge is equal to
1.6022 x 10" coulombs; a coulomb is the amount of electrical charge involved in a flow of electrical
current of 1 ampere for 1 sec. The neutron, n, has no electrical charge and a mass of 1.008665 u.
The proton and neutron each have a mass of essentially 1 u and are said to have a mass number
of 1. (Mass number is a useful concept expressing the total number of protons and neutrons, as
well as the approximate mass, of a nucleus or subatomic particle.) The electron, e, has an electrical
charge of —1. It is very light, however, with a mass of only 0.000549 u, about 1/1840 that of the
proton or neutron. Its mass number is 0. The properties of protons, neutrons, and electrons are
summarized in Table 1.1.

Copyright © 2003 by CRC Press LLC



An atom of carbon, symbol C. An atom of nitrogen, symbol N.

Each C atom has 6 protons (+) Each N atom has 7 protons (+)
in its nucleus, so the atomic in its nucleus, so the atomic
number of C is 6. The atomic number of N is 7. The atomic
mass of C is 12. mass of N is 14.

Figure 1.2  Atoms of carbon and nitrogen.

Although it is convenient to think of the proton and neutron as having the same mass, and each
is assigned a mass number of 1, Table 1.1 shows that their exact masses differ slightly from each
other. Furthermore, the mass of an atom is not exactly equal to the sum of the masses of subatomic
particles composing the atom. This is because of the energy relationships involved in holding the
subatomic particles together in an atom so that the masses of the atom’s constituent subatomic
particles do not add up to exactly the mass of the atom.

1.2.3 Atom Nucleus and Electron Cloud

Protons and neutrons are contained in the positively charged nucleus of the atom. Protons and
neutrons have relatively high masses compared to electrons. Therefore, the nucleus has essentially
all of the mass, but occupies virtually none of the volume, of the atom. An uncharged atom has
the same number of electrons as protons. The electrons in an atom are contained in a cloud of
negative charge around the nucleus that occupies most of the volume of the atom. These concepts
are illustrated in Figure 1.2.

1.2.4 Isotopes

Atoms with the same number of protons, but different numbers of neutrons in their nuclei are
chemically identical atoms of the same element, but have different masses and may differ in their
nuclear properties. Such atoms are isotopes of the same element. Some isotopes are radioactive
isotopes, or radionuclides, which have unstable nuclei that give off charged particles and gamma
rays in the form of radioactivity. Radioactivity may have detrimental, or even fatal, health effects;
a number of hazardous substances are radioactive, and they can cause major environmental prob-
lems. The most striking example of such contamination resulted from a massive explosion and fire
at a power reactor in the Ukrainian city of Chernobyl in 1986.

1.2.5 Important Elements

An abbreviated list of a few of the most important elements, which the reader may find useful, is
given in Table 1.2. A complete list of the well over 100 known elements which may be found in any
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Table 1.2 The More Important Common Elements

Element Symbol Atomic Number Atomic Mass Significance

Aluminum Al 13 26.9815 Abundant in Earth’s crust

Argon Ar 18 39.948 Noble gas

Arsenic As 33 74.9216 Toxic metalloid

Bromine Br 35 79.904 Toxic halogen

Cadmium Cd 48 112.40 Toxic heavy metal

Calcium Ca 20 40.08 Abundant essential element

Carbon C 6 12.011 Life element

Chlorine Cl 17 35.453 Halogen

Copper Cu 29 63.54 Useful metal

Fluorine F 9 18.998 Halogen

Helium He 2 4.0026 Lightest noble gas

Hydrogen H 1 1.008 Lightest element

lodine | 53 126.904 Halogen

Iron Fe 26 55.847 Important metal

Lead Pb 82 207.19 Toxic heavy metal

Magnesium Mg 12 24.305 Light metal

Mercury Hg 80 200.59 Toxic heavy metal

Neon Ne 10 20.179 Noble gas

Nitrogen N 7 14.0067 Important nonmetal

Oxygen (0] 8 15.9994 Abundant, essential nonmetal

Phosphorus P 15 30.9738 Essential nonmetal

Potassium K 19 39.0983 Alkali metal

Silicon Si 14 28.0855 Abundant metalloid

Silver Ag 47 107.87 Valuable, reaction-resistant metal

Sodium Na 11 22.9898 Essential, abundant alkali metal

Sulfur S 16 32.064 Essential element, occurs in air pollutant sulfur
dioxide, SO,

Tin Sn 50 118.69 Useful metal

Uranium U 92 238.03 Fissionable metal used for nuclear fuel

Zinc Zn 30 65.37 Useful metal

standard chemistry book is given on the inside front cover of this book. Fortunately, most of the
chemistry covered in this book requires familiarity only with the shorter list of elements in Table 1.2.

1.2.6 The Periodic Table

The properties of elements listed in order of increasing atomic number repeat in a periodic
manner. For example, elements with atomic numbers 2, 10, and 18 are gases that do not undergo
chemical reactions and consist of individual atoms, whereas those with atomic numbers larger by
1 — elements with atomic numbers 3, 11, and 19 — are unstable, highly reactive metals. An
arrangement of the elements reflecting this recurring behavior is the periodic table (Figure 1.3).
This table is extremely useful in understanding chemistry and predicting chemical behavior because
it organizes the elements in a systematic manner related to their chemical behavior as a consequence
of the structures of the atoms that compose the elements. As shown in Figure 1.3, the entry for
each element in the periodic table gives the element’s atomic number, symbol, and atomic mass.
More detailed versions of the table include other information as well.

1.2.6.1 Features of the Periodic Table

Groups of elements having similar chemical behavior are contained in vertical columns in the
periodic table. Main group elements may be designated as A groups (IA and IIA on the left, IITA
through VIIIA on the right). Transition elements are those between main groups IIA and IIIA.
Noble gases (group VIIIA), a group of gaseous elements that are virtually chemically unreactive,
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Figure 1.3 The periodic table of elements.
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Lewis symbol of carbon Lewis symbol of argon

Figure 1.4 Lewis symbols of carbon and argon.

are in the far right column. The chemical similarities of elements in the same group are especially
pronounced for groups IA, IIA, VIIA, and VIIIA.

Horizontal rows of elements in the periodic table are called periods, the first of which consists
of only hydrogen (H) and helium (He). The second period begins with atomic number 3 (lithium)
and terminates with atomic number 10 (neon), whereas the third goes from atomic number 11
(sodium) through atomic number 18 (argon). The fourth period includes the first row of transition
elements, whereas lanthanides and actinides, which occur in the sixth and seventh periods, respec-
tively, are listed separately at the bottom of the table.

1.2.7 Electrons in Atoms

Although the placement of electrons in atoms determines how the atoms behave chemically
and, therefore, the chemical properties of each element, it is beyond the scope of this book to
discuss electronic structure in detail. Several key points pertaining to this subject are mentioned here.

Electrons in atoms occupy orbitals in which electrons have different energies, orientations in
space, and average distances from the nucleus. Each orbital may contain a maximum of two
electrons. The chemical behavior of an atom is determined by the placement of electrons in its
orbitals; in this respect, the outermost orbitals and the electrons contained in them are the most
important. These outer electrons are the ones beyond those of the immediately preceding noble
gas in the periodic table. They are of particular importance because they become involved in the
sharing and transfer of electrons through which chemical bonding occurs, resulting in the formation
of huge numbers of different substances from only a few elements.

1.2.7.1 Lewis Symbols of Atoms

Outer electrons are called valence electrons and are represented by dots in Lewis symbols, as
shown for carbon and argon in Figure 1.4.

The four electrons shown for the carbon atom are those added beyond the electrons possessed
by the noble gas that immediately precedes carbon in the periodic table (helium, atomic number
2). Eight electrons are shown around the symbol of argon. This is an especially stable electron
configuration for noble gases known as an octet. (Helium is the exception among noble gases in
that it has a stable shell of only two electrons.) When atoms interact through the sharing, loss, or
gain of electrons to form molecules and chemical compounds (see Section 1.3), many attain an
octet of outer-shell electrons. This tendency is the basis of the octet rule of chemical bonding.
(Two or three of the lightest elements, most notably hydrogen, attain stable helium-like electron
configurations containing two electrons when they become chemically bonded.)

1.2.8 Metals, Nonmetals, and Metalloids

Elements are divided between metals and nonmetals; a few elements with an intermediate
character are called metalloids. Metals are elements that are generally solid, shiny in appearance,
electrically conducting, and malleable — that is, they can be pounded into flat sheets without
disintegrating. They tend to have only one to three outer electrons, which they may lose in forming
chemical compounds. Examples of metals are iron, copper, and silver. Most metallic objects that
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The H atoms in elemental are held together by chemical that have the chemical
hydrogen bonds in molecules formula H,.

H- + H — H:H

Representation of H atoms by Lewis symbols
and the H, molecule by a Lewis formula

Figure 1.5 Molecule and Lewis formula of H,.

are commonly encountered are not composed of just one kind of elemental metal, but are alloys
consisting of homogeneous mixtures of two or more metals. Nonmetals often have a dull appearance,
are not at all malleable, and frequently occur as gases or liquids. Colorless oxygen gas, green chlorine
gas (transported and stored as a liquid under pressure), and brown bromine liquid are common
nonmetals. Nonmetals tend to have close to a full octet of outer-shell electrons, and in forming chemical
compounds, they gain or share electrons. Metalloids, such as silicon or arsenic, may have properties
of both, in some respects behaving like metals, in other respects behaving like nonmetals.

1.3 CHEMICAL BONDING

Only a few elements, particularly the noble gases, exist as individual atoms; most atoms are
joined by chemical bonds to other atoms. This can be illustrated very simply by elemental hydrogen,
which exists as molecules, each consisting of two H atoms linked by a chemical bond, as shown
in Figure 1.5. Because hydrogen molecules contain two H atoms, they are said to be diatomic and
are denoted by the chemical formula H,. The H atoms in the H, molecule are held together by a
covalent bond made up of two electrons, each contributed by one of the H atoms and shared
between the atoms. (Bonds formed by transferring electrons between atoms are described later in
this section.) The shared electrons in the covalent bonds holding the H, molecule together are
represented by two dots between the H atoms in Figure 1.5. By analogy with Lewis symbols defined
in the preceding section, such a representation of molecules showing outer-shell and bonding
electrons as dots is called a Lewis formula.

1.3.1 Chemical Compounds

Most substances consist of two or more elements joined by chemical bonds. For example,
consider the chemical combination of the elements hydrogen and oxygen shown in Figure 1.6.
Oxygen, chemical symbol O, has an atomic number of 8 and an atomic mass of 16, and it exists
in the elemental form as diatomic molecules of O,. Hydrogen atoms combine with oxygen atoms
to form molecules in which two H atoms are bonded to one O atom in a substance with a chemical
formula of H,O (water). A substance such as H,O that consists of a chemically bonded combination
of two or more elements is called a chemical compound. In the chemical formula for water the
letters H and O are the chemical symbols of the two elements in the compound and the subscript
2 indicates that there are two H atoms per one O atom. (The absence of a subscript after the O
denotes the presence of just one O atom in the molecule.)

As shown in Figure 1.6, each of the hydrogen atoms in the water molecule is connected to the
oxygen atom by a chemical bond composed of two electrons shared between the hydrogen and
oxygen atoms. For each bond, one electron is contributed by the hydrogen and one by oxygen. The
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Figure 1.6 Formation and Lewis formula of a chemical compound, water.

two dots located between each H and O in the Lewis formula of H,O represent the two electrons
in the covalent bond joining these atoms. Four of the electrons in the octet of electrons surrounding
O are involved in H-O bonds and are called bonding electrons. The other four electrons shown
around the oxygen that are not shared with H are nonbonding outer electrons.

1.3.2 Molecular Structure

As implied by the representations of the water molecule in Figure 1.6, the atoms and bonds in
H,O form an angle somewhat greater than 90°. The shapes of molecules are referred to as their
molecular geometry, which is crucial in determining the chemical and toxicological activity of a
compound and structure-activity relationships.

1.3.3 lonic Bonds

As shown by the example of magnesium oxide in Figure 1.7, the transfer of electrons from one
atom to another produces charged species called ions. Positively charged ions are called cations,
and negatively charged ions are called anions. Ions that make up a solid compound are held together
by ionic bonds in a crystalline lattice consisting of an ordered arrangement of the ions in which
each cation is largely surrounded by anions and each anion by cations. The attracting forces of the
oppositely charged ions in the crystalline lattice constitute ionic bonds in the compound.

The formation of magnesium oxide is shown in Figure 1.7. In naming this compound, the cation
is simply given the name of the element from which it was formed, magnesium. However, the
ending of the name of the anion, oxide, is different from that of the element from which it was
formed, oxygen.

Rather than individual atoms that have lost or gained electrons, many ions are groups of atoms
bonded together covalently and have a net charge. A common example of such an ion is the
ammonium ion, NHj:

H

+
. °
H. N ,H Lewisformula of the ammonium ion

H

It consists of four hydrogen atoms covalently bonded to a single nitrogen (N) atom, and it has a
net electrical charge of +1 for the whole cation, as shown by its Lewis formula above.
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Atom nucleus

The transfer of two electrons from yields an ion of Mg?* and one of
an atom of Mg to an O atom 0% in the compound MgO.
. . . 2+ ° 2-
Mg - —> O ° Mg . O °

Formation of ionic MgO as shown by Lewis formulas and symbols.
In MgO, Mg has lost 2 electrons and is in the +2 oxidation state
{Mg(I)} and O has gained 2 electrons and is in the -2 oxidation state.

Figure 1.7 lonic bonds are formed by the transfer of electrons and the mutual attraction of oppositely charged
ions in a crystalline lattice.

1.3.4 Summary of Chemical Compounds and the lonic Bond

The preceding several pages have just covered material on chemical compounds and bonds that
is essential for understanding chemistry. To summarize:

¢ Atoms of two or more different elements can form chemical bonds with each other to yield a
product that is entirely different from the elements. Such a substance is called a chemical compound.

* The formula of a chemical compound gives the symbols of the elements and uses subscripts to
show the relative numbers of atoms of each element in the compound.

* Molecules of some compounds are held together by covalent bonds consisting of shared electrons.

¢ Another kind of compound is composed of ions consisting of electrically charged atoms or groups
of atoms held together by ionic bonds that exist because of the mutual attraction of oppositely
charged ions.

1.3.5 Molecular Mass

The average mass of all molecules of a compound is its molecular mass (formerly called
molecular weight). The molecular mass of a compound is calculated by multiplying the atomic
mass of each element by the relative number of atoms of the element, then adding all the values
obtained for each element in the compound. For example, the molecular mass of NH; is 14.0 + 3
x 1.0 = 17.0. For another example, consider the following calculation of the molecular mass of
ethylene, C,H,

The chemical formula of the compound is C,H,.

Each molecule of C,H, consists of two C atoms and four H atoms.

From the periodic table or Table 1.2, the atomic mass of C is 12.0 and that of H is 1.0.
Therefore, the molecular mass of C,H, is

Eal o e

120+ 12.0+1.0+1.0+1.0+1.0=28.0
— 7 — _

From 2 C atoms From 4 H atoms
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1.3.6 Oxidation State

The loss of two electrons from the magnesium atom, as shown in Figure 1.7, is an example of
oxidation, and the Mg?* ion product is said to be in the +2 oxidation state. (A positive oxidation
state or oxidation number is conventionally denoted by a roman numeral in parentheses following
the name or symbol of an element, as in magnesium(Il) and Mg(Il).) In gaining two negatively
charged electrons in the reaction that produces magnesium oxide, the oxygen atom is reduced and
is in the -2 oxidation state. (Unlike positive oxidation numbers, negative ones are not conventionally
shown by roman numerals in parentheses.) In chemical terms, an oxidizer is a species that takes
electrons from a reducing agent in a chemical reaction. Many hazardous waste substances are
oxidizers or strong reducers, and oxidation—reduction is the driving force behind many dangerous
chemical reactions. For example, the reducing tendencies of the carbon and hydrogen atoms in
propane cause it to burn violently or explode in the presence of oxidizing oxygen in air. The
oxidizing ability of concentrated nitric acid, HNO,, enables it to react destructively with organic
matter, such as cellulose or skin. Strong oxidants such as 30% hydrogen peroxide, H,0O,, are
classified as corrosive poisons because of their ability to attack exposed tissue.

Covalently bonded atoms that have not actually lost or gained electrons to produce ions are
also assigned oxidation states. This can be done because in covalent compounds electrons are not
shared equally. Therefore, an atom of an element with a greater tendency to attract electrons is
assigned a negative oxidation state, compared to the positive oxidation state assigned to an element
with a lesser tendency to attract electrons. For example, Cl atoms attract electrons more strongly
than H atoms do, so in hydrogen chloride gas, HCI, the Cl atom is in the —1 oxidation state and
the H atoms are in the +1 oxidation state. Electronegativity values are assigned to elements on
the basis of their tendencies to attract electrons.

The oxidation state (oxidation number) of an element in a compound may have a strong influence
on the hazards and toxicities posed by the compound. For example, chromium from which each
atom has lost three electrons to form a chemical compound, designated as chromium(III) or Cr(III),
is not toxic, whereas chromium in the +6 oxidation state (Cr(VI), chromate) is regarded as a cancer-
causing chemical when inhaled.

1.4 CHEMICAL REACTIONS AND EQUATIONS

Chemical reactions occur when substances are changed to other substances through the break-
ing and formation of chemical bonds. For example, water is produced by the chemical reaction of
hydrogen and oxygen:

Hydrogen plus oxygen yields water

Chemical reactions are written as chemical equations. The chemical reaction between hydrogen
and water is written as the balanced chemical equation

2H, + 0, — 2H,0 (1.4.1)

in which the arrow is read as “yields” and separates the hydrogen and oxygen reactants from the water
product. Note that because elemental hydrogen and elemental oxygen occur as diatomic molecules of
H, and O,, respectively, it is necessary to write the equation in a way that reflects these correct chemical
formulas of the elemental form. All correctly written chemical equations are balanced. For a chemical
equation to be properly balanced, the same number of each kind of atom must be shown on both sides
of the equation. The equation above is balanced because of the following:
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On the left:
¢ There are two H, molecules, each containing two H atoms, for a total of four H atoms on the left.
* There is one O, molecule containing two O atoms, for a total of two O atoms on the left.
On the right:
* There are two H,O molecules, each containing two H atoms and one O atom, for a total of four
H atoms and two O atoms on the right.

1.4.1 Reaction Rates

Most chemical reactions give off heat and are classified as exothermic reactions. The rate of a
reaction may be calculated by the Arrhenius equation, which contains absolute temperature, K,
equal to the Celsius temperature plus 273, in an exponential term. As a general rule, the speed of
a reaction doubles for each 10°C increase in temperature. Reaction rates are important in fires or
explosions involving hazardous chemicals. A remarkable aspect of biochemical reactions is that
they occur rapidly at very mild conditions, typically at body temperature in humans (see Chapter
3). For example, industrial fixation of atmospheric elemental nitrogen to produce chemically bound
nitrogen in ammonia requires very high temperatures and pressures, whereas Rhizobium bacteria
accomplish the same thing under ambient conditions.

1.5 SOLUTIONS

A solution is formed when a substance in contact with a liquid becomes dispersed homoge-
neously throughout the liquid in a molecular form. The substance, called a solute, is said to dissolve.
The liquid is called a solvent. There may be no readily visible evidence that a solute is present in
the solvent; for example, a deadly poisonous solution of sodium cyanide in water looks like pure
water. The solution may have a strong color, as is the case for intensely purple solutions of potassium
permanganate, KMnO,. It may have a strong odor, such as that of ammonia, NH;, dissolved in
water. Solutions may consist of solids, liquids, or gases dissolved in a solvent. Technically, it is
even possible to have solutions in which a solid is a solvent, although such solutions are not
discussed in this book.

1.5.1 Solution Concentration

The quantity of solute relative to that of solvent or solution is called the solution concentration.
Concentrations are expressed in numerous ways. Very high concentrations are often given as percent
by weight. For example, commercial concentrated hydrochloric acid is 36% HCI, meaning that
36% of the weight has come from dissolved HCI and 64% from water solvent. Concentrations of
very dilute solutions, such as those of hazardous waste leachate containing low levels of contam-
inants, are expressed as weight of solute per unit volume of solution. Common units are milligrams
per liter (mg/L) or micrograms per liter (ug/L). Since a liter of water weighs essentially 1000 g, a
concentration of 1 mg/L is equal to 1 part per million (ppm) and a concentration of 1 ug/L is equal
to 1 part per billion (ppb).

Chemists often express concentrations in moles per liter, or molarity, M. Molarity is given by
the relationship

_ Number of moles of solute

= : : (L.5.D)
Number of liters of solution

The number of moles of a substance is its mass in grams divided by its molar mass. For example,

the molecular mass of ammonia, NH;, is 14 + 1 + 1 + 1, so a mole of ammonia has a mass of
17 g. Therefore, 17 g of NH;in 1 L of solution has a value of M equal to 1 mole/L.
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1.5.2 Water as a Solvent

Most liquid wastes are solutions or suspensions of waste materials in water. Water has some
unique properties as a solvent that arise from its molecular structure, as represented by the following
Lewis formula of water:

The H atoms are not on opposite sides of the O atom, and the two H-O bonds form an angle of
105°. Furthermore, the O atom (-2 oxidation state) is able to attract electrons more strongly than
the two H atoms (each in the +1 oxidation state) so that the molecule is polar, with the O atom
having a partial negative charge and the end of the molecule with the two H atoms having a partial
positive charge. This means that water molecules can cluster around ions with the positive ends of
the water molecules attracted to negatively charged anions and the negative end to positively charged
cations. This kind of interaction is part of the general phenomenon of solvation. It is specifically
called hydration when water is the solvent, and it is partially responsible for water’s excellent
ability to dissolve ionic compounds, including acids, bases, and salts.

Water molecules form a special kind of bond called a hydrogen bond with each other and with
solute molecules that contain O, N, or S atoms. As its name implies, a hydrogen bond involves a
hydrogen atom held between two other atoms of O, N, or S. Hydrogen bonding is partly responsible
for water’s ability to solvate and dissolve chemical compounds capable of hydrogen bonding.

As noted above, the water molecule is a polar species, which affects its ability to act as a
solvent. Solutes may likewise have polar character. In general, solutes with polar molecules are
more soluble in water than nonpolar ones. The polarity of an impurity solute in wastewater is a
factor in determining how it may be removed from water. Nonpolar organic solutes are easier to
take out of water by an adsorbent species, such as activated carbon, than are more polar solutes.

1.5.3 Solutions of Acids and Bases
1.5.3.1 Acids, Bases, and Neutralization Reactions

A substance that produces H* ion in water is an acid. A substance that reacts with H* ion or
that produces OH- ion, which can react with H* to produce H,O, is a base. A common example
of an acid is an aqueous solution of hydrogen chloride, which is completely ionized to H* and CI-

ions in water to produce a solution of hydrochloric acid. Although it does not contain H* ion,
carbon dioxide acts as an acid in water because it undergoes the following reaction, producing H*:

CO, + H,0 — H* + HCO; (15.2)

A typical base is sodium hydroxide, NaOH, which exists as Na* and OH~ions in water. Ammonia
gas, NH;, dissolves in water to produce a basic solution:

NH; + H,O - NH; + OH" (1.5.3)
The reaction between H* ion from an acid and OH- ion from a base is a neutralization reaction.

For a specific example, consider the reaction of H* from a solution of sulfuric acid, H,SO,, and
OH- from a solution of calcium hydroxide:
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‘/ Acid, source of H* ion Water

H,SO, + Ca(OH),—/ 2H,0 + CaSO, (1.5.4)
Base, source of OH" ion Salt

In addition to water, which is always the product of a neutralization reaction, the other product
is calcium sulfate, CaSO,. This compound is a salt composed of Ca?* ions and SO3 ions held
together by ionic bonds. A salt, consisting of a cation other than H* and an anion other than OH-,
is the other product produced in addition to water when an acid and base react. Some salts are
hazardous substances and environmental pollutants because of their dangerous or harmful proper-
ties. Some examples include the following:

* Ammonium perchlorate, NH,ClO, (reactive oxidant)
¢ Barium cyanide, Ba(CN), (toxic)

¢ Lead acetate, Pb(C,H;0,), (toxic)

Thallium(I) carbonate, T1,COj; (toxic)

1.5.3.2 Concentration of H* lon and pH

Molar concentrations of hydrogen ion, [H*], range over many orders of magnitude and are
conveniently expressed by pH, defined as

pH = —log[H*] (1.5.5)

In absolutely pure water, the value of [H*] is exactly 1 x 107 mole/L, the pH is 7.00, and the
solution is neutral (neither acidic nor basic). Acidic solutions have pH values of less than 7, and
basic solutions have pH values of greater than 7.

Strong acids and strong bases are corrosive substances that exhibit extremes of pH. They are
destructive to materials and flesh. Strong acids can react with cyanide and sulfide compounds to
release highly toxic hydrogen cyanide (HCN) or hydrogen sulfide (H,S) gases, respectively. Bases
liberate noxious ammonia gas (NH;) from solid ammonium compounds.

1.5.3.3 Metal lons Dissolved in Water

Metal ions dissolved in water have some unique characteristics that influence their properties
as natural water constituents and heavy metal pollutants and in biological systems. The formulas
of metal ions are usually represented by the symbol for the ion followed by its charge. For example,
iron(Il) ion (from a compound such as iron(II) sulfate, FeSO,) dissolved in water is represented as
Fe?*. Actually, in water solution each iron(II) ion is strongly solvated and bonded to water molecules,
so that the formula is more correctly shown as Fe(H,0)?*. Many metal ions have a tendency to
lose hydrogen ions from the solvating water molecules, as shown by the following:

Fe(H,0)2* — Fe(OH)(H,0)* + H* (1.5.6)

Ions of the next higher oxidation state, iron(Ill), have such a tendency to lose H* ion in aqueous
solution that, except in rather highly acidic solutions, they precipitate out as solid hydroxides, such
as iron(IIT) hydroxide, Fe(OH);:

Fe(H,0)3* — Fe(OH)y(s) + 3H,0 + 3H* (1.5.7)

Copyright © 2003 by CRC Press LLC



1.5.3.4 Complex lons Dissolved in Water

It was noted above that metal ions are solvated (hydrated) by binding to water molecules in
aqueous solution. Some species in solution have a stronger tendency than water to bond to metal
ions. An example of such a species is cyanide ion, CN-, which displaces water molecules from
some metal ions in solution, as shown below:

Ni(H,0);* + 4CN- — Ni(CN)? + 4H,0 (1.5.8)

(The tendency of cyanide ion to bond with iron(IIl) is responsible for its toxicity in that it bonds
with iron(IIl) in one of the enzymes involved in the utilization of molecular oxygen in respiration
processes.) This prevents utilization of oxygen with potentially fatal results, as discussed in Chapter
11.) The species that bonds to the metal ion, cyanide in this case, is called a ligand, and the product
of the reaction is a complex ion or metal complex. The overall process is called complexation.

1.5.4 Colloidal Suspensions

Very small particles on the order of 1 um or less in size, called colloidal particles, may stay
suspended in a liquid for an indefinite period of time. Such a mixture is a colloidal suspension,
and it behaves in many respects like a solution. Colloidal suspensions are used in many industrial
applications. Many waste materials are colloidal and are often emulsions consisting of colloidal
liquid droplets suspended in another liquid, usually wastewater. One of the challenges in dealing
with colloidal wastes is removing a relatively small quantity of colloidal material from a large
quantity of water by precipitating the colloid. This process is called coagulation or flocculation
and is often brought about by the addition of chemical agents.

1.6 ORGANIC CHEMISTRY

Most carbon-containing compounds are organic chemicals and are addressed by the subject
of organic chemistry. Organic chemistry is a vast, diverse discipline because of the enormous
number of organic compounds that exist as a consequence of the versatile bonding capabilities of
carbon. Such diversity is due to the ability of carbon atoms to bond to each other through single
bonds (two shared electrons), double bonds (four shared electrons), and triple bonds (six shared
electrons), in a limitless variety of straight chains, branched chains, and rings.

Among organic chemicals are included the majority of important industrial compounds, syn-
thetic polymers, agricultural chemicals, biological materials, and most substances that are of concern
because of their toxicities and other hazards. Pollution of the water, air, and soil environments by
organic chemicals is an area of significant concern.

Chemically, most organic compounds can be divided among hydrocarbons, oxygen-containing
compounds, nitrogen-containing compounds, sulfur-containing compounds, organohalides, phos-
phorus-containing compounds, or combinations of these. Each of these classes of organic com-
pounds is discussed briefly here.

All organic compounds, of course, contain carbon. Virtually all also contain hydrogen and have
at least one C—H bond. The simplest organic compounds, and those easiest to understand, are those
that contain only hydrogen and carbon. These compounds are called hydrocarbons and are
addressed first among the organic compounds discussed in this chapter. Hydrocarbons are used
here to illustrate some of the most fundamental points of organic chemistry, including organic
formulas, structures, and names.
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Figure 1.8  Structural formulas of dichloromethane, CH,Cl,; the formula on the right provides a three-dimen-
sional representation.

H_ JH
HOB HE  oec M
H-C—C——C-C-H H ,C=C, H—C=C-H
] I H H
H H H H Acetylene
2-Methylbutane 1,3-Butadiene (alkyne)
(alkane) (alkene)
Benzene Naphthalene
(aryl compound) (aryl compound)

Figure 1.9 Examples of major types of hydrocarbons.

1.6.1 Molecular Geometry in Organic Chemistry

The three-dimensional shape of a molecule, that is, its molecular geometry, is particularly
important in organic chemistry. This is because its molecular geometry determines in part the
properties of an organic molecule, particularly its interactions with biological systems. Shapes of
molecules are represented in drawings by lines of normal, uniform thickness for bonds in the plane
of the paper, broken lines for bonds extending away from the viewer, and heavy lines for bonds
extending toward the viewer. These conventions are shown by the example of dichloromethane,
CH,Cl,, an important organochloride solvent and extractant, illustrated in Figure 1.8.

1.7 HYDROCARBONS
As noted above, hydrocarbon compounds contain only carbon and hydrogen. The major types
of hydrocarbons are alkanes, alkenes, alkynes, and aromatic compounds. Examples of each are
shown in Figure 1.9.

1.7.1 Alkanes

Alkanes, also called paraffins or aliphatic hydrocarbons, are hydrocarbons in which the C
atoms are joined by single covalent bonds (sigma bonds) consisting of two shared electrons (see

Copyright © 2003 by CRC Press LLC



H—C—H
HHHHHHHH H ‘ H
| | | | | | | | Il 7 13 | I5 | 6
Ho(-O-Co0-0-Co0-Conl BegheiCiet et
HHHHHHHH HHHH ‘ H
n-Octane 2,5-Dimethylhexane H_(Ij_H
II-I H
—(— H
H ‘C H Ho (/: 2 ‘_H
— L3
i A H H
H-C=C—C—C—C—H H-C-C—-H H-C—-C-H
HH | H Ho\
H—-C—H H@Q—S,C\H
H-C—H H H
H 1,4-Dimethylcyclohexane
3-Ethyl-2-methylpentane
H_ JH
_C==C_ Ethylene (ethene)
H H

Figure 1.10 Structural formulas of four hydrocarbons, each containing eight carbon atoms, that illustrate the
structural diversity possible with organic compounds. Numbers used to denote locations of atoms
for purposes of naming are shown on two of the compounds.

Section 1.3). Some examples of alkanes are shown in Figure 1.10. As with other organic compounds,
the carbon atoms in alkanes may form straight chains or branched chains. The three kinds of alkanes
are straight-chain alkanes, branched-chain alkanes, and cycloalkanes, respectively. A typical
branched chain alkane is 2-methylbutane, a volatile, highly flammable liquid, the structural formula
of which is shown in Figure 1.9. It is a component of gasoline, which may explain why it has been
detected as an air pollutant in urban air. The general molecular formula for straight- and branched-
chain alkanes is C H,,,,, and that of cyclic alkanes is C H,,. The four hydrocarbon molecules in
Figure 1.10 contain eight carbon atoms each. In one of the molecules, all of the carbon atoms are
in a straight chain; in two, they are in branched chains; and in the fourth, six of the carbon atoms
are in a ring.

1.7.1.1 Formulas of Alkanes

Formulas of organic compounds present information at several different levels of sophistication.
Molecular formulas, such as that of octane (CgH,), give the number of each kind of atom in a
molecule of a compound. As shown in Figure 1.10, however, the molecular formula of C;H,3 may
apply to several alkanes, each one of which has unique chemical, physical, and toxicological
properties. These different compounds are designated by structural formulas showing the order
in which the atoms in a molecule are arranged. Compounds that have the same molecular, but
different structural formulas are called structural isomers. Of the compounds shown in Figure 1.10,
n-octane, 2,5-dimethylhexane, and 3-ethyl-2-methylpentane are structural isomers, all having the
formula CgH,q, whereas 1,4-dimethylcyclohexane is not a structural isomer of the other three
compounds because its molecular formula is CgH .
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Table 1.3 Some Alkanes and Substituent Groups Derived from Them

Alkane Substituent Group(s) Derived from Alkane
; i
H_(Ij_H H—IC—*
H Methane H Methyl group
Wy "o
oG A,
H H Ethane H H Ethyl group
HoH HHH
HoGCo(oH  BOCoCm BCCoCH
H H H Propane H HH HHH
n-Propyl group  Isopropyl group
Mo Hywy iy
HGOGH  Bp0Gfo HO00Con
HHHH HHHH HHHH
n-Butane n-Butyl group sec-Butyl group
M
H_(I:_C_ : —H
H H
H—(IZ—H
H
tert-Butyl group
HEBHHE  H
R
HHHHH HHHHH
n-Pentane n-Pentyl group Asterisk denotes point
attachment to
molecule

1.7.1.2 Alkanes and Alkyl Groups

Most organic compounds can be derived from alkanes. In addition, many important parts of
organic molecules contain one or more alkane groups, minus a hydrogen atom, bonded as substit-
uents onto the basic organic molecule. As a consequence of these factors, the names of many
organic compounds are based on alkanes. It is useful to know the names of some of the more
common alkanes and substituent groups derived from them, as shown in Table 1.3.

1.7.1.3 Names of Alkanes and Organic Nomenclature

Systematic names, from which the structures of organic molecules can be deduced, have been
assigned to all known organic compounds. The more common organic compounds, including many
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toxic and hazardous organic sustances, likewise have common names that have no structural
implications. Although it is not possible to cover organic nomenclature in any detail in this chapter,
the basic approach to nomenclature is presented, along with some pertinent examples. The simplest
approach is to begin with names of alkanes.

Consider the alkanes shown in Figure 1.10. The fact that n-octane has no side chains is denoted
by “n,” that it has eight carbon atoms by “oct,” and that it is an alkane by the suffix “ane.” The
names of compounds with branched chains or atoms other than H or C attached make use of
numbers that stand for positions on the longest continuous chain of carbon atoms in the molecule.
This convention is illustrated by the second compound in Figure 1.10. It gets the hexane part of
its name from the fact that it is an alkane with six carbon atoms in its longest continuous chain (“hex”
stands for six). However, it has a methyl group (CH,) attached on the second carbon atom of the chain
and another on the fifth. Hence the full systematic name of the compound is 2,5-dimethylhexane, where
“di” indicates two methyl groups. In the case of 3-ethyl-2-methylpentane, the longest continuous chain
of carbon atoms contains five carbon atoms, denoted by pentane; an ethyl group, C,Hs, is attached to
the third carbon atom; and a methyl group is attached to the second carbon atom. The last compound
shown in the figure has six carbon atoms in a ring, indicated by the prefix “cyclo,” so it is a cyclohexane
compound. Furthermore, the carbon in the ring to which one of the methyl groups is attached is
designated by 1, and another methyl group is attached to the fourth carbon atom around the ring.
Therefore, the full name of the compound is 1,4-dimethylcyclohexane.

1.7.1.4 Summary of Organic Nomenclature as Applied to Alkanes
Naming relatively simple alkanes is a straightforward process. The basic rules to be followed are:

1. The name of the compound is based on the longest continuous chain of carbon atoms. (The
structural formula may be drawn such that this chain is not immediately obvious.)

2. The carbon atoms in the longest continous chain are numbered sequentially from one end. The
end of the chain from which the numbering is started is chosen to give the lower numbers for
substituent groups in the final name. For example, the compound

HOH WK
HC-G-C-C-C-n
HHH cgH

W

could be named 4-methylpentane (numbering the five-carbon chain from the left), but should be
named 2-methylpentane (numbering the five-carbon chain from the right).

3. All groups attached to the longest continuous chain are designated by the number of the carbon
atom to which they are attached and by the name of the substituent group (2-methyl in the example
cited in step 2 above).

4. A prefix is used to denote multiple substitutions by the same kind of group. This is illustrated by
2,2,3-trimethylpentane,

H,C CH,

w| |
H—-C—C—C—C—C—H 2,2,3-Trimethylpentane
[ Co0
H | H H H
C

3

in which the prefix #ri is used to show that three methyl groups are attached to the pentane chain.
5. The complete name is assigned such that it denotes the longest continuous chain of carbon atoms
and the name and location on this chain of each substituent group.
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1.7.1.5 Reactions of Alkanes

Alkanes contain only C—C and C-H bonds, both of which are relatively strong. For that reason,
they have little tendency to undergo many kinds of reactions common to some other organic
chemicals, such as acid-base reactions or low-temperature oxidation—reduction reactions. However,
at elevated temperatures alkanes readily undergo oxidation — more specifically combustion —
with molecular oxygen in air, as shown by the following reaction of propane:

C,H, + 50, — 3CO, + 4H,0 + heat (1.7.1)

Common alkanes are highly flammable, and the more volatile lower molecular mass alkanes
form explosive mixtures with air. Furthermore, combustion of alkanes in an oxygen-deficient
atmosphere or in an automobile engine produces significant quantities of carbon monoxide, CO,
the toxic properties of which are discussed in Section 11.2.2.

In addition to combustion, alkanes undergo substitution reactions in which one or more H
atoms on an alkane are replaced by atoms of another element. The most common such reaction is
the replacement of H by chlorine, to yield organochlorine compounds. For example, methane
reacts with chlorine to give chloromethane. This reaction begins with the dissociation of molecular
chlorine, usually initiated by ultraviolet electromagnetic radiation:

Cl, + UV energy — CI- + CI- (1.7.2)

The CI product is a free radical species in which the chlorine atom has only seven outer-shell
electrons, as shown by the Lewis symbol,

.Cl-

instead of the favored octet of eight outer-shell electrons. In gaining the octet required for chemical
stability, the chlorine atom is very reactive. It abstracts a hydrogen from methane,

Cl- + CH, — HCI + CHy (1.7.3)

to yield HCI gas and another reactive species with an unpaired electron, CHy:, called methyl radical.
The methyl radical attacks molecular chlorine,

CH, + Cl, — CH,CI + CI (1.7.4)

to give the chloromethane (CH;Cl) product and regenerate Cl-, which can attack additional methane,
as shown in Reaction 1.7.3. The reactive Cl- and CH;- species continue to cycle through the two
preceding reactions.

The reaction sequence shown above illustrates three important aspects of chemistry that will
be shown to be very important in the discussion of atmospheric chemistry in Section 2.8. The first
of these is that a reaction may be initiated by a photochemical process in which a photon of “light”
(electromagnetic radiation) energy produces a reactive species, in this case the Cl- atom. The second
point illustrated is the high chemical reactivity of free radical species with unpaired electrons and
incomplete octets of valence electrons. The third point illustrated is that of chain reactions, which
can multiply manyfold the effects of a single reaction-initiating event, such as the photochemical
dissociation of ClL,.
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1.7.2 Alkenes and Alkynes

Alkenes, or olefins, are hydrocarbons that have double bonds consisting of four shared electrons.
The simplest and most widely manufactured alkene is ethylene,

H
:CZC\ Ethylene (ethene)
H

used for the production of polyethylene polymer. Another example of an important alkene is 1,3-
butadiene (Figure 1.9), widely used in the manufacture of polymers, particularly synthetic rubber.
The lighter alkenes, including ethylene and 1,3-butadiene, are highly flammable and form explosive
mixtures with air. There have been a number of tragic industrial explosions and fires involving
ethylene and other lighter alkenes.

Acetylene (Figure 1.9) is an alkyne, a class of hydrocarbons characterized by carbon—carbon
triple bonds consisting of six shared electrons. Highly flammable acetylene is used in large quantities
as a chemical raw material and fuel for oxyacetylene torches. It forms dangerously explosive
mixtures with air.

1.7.2.1 Addition Reactions

The double and triple bonds in alkenes and alkynes have “extra” electrons capable of forming
additional bonds. Therefore, the carbon atoms attached to these bonds can add atoms without losing
any atoms already bonded to them; the multiple bonds are said to be unsaturated. Therefore,
alkenes and alkynes both undergo addition reactions, in which pairs of atoms are added across
unsaturated bonds, as shown in the reaction of ethylene with hydrogen to give ethane:

H H i
C=C_  + H-H — H-C—C-H (1.7.5)

This is an example of a hydrogenation reaction, a very common reaction in organic synthesis,
food processing (manufacture of hydrogenated oils), and petroleum refining. Another example of
an addition reaction is the biologically mediated reaction of vinyl chloride with oxygen,

H\C c H (0] Biochemical reaction
— + -
H’ el Cytochrome P-450 enzyme system
Vinyl chloride O (1.7.6)
H c’ *c-H
Epoxide H' \Cl

to produce a reactive epoxide that can bind to biomolecules in the body to produce liver cancer.
This kind of reaction, which is not possible with alkanes, adds to the chemical and metabolic
versatility of compounds containing unsaturated bonds and is a factor contributing to their generally
higher toxicities. It makes unsaturated compounds much more chemically reactive, more hazardous
to handle in industrial processes, and more active in atmospheric chemical processes, such as smog
formation (see Section 2.8).
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Figure 1.11 Cis and trans isomers of the alkene 2-butene.

1.7.3 Alkenes and Cis—trans Isomerism

As shown by the two simple compounds in Figure 1.11, the two carbon atoms connected by a
double bond in alkenes cannot rotate relative to each other. For this reason, another kind of
isomerism, called cis—trans, is possible for alkenes. Cis—trans isomers have different parts of the
molecule oriented differently in space, although these parts occur in the same order. Both alkenes
illustrated in Figure 1.11 have a molecular formula of C,H;. In the case of cis-2-butene, the two
CH,; (methyl) groups attached to the C=C carbon atoms are on the same side of the molecule,
whereas in trans-2-butene they are on opposite sides.

1.7.4 Condensed Structural Formulas

To save space, structural formulas are conveniently abbreviated as condensed structural formulas.
The condensed structural formula of 3-ethyl-2-methylpentane is CH;CH(CH;)CH(C,H;)CH,CH;,
where the CH; (methyl) and C,H; (ethyl) groups are placed in parentheses to show that they are
branches attached to the longest continuous chain of carbon atoms, which contains five carbon
atoms. It is understood that each of the methyl and ethyl groups is attached to the carbon immediately
preceding it in the condensed structural formula (methyl attached to the second carbon atom, ethyl
to the third).

As illustrated by the examples in Figure 1.12, the structural formulas of organic molecules may
be represented in a very compact form by lines and figures such as hexagons. The ends and
intersections of straight-line segments in these formulas indicate the locations of carbon atoms.
Carbon atoms at the terminal ends of lines are understood to have three H atoms attached. C atoms
at the intersections of two lines are understood to have two H atoms attached to each. One H atom
is attached to a carbon represented by the intersection of three lines. No hydrogen atoms are bonded
to C atoms where four lines intersect. Other atoms or groups of atoms, such as the CI atom or OH
group, that are substituted for H atoms are shown by their symbols attached to a C atom with a line.

1.7.5 Aromatic Hydrocarbons

Benzene (Figure 1.13) is the simplest of a large class of aromatic, or aryl, hydrocarbons. Many
important aryl compounds have substituent groups containing atoms of elements other than hydro-
gen and carbon and are called aromatic compounds. Most aromatic compounds discussed in this
book contain six-carbon-atom benzene rings, as shown for benzene, CsHy, in Figure 1.13. Aromatic
compounds have ring structures and are held together in part by particularly stable bonds that
contain delocalized clouds of so-called 7 (pi, pronounced “pie”) electrons. In an oversimplified
sense, the structure of benzene can be visualized as resonating between the two equivalent structures
shown on the left in Figure 1.13 by the shifting of electrons in chemical bonds. This structure can
be shown more simply and accurately by a hexagon with a circle in it.
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Figure 1.12 Representation of structural formulas with lines. A carbon atom is understood to be at each corner
and at the end of each line. The numbers of hydrogen atoms attached to carbons at several
specific locations are shown with arrows.

Figure 1.13 Representation of the aromatic benzene molecule with two resonance structures (left) and, more
accurately, as a hexagon with a circle in it (right). Unless shown by symbols of other atoms, it is
understood that a C atom is at each corner and that 1 H atom is bonded to each C atom.

Aromatic compounds have special characteristics of aromaticity, which include a low hydro-
gen:carbon atomic ratio, C—C bonds that are quite strong and of intermediate length between such
bonds in alkanes and those in alkenes, tendency to undergo substitution reactions rather than the
addition reactions characteristic of alkenes, and delocalization of © electrons over several carbon
atoms. The last phenomenon adds substantial stability to aromatic compounds and is known as
resonance stabilization.

Many toxic substances, environmental pollutants, and hazardous waste compounds, such as
benzene, toluene, naphthalene, and chlorinated phenols, are aromatic compounds (see Figure 1.14).
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Figure 1.14 Aromatic compounds containing fused rings (top) and showing the numbering of carbon atoms
for purposes of nomenclature.

As shown in Figure 1.14, some aromatic compounds, such as naphthalene and the polycyclic
aromatic compound, benzo(a)pyrene, contain fused rings.

1.7.5.1 Benzene and Naphthalene

Benzene is a volatile, colorless, highly flammable liquid that is consumed as a raw material for
the manufacture of phenolic and polyester resins, polystyrene plastics, alkylbenzene surfactants,
chlorobenzenes, insecticides, and dyes. It is hazardous both for its ignitability and toxicity (exposure
to benzene causes blood abnormalities that may develop into leukemia). Naphthalene is the simplest
member of a large number of multicyclic aromatic hydrocarbons having two or more fused rings.
It is a volatile white crystalline solid with a characteristic odor and has been used to make mothballs.
The most important of the many chemical derivatives made from naphthalene is phthalic anhydride,
from which phthalate ester plasticizers are synthesized.

1.7.5.2 Polycyclic Aromatic Hydrocarbons

Benzo(a)pyrene (Figure 1.14) is the most studied of the polycyclic aromatic hydrocarbons
(PAHs), which are characterized by condensed ring systems (‘“‘chicken wire” structures). These
compounds are formed by the incomplete combustion of other hydrocarbons, a process that con-
sumes hydrogen in preference to carbon. The carbon residue is left in the thermodynamically
favored condensed aromatic ring system of the PAH compounds.

Because there are so many partial-combustion and pyrolysis processes that favor production of
PAHs, these compounds are encountered abundantly in the atmosphere, soil, and elsewhere in the
environment from sources that include engine exhausts, wood stove smoke, cigarette smoke, and
charbroiled food. Coal tars and petroleum residues such as road and roofing asphalt have high
levels of PAHs. Some PAH compounds, including benzo(a)pyrene, are of toxicological concern
because they are precursors to cancer-causing metabolites. As discussed in more detail in Chapters
7 and 13, benzo(a)pyrene and some other PAHs are partially oxidized by enzyme systems in humans
and other animals to produce species that can bind with DNA, resulting in cancer in some cases.

1.8 ORGANIC FUNCTIONAL GROUPS AND CLASSES OF ORGANIC COMPOUNDS

The presence of elements other than hydrogen and carbon in organic molecules greatly increases
the diversity of their chemical behavior. Functional groups consist of specific bonding configurations
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Table 1.4 Examples of Some Important Functional Groups

Type of Functional Group Example Compound Structural Formula of Group?
H H
Alkene Propene He 42
\ p 'C=C+C-H

(olefin) (propylene) * il ILII

Alkyne Acetylene H—E(i%@}—H
fon i

Alcohol 2-Propanol H—(IZ—:_C_ —C—H

(-OH attached to
alkyl group)

Phenol Phenol @;(_)_H-:
(-OH attached to el

aryl group) F=n
ik
Ketone Acetone H—CI—:_(_Z —'—(IZ—H
H H

[
(When —C—H group is on end carbon,
compound is an aldehyde)

1w
Amine Methylamine H—C—N' |
i --H
i
Nitro compounds Nitromethane H—(Ij—:_ Oz]
H
A
Sulfonic acids Benzenesulfonic @S—OH
acid : 6 :
A
Or ganohalides 1,1-Dichloro- Cl-C—-C-Cl !
ethane I—II I—II o

a Functional group outlined by dashed line.

of atoms in organic molecules. Most functional groups contain at least one element other than
carbon or hydrogen, although two carbon atoms joined by a double bond (alkenes) or triple bond
(alkynes) are likewise considered to be functional groups. Table 1.4 shows some of the major
functional groups that determine the nature of organic compounds.

1.8.1 Organooxygen Compounds

The most common types of compounds with oxygen-containing functional groups are epoxides,
alcohols, phenols, ethers, aldehydes, ketones, and carboxylic acids. The functional groups charac-
teristic of these compounds are illustrated by the examples of oxygen-containing compounds shown
in Figure 1.15.

Ethylene oxide is a moderately to highly toxic sweet-smelling, colorless, flammable, explosive
gas used as a chemical intermediate, sterilant, and fumigant. It is a mutagen and a carcinogen to
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Figure 1.15 Examples of oxygen-containing organic compounds that may be significant as wastes, toxic
substances, or environmental pollutants.

experimental animals. It is classified as hazardous for both its toxicity and ignitability. Methanol
is a clear, volatile, flammable liquid alcohol used for chemical synthesis, as a solvent, and as a
fuel. It has been advocated strongly in some quarters as an alternative to gasoline that would result
in significantly less photochemical smog formation than currently used gasoline formulations. At
least one major automobile manufacturer has been advocating methanol as a fuel that can be
catalytically decomposed to produce hydrogen for fuel cells to propel automobiles. Ingestion of
methanol can be fatal, and blindness can result from sublethal doses. Phenol is a dangerously toxic
aromatic alcohol widely used for chemical synthesis and polymer manufacture. Methyltertiary-
butyl ether (MTBE) is an ether that replaced tetraethyllead as an octane booster in gasoline. More
recently, however, it has been found to be a common water pollutant and is now being phased out
of gasoline. Acrolein is an alkenic aldehyde and a volatile, flammable, highly reactive chemical.
It forms explosive peroxides upon prolonged contact with O,. An extreme lachrimator and strong
irritant, acrolein is quite toxic by all routes of exposure. Acetone is the lightest of the ketones.
Like all ketones, acetone has a carbonyl (C=0) group that is bonded to two carbon atoms (that is,
it is somewhere in the middle of a carbon atom chain). Acetone is a good solvent and is chemically
less reactive than the aldehydes, which all have the functional group

I
—C-H

in which binding of the C=0 to H makes the molecule significantly more reactive. Propionic acid
is a typical organic carboxylic acid. The oxidized —CO,H group characteristic of carboxylic acids
may be produced by oxidizing aldehydes and alcohols that have an —OH group or C=0 group on
an end carbon atom.

1.8.2 Organonitrogen Compounds
Figure 1.16 shows examples of three classes of the many kinds of compounds that contain N

(amines, nitrosamines, and nitro compounds). Nitrogen occurs in many functional groups in organic
compounds, some of which contain nitrogen in ring structures, or along with oxygen.
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Figure 1.16 Examples of organonitrogen compounds that may be significant as wastes, toxic substances, or
environmental pollutants.

Methylamine is a colorless, highly flammable gas with a strong odor. It is a severe irritant
affecting eyes, skin, and mucous membranes. Methylamine is the simplest of the amine compounds,
which have the general formula

where the Rs are hydrogen or hydrocarbon groups, at least one of which is the latter.

Dimethylnitrosamine is an N-nitroso compound, all of which contain the N-N=0 functional
group. It was once widely used as an industrial solvent, but was observed to cause liver damage
and jaundice in exposed workers. Subsequently, numerous other N-nitroso compounds, many
produced as by-products of industrial operations and food and alcoholic beverage processing, were
found to be carcinogenic.

Solid trinitrotoluene (TNT) has been widely used as a military explosive. TNT is moderately
to very toxic and has caused toxic hepatitis or aplastic anemia in exposed individuals, a few of
whom have died from its toxic effects. It belongs to the general class of nitro compounds charac-
terized by the presence of —NO, groups bonded to a hydrocarbon structure.

Some organonitrogen compounds are chelating agents that bind strongly to metal ions and play
a role in the solubilization and transport of heavy metal wastes. Prominent among these are salts
of the aminocarboxylic acids, which, in the acid form, have -CH,CO,H groups bonded to nitrogen
atoms. An important example of such a compound is the monohydrate of trisodium nitrilotriacetate
(NTA):

H O
I g
C—C-0'Na
Q H H
Na+'o—c—(lt—N
H H
| -
c—C-0 Na'
H O

This compound has been widely used in Canada as a substitute for detergent phosphates to bind
to calcium ion and make the detergent solution basic. NTA is used in metal plating formulations.
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Figure 1.17 Examples of organohalide compounds.

It is highly water soluble and quickly eliminated with urine when ingested. It has a low acute
toxicity, and no chronic effects have been shown for plausible doses. However, concern does exist
over its interaction with heavy metals in waste treatment processes and in the environment.

1.8.3 Organohalide Compounds

Organohalides (Figure 1.17) exhibit a wide range of physical and chemical properties. These
compounds consist of halogen-substituted hydrocarbon molecules, each of which contains at least
one atom of F, Cl, Br, or I. They may be saturated (alkyl halides), unsaturated (alkenyl halides),
or aromatic (aryl halides). The most widely manufactured organohalide compounds are chlorinated
hydrocarbons, many of which are regarded as environmental pollutants or hazardous wastes.

1.8.3.1 Alkyl Halides

Substitution of halogen atoms for one or more hydrogen atoms on alkanes gives alkyl halides;
example structural formulas are given in Figure 1.17. Most of the commercially important alkyl
halides are derivatives of alkanes of low molecular mass. A brief discussion of the uses of the
compounds listed in Figure 1.17 is given here to provide an idea of the versatility of the alkyl halides.
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Dichloromethane is a volatile liquid with excellent solvent properties for nonpolar organic
solutes. It has been used as a solvent for the decaffeination of coffee, in paint strippers, as a blowing
agent in urethane polymer manufacture, and to depress vapor pressure in aerosol formulations.
Once commonly sold as a solvent and stain remover, highly toxic carbon tetrachloride is now
largely restricted to uses as a chemical intermediate under controlled conditions, primarily to
manufacture chlorofluorocarbon refrigerant fluid compounds, which are also discussed in this
section. Insecticidal 1,2-dibromoethane has been consumed in large quantities as a lead scavenger
in leaded gasoline and to fumigate soil, grain, and fruit. (Fumigation with this compound has been
discontinued because of toxicological concerns.) An effective solvent for resins, gums, and waxes,
it serves as a chemical intermediate in the syntheses of some pharmaceutical compounds and dyes.

1.8.3.2 Alkenyl Halides

Viewed as hydrocarbon-substituted derivatives of alkenes, the alkenyl, or olefinic, organoha-
lides contain at least one halogen atom and at least one carbon—carbon double bond. The most
significant of these are the lighter chlorinated compounds, such as those illustrated in Figure 1.17.

Vinyl chloride is consumed in large quantities as a raw material to manufacture pipe, hose,
wrapping, and other products fabricated from polyvinylchloride plastic. This highly flammable,
volatile, sweet-smelling gas is a known human carcinogen.

As shown in Figure 1.17, there are three possible dichloroethylene compounds, all clear, col-
orless liquids. Vinylidene chloride forms a copolymer with vinyl chloride used in some kinds of
coating materials. The geometrically isomeric 1,2-dichloroethylenes are used as organic synthesis
intermediates and as solvents. Trichloroethylene is a clear, colorless, nonflammable, volatile liquid.
It is an excellent degreasing and dry-cleaning solvent and has been used as a household solvent
and for food extraction (for example, in decaffeination of coffee). Colorless, nonflammable liquid
tetrachloroethylene has properties and uses similar to those of trichloroethylene. Hexachloro-
butadiene, a colorless liquid with an odor somewhat like that of turpentine, is used as a solvent
for higher hydrocarbons and elastomers, as a hydraulic fluid, in transformers, and for heat transfer.

1.8.3.3 Aryl Halides

Aryl halide derivatives of benzene and toluene have many uses in chemical synthesis: as
pesticides and raw materials for pesticides manufacture, solvents, and a diverse variety of other
applications. These widespread uses over many decades have resulted in substantial human exposure
and environmental contamination. Three example aryl halides are shown in Figure 1.17. Monochlo-
robenzene is a flammable liquid boiling at 132°C. It is used as a solvent, heat transfer fluid, and
synthetic reagent. Used as a solvent, 1,2-dichlorobenzene is employed for degreasing hides and
wool. It also serves as a synthetic reagent for dye manufacture. Bromobenzene is a liquid boiling
at 156°C that is used as a solvent, motor oil additive, and intermediate for organic synthesis.

1.8.3.4 Halogenated Naphthalene and Biphenyl

Two major classes of halogenated aryl compounds containing two benzene rings are made by
the chlorination of naphthalene and biphenyl, once marketed as mixtures with varying degrees of
chlorine content. Examples of chlorinated naphthalenes and polychlorinated biphenyls (PCBs)
(discussed later) are shown in Figure 1.18. The less highly chlorinated of these compounds are
liquids; those with higher chlorine contents are solids. Because of their physical and chemical
stabilities and other qualities, these compounds have had many uses, including heat transfer fluids,
hydraulic fluids, and dielectrics. Polybrominated biphenyls (PBBs) have served as flame retardants.
However, because chlorinated naphthalenes, PCBs, and PBBs are environmentally extremely per-
sistent, their uses have been severely curtailed.
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Figure 1.18 Halogenated naphthalenes and biphenyls.

1.8.3.5 Chlorofluorocarbons, Halons, and Hydrogen-Containing
Chlorofluorocarbons

Chlorofluorocarbons (CFCs) are volatile one- and two-carbon compounds that contain Cl and
F bonded to carbon. These compounds are notably stable and nontoxic. They were once widely
used in the fabrication of flexible and rigid foams and as fluids for refrigeration and air conditioning.
The most widely manufactured of these compounds are CCLLF (CFC-11), CCLF, (CFC-12), C,C1;F,
(CFC-113), C,CLF, (CFC-114), and C,CIF, (CFC-115).

Halons are related compounds that contain bromine and are used in fire extinguisher systems.
The most commonly produced commercial halons are CBrCIF, (Halon-1211), CBrF; (Halon-1301),
and C,Br,F, (Halon-2402), where the sequence of numbers denotes the number of carbon, fluorine,
chlorine, and bromine atoms, respectively, per molecule. Halons are particularly effective fire-
extinguishing agents because of the way in which they stop combustion. Some fire suppressants,
such as carbon dioxide, act by depriving the flame of oxygen by a smothering effect, whereas water
cools a burning substance to a temperature below which combustion is supported. Halons act by
chain reactions (discussed briefly in Section 1.7.1.5) that destroy hydrogen atoms that sustain
combustion. The basic sequence of reactions involved is outlined in the following reactions:

CBrCIF, + H- —> CCIF,* + HBr (1.8.1)
HBr + H:—> Br* + H, (1.8.2)
Chain
reaction |
Bre + H- —> HBr (1.8.3)

Halons are used in automatic fire-extinguishing systems, such as those located in flammable
solvent storage areas, and in specialty fire extinguishers, such as those on aircraft. It has proven
difficult to find substitutes for halons that have the same excellent performance characteristics.

All of the chlorofluorocarbons and halons discussed above have been implicated in the halogen
atom-catalyzed destruction of atmospheric ozone. As a result of U.S. Environmental Protection
Agency regulations imposed in accordance with the 1986 Montreal Protocol on Substances that
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Deplete the Ozone Layer, production of CFCs and halocarbons in the United States was curtailed
starting in 1989. The most common substitutes for these halocarbons are hydrogen-containing
chlorofluorocarbons (HCFCs) and hydrogen-containing fluorocarbons (HFCs). The substitute com-
pounds produced commercially first were CH,FCF; (HFC-134a, substitute for CFC-12 in automo-
bile air conditioners and refrigeration equipment), CHCL,CF; (HCFC-123, substitute for CFC-11
in plastic foam blowing), CH;CCLF (HCFC-141b, substitute for CFC-11 in plastic foam blowing),
and CHCIF, (HCFC-22, substitute in air conditioners and manufacture of plastic foam food con-
tainers). Because of the more readily broken H-C bonds that they contain, these compounds are
more easily destroyed by atmospheric chemical reactions (particularly with hydroxyl radical, see
Section 2.8) before they reach the stratosphere. Relative to a value of 1.0 for CFC-11, the ozone-
depletion potentials of these substitutes are HFC-134a, 0; HCFC-123, 0.016; HCFC-141b, 0.081;
and HCFC-22, 0.053.

1.8.3.6 Chlorinated Phenols

The chlorinated phenols, particularly pentachlorophenol,

OH
Cl Cl

Pentachlorophenol
Cl Cl
Cl

and the trichlorophenol isomers are significant hazardous wastes. These compounds are biocides
that were used to treat wood to prevent rot by fungi and to prevent termite infestation. They are
toxic, causing liver malfunction and dermatitis; contaminant polychlorinated dibenzodioxins may
be responsible for some of the observed effects. Wood preservative chemicals such as pentachlo-
rophenol have been encountered at many hazardous waste sites in wastewaters and sludges.

1.8.4 Organosulfur Compounds

Sulfur is chemically similar to, but more diverse than, oxygen. Whereas, with the exception of
peroxides, most chemically combined organic oxygen is in the —2 oxidation state, sulfur occurs in
the -2, +4, and +6 oxidation states. Many organosulfur compounds are noted for their foul, “rotten
egg,” or garlic odors, which makes them very unpleasant environmental contaminants, but warns
of their presence even at very low levels. A number of example organosulfur compounds are shown
in Figure 1.19.

1.8.4.1 Thiols and Thioethers

Substitution of alkyl or aryl hydrocarbon groups, such as phenyl and methyl for H on hydrogen
sulfide, H,S, leads to a number of different organosulfur thiols (mercaptans, R—-SH) and sulfides,
also called thioethers (R—S—R). Structural formulas of examples of these compounds are shown in
Figure 1.19.

Methanethiol and other, lighter alkyl thiols are fairly common air pollutants that have “ultragar-
lic” odors; both 1- and 2-butanethiol are associated with skunk odor. Gaseous methanethiol is used
as an odorant leak-detecting additive for natural gas, propane, and butane; it is also employed as
an intermediate in pesticide synthesis. A toxic, irritating volatile liquid with a strong garlic odor,
2-propene- 1-thiol (allyl mercaptan) is a typical alkenyl mercaptan. Benzenethiol (phenyl mercaptan)
is the simplest of the aryl thiols. It is a toxic liquid with a severely repulsive odor.
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Figure 1.19 Examples of organosulfur compounds.

Alkyl sulfides or thioethers contain the C—S—C functional group. The lightest of these com-
pounds is dimethyl sulfide, a volatile liquid (boiling point (bp) 38°C) that is moderately toxic by
ingestion. It is released to the atmosphere by marine organisms and is a major source of atmospheric
sulfur. Cyclic sulfides contain the C—S—C group in a ring structure. The most common of these
compounds is thiophene, a heat-stable liquid (bp 84°C) with a solvent action much like that of
benzene that is used in the manufacture of pharmaceuticals, dyes, and resins. Its saturated analog
is tetrahydrothiophene, or thiophane.
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1.8.4.2 Nitrogen-Containing Organosulfur Compounds

Many important organosulfur compounds also contain nitrogen. One such compound is thio-
urea, the sulfur analog of urea. Its structural formula is shown in Figure 1.19. Thiourea and
phenylthiourea have been used as rodenticides. Commonly called ANTU, 1-naphthylthiourea is
an excellent rodenticide that is virtually tasteless and has a very high rodent:human toxicity ratio.

1.8.4.3 Sulfoxides and Sulfones

Sulfoxides and sulfones (Figure 1.19) contain both sulfur and oxygen. Dimethylsulfoxide
(DMSO) is a liquid with numerous uses and some very interesting properties. It is used to remove
paint and varnish, as a hydraulic fluid, mixed with water as an antifreeze solution, and in pharma-
ceutical applications as an anti-inflammatory and bacteriostatic agent. A polar aprotic (no ionizable
H) solvent with a relatively high dielectric constant, sulfolane dissolves both organic and inorganic
solutes. It is the most widely produced sulfone because of its use in an industrial process called
BTX processing, in which it selectively extracts benzene, toluene, and xylene from aliphatic
hydrocarbons; as the solvent in the Sulfinol process, by which thiols and acidic compounds are
removed from natural gas; as a solvent for polymerization reactions; and as a polymer plasticizer.

1.8.4.4 Sulfonic Acids, Salts, and Esters

Sulfonic acids and sulfonate salts contain the —SO;H and —SOj groups, respectively, attached
to a hydrocarbon moiety. The structural formulas of benzene sulfonic acids and of sodium 1-(p-
sulfophenyl)decane, a biodegradable detergent surfactant, are shown in Figure 1.19. The common
sulfonic acids are water-soluble strong acids that lose virtually all ionizable H* in aqueous solution.
They are used commercially to hydrolyze fat and oil esters to produce fatty acids and glycerol used
in chemical synthesis.

1.8.4.5 Organic Esters of Sulfuric Acid

Replacement by a hydrocarbon group of one H on sulfuric acid, H,SO,, yields an acid ester,
and replacement of both yields an ester. Examples of these esters are shown in Figure 1.19. Sulfuric
acid esters are used as alkylating agents, which act to attach alkyl groups (such as methyl) to
organic molecules, in the manufacture of agricultural chemicals, dyes, and drugs. Methylsulfuric
acid and ethylsulfuric acid are oily water-soluble liquids that are strong irritants to skin, eyes, and
mucous tissue. Dimethylsulfate in which both H atoms of sulfuric acid are substituted by methyl
groups is of particular concern because of some evidence it is a primary carcinogen that does not
require bioactivation to cause cancer.

1.8.5 Organophosphorus Compounds
1.8.5.1 Alkyl and Aromatic Phosphines

The first two examples in Figure 1.20 illustrate that the structural formulas of alkyl and aromatic
phosphine compounds may be derived by substituting organic groups for the H atoms in phosphine
(PH;), the hydride of phosphorus, discussed as a toxic inorganic compound in Section 12.10.
Methylphosphine is a colorless, reactive gas. Crystalline, solid triphenylphosphine has a low
reactivity and moderate toxicity when inhaled or ingested.

As shown by the reaction,

4CH,P + 260, — 12CO, + 18H,0 + P,0,, (1.8.4)
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Figure 1.20 Some representative organophosphorus compounds.

combustion of aromatic and alkyl phosphines produces P,O,,, a corrosive irritant toxic substance
that reacts with moisture in the air to generate a visibility-obscuring fog of aerosol droplets
consisting of corrosive orthophosphoric acid, H;PO,.

1.8.5.2 Organophosphate Esters

The structural formulas of three esters of orthophosphoric acid (H;PO,) and an ester of pyro-
phosphoric acid (H,P,0;) are shown in Figure 1.20. Although trimethylphosphate is considered
to be only moderately toxic, tri-o-cresyl-phosphate (TOCP) has a notorious record of poisonings.
Tetraethylpyrophosphate (TEPP) was developed in Germany during World War II as a substitute
for insecticidal nicotine. Although it is a very effective insecticide, its use in that application was
of very short duration because it kills almost everything else, too.

1.8.5.3 Phosphorothionate Esters

Parathion, shown in Figure 1.20, is an example of a phosphorothionate ester. These compounds
are used as insecticidal acetylcholinesterase inhibitors. They contain the P=S (thiono) group, which
increases their insect:mammal toxicity ratios. Since the first organophosphate insecticides were
developed in Germany during the 1930s and 1940s, many insecticidal organophosphate compounds
have been synthesized. One of the earliest and most successful of these is parathion, O,0-diethyl-
O-p-nitrophenylphosphorothionate (banned from use in the United States in 1991 because of its
acute toxicity to humans). From a long-term environmental standpoint, organophosphate insecti-
cides are superior to the organohalide insecticides that they largely displaced because the organo-
phosphates readily undergo biodegradation and do not bioaccumulate.
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Figure 1.21 Polyvinylchloride polymer.

1.9 OPTICAL ISOMERISM

Figure 1.11 showed cis and trans isomers of the alkene 2-butene. This is an example of
geometrical isomerism in which the same bonds are present in a molecule, but are arranged in a
different way. Another, more subtle form of isomerism is optical isomerism, which is based on
the fact that some molecules can be mirror images of each other that are not superimposable, just
as left and right gloves, both placed palm down, cannot be superimposed on each other, although
placed palm to palm they are mirror images. Such isomers are known as optical isomers because
in the pure form they rotate plane-polarized light either left or right. The d isomer rotates such
light right and is said to be dextrorotatory, whereas the / isomer rotates plane-polarized light left
and is labeled levorotatory. The d and [ isomers of the same compound are called enantiomers,
and the compounds that form enantiomers are said to be chiral.

Except for the property of rotating plane-polarized light in opposite directions, the physical
properties of enantiomers of the same compound are identical. In addition, their chemical properties
are identical, except when they are acted upon by another chiral molecule. One such kind of
molecule consists of enzymes, large molecules of proteins that catalyze biochemical reactions.
Therefore, many biochemical reactions involve chiral molecules.

Chirality has a strong influence on toxicity. This was tragically illustrated in the case of
thalidomide (see Section 6.14) produced as a mixture of equal parts of d and / isomers, called a
racemic mixture, and administered to counteract the nausea of morning sickness in early stages
of pregnancy. One of the enantiomers was effective in this application and the other, tragically,
caused devastating birth defects when the drug was used in Europe and Japan in the 1960s. Recently,
using chiral synthetic procedures, the “good” isomer has been synthesized in a pure form and is
now a well-regarded pharmaceutical for some applications.

1.10 SYNTHETIC POLYMERS

A large fraction of the chemical industry worldwide is devoted to polymer manufacture, which
is very important in the area of hazardous wastes, as a source of environmental pollutants, in
toxicology, and in the manufacture of materials used to alleviate environmental and waste problems.
Synthetic polymers are produced when small molecules called monomers bond together to form
a much smaller number of very large molecules. Many natural products are polymers; for example,
cellulose in wood, paper, and many other materials is a polymer of the sugar glucose. Synthetic
polymers form the basis of many industries, such as rubber, plastics, and textiles manufacture.

An important example of a polymer is polyvinylchloride, shown in Figure 1.21. This polymer
is synthesized in large quantities for the manufacture of water and sewer pipes, water-repellant
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Figure 1.22 Monomers from which commonly used polymers are synthesized.
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Figure 1.23 Polymeric cation exchanger in the sodium form.

liners, and other plastic materials. Other major polymers include polyethylene (plastic bags, milk
cartons), polypropylene (impact-resistant plastics, indoor—outdoor carpeting), polyacrylonitrile
(Orlon, carpets), polystyrene (foam insulation), and polytetrafluoroethylene (Teflon coatings, bear-
ings); the monomers from which these substances are made are shown in Figure 1.22.

Polymers have a number of applications in waste treatment and disposal. Waste disposal landfill
liners are made from synthetic polymers, as are the fiber filters that remove particulate pollutants
from flue gas in baghouses. Membranes used for ultrafiltration and reverse osmosis treatment of
water are composed of very thin sheets of synthetic polymers. Organic solutes can be removed
from water by sorption onto hydrophobic (water-repelling) organophilic beads of Amberlite XAD
resin. Heavy metal pollutants are removed from wastewater by cation exchange resins made of
polymers with anionic functional groups. Typically, these resins exchange harmless sodium ion,
Na*, on the solid resin for toxic heavy metal ions in water. Figure 1.23 shows a segment of the
polymeric structure of a cation exchange resin in the sodium form.

Many of the hazards from the polymer industry arise from the monomers used as raw materials.
Many monomers are reactive and flammable, with a tendency to form explosive vapor mixtures
with air. All have a certain degree of toxicity; vinyl chloride is a known human carcinogen. The
combustion of many polymers may result in the evolution of toxic gases, such as hydrogen cyanide
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(HCN) from polyacrylonitrile or hydrogen chloride (HCI) from polyvinylchloride. Another hazard
presented by plastics results from the presence of plasticizers added to provide essential properties,
such as flexibility. The most widely used plasticizers are phthalates (see Chapter 14), which are
environmentally persistent, resistant to treatment processes, and prone to undergo bioaccumulation.
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QUESTIONS AND PROBLEMS

1. What distinguishes a radioactive isotope from a “normal” stable isotope?
2. Why is the periodic table so named?
3. Match the following:

1. O, (a) Element consisting of individual atoms

2. NH, (b) Element consisting of chemically bonded atoms
3. Ar (c) Ionic compound

4. NaCl (d) Covalently bound compound

4. Consider the following atom:

How many electrons, protons, and neutrons does it have? What is its atomic number? Give the
name and chemical symbol of the element of which it is composed.

5. After examining Figure 1.7, consider what might happen when an atom of sodium (Na), atomic
number 11, loses an electron to an atom of fluorine, (F), atomic number 9. What kinds of particles
are formed by this transfer of a negatively charged electron? Is a chemical compound formed?
What is it called?

6. Give the chemical formula and molecular mass of the molecule represented below:

@é}%}—i}@
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10.

11.

12.

13.

14.
15.

16.

17.
18.
19.

20.

21.

22.

23.
24.
25.
26.
27.
28.

29.
30.

Calculate the molecular masses of (a) C,H,, (b) N,H,, (c) Na,O, (d) O, (ozone), (e) PH,, and () CO,.
Is the equation H, + O, — H,0O a balanced chemical equation? Explain. Point out the reactants
and products in the equation.

Define and distinguish the differences between environmental chemistry, environmental biochem-
istry, and toxicological chemistry.

An uncharged atom has the same number of as protons. The electrons in
an atom are contained in a cloud of around the nucleus that occupies most of
the atom.

Match:

A. Argon 1. A halogen

B. Hydrogen 2. Fissionable element

C. Uranium 3. Noble gas

D. Chlorine 4. Has an isotope with a mass number of 2

E. Mercury 5. Toxic heavy metal

The entry for each element in the periodic table gives the element’s
, and the periodic table is arranged

horizontally in and vertically in .

Electrons in atoms occupy in which electrons have different
. Each of these may contain a maximum of electrons.

The Lewis symbol of carbon is , in which each dot represents a

Elements that are generally solid, shiny in appearance, electrically conducting, and malleable are
whereas elements that tend to have a dull appearance, are not at all
malleable, and frequently occur as gases or liquids are . Elements with
intermediate properties are
In the Lewis formula

H:H

the two dots represent
Explain why H, is not a chemical compound, whereas H,O is a chemical compound

Using examples, distinguish between covalent and ionic bonds.

In terms of ¢, h, o, and the appropriate atomic masses, write a formula for the molecular mass of
a compound with a general formula of C H,0,.

Considering oxidation and reduction phenomena, when Al reacts with O, to produce Al,O5, which
contains the AI**ion, the Al is said to have been and is in the oxidation state.
Calculate the concentration in moles per liter of (a) a solution that is 27.0% H,SO, by mass and
that has a density of 1198 g/L, and (b) of a solution that is 1 mg/L. H,SO, having a density of
1000 g/L.

Calculate the pH of the second solution described in the preceding problem, keeping in mind that
each H,SO, molecule yields two H* ions.

Write a balanced neutralization reaction between NaOH and H,SO,.

Distinguish between solutions and colloidal suspensions.

What is the nature of the Fe** ion? Why are solutions containing this ion acidic?

What kind of species is Ni(CN)7~?

Explain the bonding properties of carbon that make organic chemistry so diverse.

Distinguish among alkanes, alkenes, alkynes, and aromatic compounds. To which general class of
organic compounds do all belong?

In what sense are alkanes saturated? Why are alkenes more reactive than alkanes?

Name the compound below:

H,C CH,

H| | HHH

H—?—C—C—?—?—CFH

| |
T T
CH,
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31.
32.
33.
34.

35.
36.
37.
38.

39.
40.

41.
42.
43.
44.
45.
46.
47.
48.

49.
50.

What is indicated by » in a hydrocarbon name?

Discuss the chemical reactivity of alkanes. Why are they chemically reactive or unreactive?
Discuss the chemical reactivity of alkenes. Why are they chemically reactive or unreactive?
What are the characteristics of aromaticity? What are the chemical reactivity characteristics of
aromatic compounds?

Describe chain reactions, discussing what is meant by free radicals and photochemical processes.
Define, with examples, what is meant by isomerism.

Describe how the two forms of 1,2-dichloroethylene can be used to illustrate cis—trans isomerism.
Give the structural formula corresponding to the condensed structural formula of
CH,CH(C,H;)CH(C,H,)CH,CH,.

Discuss how organic functional groups are used to define classes of organic compounds.

Give the functional groups corresponding to (a) alcohols, (b) aldehydes, (c) carboxylic acids, (d)
ketones, (e) amines, (f) thiol compounds, and (g) nitro compounds.

Give an example compound of each of the following: epoxides, alcohols, phenols, ethers, alde-
hydes, ketones, and carboxylic acids.

Which functional group is characteristic of N-nitroso compounds, and why are these compounds
toxicologically significant?

Give an example of each of the following: alkyl halides, alkenyl halides, and aromatic halides.
Give an example compound of a chlorinated naphthalene and of a PCB.

What explains the tremendous chemical stability of CFCs? What kinds of compounds are replacing
CFCs? Why?

How does a thio differ from a thioether?

How does a sulfoxide differ from a sulfone?

Which inorganic compound is regarded as the parent compound of alkyl and aromatic phosphines?
Give an example of each of these.

What are organophosphate esters and what are their toxicological significance?

Define what is meant by a polymer and give an example of one.
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CHAPTER 2

Environmental Chemistry

2.1 ENVIRONMENTAL SCIENCE AND ENVIRONMENTAL CHEMISTRY

In order to understand toxicological chemistry, it is necessary to have some understanding of
the environmental context in which toxicological chemical phenomena occur. This in turn requires
an understanding of the broader picture of environmental science and environmental chemistry,
which are addressed in this chapter. Also needed is an understanding of how environmental
chemicals interact with organisms and their ecosystems, as addressed by the topic of ecotoxicology,
covered in Chapter 5.

Environmental science can be defined as the study of the earth, air, water, and living environ-
ments, and the effects of technology thereon.' To a significant degree, environmental science has
evolved from investigations of the ways by which, and places in which, living organisms carry out
their life cycles. This is the discipline of natural history, which in recent times has evolved into
ecology, the study of environmental factors that affect organisms and how organisms interact with
these factors and with each other.

2.1.1 The Environment

Traditionally, environmental science has been divided among the study of the atmosphere, the
hydrosphere, the geosphere, and the biosphere. To an increasing extent during their brief time on
earth, humans have used their ingenuity and technology to cause enormous perturbations in the
natural environment. This has occurred to such a degree that it is now necessary to recognize a
fifth sphere of the environment that is constructed and operated by humans, the anthrosphere. The
five spheres of the environment are shown in Figure 2.1.

The atmosphere is the thin layer of gases that cover Earth’s surface. In addition to its role as
a reservoir of gases, the atmosphere moderates Earth’s temperature, absorbs energy and damaging
ultraviolet radiation from the sun, transports energy away from equatorial regions, and serves as a
pathway for vapor-phase movement of water in the hydrologic cycle. The hydrosphere contains
Earth’s water. Over 97% of Earth’s water is in oceans, and most of the remaining fresh water is in
the form of ice. Therefore, only a relatively small percentage of the total water on Earth is actually
involved with terrestrial, atmospheric, and biological processes. Exclusive of seawater, the water
that circulates through environmental processes and cycles occurs in the atmosphere, underground
as ground water, and as surface water in streams, rivers, lakes, ponds, and reservoirs. The geosphere
consists of the solid earth, including soil, which supports most plant life. The part of the geosphere
that is directly involved with environmental processes through contact with the atmosphere, the
hydrosphere, and living things is the solid lithosphere. The lithosphere varies from 50 to 100 km
in thickness. The most important part of it insofar as interactions with the other spheres of the
environment are concerned is its thin outer skin, composed largely of lighter, silicate-based minerals
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Figure 2.1 lllustration of the close relationships of the air, water, and earth environments with each other and
with living systems, as well as the tie-in with technology (the anthrosphere).

and called the crust. All living entities on Earth compose the biosphere. Living organisms and the
aspects of the environment pertaining directly to them are called biotic, and other portions of the
environment are abiotic. The anthrosphere consists of all the structures and devices made and
operated by humans. The anthrosphere is composed of buildings, highways, parking lots, railroads,
vehicles, aircraft, and other things that people make and do in Earth’s environment. It obviously
has a major influence on all environmental phenomena, and any realistic treatment of environmental
science must consider the anthrosphere along with the other four environmental spheres.

To a large extent, the strong interactions among living organisms and the various spheres of the
abiotic environment are best described by cycles of matter that involve biological, chemical, and
geological processes and phenomena. Such cycles are called biogeochemical cycles. Organisms partic-
ipate in biogeochemical cycles, which describe the circulation of matter, particularly plant and animal
nutrients, through ecosystems. As part of the carbon cycle, atmospheric carbon in CO, is fixed as
biomass; as part of the nitrogen cycle, atmospheric N, is fixed in organic matter. The reverse of these
kinds of processes is mineralization, in which biologically bound elements are returned to inorganic
states. A typical biogeochemical cycle, the nitrogen cycle, is shown in Figure 2.2.
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Figure 2.2 The nitrogen cycle.

2.1.2 Environmental Chemistry

Environmental chemistry is the study of the sources, reactions, transport, effects, and fates
of chemical species in the water, air, terrestrial, and living environments and the effects of human
activities thereon.>? Some idea of the complexity of environmental chemistry as a discipline may
be realized by examining Figure 2.1, which indicates the interchange of chemical species among
various environmental spheres. Throughout an environmental system there are variations in tem-
perature, mixing, intensity of solar radiation, input of materials, and various other factors that
strongly influence chemical conditions and behavior. Because of its complexity, environmental
chemistry must be approached with simplified models. This chapter presents an overview of
environmental chemistry

The definition of environmental chemistry given above is illustrated for a typical environmental
pollutant in Figure 2.3. Pollutant sulfur dioxide is generated in the anthrosphere by combustion of
sulfur in coal, which has been extracted from the geosphere. The SO, is transported to the atmos-
phere with flue gas and oxidized by chemical and photochemical processes in the atmosphere to
sulfuric acid. The sulfuric acid, in turn, falls as acidic precipitation, where it may have detrimental
effects, such as toxic effects, on trees and other plants in the biosphere. Eventually the sulfuric
acid is carried by stream runoff in the hydrosphere to a lake or ocean, where its ultimate fate is to
be stored in solution in the water or precipitated as solid sulfates and returned to the geosphere.
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Figure 2.3 lllustration of the definition of environmental chemistry by the example of pollutant sulfuric acid
formed by the oxidation of sulfur dioxide generated during the combustion of sulfur-containing coal.

2.2 WATER

Although water is part of all environmental spheres, it is convenient to regard portions of the
environment as constituting the hydrosphere. Water circulates throughout the hydrosphere in one
of nature’s great cycles, the hydrologic cycle. As shown in Figure 2.4, there are several important
parts of the hydrosphere, and these are, in turn, closely related to the other environmental spheres.
Earth’s water is contained in several compartments of the hydrologic cycle. The amounts of water
and the residence times of water in these compartments vary greatly. By far, the largest of these
compartments consists of the oceans, containing about 97% of all Earth’s chemically unbound
water, with a residence time of about 3000 years. Oceans serve as a huge reservoir for water and
as the source of most water vapor that enters the hydrologic cycle. As vast heat sinks, oceans have
a tremendous moderating effect on climate. A relatively large amount of water is also contained
in the solid state as ice, snowpacks, glaciers, and the polar ice caps. Surface water is found in lakes,
streams, and reservoirs. Groundwater is located in aquifers underground. Another fraction of water
is present as water vapor in the atmosphere (clouds). There is a strong connection between the
hydrosphere, where water is found, and the geosphere, or land; human activities affect both.

Water has a number of unique properties that are essential to life, due largely to its molecular
structure and bonding properties. Among the special characteristics of water are the fact that it is
an excellent solvent, it has a temperature—density relationship that results in bodies of water
becoming stratified in layers, it is transparent, and it has an extraordinary capacity to absorb, retain,
and release heat per unit mass of ice, liquid water, or water vapor.

Water’s unique temperature—density relationship results in the formation of distinct layers within
nonflowing bodies of water, as shown in Figure 2.5. During the summer, a surface layer (epilim-
nion) is heated by solar radiation and, because of its lower density, floats on the bottom layer, or
hypolimnion. This phenomenon is called thermal stratification. When an appreciable temperature
difference exists between the two layers, they do not mix, but behave independently and have very
different chemical and biological properties. The epilimnion, which is exposed to light, may have
a heavy growth of algae. As a result of exposure to the atmosphere and (during daylight hours)
because of the photosynthetic activity of algae, the epilimnion contains relatively higher levels of
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Figure 2.4 The hydrologic cycle, quantities of water in trillions of liters per day.

0, Co,
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Epilimnion Photosynthesis

Relatively high dissolved O, chemical species in oxidized forms

Thermocline
Hypolimnion Relatively low dissolved O,, chem-
ical species in reduced forms

Exchange of chemical
species with sediments

Figure 2.5 Stratification of a body of water.

dissolved oxygen and is said to be aerobic. In the hypolimnion, bacterial action on biodegradable
organic material consumes oxygen and may cause the water to become anaerobic, that is, essentially
free of oxygen. As a consequence, chemical species in a relatively reduced form tend to predominate

in the hypolimnion.
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Figure 2.6 Major aquatic chemical processes.

2.3 AQUATIC CHEMISTRY

Figure 2.6 summarizes the more important environmental chemical aspects of aquatic chem-
istry. As shown in this figure, a number of chemical phenomena occur in water. Many aquatic
chemical processes are influenced by the action of algae and bacteria in water. For example, it is
shown that algal photosynthesis fixes inorganic carbon from HCOj ion in the form of biomass
(represented as {CH,01}), in a process that also produces carbonate ion, CO% . Carbonate undergoes
an acid-base reaction to produce OH- ion and raise the pH, or it reacts with Ca?* ion to precipitate
solid CaCO;. Most of the many oxidation—reduction reactions that occur in water are mediated
(catalyzed) by bacteria. For example, bacteria convert inorganic nitrogen largely to ammonium ion,
NHj, in the oxygen-deficient (anaerobic) lower layers of a body of water. Near the surface, which
is aerobic because O, is available from the atmosphere, bacteria convert inorganic nitrogen to nitrate
ion, NOj;. Metals in water may be bound to organic metal-binding species called chelating agents,
such as pollutant nitrilotriacetic acid (NTA) or naturally occurring fulvic acids produced by decay
of plant matter. Gases are exchanged with the atmosphere, and various solutes are exchanged
between water and sediments in bodies of water.

2.3.1 Oxidation—-Reduction
Oxidation-reduction (redox) reactions in water involve the transfer of electrons between
chemical species, usually through the action of bacteria. The relative oxidation—reduction tendencies

of a chemical system depend on the activity of the electron e~. When the electron activity is
relatively high, chemical species, including water, tend to accept electrons,

2H,0 + 2e- == H,(g) + 20H- 2.3.1)

and are said to be reduced. When the electron activity is relatively low, the medium is oxidizing,
and chemical species such as H,O may be oxidized by the loss of electrons,

2H,0 &= O,(g) + 4H* + de- (2.3.2)
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The relative tendency toward oxidation or reduction may be expressed by the electrode potential,
E, which is more positive in an oxidizing medium and more negative in a reducing medium.

2.3.2 Complexation and Chelation

Metal ions in water are always bonded to water molecules in the form of hydrated ions
represented by the general formula M(H,0)%, from which H,O is often omitted for simplicity.
Other species may be present that bond to the metal ion more strongly than does water. For example,
cadmium ion dissolved in water, Cd?**, reacts with cyanide ion, CN -, as follows:

Cd?* + CN- — CdCN* (2.3.3)

The product of the reaction is called a complex (complex ion), and the cyanide ion is called a
ligand. Some ligands, called chelating agents, can bond with a metal ion in two or more places,
forming particularly stable complexes. Chelating agents are almost always organic molecules or
anions.

In addition to metal complexes and chelates, another major type of environmentally important
metal species consists of organometallic compounds. These differ from complexes and chelates
in that the organic portion is bonded to the metal by a carbon-metal bond and the organic ligand
is frequently not capable of existing as a stable separate species.

Complexation, chelation, and organometallic compound formation have strong effects on metals
in the environment. For example, complexation with negatively charged ligands may convert a
soluble metal cation, which is readily bound and immobilized by ion exchange processes in soil,
to an anion, such as Ni(CN)3, that is not strongly held by soil. On the other hand, some chelating
agents are used for the treatment of heavy metal poisoning in chelation therapy (see chelation
therapy for lead poisoning in Section 10.4). Furthermore, insoluble chelating agents, such as
chelating resins, can be used to remove metals from waste streams.

2.3.3 Water Interactions with Other Phases

Most of the important chemical phenomena associated with water do not occur in solution, but
rather through interaction of solutes in water with other phases. Such interactions may involve
exchange of solute species between water and sediments, gas exchange between water and the
atmosphere, and effects of organic surface films. Substances dissolve in water from other phases,
and gases are evolved and solids precipitated as the result of chemical and biochemical phenomena
in water.

Sediments are repositories of a wide variety of chemical species and are the media in which
many chemical and biochemical processes occur. Sediments are sinks for many hazardous organic
compounds and heavy metal salts that have entered into water.

Colloids, which consist of very small particles ranging from 0.001 to 1 um in diameter, have
a strong influence on aquatic chemistry. Colloids have very high surface-to-volume ratios, so their
physical, chemical, and biological activities may be high. Colloids may be very difficult to remove
from water during water treatment.

2.3.4 Water Pollutants

Natural waters are afflicted with a wide variety of inorganic, organic, and biological pollutants.
In some cases, such as that of highly toxic cadmium, a pollutant is directly toxic at a relatively
low level. In other cases, the pollutant itself is not toxic, but its presence results in conditions
detrimental to water quality. For example, biodegradable organic matter in water is often not toxic,
but the consumption of oxygen during its degradation prevents the water from supporting fish life.
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Some contaminants, such as NaCl, are normal constituents of water at low levels, but harmful
pollutants at higher levels. The proper design of industrial ecosystems minimizes the release of
water pollutants.

2.3.5 Water Treatment

The treatment of water can be considered under two major categories: (1) treatment before use,
and (2) treatment of contaminated water after it has passed through a municipal water system or
industrial process. In both cases, consideration must be given to potential contamination by pol-
lutants and their removal from water to acceptable levels.

Several operations may be employed to treat water prior to use. Aeration is used to drive off
odorous gases, such as H,S, and to oxidize soluble Fe?* and Mn?*ions to insoluble forms. Lime is
added to remove dissolved calcium (water hardness). Al,(SO,); forms a sticky precipitate of
Al(OH),, which causes very fine particles to settle. Various filtration and settling processes are
employed to treat water. Chlorine, Cl,, is added to kill bacteria. Formation of undesirable by-
products of water chlorination may be avoided by disinfection with chlorine dioxide, Cl1O,, or
ozone, O;.

Municipal wastewater may be subjected to primary, secondary, or advanced water treatment.
Primary water treatment consists of settling and skimming operations that remove grit, grease,
and physical objects from water. Secondary water treatment is designed to take out biochemical
oxygen demand (BOD). This is normally accomplished by introducing air and microorganisms
such that waste biomass in the water, { CH,0}, is removed by aerobic respiration of microorganisms
acting on degradable biomass:

{CH,0} + O, = CO, + H,0 (aerobic respiration) 2.3.4)

2.4 THE GEOSPHERE

The geosphere, or solid Earth, is that part of the Earth upon which humans live and from which
they extract most of their food, minerals, and fuels. Once thought to have an almost unlimited
buffering capacity against the perturbations of humankind, the geosphere is now known to be rather
fragile and subject to harm by human activities, such as mining, acid rain, erosion from poor
cultivation practices, and disposal of hazardous wastes. It may be readily seen that the preservation
of the geosphere in a form suitable for human habitation is one of the greatest challenges facing
humankind.

2.4.1 Solids in the Geosphere

The part of Earth’s geosphere that is accessible to humans is the crust, which, ranging from 5
to 40 km in thickness, is extremely thin compared to the diameter of the earth. Most of the solid
earth crust consists of rocks. Rocks are composed of minerals, where a mineral is a naturally
occurring inorganic solid with a definite internal crystal structure and chemical composition. A
rock is a solid, cohesive mass of pure mineral or an aggregate of two or more minerals.

At elevated temperatures deep beneath Earth’s surface, rocks and mineral matter melt to produce
a molten substance called magma. Cooling and solidification of magma produces igneous rock.
Common igneous rocks are granite, basalt, quartz (SiO,), feldspar ((Ca,Na,K)AlSi;Oy), and mag-
netite (Fe;O,). Exposure of igneous rocks formed under water-deficient, chemically reducing
conditions of high temperature and high pressure to wet, oxidizing, low-temperature, and low-
pressure conditions at the surface causes the rocks to disintegrate by a process called weathering.
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Figure 2.7  Soil profile showing soil horizons.

Erosion from wind, water, or glaciers picks up materials from weathering rocks and deposits
them as sediments or soil. A process called lithification describes the conversion of sediments to
sedimentary rocks. In contrast to the parent igneous rocks, sediments and sedimentary rocks are
porous, soft, and chemically reactive. Metamorphic rock is formed by the action of heat and
pressure on sedimentary, igneous, or other kinds of metamorphic rock that are not in a molten state.

Although over 2000 minerals are known, only about 25 rock-forming minerals make up most
of the Earth’s crust. Oxygen and silicon comprise 49.5 and 25.7% by mass of the Earth’s crust,
respectively; therefore, most minerals are silicates such as quartz, SiO,, or potassium feldspar,
KAISi;0q. In descending order of abundance, the other elements in the Earth’s crust are aluminum
(7.4%), iron (4.7%), calcium (3.6%), sodium (2.8%), potassium (2.6%), magnesium (2.1%), and
other (1.6%).

2.5 SOIL

Insofar as the human environment and life on Earth are concerned, the most important part of
the Earth’s crust is soil, which consists of particles that make up a variable mixture of minerals,
organic matter, and water, capable of supporting plant life on Earth’s surface. It is the final product
of the weathering action of physical, chemical, and biological processes on rocks. The organic
portion of soil consists of plant biomass in various stages of decay. High populations of bacteria,
fungi, and animals such as earthworms may be found in soil. Soil contains air spaces and generally
has a loose texture.

Soils usually exhibit distinctive layers with increasing depth (Figure 2.7). These layers, called
horizons, form as the result of complex interactions among processes that occur during weathering.
Rainwater percolating through soil carries dissolved and colloidal solids to lower horizons, where
they are deposited. Biological processes, such as bacterial decay of residual plant biomass, produce
slightly acidic CO,, organic acids, and complexing compounds that are carried by rainwater to
lower horizons, where they interact with clays and other minerals, altering the properties of the
minerals. The top layer of soil, typically several inches in thickness, is known as the A horizon, or
topsoil. This is the layer of maximum biological activity in the soil; it contains most of the soil’s
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Figure 2.8 Plants transport water from the soil to the atmosphere by transpiration. Nutrients are also carried
from the soil to the plant extremities by this process. Plants remove CO, from the atmosphere and
add O, by photosynthesis. The reverse occurs during plant respiration.

organic matter. Metal ions and clay particles in the A horizon are subject to considerable leaching,
such that it is sometimes called the zone of leaching. The next layer is the B horizon, or subsoil.
It receives material such as organic matter, salts, and clay particles leached from the topsoil, so it
is called the zone of accumulation. The C horizon is composed of fractured and weathered parent
rocks from which the soil originated.

Soils exhibit a large variety of characteristics that are used to classify them for various purposes,
including crop production, road construction, and waste disposal. The parent rocks from which
soils are formed obviously play a strong role in determining the composition of soils. Other soil
characteristics include strength, workability, soil particle size, permeability, and degree of maturity.

Water is a crucial part of the three-phase, solid-liquid—gas system making up soil. It is the
solvent of the soil solution (see Section 2.6) and is the basic transport medium for carrying plant
nutrients from solid soil particles into plant roots and to the farthest reaches of the plant’s leaf
structure (Figure 2.8). The water enters the atmosphere from the plant’s leaves, a process called
transpiration. Large quantities of water are required for the production of most plant materials.

Normally, because of the small size of soil particles and the presence of small capillaries and
pores in the soil, the water phase is not totally independent of soil solid matter. Water present in
larger spaces in soil is relatively more available to plants and readily drains away. Water held in
smaller pores or between the unit layers of clay particles is held much more firmly. Water in soil
interacts strongly with organic matter and clay minerals.
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2.6 GEOCHEMISTRY AND SOIL CHEMISTRY

Geochemistry deals with chemical species, reactions, and processes in the lithosphere and their
interactions with the atmosphere and hydrosphere. The branch of geochemistry that explores the
complex interactions among the rock—water—air-life (and human) systems that determine the
chemical characteristics of the surface environment is environmental geochemistry. Obviously,
geochemistry and its environmental subdiscipline are very important in environmental science and
in considerations of industrial ecology.

Geochemistry addresses a large number of chemical and related physical phenomena. Some of
the major areas of geochemistry are the following:

¢ The chemical composition of major components of the geosphere, including magma and various
kinds of solid rocks

* Processes by which elements are mobilized, moved, and deposited in the geosphere through a
cycle known as the geochemical cycle

e Chemical processes that occur during the formation of igneous rocks from magma

* Chemical processes that occur during the formation of sedimentary rocks

¢ Chemistry of rock weathering

¢ Chemistry of volcanic phenomena

* Role of water and solutions in geological phenomena, such as deposition of minerals from hot
brine solutions

* The behavior of dissolved substances in concentrated brines

An important consideration in geochemistry is that of the interaction of life-forms with
geochemical processes, addressed as biogeochemistry or organic geochemistry. The deposition of
biomass and the subsequent changes that it undergoes have caused huge deposits of petroleum,
coal, and oil shale. Chemical changes induced by photosynthesis have resulted in massive deposits
of calcium carbonate (limestone). Deposition of the biochemically synthesized shells of microscopic
animals has led to the development of large formations of calcium carbonate and silica. Bio-
geochemistry is closely involved with elemental cycles, such as the nitrogen cycle shown in
Figure 2.2.

2.6.1 Physical and Chemical Aspects of Weathering

Defined in Section 2.4, weathering is discussed here as a geochemical phenomenon. Rocks
tend to weather more rapidly when there are pronounced changes over time in physical conditions
— alternate freezing and thawing and wet periods alternating with severe drying. Other mechanical
aspects are swelling and shrinking of minerals with hydration and dehydration, as well as growth
of roots through cracks in rocks. The rates of chemical reactions involved in weathering increase
with increasing temperature.

As a chemical phenomenon, weathering can be viewed as the result of the tendency of the
rock—water—mineral system to attain equilibrium. This occurs through the usual chemical mecha-
nisms of dissolution and precipitation, acid—base reactions, complexation, hydrolysis, and oxida-
tion—reduction.

Weathering is very slow in dry air. Water increases the rate of weathering by many orders of
magnitude for several reasons. Water, itself, is a chemically active substance in the weathering
process. Furthermore, water holds weathering agents in solution such that they are transported to
chemically active sites on rock minerals and contact the mineral surfaces at the molecular and ionic
levels. Prominent among such weathering agents are CO,, O,, organic acids, sulfur acids (SO,(aq),
H,SO,), and nitrogen acids (HNO,, HNO,). Water provides the source of H* ion needed for acid-
forming gases to act as acids, as shown by the following:
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CO, + H,0 — H* + HCO; 2.6.1)

SO, + H,0 — H* + HSO; (2.6.2)

Rainwater is essentially free of mineral solutes. It is usually slightly acidic due to the presence
of dissolved carbon dioxide, or more highly acidic because of acid rain-forming constituents. As
aresult of its slight acidity and lack of alkalinity and dissolved calcium salts, rainwater is chemically
aggressive toward some kinds of mineral matter, which it breaks down by a process called chemical
weathering.

A typical chemical reaction involved in weathering is the dissolution of calcium carbonate
(limestone) by water containing dissolved carbon dioxide:

CaCO4(s) + H,0 + CO,(ag) — Ca**(ag) + 2HCO; (aq) (2.6.3)

Weathering may also involve oxidation reactions, such as occurs when pyrite, FeS,, is oxidized, a
process that can produce sulfuric acid (acid mine water):

4FeS,(s) + 150,(g) + (8 + 2x)H,0 — 2Fe,0;xH,0 + 8SO3 (ag) + 16H*(aq) (2.6.4)
2.6.2 Soil Chemistry

A large variety of chemical and biochemical processes occur in soil. In discussing soil chemistry,
it is crucial to consider the soil solution, which is the aqueous portion of soil that contains dissolved
matter from soil chemical and biochemical processes and from exchange with the hydrosphere and
biosphere. This medium transports chemical species to and from soil particles and provides intimate
contact between the solutes and the soil particles. In addition to providing water for plant growth,
soil solution is an essential pathway for the exchange of plant nutrients between roots and solid soil.

Soil acts as a buffer and resists changes in pH. The buffering capacity depends on the type of
soil. The acidity and basicity of soil must be kept within certain ranges to enable the soil to be
productive. Usually soil tends to become too acidic through the processes by which plants take up
nutrient cations from it (see Reaction 2.6.6 below). Most common plants grow best in soil with a
pH near neutrality. If the soil becomes too acidic for optimum plant growth, it may be restored to
productivity by liming, ordinarily through the addition of calcium carbonate:

Soil} (H*), + CaCO; — Soil} Ca?* + CO, + H,0 (2.6.5)

Chemical processes involving ions in the soil solution and bound to the soil solids are very
important. Cation exchange in soil is the mechanism by which potassium, calcium, magnesium,
and essential trace-level metals are made available to plants. When nutrient metal ions are taken
up by plant roots, hydrogen ion is exchanged for the metal ions. This process, plus the leaching
of calcium, magnesium, and other metal ions from the soil by water containing carbonic acid, tends
to make the soil acidic:

Soil} Ca?* + 2CO, + 2H,0 — Soil} (H*), + Ca?*(root) + 2HCO5 (2.6.6)
A large number of oxidation-reduction processes occur in soil, almost always mediated by
microorganisms. The most common of these processes is the biodegradation of biomass, such as

that from crop residues, here represented as {CH,O}:

{CH,0} + 0, - CO, + H,0 2.6.7)
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Figure 2.9 The two lower layers of the atmosphere. Above the stratosphere is the mesosphere, a region in
which the temperature decreases with increasing altitude, and above that is the thermosphere, a
region characterized by increasing temperature with increasing altitude. These two regions play a
very important role in filtering out high-energy solar electromagnetic radiation before it reaches
Earth’s surface.

This process consumes oxygen and produces CO,. As a result, the oxygen content of air in soil
may be as low as 15%, and the carbon dioxide content may be several percent. Thus, the decay of
organic matter in soil increases the equilibrium level of dissolved CO, in groundwater. This lowers
the pH and contributes to weathering of carbonate minerals, particularly calcium carbonate.

Although the organic fraction of solid soil is usually not greater than 5%, organic matter strongly
influences the chemical, physical, and biological properties of the soil. Soil humus is by far the
most significant organic constituent. Humus is the residue left when bacteria and fungi biodegrade
plant material and results largely from the microbial alteration of lignin, which is the material that
binds plant matter together. Humus is composed of soluble humic and fulvic acids and an insoluble
fraction called humin. Humus molecules exhibit variable, complex chemical structures. They have
acid—base, ion-exchanging, and metal-chelating properties.

2.7 THE ATMOSPHERE

The atmosphere is made up of the thin layer of mixed gases, consisting predominantly of
nitrogen, oxygen, and water vapor, that covers the Earth’s surface. As shown in Figure 2.9, the
atmosphere is divided into several layers on the basis of temperature—density relationships resulting
from interrelationships between physical and photochemical (light-induced chemical phenomena)
processes in air. Of these, the most significant for human activities are the troposphere, on Earth’s
surface, and the stratosphere, the next highest layer.

The lowest layer of the atmosphere, extending from sea level to an altitude of 10 to 16 km
(depending on time, temperature, latitude, season, climate conditions, and underlying terrestrial
features), is the troposphere, which is characterized by a generally homogeneous composition of
major gases other than water and decreasing temperature with increasing altitude from the heat-
radiating surface of the Earth. The temperature of the troposphere ranges from an average of 15°C
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Figure 2.10 Atmospheric chemical processes may occur in the gas phase on or in particles, and on land or
water surfaces in contact with the atmosphere. A particular feature of atmospheric chemistry is
that of photochemical reactions induced by the absorption of energetic photons of sunlight.

at sea level to an average of —56°C at its upper boundary. The homogeneous composition of the
troposphere results from constant mixing by circulating air masses. However, the water vapor
content of the troposphere is extremely variable because of cloud formation, precipitation, and
evaporation of water from terrestrial water bodies.

The atmospheric layer directly above the troposphere is the stratosphere, the average temper-
ature of which increases from —56°C at its boundary with the troposphere to —2°C at its upper
boundary, around 50 km. The reason for this increase is absorption of solar ultraviolet energy by
ozone (O;), levels of which may reach around 10 ppm by volume in the midrange of the stratosphere.

Atmospheric air may contain up to 5% water by volume, although the normal range is 1 to
3%. The two major constituents of air are nitrogen and oxygen, present at levels of 78.08 and
20.95% by volume in dry air, respectively. The noble gas argon comprises 0.934% of the volume
of dry air. Carbon dioxide makes up about 0.037% by volume of dry air, a figure that fluctuates
seasonably because of photosynthesis, and which is increasing steadily as more CO, is released to
the atmosphere by fossil-fuel combustion. There are numerous trace gases in the atmosphere at
levels below 0.002%, including neon, helium, krypton, xenon, sulfur dioxide, ozone, CO, N,O,
NO,, NH,, CH,, SO,, and CCL,F,, a persistent chlorofluorocarbon (Freon compound) released from
air conditioners and other sources. Some of the trace gases may have profound effects, such as the
role played by chlorofluorocarbons in the depletion of the stratosphere’s protective ozone layer and
that played by methane in global warming.

2.8 ATMOSPHERIC CHEMISTRY

As indicated in Figure 2.10, many kinds of chemical reactions occur in the atmosphere. These
reactions take place in the gas phase, on atmospheric particle surfaces, within particulate water
droplets, and on land and water surfaces in contact with the atmosphere. The most significant
feature of atmospheric chemistry is the occurrence of photochemical reactions that take place
when molecules in the atmosphere absorb energy in the form of light photons, designated /v. (The
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energy, E, of a photon of visible or ultraviolet light is given by the equation, E = hv, where £ is
Planck’s constant and v is the frequency of light, which is inversely proportional to its wavelength.
Ultraviolet radiation has a higher frequency than visible light and is, therefore, more energetic and
more likely to break chemical bonds in molecules that absorb it.) A molecule that has absorbed a
photon of electromagnetic radiation has excess energy and is said to be in an excited state. Such
a molecule is designated with an asterisk to distinguish it from an unexcited molecule, which is
said to be in the ground state. For example, a molecule of NO, that has absorbed a photon of
ultraviolet radiation is denoted NO,*. Such a species may be highly reactive; typically NO,*
dissociates to yield NO and reactive O atoms, the process that initiates photochemical smog
formation (see below).

One of the most significant photochemical reactions is the one responsible for the presence of
ozone in the stratosphere (see above). It is initiated when O, absorbs highly energetic ultraviolet
radiation in the wavelength ranges of 135-176 and 240-260 nm in the stratosphere:

O0,+hv—>0+0 2.8.1)

The oxygen atoms produced by the photochemical dissociation of O, react with oxygen molecules
to produce ozone, O5:

0+0,+M—>0;,+M (2.8.2)

where M is a third body, such as a molecule of N,, which absorbs excess energy from the reaction.
The ozone that is formed is very effective in absorbing ultraviolet radiation in the 220- to 330-nm
wavelength range, which causes the temperature increase observed in the stratosphere. The ozone
serves as a very valuable filter to remove ultraviolet radiation from the sun’s rays. If this radiation
reached the Earth’s surface, it would cause skin cancer and other damage to living organisms.

2.8.1 Gaseous Oxides in the Atmosphere

Oxides of carbon, sulfur, and nitrogen are important constituents of the atmosphere and are
pollutants at higher levels. Of these, carbon dioxide, CO,, is the most abundant. It is a natural
atmospheric constituent and is required for plant growth. However, the level of carbon dioxide in
the atmosphere, now at about 370 ppm by volume, is increasing by about 1 ppm per year. This
increase in atmospheric CO, may well cause general atmospheric warming — the “greenhouse
effect” — with potentially very serious consequences for the global atmosphere and for life on
earth. One of the central challenges for humankind and its systems of industrial ecology in the
future will be to provide the energy needed to keep operating without adding to the global burden
of carbon dioxide.

Though not a global threat, carbon monoxide, CO, can be a serious health threat. This is because
carbon monoxide binds very strongly to hemoglobin and prevents blood from transporting oxygen
to body tissues (see Chapter 11).

The two most serious nitrogen oxide air pollutants are nitric oxide, NO, and nitrogen dioxide,
NO,, collectively denoted as NO,. These enter the atmosphere primarily as NO, and photochemical
processes in the atmosphere tend to convert NO to NO,. Further reactions can result in the formation
of corrosive nitrate salts or nitric acid, HNO,. Nitrogen dioxide is particularly significant in
atmospheric chemistry because of its photochemical dissociation by light with a wavelength less
than 430 nm to produce highly reactive O atoms. This is the first step in the formation of
photochemical smog (see below). Sulfur dioxide, SO,, is a reaction product of the combustion of
sulfur-containing fuels, such as high-sulfur coal. Part of this sulfur dioxide is converted in the
atmosphere to sulfuric acid, H,SO,, normally the predominant contributor to acid precipitation.
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2.8.2 Hydrocarbons and Photochemical Smog

The most abundant hydrocarbon in the atmosphere is methane, CH,. This gas is released from
underground sources as natural gas and produced by the fermentation of organic matter. Methane
is one of the least reactive atmospheric hydrocarbons and is produced by diffuse sources, so that
its participation in the formation of pollutant photochemical reaction products is minimal.

The most significant atmospheric pollutant hydrocarbons are the reactive ones produced from
automobile exhaust emissions, as well as from other sources, including even plants such as pine
and citrus trees. In the presence of NO, under conditions of temperature inversion (which hold
masses of air stationary for several days), low humidity, and sunlight, these hydrocarbons produce
undesirable photochemical smog manifested by the presence of visibility-obscuring particulate
matter, oxidants such as ozone, O, and noxious organic species, such as aldehydes. The process
of smog formation is initiated by the photochemical dissociation of nitrogen dioxide by ultraviolet
solar radiation,

NO,+ hv > NO + O (2.8.3)

which produces a reactive oxygen atom. This atom readily reacts with hydrocarbons in the atmo-
sphere,

R-H + O - HO-+ R- (2.8.4)

where R—H represents a generic hydrocarbon molecule and one of the hydrogen atoms bound to
it. The dots on the products denote unpaired electrons; species with such electrons are very reactive
free radicals. The hydroxyl radical, HO., is particularly important because of the strong role it
plays as a very reactive intermediate in photochemical smog formation and other atmospheric
chemical processes. The hydroxyl radical reacts with organic molecules in the atmosphere to initiate
a series of chain reactions in which HO- is regenerated. The end products of these multiple chain
reactions are the noxious materials, including oxidants and aldehydes, that are characteristic of
photochemical smog. The hydrocarbon radical, R, reacts with molecular O,,

R- + O, = RO, (2.8.5)

to produce a reactive, strongly oxidizing RO,- radical. The RO, radical in turn reoxidizes NO back
to NO,,

NO + RO, = NO, + RO- (2.8.6)

which can undergo photodissociation again (Reaction 2.8.3) to further promote photochemical
smog formation.

2.8.3 Particulate Matter

Particles ranging from aggregates of a few molecules to pieces of dust readily visible to the
naked eye are commonly found in the atmosphere. Some of these particles, such as sea salt formed
by the evaporation of water from droplets of sea spray, are natural and even beneficial atmospheric
constituents. Very small particles called condensation nuclei serve as bodies for atmospheric water
vapor to condense upon and are essential for the formation of precipitation.

Colloidal-sized particles in the atmosphere are called aerosols. Those formed by grinding up
bulk matter are known as dispersion aerosols, whereas particles formed from chemical reactions
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of gases are condensation aerosols; the latter tend to be smaller. Smaller particles are in general
the most harmful because they have a greater tendency to scatter light and are the most respirable
(tendency to be inhaled into the lungs).

Much of the mineral particulate matter in a polluted atmosphere is in the form of oxides and
other compounds produced during the combustion of high-ash fossil fuel. Smaller particles of fly
ash enter furnace flues and are efficiently collected in a properly equipped stack system. However,
some fly ash escapes through the stack and enters the atmosphere. Unfortunately, the fly ash thus
released tends to consist of smaller particles that do the most damage to human health, plants, and
visibility.

2.9 THE BIOSPHERE

The biosphere is the sphere of the environment occupied by living organisms and in which
life processes are carried out. Biology is the science of life and of living organisms. A living
organism is constructed of one or more small units called cells and has the following characteristics:

1. Itis composed in part of large characteristic macromolecules containing carbon, hydrogen, oxygen,
and nitrogen along with phosphorus and sulfur.

2. It is capable of metabolism; that is, it mediates chemical processes by which it utilizes energy

and synthesizes new materials needed for its structure and function.

It regulates itself.

It interacts with its environment.

5. It reproduces itself.

Hw

The biosphere is important in environmental chemistry for two major reasons. The first of these
is that organisms carry out many of the chemical transformations that are part of an environmental
chemical system. In aquatic systems (see Figure 2.4), algae carry out photosynthesis that produces
biomass from inorganic carbon, bacteria degrade biomass, and bacteria mediate transformations
between elemental oxidation states, such as the conversion of NO;3 to NHj or of SO3~ to H,S. The
second reason that the biosphere is important in environmental chemistry is that the ultimate concern
with respect to any pollutant or environmental phenomenon is the effect that it may have on living
organisms in the environment. Such effects are addressed by toxicological chemistry, which is the
major topic of this book.

2.10 THE ANTHROSPHERE AND GREEN CHEMISTRY

The anthrosphere is intimately entwined with the other environmental spheres; examples of its
interactions with these spheres abound. Arguably the greatest effect of the anthrosphere to date has
been through the cultivation of vast areas of the geosphere to produce food for humans and their
domesticated animals. Humans have drastically altered the hydrosphere, putting dams on rivers
and otherwise altering their normal flow. Vast stores of water left over from the Ice Age in
underground aquifers have been mined and depleted to provide water for irrigation. Now humans
have the capability of drastically modifying organisms in the biosphere through genetic engineering
(see Chapter 8).

In the modern era, the greatest concern with respect to anthrospheric influence on the environ-
ment as a whole is the emission of carbon dioxide and other greenhouse gases to the atmosphere
that may be causing global warming and an irreversible change in climate that will overshadow
the effects of all other human activities. In consideration of this potential effect, Nobel Laureate
Paul J. Crutzen of the Max Planck Institute for Chemistry, Mainz, Germany, has speculated that
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the current halocene epoch, under which humans have lived and generally thrived since the last
Ice Age ended about 10,000 years ago, may be replaced by a new age in which climatic conditions
on Earth will be largely determined by human influences, particularly the emission of gases that
cause global warming. In recognition of anthropogenic effects and the key role of the anthrosphere
in determining future conditions on Earth, Dr. Crutzen has called this new epoch the anthropocene.

2.10.1 Green Chemistry

Realistically, humans are not going to stop using Earth’s resources and return to a “natural”
era in which human influences on Earth, its climate, and its resources are minimal. Therefore, the
challenge facing humans today is to use their intelligence and growing technological abilities to
integrate the anthrosphere with the rest of Earth’s environment in a way that minimizes adverse
environmental impact and, indeed, enhances the quality of the environment as a whole. One way
in which this is done is through the practice of industrial ecology, in which industrial enterprises
interact in ways analogous to organisms in natural ecosystems, maximizing the efficiency of their
utilization of materials and energy, recycling materials, and generally minimizing the impact on
the Earth’s resources and environment in providing goods and services that humans require for a
high standard of living.?

Very recently, the exercise of chemical science and technology within the context of the best
practice of industrial ecology has given rise to green chemistry, defined as the practice of chemical
science and manufacturing in a manner that is sustainable, safe, and nonpolluting and that
consumes minimum amounts of materials and energy while producing little or no waste material *
Green chemistry has developed from the realization that the command-and-control approach to
pollution reduction based on regulatory processes, though extremely effective in controlling air and
water pollution, is inherently unnatural and costly. This approach has used “end-of-pipe” pollution
control measures in which pollutants are produced, but are contained and destroyed or not released
into the environment. Green chemistry addresses chemical manufacturing and utilization processes
from the beginning, with the goal of preventing or minimizing the production and use of chemicals
that are toxic or otherwise hazardous. Green chemistry is sustainable and efficient chemistry and,
when the costs of pollution control are factored in, the least costly way in which to practice chemical
science and engineering.

Toxicological chemistry is of utmost importance in the practice of green chemistry. This is
because the influence of toxic substances on chemical plant workers and users of chemical products,
as well as potential inadvertent exposure of humans and other organisms to chemicals in the
environment, is the foremost concern in the practice of green chemistry. Rather than concentrating
on reduction of the exposure of organisms to potentially toxic chemical species, green chemistry
concentrates on reduction of the hazard by attempting to avoid the manufacture or use of toxic
chemicals.
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QUESTIONS AND PROBLEMS

1. Construct a flow diagram that relates environmental science, environmental chemistry, aquatic
chemistry, atmospheric chemistry, green chemistry, and toxicological chemistry in a hierarchical
form that shows their relationships to each other.

2. Some authorities contend that it is incorrect to categorize the anthrosphere as a fifth sphere of the
environment. What are arguments for or against this position.

3. In times past, before it was possible to prepare chemically bound nitrogen from atmospheric N,,
nitrates were mined as Chile saltpeter in arid regions of Chile and used as fertilizer. Where would
such nitrogen fall in the nitrogen cycle shown in Figure 2.2?

4. Explain why environmental chemistry must be discussed in terms of simplified models and whether
or not this suggests a lack of academic rigor in the discipline.

5. The density of liquid water decreases with decreasing temperature down to 4°C. In the fall season
in the vicinity of a large population of lakes and ponds, there is often a period of one to several
days in which whole geographic areas are afflicted with alarming foul odors. Based on the
information contained in Figures 2.5 and 2.6, give a plausible explanation for this phenomenon.

6. Why might it be accurate to suggest that both the nitrogen cycle and the hydrologic cycle involve
transfers of relatively small fractions of total available nitrogen and water at any particular time?

7. Explain how the production of {CH,0} in water can raise water pH and cause precipitation of
calcium carbonate.

8. Explain why the hypolimnion of a body of water may be chemically reducing. Suggest how nitrate
ion, NO3, might function in the hypolimnion in the absence of O,.

9. Why is a notation for a metal ion such as Ca?* not completely accurate for showing a metal ion
dissolved in water? What might be a more accurate way of showing a metal ion?

10. The nitrilotriacetate anion,

o
0-C—¢
H o
N—C-C-0
9 i
0-C—¢
H

is a good chelating agent. Considering the nature of the three ionized carboxylic acid groups on
the anion and the fact that it has an unshared pair of electrons on the N atom, suggest the structural
formula of a metal chelate that it might form, such as with copper(Il) ion, Cu?*.

11. What distinguishes organometallic compounds from metal chelates?

12. Suggest how chelation of a metal with a negatively charged chelating agent might influence the
metal’s behavior. Knowing that organic species such as DDT tend to accumulate in the lipid (fat)
tissue of fish and other organisms, suggest how formation of organometallic compounds might
influence a metal’s behavior in respect to the biosphere.

13. Why are materials in the form of colloidal particles particularly reactive? Since bacterial cells are the
size of colloidal particles, how might this small size influence the behavior of bacteria in water and soil?
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14.

15.

16.

17.

18.
19.

20.
21.

22.
23.
24.
25.
26.
217.

28.
29.

30.
31.

32.
33.
34.
35.

36.

Although biomass represented generally in the environment as { CH,O} is not normally toxic, how
might it act as a water pollutant with toxic effects to fish?

How does the reaction {CH,0} + O, — CO, + H,O apply to water treatment? Describe the nature
of the water pollutant that it eliminates.

Aluminum sulfate, Al,(SO,);, is commonly added to water to remove fine colloidal solids. Suggest
areaction of this salt with water to produce a substance that will remove colloidal solids from water.
What explains the fact that a very high proportion of rocks in the geosphere are composed of
silicate minerals?

Contrast the processes of lithification and weathering.

Complete the following statement in a reasonable fashion: soil is rock that has been

by processes.

Explain the role of transpiration in getting required nutrients into plants.

Explain how the exposure of mineral pyrite, FeS,, from coal to air during coal-mining processes
can result in acidic pollution.

Why is weathering particularly slow in arid desert regions?

Explain how CO, dissolved in water participates in the weathering of some kinds of minerals.
What natural process makes soil acidic? How can acidic soil be treated?

How is soil humus formed? Why is it important?

Suggest why CCLF, is now considered to be a permanent trace gas in the atmosphere.

By what kind of phenomenon may the species NO,* be formed? What may happen to this species?
Why?

What causes a warming effect of the stratosphere?

Although carbon dioxide in the atmosphere is not present at toxic levels and is required by plants
for photosynthesis, why may it turn out to be the ultimate air pollutant?

What are the characteristics of an atmosphere afflicted with photochemical smog?

What is the species denoted HO-? What does the dot represent? Why is this species particularly
important in the atmosphere?

What are condensation nuclei? What is fly ash?

What does a living organism do that makes it “alive”?

‘What are two major reasons that the biosphere is particularly important in environmental chemistry?
What is the anthropocene? Is Earth now experiencing the anthropocene? How will humans know
if the anthropocene develops?

What is green chemistry? How does it relate to industrial ecology and toxicological chemistry?
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CHAPTER 3

Biochemistry

3.1 BIOCHEMISTRY

Most people have had the experience of looking through a microscope at a single cell. It may
have been an amoeba, alive and oozing about like a blob of jelly on the microscope slide, or a cell
of bacteria, stained with a dye to make it show up more plainly. Or it may have been a beautiful
cell of algae with its bright green chlorophyll. Even the simplest of these cells is capable of carrying
out a thousand or more chemical reactions. These life processes fall under the heading of bio-
chemistry, the branch of chemistry that deals with the chemical properties, composition, and
biologically mediated processes of complex substances in living systems.

Biochemical phenomena that occur in living organisms are extremely sophisticated. In the
human body, complex metabolic processes break down a variety of food materials to simpler
chemicals, yielding energy and the raw materials to build body constituents, such as muscle, blood,
and brain tissue. Impressive as this may be, consider a humble microscopic cell of photosynthetic
cyanobacteria only about a micrometer in size, which requires only a few simple inorganic chemicals
and sunlight for its existence. This cell uses sunlight energy to convert carbon from CO,, hydrogen
and oxygen from H,O, nitrogen from NO;, sulfur from SO3-, and phosphorus from inorganic
phosphate into all the proteins, nucleic acids, carbohydrates, and other materials that it requires to
exist and reproduce. Such a simple cell accomplishes what could not be done by human endeavors
even in a vast chemical factory costing billions of dollars.

Ultimately, most environmental pollutants and hazardous substances are of concern because of
their effects on living organisms. The study of the adverse effects of substances on life processes
requires some basic knowledge of biochemistry. Biochemistry is discussed in this chapter, with an
emphasis on the aspects that are especially pertinent to environmentally hazardous and toxic
substances, including cell membranes, deoxyribonucleic acid (DNA), and enzymes.

Biochemical processes not only are profoundly influenced by chemical species in the environ-
ment, but they largely determine the nature of these species, their degradation, and even their
syntheses, particularly in the aquatic and soil environments. The study of such phenomena forms
the basis of environmental biochemistry.!

3.1.1 Biomolecules

The biomolecules that constitute matter in living organisms are often polymers with molecular
masses of the order of a million or even larger. As discussed later in this chapter, these biomolecules
may be divided into the categories of carbohydrates, proteins, lipids, and nucleic acids. Proteins
and nucleic acids consist of macromolecules, lipids are usually relatively small molecules, and
carbohydrates range from relatively small sugar molecules to high-molecular-mass macromolecules,
such as those in cellulose.
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Figure 3.1 Some major features of the eukaryotic cell in animals (left) and plants (right).

The behavior of a substance in a biological system depends to a large extent upon whether the
substance is hydrophilic (water-loving) or hydrophobic (water-hating). Some important toxic sub-
stances are hydrophobic, a characteristic that enables them to traverse cell membranes readily. Part
of the detoxification process carried on by living organisms is to render such molecules hydrophilic,
therefore water soluble and readily eliminated from the body.

3.2 BIOCHEMISTRY AND THE CELL

The focal point of biochemistry and biochemical aspects of toxicants is the cell, the basic
building block of living systems where most life processes are carried. Bacteria, yeasts, and some
algae consist of single cells. However, most living things are made up of many cells. In a more
complicated organism the cells have different functions. Liver cells, muscle cells, brain cells, and
skin cells in the human body are quite different from each other and do different things. Cells are
divided into two major categories depending upon whether or not they have a nucleus: eukaryotic
cells have a nucleus, and prokaryotic cells do not. Prokaryotic cells are found in single-celled
bacteria. Eukaryotic cells compose organisms other than bacteria.

3.2.1 Major Cell Features

Figure 3.1 shows the major features of the eukaryotic cell, which is the basic structure in which
biochemical processes occur in multicelled organisms. These features are as follows:

¢ Cell membrane, which encloses the cell and regulates the passage of ions, nutrients, lipid-soluble
(fat-soluble) substances, metabolic products, toxicants, and toxicant metabolites into and out of
the cell interior because of its varying permeability for different substances. The cell membrane
protects the contents of the cell from undesirable outside influences. Cell membranes are composed
in part of phospholipids that are arranged with their hydrophilic (water-seeking) heads on the cell
membrane surfaces and their hydrophobic (water-repelling) tails inside the membrane. Cell mem-
branes contain bodies of proteins that are involved in the transport of some substances through
the membrane. One reason the cell membrane is very important in toxicology and environmental
biochemistry is because it regulates the passage of toxicants and their products into and out of the
cell interior. Furthermore, when its membrane is damaged by toxic substances, a cell may not
function properly and the organism may be harmed.

¢ Cell nucleus, which acts as a sort of “control center” of the cell. It contains the genetic directions
the cell needs to reproduce itself. The key substance in the nucleus is DNA. Chromosomes in the

Copyright © 2003 by CRC Press LLC



cell nucleus are made up of combinations of DNA and proteins. Each chromosome stores a separate
quantity of genetic information. Human cells contain 46 chromosomes. When DNA in the nucleus
is damaged by foreign substances, various toxic effects, including mutations, cancer, birth defects,
and defective immune system function may occur.

¢ Cytoplasm, which fills the interior of the cell not occupied by the nucleus. Cytoplasm is further
divided into a water-soluble proteinaceous filler called cytosol, in which are suspended bodies
called cellular organelles, such as mitochondria or, in photosynthetic organisms, chloroplasts.

¢ Mitochondria, “powerhouses” that mediate energy conversion and utilization in the cell. Mito-
chondria are sites in which food materials — carbohydrates, proteins, and fats — are broken down
to yield carbon dioxide, water, and energy, which is then used by the cell for its energy needs.
The best example of this is the oxidation of the sugar glucose, CcH,,0:

C¢H,,04 + 60, = 6CO, + 6H,0 + energy

This kind of process is called cellular respiration.

¢ Ribosomes, which participate in protein synthesis.

¢ Endoplasmic reticulum, which is involved in the metabolism of some toxicants by enzymatic
processes.

* Lysosome, a type of organelle that contains potent substances capable of digesting liquid food
material. Such material enters the cell through a “dent” in the cell wall, which eventually becomes
surrounded by cell material. This surrounded material is called a food vacuole. The vacuole merges
with a lysosome, and the substances in the lysosome bring about digestion of the food material.
The digestion process consists largely of hydrolysis reactions in which large, complicated food
molecules are broken down into smaller units by the addition of water.

* Golgi bodies, which occur in some types of cells. These are flattened bodies of material that serve
to hold and release substances produced by the cells.

¢ Cell walls of plant cells. These are strong structures that provide stiffness and strength. Cell walls
are composed mostly of cellulose, which will be discussed later in this chapter.

* Vacuoles inside plant cells that often contain materials dissolved in water.

* Chloroplasts in plant cells that are involved in photosynthesis (the chemical process that uses energy
from sunlight to convert carbon dioxide and water to organic matter). Photosynthesis occurs in these
bodies. Food produced by photosynthesis is stored in the chloroplasts in the form of starch grains.

3.3 PROTEINS

Proteins are nitrogen-containing organic compounds that are the basic units of life systems.
Cytoplasm, the jelly-like liquid filling the interior of cells, is made up largely of protein. Enzymes,
which act as catalysts of life reactions, are made of proteins; they are discussed later in the chapter.
Proteins are composed of amino acids (Figure 3.2) joined together in huge chains. Amino acids are
organic compounds that contain the carboxylic acid group, “CO,H, and the amino group, “NH,. They
are sort of a hybrid of carboxylic acids and amines (see Sections 1.8.1 and 1.8.2). Proteins are polymers,
or macromolecules, of amino acids containing from approximately 40 to several thousand amino acid
groups joined by peptide linkages. Smaller molecule amino acid polymers, containing only about 10
to about 40 amino acids per molecule, are called polypeptides. A portion of the amino acid left after
the elimination of H,0O during polymerization is called a residue. The amino acid sequence of these
residues is designated by a series of three-letter abbreviations for the amino acid.

Natural amino acids all have the following chemical group:
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Figure 3.2 Amino acids that occur in proteins. Those marked with an asterisk cannot be synthesized by the
human body and must come from dietary sources.

In this structure the -NH, group is always bonded to the carbon next to the -CO,H group. This is
called the “alpha” location, so natural amino acids are alpha-amino acids. Other groups, designated as
R, are attached to the basic alpha-amino acid structure. The R groups may be as simple as an atom of
H found in glycine, or they may be as complicated as the structure of the R group in tryptophan:

H H i
N e H==H Q
H—C—C~OH —%%§ﬂ92>»H—g———c—0‘
H Glycine H
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Figure 3.3 Condensation of alanine, leucine, and tyrosine to form a tripeptide consisting of three amino acids
joined by peptide linkages (outlined by dashed lines).

Table 3.1 Major Types of Proteins

Type of Protein Example Function and Characteristics

Nutrient Casein (milk protein) Food source; people must have an adequate supply
of nutrient protein with the right balance of amino
acids for adequate nutrition

Storage Ferritin Storage of iron in animal tissues

Structural Collagen (tendons), keratin (hair)  Structural and protective components in organisms

Contractile Actin, myosin in muscle tissue Strong, fibrous proteins that can contract and cause
movement to occur

Transport Hemoglobin Transport inorganic and organic species across cell
membranes, in blood, between organs

Defense — Antibodies against foreign agents such as viruses
produced by the immune system

Regulatory Insulin, human growth hormone Regulate biochemical processes such as sugar

metabolism or growth by binding to sites inside cells
or on cell membranes
Enzymes Acetylcholine esterase Catalysts of biochemical reactions (see Section 3.6)

As shown in Figure 3.2, there are 20 common amino acids in proteins. These are shown with
uncharged "NH, and “CO,H groups. Actually, these functional groups exist in the charged zwitterion
form, as shown for glycine above.

Amino acids in proteins are joined together in a specific way. These bonds constitute the peptide
linkage. The formation of peptide linkages is a condensation process involving the loss of water.
For example, consider the condensation of alanine, leucine, and tyrosine shown in Figure 3.3. When
these three amino acids join together, two water molecules are eliminated. The product is a tripeptide
since there are three amino acids involved. The amino acids in proteins are linked as shown for
this tripeptide, except that many more monomeric amino acid groups are involved.

Proteins may be divided into several major types that have widely varying functions. These are
listed in Table 3.1.
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3.3.1 Protein Structure

The order of amino acids in protein molecules, and the resulting three-dimensional structures
that form, provide an enormous variety of possibilities for protein structure. This is what makes
life so diverse. Proteins have primary, secondary, tertiary, and quaternary structures. The structures
of protein molecules determine the behavior of proteins in crucial areas such as the processes by
which the body’s immune system recognizes substances that are foreign to the body. Proteinaceous
enzymes depend on their structures for the very specific functions of the enzymes.

The order of amino acids in the protein molecule determines its primary structure. Secondary
protein structures result from the folding of polypeptide protein chains to produce a maximum
number of hydrogen bonds between peptide linkages:

Hydrogen bonds
\ l i /
\\ //
C=0—--H----N Illustration of hydrogen bonds between
| | N and O atoms in peptide linkages, which
N---H----0= constitutes protein secondary structures
// \\
/
Hydrogen bonds

Further folding of the protein molecules held in place by attractive forces between amino acid side
chains gives proteins a secondary structure, which is determined by the nature of the amino acid
R groups. Small R groups enable protein molecules to be hydrogen-bonded together in a parallel
arrangement, whereas large R groups produce a spiral form known as an alpha-helix.

Tertiary structures are formed by the twisting of alpha-helices into specific shapes. They are
produced and held in place by the interactions of amino side chains on the amino acid residues
constituting the protein macromolecules. Tertiary protein structure is very important in the processes
by which enzymes identify specific proteins and other molecules upon which they act. It is also
involved with the action of antibodies in blood, which recognize foreign proteins by their shape
and react to them. This is what happens in the phenomenon of disease immunity, where antibodies
in blood recognize specific proteins from viruses or bacteria and reject them.

Two or more protein molecules consisting of separate polypeptide chains may be further
attracted to each other to produce a quaternary structure.

Some proteins are fibrous proteins, which occur in skin, hair, wool, feathers, silk, and tendons.
The molecules in these proteins are long and threadlike and are laid out parallel in bundles. Fibrous
proteins are quite tough and do not dissolve in water.

An interesting fibrous protein is keratin, which is found in hair. The cross-linking bonds between
protein molecules in keratin are —S—S— bonds formed from two HS— groups in two molecules of
the amino acid cysteine. These bonds largely hold hair in place, thus keeping it curly or straight.
A “permanent” consists of breaking the bonds chemically, setting the hair as desired, and then
reforming the cross-links to hold the desired shape.

Aside from fibrous protein, the other major type of protein form is the globular protein. These
proteins are in the shape of balls and oblongs. Globular proteins are relatively soluble in water. A
typical globular protein is hemoglobin, the oxygen-carrying protein in red blood cells. Enzymes
are generally globular proteins.
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3.3.2 Denaturation of Proteins

Secondary, tertiary, and quaternary protein structures are easily changed by a process called
denaturation. These changes can be quite damaging. Heating, exposure to acids or bases, and even
violent physical action can cause denaturation to occur. The albumin protein in egg white is
denatured by heating so that it forms a semisolid mass. Almost the same thing is accomplished by
the violent physical action of an egg beater in the preparation of meringue. Heavy metal poisons
such as lead and cadmium change the structures of proteins by binding to functional groups on the
protein surface.

3.4 CARBOHYDRATES

Carbohydrates have the approximate simple formula CH,O and include a diverse range of
substances composed of simple sugars such as glucose:

CH20H
H /H \H
o g/OH

Glucose molecule

High-molecular-mass polysaccharides, such as starch and glycogen (animal starch), are biopoly-
mers of simple sugars.

Photosynthesis in a plant cell converts the energy from sunlight to chemical energy in a
carbohydrate, C¢H,,O,. This carbohydrate may be transferred to some other part of the plant for
use as an energy source. It may be converted to a water-insoluble carbohydrate for storage until it
is needed for energy. Or it may be transformed to cell wall material and become part of the structure
of the plant. If the plant is eaten by an animal, the carbohydrate is used for energy by the animal.

The simplest carbohydrates are the monosaccharides. These are also called simple sugars.
Because they have six carbon atoms, simple sugars are sometimes called kexoses. Glucose (formula
shown above) is the most common simple sugar involved in cell processes. Other simple sugars
with the same formula but somewhat different structures are fructose, mannose, and galactose.
These must be changed to glucose before they can be used in a cell. Because of its use for energy
in body processes, glucose is found in the blood. Normal levels are from 65 to 110 mg of glucose
per 100 ml of blood. Higher levels may indicate diabetes.

Units of two monosaccharides make up several very important sugars known as disaccharides.
When two molecules of monosaccharides join together to form a disaccharide,

CH,,04 + C,H,,0, = C,H,,0,, + H,0 3.4.1)

a molecule of water is lost. Recall that proteins are also formed from smaller amino acid molecules
by condensation reactions involving the loss of water molecules. Disaccharides include sucrose (cane
sugar used as a sweetener), lactose (milk sugar), and maltose (a product of the breakdown of starch).

Polysaccharides consist of many simple sugar units hooked together. One of the most important
polysaccharides is starch, which is produced by plants for food storage. Animals produce a related
material called glycogen. The chemical formula of starch is (CH,,O;5),, where n may represent a
number as high as several hundred. What this means is that the very large starch molecule consists
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Figure 3.4 Part of a starch molecule showing units of CsH,,05 condensed together.
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Figure 3.5 Part of the structure of cellulose.

of many units of C¢H,,O5 joined together. For example, if n is 100, there are 6 times 100 carbon
atoms, 10 times 100 hydrogen atoms, and 5 times 100 oxygen atoms in the molecule. Its chemical
formula is CyyoH,00Os00- The atoms in a starch molecule are actually present as linked rings,
represented by the structure shown in Figure 3.4. Starch occurs in many foods, such as bread and
cereals. It is readily digested by animals, including humans.

Cellulose is a polysaccharide that is also made up of C¢H,,O5 units. Molecules of cellulose are
huge, with molecular weights of around 400,000. The cellulose structure (Figure 3.5) is similar to
that of starch. Cellulose is produced by plants and forms the structural material of plant cell walls.
Wood is about 60% cellulose, and cotton contains over 90% of this material. Fibers of cellulose
are extracted from wood and pressed together to make paper.

Humans and most other animals cannot digest cellulose. Ruminant animals (cattle, sheep, goats,
moose) have bacteria in their stomachs that break down cellulose into products that can be used
by the animal. Chemical processes are available to convert cellulose to simple sugars by the reaction

(CeH,,05), + nH,0 — nC4H,,04 (3.4.2)

cellulose glucose

where n may be 2000 to 3000. This involves breaking the linkages between units of C;H,,05 by
adding a molecule of H,O at each linkage, a hydrolysis reaction. Large amounts of cellulose from
wood, sugar cane, and agricultural products go to waste each year. The hydrolysis of cellulose
enables these products to be converted to sugars, which can be fed to animals.

Carbohydrate groups are attached to protein molecules in a special class of materials called
glycoproteins. Collagen is a crucial glycoprotein that provides structural integrity to body parts.
It is a major constituent of skin, bones, tendons, and cartilage.

3.5 LIPIDS

Lipids are substances that can be extracted from plant or animal matter by organic solvents,
such as chloroform, diethyl ether, or toluene (Figure 3.6). Whereas carbohydrates and proteins are
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Figure 3.6 Lipids are extracted from some biological materials with a soxhelet extractor (above). The solvent
is vaporized in the distillation flask by the heating mantle, rises through one of the exterior tubes
to the condenser, and is cooled to form a liquid. The liquid drops onto the porous thimble containing
the sample. Siphon action periodically drains the solvent back into the distillation flask. The extracted
lipid collects as a solution in the solvent in the flask.

characterized predominately by the monomers (monosaccharides and amino acids) from which
they are composed, lipids are defined essentially by their physical characteristic of organophilicity.
The most common lipids are fats and oils composed of triglycerides formed from alcohol glycerol,
CH,(OH)CH(OH)CH,(OH), and a long-chain fatty acid such as stearic acid, CH;(CH,),,C(O)OH
(Figure 3.7). Numerous other biological materials, including waxes, cholesterol, and some vitamins
and hormones, are classified as lipids. Common foods, such as butter and salad oils, are lipids.
Long-chain fatty acids, such as stearic acid, are also organic soluble and are classified as lipids.

Lipids are toxicologically important for several reasons. Some toxic substances interfere with
lipid metabolism, leading to detrimental accumulation of lipids. Many toxic organic compounds
are poorly soluble in water, but are lipid soluble, so that bodies of lipids in organisms serve to
dissolve and store toxicants.

An important class of lipids consists of phosphoglycerides (glycerophosphatides). These com-
pounds may be regarded as triglycerides in which one of the acids bonded to glycerol is ortho-
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Figure 3.7 General formula of triglycerides, which make up fats and oils. The R group is from a fatty acid and
is a hydrocarbon chain, such as —(CH,);sCH,.

phosphoric acid. These lipids are especially important because they are essential constituents of
cell membranes. These membranes consist of bilayers in which the hydrophilic phosphate ends of
the molecules are on the outside of the membrane and the hydrophobic “tails” of the molecules
are on the inside.

Waxes are also esters of fatty acids. However, the alcohol in a wax is not glycerol; it is often
a very long chain alcohol. For example, one of the main compounds in beeswax is myricyl palmitate,

i Q
(C30}161)_(|3_O_C_(C15H31)
\ H /
\Y4 NV
Alcohol portion Fatty acid portion
of ester of ester

in which the alcohol portion of the ester has a very large hydrocarbon chain. Waxes are produced
by both plants and animals, largely as protective coatings. Waxes are found in a number of common
products. Lanolin is one of these. It is the “grease” in sheep’s wool. When mixed with oils and
water, it forms stable colloidal emulsions consisting of extremely small oil droplets suspended in
water. This makes lanolin useful for skin creams and pharmaceutical ointments. Carnauba wax
occurs as a coating on the leaves of some Brazilian palm trees. Spermaceti wax is composed largely
of cetyl palmitate,

i il
(CysH;)) _C|_O —C—(CsH;,) Cetyl palmitate
H

which is extracted from the blubber of the sperm whale. It is very useful in some cosmetics and
pharmaceutical preparations.

Steroids are lipids found in living systems that all have the ring system shown in Figure 3.8
for cholesterol. Steroids occur in bile salts, which are produced by the liver and then secreted into
the intestines. Their breakdown products give feces its characteristic color. Bile salts act on fats in
the intestine. They suspend very tiny fat droplets in the form of colloidal emulsions. This enables
the fats to be broken down chemically and digested.

Some steroids are hormones. Hormones act as “messengers” from one part of the body to
another. As such, they start and stop a number of body functions. Male and female sex hormones
are examples of steroid hormones. Hormones are given off by glands in the body called endocrine
glands. The locations of the important endocrine glands are shown in Figure 3.9.
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Figure 3.8 Steroids are characterized by the ring structure shown above for cholesterol.
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Figure 3.9 Locations of important endocrine glands.

3.6 ENZYMES

Catalysts are substances that speed up a chemical reaction without themselves being consumed
in the reaction. The most sophisticated catalysts of all are those found in living systems. They bring
about reactions that could not be performed at all, or only with great difficulty, outside a living
organism. These catalysts are called enzymes. In addition to speeding up reactions by as much as
10- to a 100 million-fold, enzymes are extremely selective in the reactions they promote.

Enzymes are proteinaceous substances with highly specific structures that interact with partic-
ular substances or classes of substances called substrates. Enzymes act as catalysts to enable
biochemical reactions to occur, after which they are regenerated intact to take part in additional
reactions. The extremely high specificity with which enzymes interact with substrates results from
their “lock and key” action, based on the unique shapes of enzymes, as illustrated in Figure 3.10.

This illustration shows that an enzyme “recognizes” a particular substrate by its molecular
structure and binds to it to produce an enzyme-substrate complex. This complex then breaks apart
to form one or more products different from the original enzyme, regenerating the unchanged
enzyme, which is then available to catalyze additional reactions. The basic process for an enzyme
reaction is, therefore,
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Figure 3.10 Representation of the “lock and key” mode of enzyme action, which enables the very high specificity
of enzyme-catalyzed reactions.

enzyme + substrate ———= enzyme-substrate complex —— enzyme + product (3.6.1)

Several important things should be noted about this reaction. As shown in Figure 3.10, an enzyme
acts on a specific substrate to form an enzyme—substrate complex because of the fit between their
structures. As a result, something happens to the substrate molecule. For example, it might be split
in two at a particular location. Then the enzyme—substrate complex comes apart, yielding the
enzyme and products. The enzyme is not changed in the reaction and is now free to react again.
Note that the arrows in the formula for enzyme reaction point both ways. This means that the
reaction is reversible. An enzyme—substrate complex can simply go back to the enzyme and the
substrate. The products of an enzymatic reaction can react with the enzyme to form the enzyme—sub-
strate complex again. It, in turn, may again form the enzyme and the substrate. Therefore, the same
enzyme may act to cause a reaction to go either way.

Some enzymes cannot function by themselves. In order to work, they must first be attached to
coenzymes. Coenzymes normally are not protein materials. Some of the vitamins are important
coenzymes.

Enzymes are named for what they do. For example, the enzyme given off by the stomach,
which splits proteins as part of the digestion process, is called gastric proteinase. The “gastric”
part of the name refers to the enzyme’s origin in the stomach. “Proteinase” denotes that it splits
up protein molecules. The common name for this enzyme is pepsin. Similarly, the enzyme produced
by the pancreas that breaks down fats (lipids) is called pancreatic lipase. Its common name is
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steapsin. In general, lipase enzymes cause lipid triglycerides to dissociate and form glycerol and
fatty acids.

The enzymes mentioned above are hydrolyzing enzymes, which bring about the breakdown
of high-molecular-weight biological compounds by the addition of water. This is one of the most
important reactions involved in digestion. The three main classes of energy-yielding foods that
animals eat are carbohydrates, proteins, and fats. Recall that the higher carbohydrates that humans
eat are largely disaccharides (sucrose, or table sugar) and polysaccharides (starch). These are formed
by the joining together of units of simple sugars, C;H,,O,, with the elimination of an H,O molecule
at the linkage where they join. Proteins are formed by the condensation of amino acids, again with
the elimination of a water molecule at each linkage. Fats are esters that are produced when glycerol
and fatty acids link together. A water molecule is lost for each of these linkages when a protein,
fat, or carbohydrate is synthesized. In order for these substances to be used as a food source, the
reverse process must occur to break down large, complicated molecules of protein, fat, or carbo-
hydrate to simple, soluble substances that can penetrate a cell membrane and take part in chemical
processes in the cell. This reverse process is accomplished by hydrolyzing enzymes.

Biological compounds with long chains of carbon atoms are broken down into molecules with
shorter chains by the breaking of carbon—carbon bonds. This commonly occurs by the elimination
of —CO,H groups from carboxylic acids. For example, pyruvic decarboxylase enzyme acts upon
pyruvic acid,

I_II 9 (Il) 1l

—CO—(C—(C— M. —(C—(C—

H (Ij C—C—-OH decarboxylase H (I: C-H + CO, 3.6.2)
H H
Pyruvic acid Acetaldehyde

to split off CO, and produce a compound with one less carbon. It is by such carbon-by-carbon
breakdown reactions that long-chain compounds are eventually degraded to CO, in the body, or
that long-chain hydrocarbons undergo biodegradation by the action of spill bacteria on spilled
petroleum. Oxidation and reduction are the major reactions for the exchange of energy in living
systems. Cellular respiration, discussed in Section 3.2, is an oxidation reaction in which a carbo-
hydrate, CcH,,0, is broken down to carbon dioxide and water with the release of energy:

CcH,,04 + 60, — 6CO, + 6H,0 + energy (3.6.3)

Actually, such an overall reaction occurs in living systems by a complicated series of individual
steps. Some of these steps involve oxidation. The enzymes that bring about oxidation in the presence
of free O, are called oxidases. In general, biological oxidation-reduction reactions are catalyzed
by oxidoreductase enzymes.

In addition to the types of enzymes discussed above, there are many enzymes that perform
miscellaneous duties in living systems. Typical of these are isomerases, which form isomers of
particular compounds. For example, there are several simple sugars with the formula C,H,,0O.
However, only glucose can be used directly for cell processes. The other isomers are converted to
glucose by the action of isomerases. Transferase enzymes move chemical groups from one
molecule to another, lyase enzymes remove chemical groups without hydrolysis and participate in
the formation of C=C bonds or addition of species to such bonds, and ligase enzymes work in
conjunction with adenosine triphosphate (ATP), a high-energy molecule that plays a crucial role
in energy-yielding, glucose-oxidizing metabolic processes, to link molecules together with the
formation of bonds such as carbon—carbon or carbon—sulfur bonds.
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Enzyme action may be affected by many different things. Enzymes require a certain hydrogen
ion concentration to function best. For example, gastric proteinase requires the acid environment
of the stomach to work well. When it passes into the much less acidic intestines, it stops working.
This prevents damage to the intestine walls, which would occur if the enzyme tried to digest them.
Temperature is critical. Not surprisingly, the enzymes in the human body work best at around
98.6°F (37°C), which is the normal body temperature. Heating these enzymes to around 140°F
permanently destroys them. Some bacteria that thrive in hot springs have enzymes that work best
at relatively high temperatures. Other “cold-seeking” bacteria have enzymes adapted to near the
freezing point of water.

One of the greatest concerns regarding the effects of surroundings on enzymes is the influence
of toxic substances. A major mechanism of toxicity is the alteration or destruction of enzymes by
agents such as cyanide, heavy metals, or organic compounds, such as insecticidal parathion. An
enzyme that has been destroyed obviously cannot perform its designated function, whereas one
that has been altered either may not function at all or may act improperly. Toxicants can affect
enzymes in several ways. Parathion, for example, bonds covalently to the nerve enzyme acetylcho-
linesterase, which can then no longer serve to stop nerve impulses. Heavy metals tend to bind to
sulfur atoms in enzymes (such as sulfur from the amino acid cysteine, shown in Figure 3.2), thereby
altering the shape and function of the enzyme. Enzymes are denatured by some poisons, causing
them to “unravel” so that the enzyme no longer has its crucial specific shape.

3.7 NUCLEIC ACIDS

The essence of life is contained in deoxyribonucleic acid (DNA), which stays in the cell
nucleus, and ribonucleic acid (RNA), which functions in the cell cytoplasm. These substances,
which are known collectively as nucleic acids, store and pass on essential genetic information that
controls reproduction and protein synthesis.

The structural formulas of the monomeric constituents of nucleic acids are given in Figure 3.11.
These are pyrimidine or purine nitrogen-containing bases, two sugars, and phosphate. DNA mol-
ecules are made up of the nitrogen-containing bases adenine, guanine, cytosine, and thymine;
phosphoric acid (H;PO,); and the simple sugar 2-deoxy-f-D-ribofuranose (commonly called deox-
yribose). RNA molecules are composed of the nitrogen-containing bases adenine, guanine, cytosine,
and uracil; phosphoric acid (H;PO,); and the simple sugar B-D-ribofuranose (ribose).

The formation of nucleic acid polymers from their monomeric constituents may be viewed as
the following steps.

* Monosaccharide (simple sugar) + cyclic nitrogenous base yields nucleoside:

N
HO—CH, _O ‘
éz/ \C Deoxyctidine formed by the

dimerization of cytosine and
' \III III ! deoxyribose with the elimin-
— ation of a molecule of H, O.
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Figure 3.11 Constituents of DNA (enclosed by ----) and of RNA (enclosed by 1ii).

¢ Nucleoside + phosphate yields phosphate ester nucleotide.

NH,
H\ / C\ e H
&
//c\ _Cu
O H

?Q
‘0O—P—0— CH2 O
|
e} C/ \ Nucleotide formed by the

I\ H H bonding of a phosphate
\ / H group to deoxyctidine
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* Polymerized nucleotide yields nucleic acid, as shown by the structure below. In the nucleic acid
the phosphate negative charges are neutralized by metal cations (such as Mg?*) or positively charged
proteins (histones).

! NH,

! H. _C. _H

: NG

! /C\ /C\

0 0”7 'N” 'H

0=P—0—CH, _O ‘

' I

O C/ \C NH
|\H H i 12
HV O H (G

C
H H /T Segment of the DNA polymer
¥ H showing linkage of two nucleotides

Molecules of DNA are huge, with molecular weights of greater than 1 billion. Molecules of
RNA are also quite large. The structure of DNA is that of the famed double helix. It was figured
out in 1953 by James D. Watson, an American scientist, and Francis Crick, a British scientist. They
received the Nobel Prize for this scientific milestone in 1962. This model visualizes DNA as a so-
called double a-helix structure of oppositely wound polymeric strands held together by hydrogen
bonds between opposing pyrimidine and purine groups. As a result, DNA has both a primary and
a secondary structure; the former is due to the sequence of nucleotides in the individual strands of
DNA, and the latter results from the o-helix interaction of the two strands. In the secondary structure
of DNA, only cytosine can be opposite guanine and only thymine can be opposite adenine and
vice versa. Basically, the structure of DNA is that of two spiral ribbons “counterwound” around
each other, as illustrated in Figure 3.12. The two strands of DNA are complementary. This means
that a particular portion of one strand fits like a key in a lock with the corresponding portion of
another strand. If the two strands are pulled apart, each manufactures a new complementary strand,
so that two copies of the original double helix result. This occurs during cell reproduction.

The molecule of DNA is like a coded message. This “message,” the genetic information
contained in and transmitted by nucleic acids, depends on the sequence of bases from which they
are composed. It is somewhat like the message sent by telegraph, which consists only of dots,
dashes, and spaces in between. The key aspect of DNA structure that enables storage and replication
of this information is the famed double helix structure of DNA mentioned above.

Portions of the DNA double helix may unravel, and one of the strands of DNA may produce
a strand of RNA. This substance then goes from the cell nucleus out into the cell and regulates the
synthesis of new protein. In this way, DNA regulates the function of the cell and acts to control
life processes.
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Figure 3.12 Representation of the double helix structure of DNA showing the allowed base pairs held together
by hydrogen bonding between the phosphate—sugar polymer “backbones” of the two strands of
DNA. The letters stand for adenine (A), cytosine (C), guanine (G), and thymine (T). The dashed
lines represent hydrogen bonds.

3.7.1 Nucleic Acids in Protein Synthesis

When a new cell is formed, the DNA in its nucleus must be accurately reproduced from the
parent cell. Life processes are absolutely dependent upon accurate protein synthesis, as regulated
by cell DNA. The DNA in a single cell must be capable of directing the synthesis of up to 3000
or even more different proteins. The directions for the synthesis of a single protein are contained
in a segment of DNA called a gene. The process of transmitting information from DNA to a newly
synthesized protein involves the following steps:

¢ The DNA undergoes replication. This process involves separation of a segment of the double
helix into separate single strands, which then replicate such that guanine is opposite cytosine (and
vice versa) and adenine is opposite thymine (and vice versa). This process continues until a
complete copy of the DNA molecule has been produced.

* The newly replicated DNA produces messenger RNA (mRNA), a complement of the single strand
of DNA, by a process called transcription.

* A new protein is synthesized using mRNA as a template to determine the order of amino acids in
a process called translation.

3.7.2 Modified DNA

DNA molecules may be modified by the unintentional addition or deletion of nucleotides or
by substituting one nucleotide for another. The result is a mutation that is transmittable to offspring.
Mutations can be induced by chemical substances. This is a major concern from a toxicological
viewpoint because of the detrimental effects of many mutations and because substances that cause
mutations often cause cancer as well. DNA malfunction may result in birth defects, and the failure
to control cell reproduction results in cancer. Radiation from x-rays and radioactivity also disrupts
DNA and may cause mutation.
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3.8 RECOMBINANT DNA AND GENETIC ENGINEERING

As noted above, segments of DNA contain information for the specific syntheses of particular
proteins. Within the last two decades it has become possible to transfer this information between
organisms by means of recombinant DNA technology, which has resulted in a new industry based
on genetic engineering. Most often the recipient organisms are bacteria, which can be reproduced
(cloned) over many orders of magnitude from a cell that has acquired the desired qualities.
Therefore, to synthesize a particular substance, such as human insulin or growth hormone, the
required genetic information can be transferred from a human source to bacterial cells, which then
produce the substance as part of their metabolic processes.

The first step in recombinant DNA gene manipulation is to lyze (open up) a donor cell to
remove needed DNA material by using enzyme action to cut the sought-after genes from the donor
DNA chain. These are next spliced into small DNA molecules. These molecules, called cloning
vehicles, are capable of penetrating the host cell and becoming incorporated into its genetic material.
The modified host cell is then reproduced many times and carries out the desired biosynthesis.

Early concerns about the potential of genetic engineering to produce “monster organisms” or
new and horrible diseases have been largely allayed, although caution is still required with this
technology. In the environmental area, genetic engineering offers some hope for the production of
bacteria engineered to safely destroy troublesome wastes and to produce biological substitutes for
environmentally damaging synthetic pesticides.

3.9 METABOLIC PROCESSES

Biochemical processes that involve the alteration of biomolecules fall under the category of
metabolism. Metabolic processes may be divided into the two major categories of anabolism
(synthesis) and catabolism (degradation of substances). An organism may use metabolic processes
to yield energy or to modify the constituents of biomolecules.

3.9.1 Energy-Yielding Processes

Organisms can gain energy by the following three processes:

¢ Respiration, in which organic compounds undergo catabolism that requires molecular oxygen
(aerobic respiration) or that occurs in the absence of molecular oxygen (anaerobic respiration).
Aerobic respiration uses the Krebs cycle to obtain energy from the following reaction:

CH,,0, + 60, = 6CO, + 6H,O + energy

* About half of the energy released is converted to short-term stored chemical energy, particularly
through the synthesis of ATP nucleoside. For longer-term energy storage, glycogen or starch
polysaccharides are synthesized, and for still longer term energy storage, lipids (fats) are generated
and retained by the organism.

* Fermentation, which differs from respiration in not having an electron transport chain. Yeasts
produce ethanol from sugars by fermentation:

CH,,0, — 2CO, + 2C,H,OH

* Photosynthesis, in which light energy captured by plant and algal chloroplasts are used to syn-
thesize sugars from carbon dioxide and water:
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6CO, + 6H,0 + hv — C(H,,0, + 60,

Plants cannot always get the energy that they need from sunlight. During the dark they must
use stored food. Plant cells, like animal cells, contain mitochondria in which stored food is converted
to energy by cellular respiration.

Plant cells, which use sunlight for energy and CO, for carbon, are said to be autotrophic. In
contrast, animal cells must depend on organic material manufactured by plants for their food. These
are called heterotrophic cells. They act as “middlemen” in the chemical reaction between oxygen
and food material, using the energy from the reaction to carry out their life processes.
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QUESTIONS AND PROBLEMS

1. What is the toxicological importance of lipids? How do lipids relate to hydrophobic (water-
disliking) pollutants and toxicants?

2. What is the function of a hydrolase enzyme?

3. Match the cell structure on the left with its function on the right:

A. Mitochondria 1. Toxicant metabolism

B. Endoplasmic reticulum 2. Fills the cell

C. Cell membrane 3. DNA

D. Cytoplasm 4. Mediate energy conversion and utilization

E. Cell nucleus 5. Encloses the cell and regulates the passage of materials into and out

of the cell interior

4. The formula of simple sugars is C¢H,,04. The simple formula of higher carbohydrates is C4H,,Os.

Of course, many of these units are required to make a molecule of starch or cellulose. If higher

carbohydrates are formed by joining together molecules of simple sugars, why is there a difference

in the ratios of C, H, and O atoms in the higher carbohydrates, compared to the simple sugars?

Why does wood contain so much cellulose?

6. What would be the chemical formula of a trisaccharide made by the bonding together of three
simple sugar molecules?

e
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11.

12.

13.

14.

16.

17.

18.

19.

20.
21.
22.

The general formula of cellulose may be represented as (CH,,Os),. If the molecular weight of a
molecule of cellulose is 400,000, what is the estimated value of x?

During 1 month, a factory for the production of simple sugars, C;H,,0, by the hydrolysis of
cellulose processes 1 million kg of cellulose. The percentage of cellulose that undergoes the
hydrolysis reaction is 40%. How many kilograms of water are consumed in the hydrolysis of
cellulose each month?

What is the structure of the largest group of atoms common to all amino acid molecules?
Glycine and phenylalanine can join together to form two different dipeptides. What are the
structures of these two dipeptides?

One of the ways in which two parallel protein chains are joined together, or cross-linked, is by
way of an —S—S— link. What amino acid to you think might be most likely to be involved in such
a link? Explain your choice.

Fungi, which break down wood, straw, and other plant material, have what are called “exoenzymes.”
Fungi have no teeth and cannot break up plant material physically by force. Knowing this, what
do you suppose an exoenzyme is? Explain how you think it might operate in the process by which
fungi break down something as tough as wood.

Many fatty acids of lower molecular weight have a bad odor. Speculate as to the reasons why
rancid butter has a bad odor. What chemical compound is produced that has a bad odor? What
sort of chemical reaction is involved in its production?

The long-chain alcohol with ten carbons is called decanol. What do you think would be the formula
of decyl stearate? To what class of compounds would it belong?

Write an equation for the chemical reaction between sodium hydroxide and cetyl stearate. What
are the products?

What are two endocrine glands that are found only in females? Which of these glands is found
only in males?

The action of bile salts is a little like that of soap. What function do bile salts perform in the
intestine? Look up the action of soaps, and explain how you think bile salts may function somewhat
like soap.

If the structure of an enzyme is illustrated as

how should the structure of its substrate be represented?

Look up the structures of ribose and deoxyribose. Explain where the “deoxy” came from in the
name deoxyribose.

In what respect are an enzyme and its substrate like two opposite strands of DNA?

For what discovery are Watson and Crick noted?

Why does an enzyme no longer work if it is denatured?
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CHAPTER 4

Metabolic Processes

4.1 METABOLISM IN ENVIRONMENTAL BIOCHEMISTRY

The biochemical changes that substances undergo in a living organism are called metabolism.
Metabolism describes the catabolic reactions by which chemical species are broken down by
enzymatic action in an organism to produce energy and components for the synthesis of biomole-
cules required for life processes. It also describes the anabolic reactions in which energy is used
to assemble small molecules into larger biomolecules. Metabolism is an essential process for any
organism because it provides the two things essential for life — energy and raw materials.

Metabolism is especially important in toxicological chemistry for two reasons: (1) interference
with metabolism is a major mode of toxic action, and (2) toxic substances are transformed by
metabolic processes to other materials that are usually, though not invariably, less toxic and more
readily eliminated from the organism. This chapter introduces the topic of metabolism in general.
Specific aspects of the metabolism of toxic substances are discussed in Chapter 7.

4.1.1 Metabolism Occurs in Cells

Metabolic processes occur in cells in organisms. Figure 3.1 shows the general structure of
eukaryotic cells in organisms such as animals and fungi. A cell is contained within a cell membrane
composed of a lipid bilayer that separates the contents of the cell from the aqueous medium around
it. Other than the cell nucleus, the material inside the cell is referred to as the cell cytoplasm, the
fluid part of which is the cytosol. The cytosol is an aqueous solution of electrolytes that also contains
enzymes that catalyze some important cell functions, including some metabolic processes. Within
the cytoplasm are specialized organelles that carry out various metabolic functions. Of these,
mitochondria are of particular importance in metabolism because of their role in synthesizing
energetic adenosine triphosphate (ATP) using energy-yielding reactions. Ribosomes are sites of
protein synthesis from mRNA templates (Chapter 8).

4.1.2 Pathways of Substances and Their Metabolites in the Body

In considering metabolic processes, it is important to keep in mind the pathways of nutrients
and xenobiotics in organisms. For humans and other vertebrate animals, materials enter into the
gastrointestinal tract, in which substances are broken down and absorbed into the bloodstream.
Most substances enter the bloodstream through the intestinal walls and are transported first to the
liver, which is the main organ for metabolic processes in the human body. The other raw material
essential for metabolic processes, oxygen from air, enters blood through the lungs. Volatile toxic
substances can enter the bloodstream through the lungs, a major pathway for environmental and
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Figure 4.1 Major organs involved in digestion.

occupational exposure to xenobiotics. Toxic substances can also be absorbed through the skin.
Undigested food residues and wastes excreted from the liver in bile leave the body through the
intestinal tract as feces. The other major pathway for elimination of waste products from metabolic
processes consists of the kidneys, which remove such materials from blood, and the bladder and
urinary tract through which urine leaves the body. Waste carbon dioxide from the oxidation of food
nutrients is eliminated through the lungs.

4.2 DIGESTION

For most food substances and for a very limited number of toxicants, digestion is necessary
for sorption into the body. Digestion is an enzymatic hydrolysis process by which polymeric
macromolecules are broken down with the addition of water into units that can be absorbed from
the gastrointestinal tract into blood in the circulatory system; material that cannot be absorbed is
excreted as waste, usually after it has been subjected to the action of intestinal bacteria. The digestive
tract and organs associated with it are shown in Figure 4.1. A coating of mucus protects the internal
surface of the digestive tract from the action of the enzymes that operate in it.

Various enzymes perform digestion by acting on materials in the digestive tract. Carbohydrase,
protease, peptidase, lipase, and nuclease enzymes hydrolyze carbohydrates, proteins, peptides,
lipids, and nucleic acids, respectively. Digestion begins in the mouth through the action of amylase
enzyme, which is secreted with saliva and hydrolyzes starch molecules to glucose sugar. The major
enzyme that acts in the stomach is pepsin, a protein-hydrolyzing enzyme secreted into the stomach
as an inactive form (a zymogen) that is activated by a low pH of 1 to 3 in the stomach, resulting
from hydrochloric acid secreted into the stomach. In the small intestine, the digestion of carbohy-
drates and proteins is finished, the digestion of fats is initiated, and the absorption of hydrolysis
product nutrients occurs. The first part of the small intestine, the duodenum, is where most digestion
occurs, whereas nutrient absorption occurs in the lower jejunum and ileum. The small intestine
produces a number of enzymes, including aminopeptidase, which converts peptides to other peptides
and amino acids; nuclease; and lactase, which converts lactose (milk sugar) to glactose and glucose.

The liver and the pancreas are not part of the digestive tract as such, but they provide enzymes
and secretions required for digestion to occur in the small intestine. The pancreas secretes amylase,
lipase, and nuclease enzymes, as well as several enzymes involved in breaking down proteins and
peptides. As discussed below with digestion of fats, the liver secretes a substance called bile that
is stored in the gallbladder and then secreted into the duodenum when needed for digestion of fats.
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By the time that ingested food mass reaches the large intestine or colon, most of the nutrients
have been absorbed. Water and ions are absorbed from the mass of material in the colon, concen-
trating it and converting it to a semisolid state. Much of the material in the colon is converted to
bacterial biomass by the action of bacteria, especially Escherichia coli, that metabolize food residues
not digested by humans or animals. These bacteria produce beneficial vitamins, such as Vitamin
K and biotin, that are absorbed through the colon walls and are important in nutrition. The reducing
environment maintained by the bacteria in the colon can reduce some xenobiotics (see the discussion
of metabolic reductions in Section 7.3). One such product is toxic hydrogen sulfide, H,S, which
is detoxified by special enzymes produced in intestinal wall mucus membranes.

4.2.1 Carbohydrate Digestion

A very simple example of a digestion process is the hydrolysis of sucrose (common table sugar),

(|3H20H

Z VNN,
HO\OH H/ ~o” \H HO/CHOH

H OH O H
Sucrose “4.2.1)

CH2OH

HOCH
H/ i \f.‘ / \OH
HO\OH H/ OH H\H HO/ CH,OH

H OH HO H

Glucose Fructose

to produce glucose and fructose monosaccharides that can be absorbed through intestine walls to
undergo metabolism in the body. Each digestive hydrolysis reaction of carbohydrates has its own
enzyme. Sucrase enzyme carries out the reaction above, whereas amylase enzyme converts starch
to a disaccharide with two glucose molecules called maltose, and maltose in turn is hydrolyzed to
glucose by the action of maltase enzyme. A third important disaccharide is lactose or “milk sugar,”
each molecule of which is hydrolyzed by digestive processes to give a molecule of glucose and
one of galactose.

(FHZOH
HO T O\oH
IC\QH I_r[ : Galactose
N 94
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Figure 4.2 lllustration of digestion of fats (triglycerides).

Digestion can be a limiting factor in the ability of organisms to utilize saccharides. Many adults
lack the lactase enzyme required to hydrolyze lactose. When these individuals consume milk
products, the lactose remains undigested in the intestine, where it is acted upon by bacteria. These
bacteria produce gas and intestinal pain, and diarrhea may result. The lack of a digestive enzyme
for cellulose in humans and virtually all other animals means that these animals cannot metabolize
cellulose. The cellulosic plant material eaten by ruminant animals such as cattle is actually digested
by the action of enzymes produced by specialized rumen bacteria in the stomachs of such animals.

4.2.2 Digestion of Fats

Fats and oils are the most common lipids that are digested. Digestion breaks fats down from
triglycerides to di- and monoglycerides, fatty acids and their salts (soaps) and glycerol, which pass
through the intestine wall, where they are resynthesized to triglycerides and transported to the blood
through the lymphatic system (see Figure 4.2).

A special consideration in the digestion of fats is that they are not water soluble and cannot be
placed in aqueous solution along with the water-soluble lipase digestive enzymes. However, intimate
contact is obtained by emulsification of fats through the action of bile salts from glycocholic and
taurocholic acids produced from cholesterol in the liver:

_C-O Na'

Representation of a bile salt
showing steroid skeleton
from cholesterol
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Figure 4.3 lllustration of the enzymatic hydrolysis of a tetrapeptide such as occurs in the digestion of protein.

4.2.3 Digestion of Proteins

Digestion of proteins occurs by enzymatic hydrolysis in the small intestine (Figure 4.3). The
digestion of protein produces single amino acids. These can enter the bloodstream through the
small intestine walls. The amino acids circulate in the bloodstream until further metabolized or
used for protein synthesis; there is not a “storage depot” for amino acids as there is for lipids,
which are stored in “fat depots” in adipose tissue. However, the body does break down protein
tissue (muscle) to provide amino acids in the bloodstream.

4.3 METABOLISM OF CARBOHYDRATES, FATS, AND PROTEINS

In the preceding section the digestion of carbohydrates, fats, and proteins by the enzymatic
hydrolysis of their molecules was discussed. Digestion enables these materials to enter the blood-
stream as relatively small molecules. Once in the bloodstream, these small molecules undergo
further metabolic reactions to enable their use for energy production and tissue synthesis. These
metabolic processes are all rather complex and beyond the scope of this chapter. However, the main
points are covered below.

4.3.1 An Overview of Catabolism

The overall process by which energy-yielding nutrients are broken down to provide the energy
required for muscle movement, protein synthesis, nerve function, maintenance of body heat, and
other energy-consuming functions is illustrated in Figure 4.4. The approximate empirical formula
of the biomolecules from which energy is obtained in catabolism can be represented as {CH,O}.
The overall energy-yielding catabolic process is the following:

{CH,0} + O, = CO, + H,0O + energy 4.3.1)
Figure 4.4 as summarized in Reaction 4.3.1 represents oxidative respiration, in which glucose,

other nutrients that can be converted to glucose, and the intermediates that glucose generates are
oxidized completely to carbon dioxide and water, yielding large amounts of energy. Oxidative
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Electron transport
chain

energy.

respiration is in fact a very complicated process involving many steps, numerous enzymes, and a
variety of intermediate species. Discussed in more detail in Section 4.4, oxidative respiration in
eukaryotic organisms begins with the conversion of glucose to pyruvic acid, a step that does not
require oxygen. The second stage of oxidative respiration is the conversion of pyruvic acid to acetyl
coenzyme A (acetyl-CoA). In the third stage, the acetyl-CoA goes through the citric acid cycle, in
which chemical bond energy harvested in the oxidation of the biomolecules metabolized is con-
verted primarily to a species designated as NADH. In the last stage of oxidative respiration, NADH
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transfers electrons to molecular O, and generates high-energy species (ATP) that are utilized for
metabolic needs.

4.3.2 Carbohydrate Metabolism

As discussed in the preceding section, starch and the major disaccharides are broken down by
digestive processes to glucose, fructose, and galactose monosaccharrides. Fructose and galactose
are readily converted by enzyme action to glucose. Glucose is converted to the glucose 1-phosphate
species:

OH H Glucose 1-phosphate
N

|
OH

From the glucose 1-phosphate form, glucose may be incorporated into macromolecular (poly-
meric) glycogen for storage in the animal’s body and to provide energy-producing glucose on
demand. For the production of energy, the glucose 1-phosphate enters the catabolic process through
glycolysis, discussed in Section 4.4.

4.3.3 Metabolism of Fats

Fats are stored and circulated through the body as triglycerides, which must undergo hydrolysis
to glycerol and fatty acids before they are further metabolized. Glycerol is broken down via the
glycolysis pathway discussed above for carbohydrate metabolism. The fatty acids are broken down
in the fatty acid cycle, in which a long-chain fatty acid goes through a number of sequential steps
to be shortened by two carbon fragments, producing CO,, H,0O, and energy.

4.3.4 Metabolism of Proteins

A central feature of protein metabolism is the amino acid pool, consisting of amino acids in
the bloodstream. Figure 4.5 illustrates the metabolic relationship of the amino acid pool to protein
breakdown, synthesis, and storage.

Proteins are synthesized from amino acids in the amino acid pool as discussed in Section 3.3.
This occurs through the joining of H;N*— and —CO, groups at peptide bonds, with the elimination
of H,O for each peptide bond formed. The body can make many of the amino acids it needs, but
eight of them, the essential amino acids, cannot be synthesized in the human body and must be
included in the diet.

The first step in the metabolic breakdown of amino acids is often the replacement of the "NH,
group with a C=0 group by the action of a-ketoglutaric acid in a process called transamination.
Oxidative deamination then regenerates the o-ketoglutaric acid from the glutamic acid product
of transamination. These processes are illustrated in Figure 4.6. As a net result of transamination,
N(-IIT) is removed from amino acids and eliminated from the body. For this to occur, nitrogen is
first converted to urea:
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Figure 4.6 Transamination of an amino acid and regeneration of a-ketoglutaric acid by oxidative deamination.
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Urea is a solute that is contained in urine, and it is eliminated from the body via the kidneys and
bladder.

The o-keto acids formed by transamination of amino acids are further broken down in the citric
acid (Krebs) cycle. This process yields energy, and the body’s energy needs can be met with protein
if sufficient carbohydrates or fats are not available.
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4.4 ENERGY UTILIZATION BY METABOLIC PROCESSES

Energy in the form of free energy needed by organisms is provided by enzymatically mediated
oxidation—reduction reactions. Oxidation in a biological system, as in any chemical system, is the
loss of electrons, and reduction is the gain of electrons. A species that is oxidized by losing a
negatively charged electron may maintain electrical neutrality by losing H* ion; the loss of both e~
and H* is equivalent to the loss of a hydrogen atom, H.

A large number of steps within several major cycles are involved in energy conversion, transport,
and utilization in organisms. It is beyond the scope of this book to discuss all of these mechanisms
in detail. However, it is useful to be aware of the main mechanisms involving energy in relation
to biochemical processes in which chemical or photochemical energy is utilized by organisms.
They are the following:

* Glycolysis, in which, through a series of enzymatic reactions, a six-carbon glucose molecule is
converted to two three-carbon pyruvic acid (pyruvate) species with the release of a relatively small
amount of the energy in the glucose

* Cellular respiration, which occurs in the presence of molecular oxygen, O,, and involves the
conversion of pyruvate to carbon dioxide, CO,, with the release of relatively large amounts of
energy by way of intermediate chemical species

* Fermentation, which occurs in the absence of molecular O, and produces energy-rich molecules,
such as ethanol or lactic acid, with release of relatively little useable energy

4.41 High-Energy Chemical Species

Metabolic energy is provided by the breakdown and oxidation of energy-providing nutrients,
especially glucose. Usually, however, the energy is needed in a different location and at a different
time from the place and time where it is generated. This entails the synthesis of high-energy
chemical species that require energy for their synthesis and release it when they break down. Of
these, the most important is ATP:

which is generated by the addition of inorganic phosphate, commonly represented as P,, from
adenosine diphosphate (ADP):

P
N/ N\\\C—H
>
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Figure 4.7  Structural formula of nicotinamide adenine dinucleotide in its reduced form of NADH + H* and its
oxidized form NAD+.

When ATP releases inorganic phosphate and reverts to ADP, a quantity of energy equivalent to 31
kJ of energy per mole of ATP is released that can be utilized metabolically. A pair of species that
are similar in function to ATP and ADP are guanine triphosphate (GTP) and guanine diphosphate
(GDP).

An important aspect of enzymatic oxidation—reduction reactions involves the transfer of hydro-
gen atoms. This transfer is mediated by coenzymes (substances that act together with enzymes)
nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate
(NADP). These two species pick up H atoms to produce NADH and NADPH, respectively, both
of which can function as hydrogen atom donors. Another pair of species involved in oxida-
tion—reduction processes by hydrogen atom transfer consists of flavin adenine triphosphate (FAD)
and its hydrogenated form FADH,. The structural formulas of NAD and its cationic form, NAD*,
are shown in Figure 4.7.

4.4.2 Glycolysis

Glycolysis is a multistepped, anaerobic (without oxygen) process in which a molecule of glucose
is broken down in the absence of O, to produce two molecules of pyruvic acid (pyruvate anion)
and energy. Glycolysis occurs in cell protoplasm and may be followed by either cellular respiration
utilizing O, or fermentation in the absence of O,. The glycolysis of a molecule of glucose results
in the net formation of two molecules of energetic ATP and the reduction of two NAD* to two
molecules of NADH plus H*.

The first part of the glycolysis process consumes energy provided by the conversion of two
ATPs to ADP. It consists of five major steps in which a glucose molecule is converted to two
glylceraldehyde 3-phosphate molecules with intermediate formation of glucose 6-phosphate, fruc-
tose 6-phosphate, fructose 1,6-biphosphate, and dihydroxyacetone:
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The second part of the glycolyis process is the five-step conversion of glyceraldehyde to pyruvate
accompanied by conversion of four ADPs to four ATPs:

H F70 4apP+P, 4ATP o
H—C’O 5 K/ 0 C
2
HO_?_H Five steps, energy released >20 C (4.4.2)
C=0 H— C
H H

+ +
Glyceraldehyde 2NAD INADH +2H" b e

3-phosphate

Since two molecules of ATP are converted to ADP in the first part of the glycolysis process,
there is a net gain of two molecules of ATP. The second part of the glycolysis process also yields
two molecules of NADH + H* per molecule of glucose. Subsequently, the energy-yielding conver-
sion of the two molecules of ATP back to ADP and the oxidation of NADH,

2NADH + 2H* + O, —» NAD* + H,O + energy 4.4.3)

can provide energy for metabolic needs. The three conversions accomplished in glycolysis are (1)
glucose to pyruvate, (2) ADP to ATP, and (3) NAD* to NADH. The net reaction for glycolysis may
be summarized as

Glucose + 2ADP + 2P, + 2NAD* — 2Pyruvate + 2ATP + 2NADH + 2H* + 2H,0 (4.4.4)

In addition to glucose, other monosaccharides and nutrients may be converted to intermediates in
the glycolysis cycle and enter the cycle as these intermediates.

4.4.3 Citric Acid Cycle

Glycolysis yields a relatively small amount of energy. Much larger amounts of energy may be
obtained by complete oxidation of bionutrients to CO, and 2H,0, which occurs in heterotrophic
organisms that utilize oxygen for respiration. The pyruvic acid product of glycolysis can be oxidized
to the acetyl group, which becomes bound to coenzyme A in the highly energetic molecule acetyl-
CoA, as shown by the following reaction:
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(Ij:O + HS-CoA —> |C:O + CO, + 2{H} (4.4.5)
H—IC—H H—IC—H
H H

Acetyl-CoA enters the citric acid cycle (also called the Krebs cycle), which occurs in cell mito-
chondria. In the Krebs cycle, the acetyl group is oxidized to CO, and water, harvesting a substantial
amount of energy. This complex cycle starts with the reaction of oxaloacetate with acetyl-CoA,

O:Q—O'
H-C—H
0=C-0 S—CoA 0
0=C L no
i C=0 —> HO-C-C-0 (4.4.6)
H-C-H ' ]
Bibe H—C-H H—C-H
0=C-0 H 0=t-0
Oxaloacetate Acetyl = CoA Citrate

to produce citrate. In a series of steps involving a number of intermediates, CO, is evolved and H
is removed by NAD* to yield NADH + H* and by FAD to yield FADH,. Guanosine triphosphate
is also generated from guanosine diphosphate in the citric acid cycle and later generates ATP. The
anions of several four-, five-, and six-carbon organic acids are generated as intermediates in the
citric acid cycle, including citric, isocitric, ketoglutaric, succinic, fumaric, malic, and oxaloacetic
acids; the last of these reacts with additional acetyl-CoA from glycolysis to initiate the cycle again.
Structural formulas of the intermediate species generated in the citric acid cycle are shown in
Figure 4.8. The reduced carrier molecules generated in the citric acid cycle, NADH and FADH,,
are later oxidized in the respiratory chain (see below) to produce ATP and are, therefore, the major
conduits of energy from the citric acid cycle. The reaction for one complete cycle of the citric acid
cycle can be summarized as follows:

Acetyl-CoA + 3NAD* + FAD + GDP + P, + 2H,0 —
3NADH + FADH, + 2CO, + 2H* + GTP + HS-CoA (4.4.7)

4.4.4 Electron Transfer in the Electron Transfer Chain

As indicated by Reaction 4.3.1, the driving force behind the high-energy yields of oxidative
respiration is the reaction with molecular oxygen to produce H,O. Electrons removed from glucose
and its products during oxidative respiration are donated to O,, which is the final electron receptor.
To this point in the discussion of oxidative respiration, molecular oxygen has not entered any of
the steps. It does so during transfer of electrons in the electron transfer chain, the step at which
most of the energy is harvested from oxidative respiration. Electrons picked up from glycolysis
and citric acid cycle intermediates are transferred to the electron transport chain via NAD*/(NADH
+ H*) and FAD/FADH,. The overall process, which occurs in several small increments, is repre-
sented for NADH as

NADH + H* + 20, — NAD* + H,0 (4.4.8)
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Figure 4.8 Intermediates in the citric acid cycle shown in the ionized forms in which they exist at physiological
pH values. The final oxaloacetate product reacts with acetyl-CoA from glycolysis to start the cycle
over again.

The electron transfer chain converts ADP to highly energetic ATP, which provides energy in cells.
By occurring in several reactions, the oxidation of NADH + H* to NAD" releases energy in small
increments enabling its efficient utilization.

4.4.5 Electron Carriers

Electron carriers are chemical species that exist in both oxidized and reduced forms capable
of reversible exchange of electrons. Electron carriers consist of flavins, coenzyme Q, iron—sulfur
proteins, and cytochromes. As shown in Figure 4.9, cytochromes contain iron bound with four N
atoms attached to protein molecules, a group called the heme group. The iron ions in cytochromes
are capable of gaining and losing electrons to produce Fe?* and Fe’*, respectively. Interference with
the action of cytochromes is an important mode of the action of some toxicants. Cyanide ion, CN-,
has a strong affinity for Fe** in ferricytochrome, preventing it from reverting back to the Fe?** form,
thus stopping the transfer of electrons to O, and resulting in rapid death in the case of cyanide
poisoning.

4.4.6 Overall Reaction for Aerobic Respiration
From the discussion above, it is obvious that aerobic respiration is a complex process involving

a multitude of steps and a large number of intermediate species. These can be summarized by the
following overall net reaction for the catabolic metabolism of glucose:

CcH,,04 + IONAD* + 2FAD* + 36ADP + 36P; + 14H* + 60, —
6CO, + 36ATP + 6H,O + 10NADH + 6FADH, (4.4.9)

Copyright © 2003 by CRC Press LLC



Figure 4.9 Heme group in a cytochrome involved in electron exchange.

4.4.7 Fermentation

Fermentation occurs when O, is not utilized for aerobic respiration through the citric acid
cycle and the electron transport chain. Glycolysis still occurs as a prelude to fermentation with
some production of ATP, but the utilization of energy from glucose is much less than when aerobic
respiration occurs. Instead of complete oxidation of glucose to carbon dioxide and water, fermen-
tation stops with an organic molecule. Fermentation is carried out by a variety of bacteria and by
eukaryotic cells in the human body. Muscle cells carry out fermentation of pyruvate to lactate under
conditions of insufficient oxygen, and the accumulation of lactate in muscle cells is responsible
for the pain associated with extreme exertion. Nerve cells are incapable of carrying out fermentation,
which is why brain tissue is rapidly destroyed when the brain is deprived of oxygen.

Lactic acid fermentation occurs when lactate is the end product of fermentation. Coupled
with glycolysis, lactic acid fermentation can generate ATP from ADP and provide energy for cellular
processes. The fermentation step in lactic acid fermentation generates NAD* from NADH + H*,
and the NAD* cycles back to the glycolysis process. The lactic acid fermentation cycle is illustrated
in Figure 4.10.

Alcoholic fermentation occurs when the end product is ethanol, as shown in Figure 4.11. In
this process the pyruvate is first converted enzymatically to acetaldehyde. The conversion of
acetaldehyde to ethanol produces NAD* from NADH + H*, and the NAD* is cycled through the
glycolysis process. As with lactic acid fermentation, the glycolysis process produces usable energy
contained in two molecules of ATP produced for each molecule of glucose metabolized.

4.5 USING ENERGY TO PUT MOLECULES TOGETHER: ANABOLIC REACTIONS

The preceding section has discussed in some detail the complicated processes by which complex
molecules are disassembled to extract energy for metabolic needs. Much of this energy goes into
anabolic metabolic processes to put small molecules together to produce large molecules needed
for function and structure in organisms. Typical of the small molecules so put together are glucose
monosaccharide molecules, assembled into starch macromolecules, and amino acids, assembled
into proteins. In all cases of macromolecule synthesis, an H atom is removed from one molecule
and an —OH group from the other to link the two together:
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Figure 4.11 Alcoholic fermentation in which the conversion of pyruvate to ethanol through an acetaldehyde
intermediate is coupled with glycolysis to produce energetic ATP.

{Molecule A}-H + HO-{Molecule B} — {Molecule A}—-{Molecule B} + H,O (4.5.1)

Since a molecule of water is eliminated for each linkage formed, the anabolic reactions leading to
macromolecule formation are dehydration reactions. Recall from Section 4.2 that when macro-
molecular nutrient molecules are digested prior to their entering the body’s system, a molecule of
water is added for each linkage broken — a hydrolysis reaction. The energy required for the
anabolic synthesis of macromolecules is provided by catabolic processes of glycolysis, the citric
acid cycle, and electron transport.

A variety of macromolecules are produced anabolically. The more important of these are listed
below:

¢ Polysaccharide glycogen (animals) and starch (plants) produced for energy storage from glucose
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¢ Polysaccharide chitin composing shells of crabs and similar creatures produced from modified
glucose

 Lipid triglyceride fats and oils used for energy storage produced from glycerol and three fatty acids

* Phospholipids present in cell membranes produced from glycerol, two fatty acids, and phosphate

* Globular proteins (in enzymes) and structural proteins (in muscle) produced from amino acids

* Nucleic acids that provide the genetic code and directions for protein synthesis composed of
phosphate, nitrogenous bases, deoxyribose (DNA), and oxyribose (RNA)

The anabolic processes by which macromolecules are produced are obviously important in life
processes. Remarkably, these processes generally occur properly, making the needed materials
when and where needed. However, in some cases things go wrong with potentially catastrophic
results. This can occur through the action of toxicants and is a major mode of the action of toxic
substances.

4.6 METABOLISM AND TOXICITY

Metabolism is of utmost importance in toxicity. Details of the metabolism of toxic substances
and their precursors are addressed in Chapter 7, “Toxicological Chemistry.” At this point it should
be noted that there are several major aspects of the relationship between toxic substances and
metabolism, as listed below:

* Some substances that are not themselves toxic are metabolized to toxic species. Most substances
regarded as causing cancer must be metabolically activated to produce species that are the ultimate
carcinogenic agents.

¢ Toxic species are detoxified by metabolic processes.

¢ Metabolic processes act to counter the effects of toxic substances.

* Metabolic processes of fungi, bacteria, and protozoa act to degrade toxic substances in the water
and soil environments.

* Adverse effects on metabolic processes constitute a major mode of action of toxic substances. For
example, cyanide ion bonds with ferricytochrome oxidase, a form of an enzyme containing iron(III)
that cycles with ferrouscytochrome oxidase, containing iron(Il), in the respiration process by which
molecular oxygen is utilized, thus preventing the utilization of O, and leading to rapid death.

4.6.1 Stereochemistry and Xenobiotics Metabolism

Recall from Section 1.9 that some molecules can exist as chiral enantiomers that are mirror
images of each other. Although enantiomers may appear to be superficially identical, they may
differ markedly in their metabolism and toxic effects. Much of what is known about this aspect of
xenobiotics has been learned from studies of the metabolism and effects of pharmaceuticals. For
example, one of the two enantiomers that comprise antiepileptic Mesantoin is much more rapidly
hydroxylated in the body and eliminated than is the other enantiomer. The human cytochrome P-
450 enzyme denoted CYP2D6 is strongly inhibited by quinidine, but is little affected by quinine,
an optical isomer of quinidine. Cases are known in which a chiral secondary alcohol is oxidized
to an achiral ketone, and then reduced back to the secondary alcohol in the opposite configuration
of the initial alcohol.
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QUESTIONS AND PROBLEMS

1. Define metabolism and its relationship to toxic substances.

2. Distinguish between digestion and metabolism. Why is digestion relatively unimportant in regard
to toxic substances, most of which are relatively small molecules?

3. What is the fundamental difference between the digestion of fats and that of complex carbohydrates

(starches) and proteins? What role is played by bile salts in the digestion of fats?

What are the functions of ADP, ATP, NAD*, and NADH in metabolism?

What is the overall reaction mediated by the Krebs cycle? What does it produce that the body needs?

What is the amino acid pool? What purposes does it serve?

What is meant by an essential amino acid?

What is transamination? What product of amino acid synthesis is eliminated from the body by the

kidneys?

9. Give the definition and function of an energy carrier species in metabolism.

P NN A
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CHAPTER 5

Environmental Biological
Processes and Ecotoxicology

5.1 INTRODUCTION

Ecology is the study of groups of organisms interacting with each other and with their sur-
roundings in a generally steady-state and sustainable manner. Such relationships exist within
ecosystems that include the organisms and their surrounding environment. An ecosystem may be
viewed on a rather limited scale. For example, a small pond, the photosynthetic phytoplankton
(microscopic plants) that provide the basis of the food chain in it, and the animals that inhabit the
pond compose a small ecosystem. The scale may be expanded to a much larger scale; indeed, all
of Earth may be viewed as a vast ecosystem.

As discussed in detail in Chapter 6, toxicology refers to the detrimental effects of substances
on organisms. Substances with such effects are called toxic substances, toxicants, or poisons.
Whether or not a substance is toxic depends on the amount to which an organism is exposed and
the manner of exposure. Some substances that are harmless or even beneficial at low levels are
toxic at higher levels of exposure.

It should be obvious that toxic substances have a strong influence on ecosystems and the
organisms in ecosystems. In the example of the small pond ecosystem mentioned above, copper
sulfate added to the water can kill the microscopic algae, thus destroying the photosynthetic food
base of the ecosystem and causing the ecoystem’s collapse. It is logical, therefore, to consider the
interactions between ecology and toxicology. These interactions may be complex and involve a
number of organisms. They may involve food chains and complex food webs. For example,
persistent organohalide compounds may become more highly concentrated through food chains
and exert their most adverse effects on organisms such as birds of prey at the top of the food chain.
The combination of ecology and toxicology — the study of the effects of toxic substances on
ecosystems — has come to be known as ecotoxicology, which has been developed into an important
discipline in environmental science. This chapter addresses the concept of ecotoxicology as it
applies to toxicological chemistry.

Ecotoxicological effects may be considered through several different organizational levels, as
shown in Figure 5.1. The first step consists of the introduction of a toxicant or pollutant into the
system. This may result in biochemical changes at the molecular level. As a result, physiological
changes may occur in tissues and organs. These may result in detrimental alterations of organisms.
As a result, the organisms affected may undergo population changes, such as that which occurred
with hawks exposed to DDT. Such changes can alter communities; for example, decreased numbers
of hawks may allow increased numbers of rodents, accompanied by greater destruction of grain
crops. Finally, whole ecosystems may be altered significantly.
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Figure 5.1 Responses to toxicants at different organizational levels in life systems.

5.2 TOXICANTS

There are numerous kinds of toxicants that may cause alterations in ecosystems. These are
normally regarded as pollutants from anthropogenic sources, but they may come from natural
sources as well. Examples of such naturally occurring toxicants are hydrogen sulfide from geo-
thermal sources or heavy metals, such as lead, leached from minerals.

The metals of most concern are the heavy metals, especially cadmium, lead, and mercury.
Although it is a metalloid with characteristics of both metals and nonmetals, arsenic is commonly
classified as a heavy metal for a discussion of its toxicity. Though not particularly toxic, zinc is
abundant and may reach toxic levels in some cases. For example, zinc accumulates in sewage
sludge and crop productivity has been lowered on land fertilized with sludge because of zinc
accumulation. Copper may be toxic to plants. Aluminum, a natural constituent of soil, may be
leached from soil by polluted acidic rainwater and reach levels that are toxic to plants. Other metals
that may be of concern because of their toxicities include chromium, cobalt, iron, nickel, and
vanadium. Radium, a radioactive alpha particle-emitting metal, can be very toxic at even very low
levels in water or food.

Unlike organic compounds, metals are not biodegradable. Most of the heavy metals of greatest
concern form poorly soluble compounds with hydroxide (OH-), carbonate (CO%"), or sulfide (S*)
and therefore tend to accumulate in sediments. This is generally beneficial in making the metals
less available to organisms. However, creatures that live and feed in sediments and the organisms
that feed on these creatures can acquire toxic levels of heavy metals. In the case of mercury,
sediment-dwelling anaerobic bacteria can produce soluble methylated organometallic species in
the form of monomethylmercury cation, HgCH3, and dimethylmercury, Hg(CH,),. These species
can enter food chains, causing toxic accumulations of mercury in fish or birds at the top of the chain.

Several nonmetallic inorganic species may act as toxicants that affect ecosystems. Spills of
salts of cyanide ion, CN-, from mining operations have temporarily sterilized small streams. Nitrate
ion, NOs3,in contaminated well water may be reduced to nitrite ion, NO;3, in the stomachs of
ruminant animals and infants. The nitrite converts the iron(Il) in blood hemoglobin to iron(IIl),
thus producing methemoglobin, which is useless for transporting oxygen in blood. In extreme cases,
fatalities have resulted in livestock and human infants. Excessive levels of carbon dioxide, CO,, in
water or air can be detrimental or even fatal.

Persistent organic toxicants are arguably the pollutants of most concern with respect to
ecotoxicology because of their abilities to bioaccumulate in lipid (fat) tissue and to become
increasingly concentrated in such tissue as they progress through food chains. The most common
of such compounds are the organohalides discussed in Chapter 16. The classic persistent organo-
halide compound is DDT:
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which was widely used as a very effective insecticide during the mid-1900s. DDT is a prime
example of a chemical that is significant for its ecotoxicological effects. Its acute toxicological
effects are low, and it is safe to use around humans and other mammals. Unfortunately, it persists
through food chains and accumulates at high levels in birds of prey at the top of the food chain,
causing them to produce thin-shelled eggs that break before hatching. Populations of eagles, ospreys,
hawks, and similar birds were virtually wiped out before DDT was banned for general use. Several
related organohalides used as insecticides, such as dieldrin and aldrin, were similarly implicated
and have been banned.

Another notable class of persistent organohalide compounds is the polychlorinated biphenyl
(PCB) class, discussed in Section 16.4. Widely used in industrial applications, these compounds
have become widespread and persistent environmental pollutants. The compound 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD), commonly known as dioxin, discussed in Section 16.6, is an extremely
persistent manufacturing by-product that has caused significant environmental problems.

Another class of organic toxicants consists of relatively biodegradable organic compounds,
many of which have been used as insecticides and herbicides. A common class of such compounds
is composed of organophosphate insecticides such as those discussed in Section 18.7. Another
common class of biodegradable organics contains the carbamates discussed in Section 15.9. Pyre-
thrins from plant sources and their synthetic analogs, pyrethroids, are discussed in Section 19.5.
These substances are readily biodegraded compounds used as insecticides. Biodegradable organo-
phosphates, carbamates, and pyrethroids can have some ecotoxicological effects because of their
toxicities, but they are of relatively less concern because they biodegrade before having much of
an opportunity to accumulate in organisms.

Gaseous toxicants that occur as air pollutants may have some significant ecotoxicological
effects. Prominent among such pollutants are NO and NO, associated with photochemical smog.
A particularly damaging smog component is ozone, O,. Ozone can be very harmful to plants,
greatly reducing the photosynthetic productivity of ecosystems.

5.3 PATHWAYS OF TOXICANTS INTO ECOSYSTEMS

The major pathways by which toxicants enter ecosystems are through (1) water, (2) food, (3)
soil, and (4) air. Each of these will be considered briefly here. There is significant overlap among
these pathways. In order to characterize the ecotoxicological behavior of toxic substances, it is
necessary to understand their movement between and within the water, air, soil, and living com-
partments of the environment and to consider how toxic substances are metabolized, broken down,
concentrated, and stored within these compartments. The science that deals with these aspects of
chemical release and uptake, movement, degradation, and effects is called chemodynamics. An
understanding of the chemodynamics of environmental chemicals must consider biotic factors as
well as abiotic factors, such as temperature, wind, water flow, and sunlight.

For the most part, water that affects ecosystems is surface water in streams, lakes, ponds, and
other bodies of water. Water held by sediments in such bodies may be important repositories of
toxic substances. Groundwater in underground aquifers may be released to surface sources where
it may contact organisms. Shallow groundwater and water held by soil may enter plant roots.
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Toxicants may get into water from a number of different sources. Release from anthropogenic
sources as water pollutants can be a significant source of toxicants in water. Sewage, both treated
and untreated, may contaminate water. Sewage provides high concentrations of degradable organic
substances that consume oxygen when they biodegrade in water. Sewage that has been treated,
usually biologically, may still contain residual organic matter, salts, and other materials that can
get into water. The sludge left over from biological treatment of sewage is often spread on land
and may lose contaminants that get into water. Industrial wastewaters improperly released to natural
waters may be sources of organic pollutants and heavy metals in water.

Toxicants may enter organisms by way of food. In some cases, residues of pesticides or other
toxic organic compounds applied to food crops may be ingested by animals or even humans. In
nature, such toxicants may enter food chains as organisms higher on the food chain consume
organisms lower on the chain. This phenomenon was responsible for the toxic levels of DDT and
other poorly biodegradable toxicants that became highly concentrated in birds of prey at the top
of food chains, almost causing extinction of some kinds of raptors.

Exposure to toxicants from terrestrial sources is very common because of the intimate asso-
ciation between animals and plants that live on the land with soil. Modern agricultural practices
call for the application of large quantities of herbicides and other pesticides to plants and soil;
residues of these substances may readily enter living organisms. Soil is the repository of a variety
of air pollutants, especially airborne particles that settle onto soil. Improper disposal of industrial
wastes and toxic substances washed from or blown off of hazardous waste sites has contributed to
exposure of soil.

Air-breathing animals and plants that grow on land surfaces are exposed to toxic substances
that may be in the atmosphere. There are numerous sources of toxic substances in the atmosphere.
Direct emissions from industrial sources and engines may contaminate the atmosphere with toxic
organic materials, acidic substances, and heavy metals. Some harmful air pollutants are secondary
pollutants formed by atmospheric chemical processes. Strong acids responsible for acid rain are
formed by atmospheric oxidation of inorganic gases, especially SO, (forming H,SO,) and NO and
NO, (forming HNO;). Under appropriate conditions of stagnant air, low humidity, and intense
sunlight, reactive hydrocarbons and nitrogen oxides emitted from automobile exhausts form a
variety of noxious organic aldehydes and oxidants as well as ozone, all of which are toxic to plants
and animals.

5.3.1 Transfers of Toxicants between Environmental Spheres

An important aspect of toxic substances related to ecotoxicology is their transfer between
spheres of the environment, the atmosphere, hydrosphere, geosphere, biosphere, and anthrosphere.
Important considerations in such transfers are illustrated in Figure 5.2. In general, toxicants enter
the atmosphere by evaporation, the solids in the geosphere by adsorption, and the hydrosphere by
dissolution. Movements of substances between the atmosphere and other spheres are very much
influenced by vapor pressures of the substances; those with higher vapor pressures have a greater
tendency to remain in the atmosphere. Temperature is also important. Because of the low viscosity
of air and the constant circulation of air masses, toxic substances tend to be much more mobile in
the atmosphere than in the other environmental spheres. One interesting aspect is the tendency of
somewhat volatile organic compounds to evaporate into the atmosphere in warmer regions, and
then condense in polar and cold mountainous areas, which often receive a high dose of organic
toxicants as a consequence, even though they are far from industrial sources. Low water solubility
is associated with the tendency of substances to accumulate in sediments and on soil, whereas
highly soluble substances may be transported readily by water. High lipid solubility and low water
solubility enable substances to accumulate in the lipid tissue of animals in the biosphere.
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Figure 5.2 Transfers of toxic substances among the major environmental spheres are very important in
determining their ecotoxicological effects.

5.3.2 Transfers of Toxicants to Organisms

A crucial aspect of the interchange of toxicants between environmental spheres is the transfer
of toxicants to organisms in the biosphere. Sources of toxicants that organisms acquire from their
surroundings may be divided into three general categories: those that are ingested with food or
water into the alimentary tract, those that are absorbed from ambient surroundings, especially by
fish that live in water, and those that are inhaled in air that is breathed into lungs. Persistent,
lipophilic (fat-seeking), poorly metabolized toxicants tend to persist and to increase in concentration
in higher trophic levels of organisms where a trophic level consists of a group of organisms that
derive their energy from the same portion of the food web in a biological community. This can
lead to biomagnification of toxicants in organisms higher in the food chain. Lipophilic toxicants
may reach particularly high levels in some birds of prey, which are not only at the top of food
chains, but also lack well-developed metabolic mechanisms for dealing with such toxicants. The
mobility of organisms, especially birds, can cause toxic substances to spread out over great distances
in food webs.

Suspended and dissolved toxic substances in water can be transferred directly into fish, aquatic
invertebrates, and amphibians that live in water. In the case of fish, toxicants can be absorbed
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Figure 5.3 Overall pathway of bioconcentration.

primarily through the gills, and with aquatic invertebrates, through respiratory surfaces. There can
also be some direct absorption from water through the skin of these organisms and amphibians.

An important consideration in the uptake of toxicants by organisms is the bioavailability of
various substances, which is basically the tendency of a substance to enter an organism’s system
upon exposure. The bioavailability of lead has been studied to a large extent and varies significantly
with the chemical form of the lead. Mercury also offers striking examples. Water-soluble inorganic
mercury is very toxic when ingested. Mercury metal vapor is readily absorbed by the lungs. Fatal
doses of lipid-soluble organometallic dimethylmercury can be absorbed through the skin.

The two main pathways for the uptake of toxic substances by plants are through their root
systems and across their leaf cuticles. Stomata, the specialized openings in plant leaves that allow
carbon dioxide required for photosynthesis to enter the leaves and oxygen and water vapor to exit,
are also routes by which toxic substances may enter plants. The mechanisms by which plants take
up systemic pesticides and herbicides, which become distributed within the plant, have been studied
very intensvively.

5.4 BIOCONCENTRATION

The tendency of a chemical to leave aqueous solution and enter a food chain is important in
determining its environmental effects and is expressed through the concept of bioconcentration.
Bioconcentration (Figure 5.3) may be viewed as a special case of bioaccumulation in which a
dissolved substance is selectively taken up from water solution and concentrated in tissue by
nondietary routes. Bioconcentration applies specifically to the concentration of materials from water
into organisms that live in water, especially fish. As illustrated in Figure 5.3, the model of biocon-
centration is based on a process by which contaminants in water traverse fish gill epithelium and
are transported by the blood through highly vascularized tissues to lipid tissue, which serves as a
storage sink for hydrophobic substances. Transport through the blood is affected by several factors,
including rate of blood flow and degree and strength of binding to blood plasma protein. Prior to
reaching the lipid tissue sink, some of the compound may be metabolized to different forms. The
concept of bioconcentration is most applicable under the following conditions:

* The substance is taken up and eliminated via passive transport processes.
¢ The substance is metabolized slowly or not at all.

* The substance has a relatively low water solubility.

¢ The substance has a relatively high lipid solubility.
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Substances that undergo bioconcentration are hydrophobic and lipophilic, and therefore tend
to undergo transfer from water media to fish lipid tissue. The simplest model of bioconcentration
views the phenomenon on the basis of the physical properties of the contaminant and does not
account for physiologic variables (such as variable blood flow) or metabolism of the substance.
Such a simple model forms the basis of the hydrophobicity model of bioconcentration, in which
bioconcentration is regarded from the viewpoint of a dynamic equilibrium between the substance
dissolved in aqueous solution and the same substance dissolved in lipid tissue.

5.4.1 Variables in Bioconcentration

There are several important variables in estimating bioconcentration. These are discussed briefly
here.

A basic requirement for uptake of a chemical species from water is bioavailability. Normally
uptake is viewed in terms of absorption from true water solution. Biouptake may be severely
curtailed for substances with extremely low water solubilities or that are bound to particulate matter.
Dissolved organic matter may also bind to substances and limit their biouptake.

Although the simple bioconcentration model assumes relatively unhindered movement of a
contaminant across the barriers between water and lipid tissue, such is often not the case. The
uptake of an organic species can be a relatively complex process in which the chemical must
traverse membranes in the gills and skin to reach a final lipid sink. A physiological component
of the process by which a chemical species moves across membranes tends to cause bioconcentration
to deviate from predictions based on hydrophobicity alone.

Some evidence suggests that the lipid content of the subject organism affects bioconcentration.
Higher lipid contents in an organism may to a degree be associated with relatively higher biocon-
centration factors (BCFs) (see Section 5.5). The lipid levels at the site of entry (gill in fish) may
be relatively more important than those in the whole organism.

Molecular shape and size seem to play a role in bioconcentration. There are steric hindrances
to the movement of large molecules across membranes, compared to molecules of about the same
mass but with smaller cross-sectional areas. For larger molecules, this results in slower transfer
and a lower BCF.

Although a simple bioconcentration model assumes rapid movement of a hydrophobic contam-
inant through an organism, distribution may be relatively slow. The predominant limiting factor
in this case is the blood flow. Slow transport to lipid tissue sinks can result in lower apparent BCF
values than would be the case if true equilibrium were attained.

5.4.2 Biotransfer from Sediments
Because of the strong attraction of hydrophobic species for insoluble materials such as humic
matter, many organic pollutants in the aquatic environment are held by sediments in bodies of

water. Bioaccumulation of these materials must, therefore, consider transfer from sediment to water
to organism, as illustrated in Figure 5.4.

5.5 BIOCONCENTRATION AND BIOTRANSFER FACTORS
5.5.1 Bioconcentration Factor

Quantitatively, the hydrophobicity model of bioconcentration is viewed in the classical thermo-
dynamic sense as an equilibrium between the uptake and elimination of substance X:
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Figure 5.4 Partitioning of a hydrophobic chemical species among sediment, water, and lipid tissue. Thicker
arrows denote the preference of the chemical for sediment and lipid tissue, compared to aqueous
solution.

Table 5.1 Example Bioconcentration Factors

Temperature

Chemical Fish Species (°C) BCF

PCB Sunfish 5 6.0 x108
PCB Sunfish 15 5.0 x10*
PCB Trout 5 7.4 x10°8
PCB Trout 15 1.0 x104
Hexachlorobenzene  Rainbow trout 15 5.5 x10°
Hexachlorobenzene  Fathead minnow 15 1.6 x104

Source: From Barron, M.G., Bioconcentration, Environ. Sci. Technol.,
24, 1612-1618, 1990.

X(aq) == X(lipid) (5.5.1)

Using k, as the rate constant for uptake and k, as the rate constant for elimination leads to the
following definition of bioconcentration factor:

BCF=5=M (5.5.2)

k, [X(aq)]

When [X(lipid))/[X(aq)] = BCF, the rates of uptake and elimination are equal, the lipid concentration
of the xenobiotic substance remains constant (at constant [X(ag)]), and the system is in a condition
of dynamic equilibrium or steady state. Some typical values of BCF are given in Table 5.1.
Evidence for the validity of the hydrophobicity model of bioconcentration is provided by
correlations of it with the octanol-water partition coefficient, K , using n-octanol as a surrogate
for fish lipid tissue. The measurement of K, consists of determining the concentration of a
hydrophobic contaminant in water-immiscible n-octanol relative to water with which it is in
equilibrium. Typical K, values range from 10 to 107, corresponding to BCF values of 1 to 10°.
Such K,,/BCF correlations have proven to be reasonably accurate when narrowly defined for a
specified class of compounds, most commonly poorly metabolized organohalides. Major inconsis-
tencies appear when attempts are made to extrapolate from one class of contaminants to another.
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Table 5.2 Example Biotransfer Factors for Beef and Milk?

Biotransfer Factor

Chemical Log K., Beef Milk
Arochlor 1254 (PCB) 6.47 -1.28 -1.95
Chordane 6.00 -2.13 -3.43
DDT 5.76 -1.55 —2.62
Endrin 5.16 -1.92 —2.76
Lindane 3.66 -1.78 -2.60
2,45-T 3.36 —4.82 —2.60
TCDD 6.15 -1.26 -1.99
Toxaphene 5.50 -2.79 -3.20

a For a more complete listing, see Travis, C.C. and Arms, A.D,,
Bioconcentration of organics in beef, milk, and vegetation,
Environ. Sci. Technol., 22, 271-274, 1988.

5.5.2 Biotransfer Factor

A useful measure of bioaccumulation from food and drinking water by land animals is the
biotransfer factor (BTF), defined as

BTF = Concentration in tissue (5.5.3)

Daily intake

where the concentration in tissue is usually expressed in mg/kg and daily intake in mg/day. This
expression can be modified to express other parameters, such as concentration in milk. As is the
case for bioconcentration factors for fish in water, BTF shows a positive correlation with K, values.
Representative BTF values for biotransfer to beef are given in Table 5.2.

5.5.3 Bioconcentration by Vegetation
Like fish and mammals, vegetation can absorb organic contaminants. In the case of vegetation,

the bioconcentration factor can be expressed relative to the mass of compound per unit mass of
soil. The exact expression for vegetation is

Concentration in plant tissue

BCF = (5.54)

Concentration in soil

where the concentration in plant tissue is given in units of mg/kg dry plant tissue and the concen-
tration in soil is in units of mg/kg dry soil. Table 5.3 gives some typical values of BCF for plants
relative to log K. It is seen that for uptake of hydrophobic substances by plants, BCF values are
less than one and tend to decrease with increasing K, the opposite of the trend observed in animals.

This is explained by the transport of organic substances by water from soil to plant tissue, which
increases with increasing water solubility of the compound and therefore with decreasing K.,

5.6 BIODEGRADATION
Biodegradation may involve relatively small changes in the parent molecule, such as substitution

or modification of a functional group. In the most favorable cases, however, the compound is
completely destroyed and the end result is conversion of relatively complex organic compounds to

Copyright © 2003 by CRC Press LLC



Table 5.3 Example Bioconcentration Factors?

Chemical Log K., Log BCF
Arochlor 1254 (PCB) 6.47 -1.77
3,4-Dichloroaniline 2.69 -0.30
Diflubenzuron 3.82 —-0.53
Heptachlor 5.44 -1.48
Lindane 3.66 -0.41
TCDD 6.15 -1.87

aFor a more complete listing, see Travis, C.C. and
Arms, A.D., Bioconcentration of organics in beef,
milk, and vegetation, Environ. Sci. Technol., 22,
271-274, 1988.

CO,, H,0, and inorganic salts, a process called mineralization. Usually the products of bio-
degradation are molecular forms that tend to occur in nature and that are in greater thermodynamic
equilibrium with their surroundings.

5.6.1 Biochemical Aspects of Biodegradation

Several terms should be reviewed in considering the biochemical aspects of biodegradation.
Biotransformation is what happens to any substance that is metabolized by the biochemical pro-
cesses in an organism and is altered by these processes. Metabolism is divided into the two general
categories of catabolism, which is the breaking down of more complex molecules, and anabolism,
which is the building up of life molecules from simpler materials. The substances subjected to
biotransformation may be naturally occurring or anthropogenic (made by human activities). They
may consist of xenobiotic molecules that are foreign to living systems.

It should be emphasized that biodegradation of an organic compound occurs in a stepwise
fashion and is usually not the result of the activity of a single specific organism. Usually several
strains of microorganisms, often existing synergistically, are involved. These may utilize different
metabolic pathways and a variety of enzyme systems.

Although biodegradation is normally regarded as degradation to simple inorganic species such
as carbon dioxide, water, sulfates, and phosphates, the possibility must always be considered of
forming more complex or more hazardous chemical species. An example of the latter is the
production of volatile, soluble, toxic methylated forms of arsenic, and mercury from inorganic
species of these elements by bacteria under anaerobic conditions. There is some evidence to suggest
that toluene, an anthropogenic compound, can be produced metabolically from the amino acid
phenyalanine by anaerobic bacteria. This would occur by successive deammination and decarbox-
ylation as follows:

R R 3
H-C— (Ij— C-OH—™> H-C—-C—C-OH—/™> H-C—H
NpI, Deammination 0 Two-step removal

2 of carbon
Phenylalanine Toluene

It is well known that microbial communities exposed to xenobiotic compounds develop the
ability to break these compounds down metabolically. This has become particularly obvious from
studies of biocidal compounds in the environment. In general, such compounds are readily degraded
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by bacteria that have been exposed to the compounds for prolonged periods, but not by bacteria
from unexposed sites. The development of microbial cultures with the ability to degrade materials
to which they are exposed is described as metabolic adaptation. In rapidly multiplying microbial
cultures, metabolic adaptation can include genetic changes that favor microorganisms that can
degrade a specific kind of pollutant. Metabolic adaptation may also include increased numbers of
microorganisms capable of degrading the substrate in question and enzyme induction.

5.6.2 Cometabolism

Xenobiotic compounds are usually attacked by enzymes whose primary function is to react
with other compounds, a process that provides neither carbon nor energy called cometabolism.
Cometabolism usually involves relatively small modifications of the substance that is cometabolized
(the secondary substrate), compared to the primary substrate. The enzymes that carry out come-
tabolism tend to be relatively nonspecific. As an environmentally significant example of cometab-
olism, at least one strain of bacteria degrades trichloroethylene with an enzyme system that acts
predominantly on phenol. The enzyme activity can be induced by exposure to phenol, after which
it acts on trichloroethylene.

In pure cultures of microorganisms, the products of cometabolism tend to accumulate and often
do not undergo further degradation. However, in mixed cultures, which are the norm for environ-
mental systems, they may serve as substrates for other organisms so that complete biodegradation
results. Therefore, studies of biodegradation in pure cultures are usually of limited utility in
predicting what happens in the environment.

An example of cometabolism of pollutants is provided by the white rot fungus Phanerochaete
chrysosporium, which degrades a number of kinds of organochlorine compounds, including DDT,
PCBs, and chlorodioxins, under the appropriate conditions. The enzyme system responsible for
this degradation is one that the fungus uses to break down lignin in plant material under normal
conditions.

5.6.3 General Factors in Biodegradation

The rates and efficacy of biodegradation of organic substances depend on several obvious
factors. These include the concentration of the substrate compound, the nature and concentration
of the final electron acceptor (most commonly O,), the presence of phosphorus and nitrogen
nutrients, the availability of trace element nutrients, the presence of a suitable organism, the absence
of toxic substances, and the presence of appropriate physical conditions (temperature, growth
matrix). In addition to their biochemical properties, the physical properties of compounds, including
volatility, water solubility, organophilicity, tendency to be sorbed by solids, and charge, play a role
in determining the biodegradability of organic compounds.

To a large extent, xenobiotic compounds in the aquatic environment are bound with sediments
and suspended solid materials, such as humic acids. This binding plays a large role in biodegrada-
tion. Indeed, the structure of the bound form of the xenobiotic, such as a humic acid complex with
a synthetic organic compound, may largely determine its rate of enzymatic degradation.

Some studies suggest that biodegradation rates of substances at relatively higher concentrations
are not extrapolatable to very low concentrations (see Figure 5.5). That could explain the persistence
of very low residual levels of some biodegradable substances in water or soil.

An example of the effects of the presence of toxic materials is provided by the biodegradation
of polycyclic aromatic hydrocarbons (PAHs). PAH compounds from fuel and petroleum sludges
spilled on soil undergo biodegradation with relative ease, whereas PAHs from creosote contami-
nation are poorly biodegradable. This observation may be explained by the bactericidal properties
of creosote components that inhibit the growth of organisms responsible for degrading PAH
compounds.
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Figure 5.5 Biodegradation vs. substrate concentration showing that rates may not extrapolate well to lower
concentrations.

Competition from other organisms may be a factor in biodegradation of pollutants. “Grazing”
by protozoa may result in consumption of bacterial cells responsible for the biodegradation of
particular compounds.

Trace amounts of micronutrients are needed to support biological processes and as constituents
of enzymes. Important micronutrients are calcium, magnesium, potassium, sodium, chlorine, cobalt,
iron, vanadium, and zinc. Sometimes sulfur, phosphorus, and micronutrients must be added to
media in which microorganisms are used to degrade hazardous wastes in order for optimum growth
to occur.

5.6.4 Biodegradability

The amenability of a compound to chemical attack by microorganisms is expressed as its
biodegradability. The biodegradability of a compound is influenced by its physical characteristics,
such as solubility in water and vapor pressure, and by its chemical properties, including molecular
mass, molecular structure, and presence of various kinds of functional groups, some of which
provide a “biochemical handle” for the initiation of biodegradation. With the appropriate organisms
and under the right conditions, even substances that are biocidal to most microorganisms can
undergo biodegradation. For example, normally bactericidal phenol is readily metabolized by the
appropriate bacteria acclimated to its use as a carbon and energy source.

Recalcitrant or biorefractory substances are those that resist biodegradation and tend to persist
and accumulate in the environment. Such materials are not necessarily toxic to organisms, but
simply resist their metabolic attack. Even some compounds regarded as biorefractory may be
degraded by microorganisms adapted to their biodegradation. Examples of such compounds and
the types of microorganisms that can degrade them include endrin (Arthrobacter), DDT (Hydro-
genomonas), phenylmercuric acetate (Pseudomonas), and raw rubber (Actinomycetes).

5.7 BIOMARKERS

A crucial aspect of ecotoxicology is the measurement of the effects of toxic substances on
organisms in ecosystems and on ecosystems as a whole. This has traditionally been done by
determining levels of toxic substances in organisms and relating these levels to detrimental effects
on organisms. Because of factors such as biochemical alterations of toxicants, correlations between
toxicant levels and observed toxic effects are often impossible to achieve. A better approach is the use
of biomarkers consisting of observations and measurements of alterations in biological components,
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structures, processes, or behaviors attributable to exposure to xenobiotic substances. Biomarkers
can often use animals and other organisms to infer the chemical hazards to humans. Biomarkers
can be broadly divided into three main categories: exposure, effects, or susceptibility.

A biomarker of exposure consists of the measurement of a xenobiotic substance, a metabolite
of a xenobiotic substance, or an effect directly attributable to such a substance in an organism. For
example, a biomarker of human exposure to aniline might consist of measurement of it or its p-
aminophenol metabolite in blood or urine. Xenobiotics or their metabolites can be measured directly

O = O
A

niline p-Aminophenol

in tissues obtained by biopsy of live organisms or necropsy of deceased organisms. Urine, blood,
exhaled air, feces, and breast milk can also serve as samples and are advantageous in measurements
to be made at intervals over a period of time.

A particularly useful kind of biomarker used with increasing frequency during recent years
consists of adducts of xenobiotics or their metabolites to biomolecules. A particularly straightfor-
ward example of such an adduct measured for many years as evidence of exposure is carboxyhe-
moglobin, COHb, produced when inhaled carbon monoxide adds to blood hemoglobin, Hb:

0,Hb + CO — COHb + O, (5.7.1)

The COHb has a distinctly different color from the oxygenated form, O,Hb, and can be measured
spectrophotometrically. Cancer-causing compounds and carcinogenic metabolites are generally
electrophilic (electron-seeking) species that cause the biochemical changes leading to cancer by
adding to nucleophilic groups (electron-rich bound oxygen and nitrogen atoms) on biomolecules,
particularly those in DNA. These adducts and adducts to hemoglobin can be measured as biomarkers
of exposure.

Biomarkers of effect are alterations of physiology, biochemistry, or behavior directly attribut-
able to exposure to a xenobiotic substance. As noted above, exposure to aniline can be determined
by measuring it or its p-aminophenol in blood, but it can also be measured by its production of
blood methemoglobin (a product of hemoglobin useless for carrying oxygen in blood in which the
iron(I) in hemoglobin has been oxidized to iron(IIl)). Exposure to substances such as nerve gas
organophosphates, organophosphate insecticides, and carbamate insecticides that inhibit cholinest-
erase enzymes required for nerve function can be determined by measurement of cholinesterase
enzyme activity. Exposure to the insecticidal DDT metabolite, p,p-DDE can be measured in the
laboratory rat (Rattus rattus) by induction of enzymatic cytochrome P-4502B, an enzyme used by
some organisms to detoxify xenobiotics.

Closely related to biomarkers of effect are biomarkers of susceptibility, which indicate
increased vulnerability of organisms to disease, physical attack (such as low temperatures), or
chemical attack from other toxicants. The most obvious biomarkers of susceptibility are those
associated with weakened immune systems, which may make organisms more vulnerable to cancer,
infectious diseases, or parasites.

5.8 ENDOCRINE DISRUPTERS AND DEVELOPMENTAL TOXICANTS

Toxicants that disturb the action of hormones involved in reproduction and development are of
particular ecotoxicological significance. Endocrine disrupters may bind to hormone receptor sites,
thus interfering with the essential functions of the endocrine system. Endocrine disrupters may
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lower production of essential hormones or induce excess production. Perchlorate ion, CIOj, can
compete with iodide ion, I, for uptake by the thyroid gland and disrupt synthesis of the thyroid
hormone.

The most obvious ecotoxicological concern with substances that disrupt endocrine systems and
affect development has to do with reproduction of species and their development into healthy adults.
Toxicants that interfere with these functions have the potential to severely reduce key populations
in ecosystems, thereby altering the nature of the ecosystems.

5.9 EFFECTS OF TOXICANTS ON POPULATIONS

For the most part, toxicology considers the effects of toxicants on individuals. However,
ecotoxicology is more concerned with toxic effects on large numbers of individuals composing
populations of organisms. A population in ecological terms refers to total numbers or numbers
per unit area of a particular species in an ecosystem. The average population of a species that an
ecosystem can support is its carrying capacity. Exposure to toxicants is likely to lower populations
by lowering reproductive rates, causing mortality, or weakening members of the species so that
they become more vulnerable to predation, disease, or parasites.

In severe cases of exposure to toxicants, a population may go to zero and stay there so long as
exposure continues or, if the toxicant is removed, until immigration from outside the ecosystem
restores the population. In other cases, the population is reduced and remains at a lower level so
long as exposure to the toxicant continues. Another possibility is for a population to decline, and
then rise again as the population develops resistance to the effects of the toxic substance. This
effect has been observed in the case of exposure to insecticides of insects whose short reproductive
times enable natural selection to build populations resistant to the insecticides.

Decreased populations due to exposure to toxic substances may result from mortality to mem-
bers of the population or from adverse effects on reproduction. Increased mortality obviously
decreases numbers directly, but it also results in decreased numbers because of fewer adults capable
of producing young.

Effects of toxicants on populations may be indirect. There have been cases reported in which
herbicides destroyed weed species that served as sources of food for certain kinds of insects that,
in turn, were the food source for particular species of birds. Spraying with these herbicides resulted
in decreases in bird populations because of the destruction of their insect food sources.

Toxicants have been known to result in increases in some populations. This occurs when organisms
that are predators to a particular species are poisoned, allowing the species to increase in numbers.

5.10 EFFECTS OF TOXICANTS ON ECOSYSTEMS

An ecosystem consists of a variety of communities of organisms and their surrounding envi-
ronment existing in a generally steady state. An important aspect of ecosystems is the flow of
energy and materials. In an ecosystem intricate relationships exist among the organisms — with
each other and with their surroundings — and these relationships may be perturbed by the effects
of toxicants. The flow of materials inherent to ecosystems may be involved in the dispersal of and
exposure to toxicants. Exposure to xenobiotics may alter the homeostasis (same-state status of
equilibrium with surroundings) of individual organisms, leading to effects on populations of specific
kinds of organisms, communities of organisms, and whole ecosystems.

Ecosystems can be divided generally into two categories: terrestrial ecosystems, consisting of
those that exist primarily on land, and aquatic ecosystems, composed of those that exist in water.
There are many interconnections between terrestrial and aquatic ecosystems, and many ecosystems
have both terrestrial and aquatic components.
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Aquatic ecotoxicology is relatively more simple than terrestrial ecotoxicology. Exposure of
organisms to toxicants in aquatic systems is normally through direct contact of the organisms with
contaminated water, which can be analyzed chemically for the presence of toxicants. The organisms
in aquatic ecosystems are largely confined to relatively small areas, although there are exceptions,
such as salmon, which migrate over great distances to reproduce.

Terrestrial ecotoxicology is complicated by a number of factors. Large numbers of organisms
exist at various trophic levels, fitting into a variety of parts of food webs and occupying a variety
of ecological niches. Terrestrial animals may move significant distances as they forage, migrate,
defend their territories, and seek locations more amenable to their existence. Whereas a body of
water exhibits a high degree of inertia, particularly toward changes in temperature because of
water’s high heat capacity, terrestrial environments may undergo sudden and dramatic changes in
temperature, moisture, and other factors that affect the environment. It is against such a variable
background that the terrestrial ecotoxicologist must attempt to determine the effects, often subtle
and small, of xenobiotic chemicals, which are often present at low and variable concentrations. It
is not surprising, therefore, that the earliest evidence of terrestrial ecotoxicological effects dealt
with particularly high levels of obvious poisons, such as arsenic compounds that were applied in
huge quantities to orchards. One of the defining works of ecotoxicology was performed on raptor
bird populations in the United Kingdom in the 1960s. Studies of peregrine falcon (Falco peregrinus)
and sparrow hawk (Accipiter nisus) revealed that declining numbers of these birds were due to low
hatches, a consequence of eggshell thinning from exposure to DDT metabolites and other orga-
nochlorine compounds.

Populations of organisms in ecoystems may reflect exposures to toxicants. Observations of
effects on populations of organisms or on entire ecosystems are considered to be higher order end
points in toxicological studies than are observations of effects on individual organisms. A severe
decline in populations of a particular kind of organism may be the result of the direct effects of a
toxic substance on the population. This was the case of drastically reduced populations of eagles
exposed to insecticidal DDT, which prevented production of eggs capable of hatching. Populations
may reflect indirect effects of toxicants, such as an overpopulation of rodents resulting from reduced
numbers of birds of prey killed by toxicants. Population distributions between young and older
organisms and between sexes may be altered by toxic substance exposure. During times when DDT
and other organochlorine insecticides were widely used, declines in some populations of female
ducks were observed. These ducks died because they accumulated large amounts of fat tissue
contaminated with organochlorine compounds prior to the season in which they laid eggs. These
stores of fat were rapidly used during egg production and incubation, leading to a release of high
levels of toxic organics into the blood of the female ducks and causing fatal poisoning to result.

Effects on population distributions may serve as evidence of kinds of toxicants. A marked
decrease in numbers of juveniles may indicate the presence of reproductive poisons. A low popu-
lation of older individuals can result from exposure to carcinogens, which take a relatively long
time to act, so that older members develop cancer and die.

Many of the factors that can affect organisms adversely are inherent stressors, including avail-
ability of nutrition, water quality, temperature and other climatic extremes, disease, and predation.
It is important to be able to separate effects of inherent stressors from those of toxic chemicals.
There are often important synergistic relationships between inherent stressors and the effects of
toxic chemicals. Organisms that are under stress from inherent stressors are likely to be more
susceptible to the effects of xenobiotic toxicants.

Observation of deaths of organisms and resultant declines in populations, though straightforward
and unequivocal, are often insufficient to fully explain the effects of toxic substances on ecosystems.
It is also important to consider sublethal effects, which may cause ill effects in populations without
directly killing individuals. Exposure to toxicants can lower reproductive rates of organisms and
affect rates of survival of juveniles to adulthood. Ability to avoid predators may be curtailed,
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foraging capabilities may be reduced, and homing and migration instincts may be adversely affected.
A number of tests are used to monitor sublethal effects. One such test examines the induction of
mixed-function oxygenase enzymes, which are produced by organisms to metabolize toxicants.
The presence of stress proteins that serve to repair proteins denatured by toxicants can be evidence
of an organism attempting to cope with sublethal effects of toxicants. The activity of the acetyl-
cholinesterase enzyme can be measured as evidence of the harmful effects of organophosphate and
carbamate insecticides. Genotoxicity (such as damage to chromosomes) and immune system effects
can also be monitored for evidence of sublethal effects.

Pollution-induced community tolerance has been observed in ecoystems in which commu-
nities that are resistant to the effects of some kinds of pollutants have survived. Additional exposure
to the same pollutants may have relatively little effect because the organisms that have survived
are those that tolerate the particular kinds of pollutants in question.

Exposure of an ecosystem to toxic substances may result in the disappearance of entire popu-
lations, which in turn may enable larger populations of competing organisms to develop or may
result in loss of populations dependent upon those directly affected by the toxicants. Such an
occurrence obviously involves loss of species diversity, which is an important characteristic of
healthy ecosystems. More commonly, populations are reduced, resulting in a shift in the distribution
of populations within the ecosystem.

Some of the most well studied effects of toxic substances on ecosystems have been those dealing
with the effects of acid on freshwater ecosystems. Declines of pH from a nearly neutral range of
6.5 to 7.5 to values around 5.5 to 6.0 have been observed in some Scandinavian lakes during the
approximate 30-year period following 1940. These declines have been accompanied by dramatic
losses of commercially valuable salmon and trout populations. Lakes with pH values less than
about 5.0 have become free of fish. Experimental studies of lake acidification have also shown
changes in the phytoplankton and zooplankton communities, with a general loss of population
diversity. In some cases, mats composed of just a few species of filamentous green algae changed
the entire character of the lakes.

The influence of toxic substances on nutrient cycles can also be important. One of the more
important nutrient cycles is the carbon cycle: carbon from atmospheric carbon dioxide is fixed as
organic carbon in plant biomass, biomass is consumed by organisms, and carbon in decaying
biomass is released back to the atmosphere as carbon dioxide, with a concurrent release of
phosphate, nitrogen, and other nutrients. Toxic substances may cause perturbations in such a cycle,
as has been observed when toxic heavy metals in soil have killed populations of earthworms, which
are important in biomass recycling.
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QUESTIONS AND PROBLEMS

The combination of ecology and toxicology is known as ecotoxicology. Define ecotoxicology in
a way that includes environmental chemistry.
Match the following pertaining to responses to toxicants at different organizational levels in life

systems:

1. Population changes (a) Parathion from insecticide spray binds with acetylcholinesterase
2. Physiological alterations enzyme

3. Biochemical changes (b) Animals with inhibited acetylcholinesterase enzyme cannot

4. Ecosystem changes breathe properly

(c) Numbers of animals of species most susceptible to acetyl-
cholinesterase enzyme inhibition decrease
(d) The decrease in animals susceptible to acetylcholinesterase
enzyme inhibition significantly affects the distribution of various
species in a defined area
Although lead and cadmium sulfate are both soluble, a body of water contaminated with these
toxicants in the presence of sulfate and biodegradable organic matter shows very low concentrations
of dissolved lead and cadmium, although levels are relatively high in the sediments of the body
of water. Explain.
Explain why persistent organic toxicants such as DDT and PCBs are of particular concern in
ecotoxicology, even though they are not notably acutely toxic.
Relate chemodynamics to both ecotoxicology and environmental chemistry.
Suggest how each of the following potential toxicants might transfer among environmental spheres
based upon Figure 5.2:
(a) Lead from a lead smelter deposited upon agricultural soil
(b) Lipid-soluble, poorly biodegradable PCBs leached from a hazardous waste site into a farm
pond used as a water source by animals
(c) Sulfur dioxide released to the atmosphere as an air pollutant
(d) Toxic radioactive radium present naturally in mineral formations
Suggest how the bioavailability of pollutants affects their ecotoxicology.
What are the two main pathways for the uptake of toxic substances by plants?
Explain how bioconcentration relates to bioaccumulation. How does the hydrophobicity model
pertain to bioconcentration? What are the conditions under which bioconcentration is most appli-
cable as a model?
Suggest how the bioconcentration factor may be used in discussing the ecotoxicology of toxic
substances. How does the bioconcentration factor relate to the octanol-water partition coefficient.
Although the concept of bioconcentration applies well to fish in water, it is not useful for humans
and land animals. What is used instead? Suggest how the concept of bioconcentration might pertain
to humans with respect to their diets.
Complete the following: is what happens to any substance that is
by the biochemical processes in an organism and is altered by these processes.
If it proceeds all the way to simple organic species such as carbon dioxide and ammonia, the
process is called .
Explain cometabolism as it relates to xenobiotic substances.
An herbicide contaminating a lake was measured on several consecutive days. Its concentration
was found to decrease linearly with time and was at a level of 24 mg/L when first measured and
10 mg/L on the 5th day after measurement was initiated. Predict when the level would reach a
value deemed safe by regulations governing this pollutant in water of 0.5 mg/L. Suggest some
cautions that should be observed in relying on such a calculation.
The amenability of a compound to chemical attack by microorganisms is expressed as its
and substances that strongly resist biodegradation are called
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20.

Match the following pertaining to biomarkers:

1. Biomarker of exposure (a) Fish fingerlings exposed to acidic runoff from acid rain are

2. Biomarker of effect afflicted by fungi because of their weakened condition.

3. Biomarker of susceptibility (b) A child playing on a playground contaminated by lead
shows elevated levels of carboxyhemoglobin.

(c) The blood of an individual exposed to carbon monoxide
shows elevated levels of carboxyhemoglobin.

(d) An infant fed a formula made with nitrate-contaminated
water develops methemglobinemia because of reduction
of the nitrate to nitrite in the infant's stomach followed
by conversion of blood hemoglobin to methemoglobin.

There have been cases in which male alligators in parts of Florida have developed feminine
characteristics (perhaps roaring in a high-pitched voice), low sperm counts, and reduced size of
essential sexual organs. Suggest the class of environmental pollutant that might cause such effects.
Suggest how this effect, if it goes too far, might effect the population of alligators and the whole
ecology of the Florida Everglades that are the natural habitat of alligators.

Justify the statement that aquatic ecotoxicology is relatively more simple than terrestrial ecotoxi-
cology.

Explain why observation of deaths of organisms and resultant declines in populations, though
straightforward and unequivocal, are often insufficient to fully explain the effects of toxic sub-
stances on ecosystems. Why is it important to have the capability to study sublethal effects?
Certain sheep that have been raised for centuries in coastal areas of Scotland exist on a diet of
seaweed that is high enough in arsenic to kill other kinds of sheep. Does this observation illustrate
pollution-induced community tolerance? Explain.
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CHAPTER 6

Toxicology

6.1 INTRODUCTION
6.1.1 Poisons and Toxicology

A poison, or toxicant, is a substance that is harmful to living organisms because of its
detrimental effects on tissues, organs, or biological processes. Toxicology is the science of poisons.
A toxicologist deals with toxic substances, their effects, and the probabilities of these effects. These
definitions are subject to a number of qualifications. Whether a substance is poisonous depends on
the type of organism exposed, the amount of the substance, and the route of exposure. In the case
of human exposure, the degree of harm done by a poison can depend strongly on whether the
exposure is to the skin, by inhalation, or through ingestion. For example, a few parts per million
of copper in drinking water can be tolerated by humans. However, at that level it is deadly to algae
in their aquatic environment, whereas at a concentration of a few parts per billion copper is a
required nutrient for the growth of algae. Subtle differences like this occur with a number of
different kinds of substances.

6.1.2 History of Toxicology

The origins of modern toxicology can be traced to M.J.B. Orfila (1787-1853), a Spaniard born
on the island of Minorca. In 1815 Orfila published a classic book,' the first ever devoted to the
harmful effects of chemicals on organisms. This work discussed many aspects of toxicology
recognized as valid today. Included are the relationships between the demonstrated presence of a
chemical in the body and observed symptoms of poisoning, mechanisms by which chemicals are
eliminated from the body, and treatment of poisoning with antidotes.

Since Orfila’s time, the science of toxicology has developed at an increasing pace, with advances
in the basic biological, chemical, and biochemical sciences. Prominent among these advances are
modern instruments and techniques for chemical analysis that provide the means for measuring
chemical poisons and their metabolites at very low levels and with remarkable sensitivity, thereby
greatly extending the capabilities of modern toxicology.

This chapter deals with toxicology in general, including the routes of exposure and clinically
observable effects of toxic substances. The information is presented primarily from the viewpoint
of human exposure and readily observed detrimental effects of toxic substances on humans. To a
somewhat lesser extent, this material applies to other mammals, especially those used as test
organisms. It should be kept in mind that many of the same general principles discussed apply also

Copyright © 2003 by CRC Press LLC



to other living organisms. Although LDy, (as discussed in Section 6.5, the lethal dose required to
kill half of test subjects) is often the first parameter to come to mind in discussing degrees of
toxicity, mortality is usually not a good parameter for toxicity measurement. Much more widespread
than fatal poisoning, and certainly more subtle, are various manifestations of morbidity (unhealth-
iness). As discussed in this chapter, there are many ways in which morbidity is manifested. Some
of these, such as effects on vital signs, are obvious. Others, such as some kinds of immune system
impairment, can be observed only with sophisticated tests. Various factors must be considered, such
as minimum dose or the latency period (often measured in years for humans) for an observable
response to be observed. Furthermore, it is important to distinguish acute toxicity, which has an
effect soon after exposure, and chronic toxicity, which has a long latency period.

6.1.3 Future of Toxicology

As with all other areas of the life sciences, toxicology is strongly affected by the remarkable
ongoing advances in the area of mapping and understanding the deoxyribonucleic acid (DNA) that
directs the reproduction and metabolism of all living things. This includes the human genome, as
well as those of other organisms. It is known that certain genetic characteristics result in a
predisposition for certain kinds of diseases and cancers. The action of toxic substances and the
susceptibility of organisms to their effects have to be strongly influenced by the genetic makeup
of organisms. The term chemical idiosyncrasy has been applied to the abnormal reaction of
individuals to chemical exposure. An example of chemical idiosyncrasy occurs with some individ-
vals who are affected very strongly by exposure to nitrite ion, which oxidizes the iron(I) in
hemoglobin to iron(IIl), producing methemoglobin, which does not carry oxygen to tissues. These
individuals have a low activity of the NADH-methemoglobin reductase enzyme that converts
methemoglobin back to hemoglobin. An understanding of the reactions of organisms to toxic
substances based on their genetic makeup promises tremendous advances in toxicological science.

6.1.4 Specialized Areas of Toxicology

Given the huge variety of toxic substances and their toxic effects, it is obvious that toxicology
is a large and diverse area. Three specialized areas of toxicology should be pointed out. Clinical
toxicology is practiced primarily by physicians who look at the connection between toxic substances
and the illnesses associated with them. For example, a clinical toxicologist would be involved in
diagnosing and treating cases of poisoning. Forensic toxicology deals largely with the interface
between the medical and legal aspects of toxicology and seeks to establish the cause and respon-
sibility for poisoning, especially where criminal activity is likely to be involved.? Environmental
toxicology is concerned with toxic effects of environmental pollutants to humans and other organ-
isms. Of particular importance are the sources, transport, effects, and interactions of toxic substances
within ecosystems as they influence population dynamics within these systems. This area constitutes
the branch of environmental toxicology called ecotoxicology.

6.1.5 Toxicological Chemistry

Toxicological chemistry relates chemistry to toxicology. It deals with the chemical nature of
toxic substances, how they are changed biochemically, and how xenobiotic substances and their
metabolites react biochemically in an organism to exert a toxic effect. Chapter 7 is devoted to
defining and explaining toxicological chemistry, and Chapters 10—19 cover the toxicological chem-
istry of various kinds of toxic substances.
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Matrix

Subject

Figure 6.1  Toxicity is influenced by the nature of the toxic substance and its matrix, the subject exposed, and
the conditions of exposure.

6.2 KINDS OF TOXIC SUBSTANCES

Toxic substances come in a variety of forms from a number of different sources. Those that
come from natural sources are commonly called toxins, whereas those produced by human activities
are called toxicants. They may be classified according to several criteria, including the following:

¢ Chemically, such as heavy metals or polycyclic aromatic hydrocarbons, some of which may cause
cancer

* Physical form, such as dusts, vapors, or lipid-soluble liquids

* Source, such as plant toxins, combustion by-products, or hazardous wastes produced by the
petrochemical industry

¢ Use, such as pesticides, pharmaceuticals, or solvents

» Target organs or tissue, such as neurotoxins that harm nerve tissue

* Biochemical effects, such as binding to and inhibiting enzymes or converting oxygen-carrying
hemoglobin in blood to useless methemoglobin

» Effects on organisms, such as carcinogenicity or inhibition of the immune system

Usually several categories of classification are appropriate. For example, parathion is an insec-
ticide that is produced industrially, to which exposure may occur as a mist from spray, and that
binds to the acetylcholinesterase enzyme, affecting function of the nervous system.

Since toxicological chemistry emphasizes the chemical nature of toxic substances, classification
is predominantly on the basis of chemical class. Therefore, there are separate chapters on elemental
toxic substances, hydrocarbons, organonitrogen compounds, and other chemical classifications of
substances.

6.3 TOXICITY-INFLUENCING FACTORS
6.3.1 Classification of Factors
It is useful to categorize the factors that influence toxicity within the following three classifi-

cations: (1) the toxic substance and its matrix, (2) circumstances of exposure, and (3) the subject
and its environment (see Figure 6.1). These are considered in the following sections.
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6.3.2 Form of the Toxic Substance and Its Matrix

Toxicants to which subjects are exposed in the environment or occupationally, particularly
through inhalation, may be in several different physical forms. Gases are substances such as carbon
monoxide in air that are normally in the gaseous state under ambient conditions of temperature
and pressure. Vapors are gas-phase materials that can evaporate or sublime from liquids or solids.
Benzene or naphthalene can exist in the vapor form. Dusts are respirable solid particles produced
by grinding bulk solids, whereas fumes are solid particles from the condensation of vapors, often
metals or metal oxides. Mists are liquid droplets.

Generally a toxic substance is in solution or mixed with other substances. A substance with
which the toxicant is associated (the solvent in which it is dissolved or the solid medium in which
it is dispersed) is called the matrix. The matrix may have a strong effect on the toxicity of the
toxicant.

Numerous factors may be involved with the toxic substance itself. If the substance is a toxic
heavy metal cation, the nature of the anion with which it is associated can be crucial. For example,
barium ion, Ba?*, in the form of insoluble barium sulfate, BaSO,, is routinely used as an x-ray
opaque agent in the gastrointestinal tract for diagnostic purposes (barium enema x-ray). This is a
safe procedure; however, soluble barium salts such as BaCl, are deadly poisons when introduced
into the gastrointestinal tract.

The pH of the toxic substance can greatly influence its absorption and therefore its toxicity. An
example of this phenomenon is provided by aspirin, one of the most common causes of poisoning
in humans. The chemical name of aspirin is sodium acetylsalicylate, the acidic form of which is
acetylsalicylic acid (HAsc), a weak acid that ionizes as follows:

[H*][Asc"]
HAsc = H*+Asc K =L AL J_gy 0+ (6.3.1)
: [HASC]

The K, expression is expressed in molar concentrations (denoted by brackets) of the neutral and
ionized species involved in the ionization of the acetylsalicylic acid. The pK, (negative log of K,)
of HAsc is 3.2, and at a pH substantially below 3.2, most of this acid is in the neutral HAsc form.
This neutral form is easily absorbed by the body, especially in the stomach, where the contents
have a low pH of about 1. Many other toxic substances exhibit acid—base behavior and pH is a
factor in their uptake.

Solubility is an obvious factor in determining the toxicity of systemic poisons. These must be
soluble in body fluids or converted to a soluble form in the organ or system through which they
are introduced into the body. Some insoluble substances that are ingested pass through the gas-
trointestinal tract without doing harm, whereas they would be quite toxic if they could dissolve in
body fluids (see the example of barium sulfate cited above).

As noted at the beginning of this section, the degree of toxicity of a substance may depend on
its matrix. The solvent or suspending medium is called the vehicle. For laboratory studies of toxicity,
several vehicles are commonly used. Among the most common of these are water and aqueous
saline solution. Lipid-soluble substances may be dissolved in vegetable oils. Various organic liquids
are used as vehicles. Dimethylsulfoxide is a solvent that has some remarkable abilities to carry a
solute dissolved in it into the body. The two major classes of vehicles for insoluble substances are
the natural gums and synthetic colloidal materials. Examples of the former are tragacanth and
acacia, whereas methyl cellulose and carboxymethylcellulose are examples of the latter.

Some drug formulations contain excipients that have been added to give a desired consistency
or form. In some combinations excipients have a marked influence upon toxicity. Adjuvants are
excipients that may increase the effect of a toxic substance or enhance the pharmacologic action
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of a drug. For example, dithiocarbamate fungicides may have their activities increased by the
addition of 2-mercaptothiazole.

A variety of materials other than those discussed above may be present in formulations of toxic
substances. Dilutents increase bulk and mass. Common examples of these are salts, such as calcium
carbonate and dicalcium phosphate; carbohydrates, including sucrose and starch; the clay, kaolin;
and milk solids. Among the preservatives used are sodium benzoate, phenylmercuric nitrate, and
butylated hydroxyanisole (an antioxidant). “Slick” substances such as cornstarch, calcium stearate,
and talc act as lubricants. Various gums and waxes, starch, gelatin, and sucrose are used as binders.
Gelatin, carnauba wax, and shellac are applied as coating agents. Cellulose derivatives and starch
may be present as disintegrators in formulations containing toxicants.

Decomposition may affect the action of a toxic substance. Therefore, the stability and storage
characteristics of formulations containing toxicants should be considered. A toxic substance may
be contaminated with other materials that affect toxicity. Some contaminants may result from
decomposition.

6.3.3 Circumstances of Exposure

There are numerous variables related to the ways in which organisms are exposed to toxic
substances. One of the most crucial of these, dose, is discussed in Section 6.5. Another important
factor is the toxicant concentration, which may range from the pure substance (100%) down to
a very dilute solution of a highly potent poison. Both the duration of exposure per exposure incident
and the frequency of exposure are important. The rate of exposure, inversely related to the duration
per exposure, and the total time period over which the organism is exposed are both important
situational variables. The exposure site and route strongly affect toxicity. Toxic effects are largely
the result of metabolic processes on substances that occur after exposure, and much of the remainder
of this book deals with these kinds of processes.

It is possible to classify exposures on the basis of acute vs. chronic and local vs. systemic
exposure, giving four general categories. Acute local exposure occurs at a specific location over a
time period of a few seconds to a few hours and may affect the exposure site, particularly the skin,
eyes, or mucous membranes. The same parts of the body can be affected by chronic local exposure,
but the time span may be as long as several years. Acute systemic exposure is a brief exposure or
exposure to a single dose and occurs with toxicants that can enter the body, such as by inhalation
or ingestion, and affect organs such as the liver that are remote from the entry site. Chronic systemic
exposure differs in that the exposure occurs over a prolonged time period.

6.3.4 The Subject

The first of two major classes of factors in toxicity pertaining to the subject and its environment
consists of factors inherent to the subject. The most obvious of these is the taxonomic classifi-
cation of the subject, that is, the species and strain. With test animals it is important to consider
the genetic status of the subjects, including whether they are littermates, half-siblings (different
fathers), or the products of inbreeding. Body mass, sex, age, and degree of maturity are all factors
in toxicity. Immunological status is important. Another area involves the general well-being of
the subject. It includes disease and injury, diet, state of hydration, and the subject’s psychological
state as affected by the presence of other species and/or members of the opposite sex, crowding,
handling, rest, and activity.

The other major class consists of environmental factors. Among these are ambient atmosphere
conditions of temperature, pressure, and humidity, as well as composition of the atmosphere,
including the presence of atmospheric pollutants, such as ozone or carbon monoxide. Light and
noise and the patterns in which they occur are important. Social and housing (caging) conditions
may also influence response of subjects to a toxicant.
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Figure 6.2 Major sites of exposure, metabolism, and storage, and routes of distribution and elimination of
toxic substances in the body.

6.4 EXPOSURE TO TOXIC SUBSTANCES

Perhaps the first consideration in toxicology is exposure of an organism to a toxic substance.
In discussing exposure sites for toxicants, it is useful to consider the major routes and sites of
exposure, distribution, and elimination of toxicants in the body, as shown in Figure 6.2. The major
routes of accidental or intentional exposure to toxicants by humans and other animals are the skin
(percutaneous route), the lungs (inhalation, respiration, pulmonary route), and the mouth (oral
route); minor means of exposure are the rectal, vaginal, and parenteral routes (intravenous or
intramuscular, a common means for the administration of drugs or toxic substances in test subjects).
The way that a toxic substance is introduced into the complex system of an organism is strongly
dependent upon the physical and chemical properties of the substance. The pulmonary system is
most likely to take in toxic gases or very fine, respirable solid or liquid particles. In other than a
respirable form, a solid usually enters the body orally. Absorption through the skin is most likely
for liquids, solutes in solution, and semisolids, such as sludges.

The defensive barriers that a toxicant may encounter vary with the route of exposure. For
example, elemental mercury is more readily absorbed, often with devastating effects, through the
alveoli in the lungs than through the skin or gastrointestinal tract. Most test exposures to animals
are through ingestion or gavage (introduction into the stomach through a tube). Pulmonary exposure
is often favored with subjects that may exhibit refractory behavior when noxious chemicals are
administered by means requiring a degree of cooperation from the subject. Intravenous injection
may be chosen for deliberate exposure when it is necessary to know the concentration and effect
of a xenobiotic substance in the blood. However, pathways used experimentally that are almost
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Figure 6.3 Absorption of a toxic substance through the skin.

certain not to be significant in accidental exposures can give misleading results when they avoid
the body’s natural defense mechanisms.

6.4.1 Percutaneous Exposure

Toxicants can enter the skin through epidermal cells, sebaceous gland cells, or hair follicles.
By far the greatest area of the skin is composed of the epidermal cell layer, and most toxicants
absorbed through the skin do so through epidermal cells. Despite their much smaller total areas,
however, the cells in the follicular walls and in sebaceous glands are much more permeable than
epidermal cells.

6.4.1.1 Skin Permeability

Figure 6.3 illustrates the absorption of a toxic substance through the skin and its entry into the
circulatory system, where it may be distributed through the body. Often the skin suffers little or
no harm at the site of entry of systemic poisons, which may act with devastating effects on receptors
far from the location of absorption.

The permeability of the skin to a toxic substance is a function of both the substance and the
skin. The permeability of the skin varies with both the location and the species that penetrates it.
In order to penetrate the skin significantly, a substance must be a liquid or gas or significantly
soluble in water or organic solvents. In general, nonpolar, lipid-soluble substances traverse skin
more readily than do ionic species. Substances that penetrate skin easily include lipid-soluble
endogenous substances (hormones, vitamins D and K) and a number of xenobiotic compounds.
Common examples of these are phenol, nicotine, and strychnine. Some military poisons, such as
the nerve gas sarin (see Section 18.8), permeate the skin very readily, which greatly adds to their
hazards. In addition to the rate of transport through the skin, an additional factor that influences
toxicity via the percutaneous route is the blood flow at the site of exposure.

6.4.2 Barriers to Skin Absorption

The major barrier to dermal absorption of toxicants is the stratum corneum, or horny layer
(see Figure 6.3). The permeability of skin is inversely proportional to the thickness of this layer,
which varies by location on the body in the following order: soles and palms > abdomen, back,
legs, arms > genital (perineal) area. Evidence of the susceptibility of the genital area to absorption
of toxic substances is to be found in accounts of the high incidence of cancer of the scrotum among
chimney sweeps in London described by Sir Percival Pott, Surgeon General of Britain during the
reign of King George III. The cancer-causing agent was coal tar condensed in chimneys. This
material was more readily absorbed through the skin in the genital areas than elsewhere, leading
to a high incidence of scrotal cancer. (The chimney sweeps’ conditions were aggravated by their
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Figure 6.4 Pathways of toxicants in the respiratory system.

lack of appreciation of basic hygienic practices, such as bathing and regular changes of undercloth-
ing.) Breaks in epidermis due to laceration, abrasion, or irritation increase the permeability, as do
inflammation and higher degrees of skin hydration.

6.4.2.1 Measurement of Dermal Toxicant Uptake

There are two principal methods for determining the susceptibility of skin to penetration by
toxicants. The first of these is measurement of the dose of the substance received by the organism
using chemical analysis, radiochemical analysis of radioisotope-labeled substances, or observation
of clinical symptoms. Secondly, the amount of substance remaining at the site of administration
may be measured. This latter approach requires control of nonabsorptive losses of the substance,
such as those that occur by evaporation.

6.4.2.2 Pulmonary Exposure

The pulmonary system is the site of entry for numerous toxicants. Examples of toxic substances
inhaled by human lungs include fly ash and ozone from polluted atmospheres, vapors of volatile
chemicals used in the workplace, tobacco smoke, radioactive radon gas, and vapors from paints,
varnishes, and synthetic materials used for building construction.

The major function of the lungs is to exchange gases between the bloodstream and the air in
the lungs. This especially includes the absorption of oxygen by the blood and the loss of carbon
dioxide. Gas exchange occurs in a vast number of alveoli in the lungs, where a tissue the thickness
of only one cell separates blood from air. The thin, fragile nature of this tissue makes the lungs
especially susceptible to absorption of toxicants and to direct damage from toxic substances.
Furthermore, the respiratory route enables toxicants entering the body to bypass organs that have
a screening effect (the liver is the major “screening organ” in the body and it acts to detoxify
numerous toxic substances). These toxicants can enter the bloodstream directly and be transported
quickly to receptor sites with minimum intervention by the body’s defense mechanisms.

As illustrated in Figure 6.4, there are several parts of the pulmonary system that can be affected
by toxic substances. The upper respiratory tract, consisting of the nose, throat, trachea, and bronchi,
retains larger particles that are inhaled. The retained particles may cause upper respiratory tract
irritation. Cilia, which are small hair-like appendages in the upper respiratory tract, move with a
sweeping motion to remove captured particles. These substances are transported to the throat from
which they may enter the gastrointestinal tract and be absorbed by the body. Gases such as ammonia
(NH;) and hydrogen chloride (HCI) that are very soluble in water are also removed from air
predominantly in the upper respiratory tract and may be very irritating to tissue in that region.
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Figure 6.5 Representation of enterohepatic circulation.

6.4.3 Gastrointestinal Tract

The gastrointestinal tract may be regarded as a tube through the body from the mouth to the
anus, the contents of which are external to the rest of the organism system. Therefore, any systemic
effect of a toxicant requires its absorption through the mucosal cells that line the inside of the
gastrointestinal tract. Caustic chemicals can destroy or damage the internal surface of the tract and
are viewed as nonkinetic poisons that act mainly at the site of exposure.

6.4.4 Mouth, Esophagus, and Stomach

Most substances are not readily absorbed in the mouth or esophagus; one of several exceptions
is nitroglycerin, which is administered for certain heart disfunctions and absorbed if left in contact
with oral tissue. The stomach is the first part of the gastrointestinal tract where substantial absorption
and translocation to other parts of the body may take place. The stomach is unique because of its
high content of HCI and consequent low pH (about 1.0). Therefore, some substances that are ionic
at pH values near 7 and above are neutral in the stomach and readily traverse the stomach walls.
In some cases, absorption is affected by stomach contents other than HCI. These include food
particles, gastric mucin, gastric lipase, and pepsin.

6.4.5 Intestines

The small intestine is effective in the absorption and translocation of toxicants. The pH of the
contents of the small intestine is close to neutral, so that weak bases that are charged (HB*) in the
acidic environment of the stomach are uncharged (B) and absorbable in the intestine. The small
intestine has a large surface area favoring absorption. Intestinal contents are moved through the
intestinal tract by peristalsis. This has a mixing action on the contents and enables absorption to
occur the length of the intestine. Some toxicants slow down or stop peristalsis (paralytic ileus),
thereby slowing the absorption of the toxicant itself.

6.4.6 The Intestinal Tract and the Liver
The intestine—blood-liver—bile loop constitutes the enterohepatic circulation system (see

Figure 6.5). A substance absorbed through the intestines goes either directly to the lymphatic system
or to the portal circulatory system. The latter carries blood to the portal vein that goes directly
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Figure 6.6 lllustration of a dose-response curve in which the response is the death of the organism. The
cumulative percentage of deaths of organisms is plotted on the y axis. Although plotting log dose
usually gives a better curve, with some toxic substances it is better to plot dose.

to the liver. The liver serves as a screening organ for xenobiotics, subjecting them to metabolic
processes that usually reduce their toxicities, and secretes these substances or a metabolic product
of them back to the intestines. For some substances, there are mechanisms of active excretion into
the bile in which the substances are concentrated by one to three orders of magnitude over levels
in the blood. Other substances enter the bile from blood simply by diffusion.

6.5 DOSE-RESPONSE RELATIONSHIPS

Toxicants have widely varying effects on organisms. Quantitatively, these variations include
minimum levels at which the onset of an effect is observed, the sensitivity of the organism to small
increments of toxicant, and levels at which the ultimate effect (particularly death) occurs in most
exposed organisms. Some essential substances, such as nutrient minerals, have optimum ranges
above and below which detrimental effects are observed.

Factors such as those just outlined are taken into account by the dose-response relationship,
which is one of the key concepts of toxicology.> Dose is the amount, usually per unit body mass,
of a toxicant to which an organism is exposed. Response is the effect on an organism resulting
from exposure to a toxicant. In order to define a dose-response relationship, it is necessary to
specify a particular response, such as death of the organism, as well as the conditions under which
the response is obtained, such as the length of time from administration of the dose. Consider a
specific response for a population of the same kinds of organisms. At relatively low doses, none
of the organisms exhibit the response (for example, all live), whereas at higher doses, all of the
organisms exhibit the response (for example, all die). In between, there is a range of doses over
which some of the organisms respond in the specified manner and others do not, thereby defining
a dose-response curve. Dose-response relationships differ among different kinds and strains of
organisms, types of tissues, and populations of cells.

Figure 6.6 shows a generalized dose-response curve. Such a plot may be obtained, for example,
by administering different doses of a poison in a uniform manner to a homogeneous population of
test animals and plotting the cumulative percentage of deaths as a function of the log of the dose.
The result is normally an S-shaped curve, as shown in Figure 6.6. The dose corresponding to the
midpoint (inflection point) of such a curve is the statistical estimate of the dose that would cause
death in 50% of the subjects and is designated as LDs,. The estimated doses at which 5% (LDs)
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and 95% (LDy;s) of the test subjects die are obtained from the graph by reading the dose levels for
5 and 95% fatalities, respectively. A relatively small difference between LD; and LDy is reflected
by a steeper S-shaped curve and vice versa. Statistically, 68% of all values on a dose—response
curve fall within +1 standard deviation of the mean at LD,, and encompass the range from LD,
to LDg,.

The midrange of a dose-response curve is virtually a straight line. The slope of the curve in
this range may vary. A very steep slope reflects a substance and organisms that have an abrupt
onset of toxic effects, and only a small increase in dose causes a marked increase in response. A
more gradual slope reflects a relatively large range, from a small percentage to a large percentage
of responses. The LDy, might be the same in both cases, but with a sharp dose-response curve
there is a small difference in dose between LDs and LDy, whereas with a gradual curve the
difference between these values is larger.

When exposure to toxic substances is in the air that animals breathe or in the water in which
aquatic animals swim, exposure is commonly expressed as concentration. In such cases, LCs, values
are obtained, where C stands for concentration, rather than dose.

6.5.1 Thresholds

An important concept pertinent to the dose—response relationship is that of threshold dose,
below which there is no response. Threshold doses apply especially to acute effects and are very
hard to determine, despite their crucial importance in determining safe levels of exposures to
chemicals. In an individual, the response observed as the threshold level is exceeded may be very
slight and subtle, making the threshold level very hard to determine. In a population, the number
of subjects exhibiting the particular response at the threshold limit is very small and may be hard
to detect above background effects (such as normal mortality rates of test organisms). For chronic
effects, the determination of a threshold value is very difficult. This is especially true of cancer-
causing substances that act by altering cellular DNA. For some of these substances, it is argued
that there is no threshold and that the slightest exposure entails a risk.

6.6 RELATIVE TOXICITIES

Table 6.1 illustrates standard toxicity ratings that are used to describe estimated toxicities of
various substances to humans. Reference is made to them in this book to denote toxicities of
substances. Their values range from one (practically nontoxic) to six (supertoxic). In terms of fatal
doses to an adult human of average size, a “taste” of a supertoxic substances (just a few drops or
less) is fatal. A teaspoonful of a very toxic substance could have the same effect. However, as much
as a quart of a slightly toxic substance might be required to kill an adult human.

When there is a substantial difference between LDy, values of two different substances, the one
with the lower value is said to be the more potent. Such a comparison must assume that the
dose—response curves for the two substances being compared have similar slopes (see Figure 6.6).
If this is not the case, the substance for which the dose-response curve has the lesser slope may
be toxic at a low dose, where the other substance is not toxic at all. Put another way, the relative
LD, values of the substances may be reversed from the relative LD, values.

6.6.1 Nonlethal Effects

It must be kept in mind that the acute toxicities of substances as expressed by LDy, values such
as those in Table 6.1 have limited value in expressing hazards to humans. This is because death
from exposure to a toxic substance is a relatively rare effect that is irreversible. Of much more
concern are sublethal effects that are often reversible, such as allergies, and birth defects. Of
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Table 6.1 Toxicity Scale with Example Substances?

Toxic Substance Approximate LD, Toxicity Rating

— 10° 1. Practically nontoxic,
DEHPY ——0mM8M > 1.5 x 10* mg/kg
Ethanol ————— > — (o4 2. Slightly toxic 5 X 103
Sodium chloride — — 1.5 x 10* mg/kg
Malathion ——> — (3 3. Moderately toxic
Chlorane —— > — . %00—500_0 mg/kg
Heptachlor ———» — ()2 . Very toxic

eptachior — 10 50-500 mg/ke

Parathion —— — 10 5. Extremely toxic

— 5-50 mg/kg

TEPP¢ ~— 5
Nicotine”

Tetrodotoxind —— — 10-!

— 1072 6. Supertoxic
— <5 mg/kg
TCDD® —— > — 103

. 10—4

Botulinus toxin —>» — 105

a Doses are in units of mg of toxicant per kg of body mass. Toxicity ratings on the
right are given as numbers ranging from 1 (practically nontoxic) to 6 (supertoxic),
along with estimated lethal oral doses for humans in mg/kg. Estimated LD, values
for substances on the left have been measured in test animals, usually rats, and
apply to oral doses.

b Bis(2-ethylhexyl)phthalate.

¢ Tetraethylpyrophosphate.

d Toxin from pufferfish.

e TCDD represents 2,3,7,8-tetrachlorodibenzodioxin, commonly called “dioxin.”

particular concern is the development of cancer from exposure to toxic substances (carcinogenicity)
that, although often fatal, is not an acute effect and does not register on tables of LDy, values.

Sublethal reversible effects are obviously important with drugs, where death from exposure to
a registered therapeutic agent is rare, but other effects, both detrimental and beneficial, are usually
observed. By their very nature, drugs alter biologic processes; therefore, the potential for harm is
almost always present. The major consideration in establishing drug dose is to find a dose that has
an adequate therapeutic effect without undesirable side effects. The difference between the effective
dose and harmful dose reflects the margin of safety (see Figure 6.7).

When substances are used as pharmaceuticals to destroy disease-causing microorganisms or
cancer tissue, or as pesticides to kill insects, weeds, or other pests, there is obviously an organism
or tissue that is to be destroyed, commonly called the uneconomic form, and an organism or tissue
that should remain unharmed, commonly called the economic form. Much of the ongoing research
in pharmaceuticals and pesticides is designed to maximize the ratio of toxicities to uneconomic
forms to those of economic forms. Several approaches are used. Some agents are about as toxic
to both forms, but are accumulated more readily by the uneconomic form. Other agents take
advantage of the higher susceptibility of receptors in tissues of the uneconomic form, which is
therefore harmed more by the toxic agent. The selective toxicity of antibiotic penicillin to bacteria
is due to the fact that it inhibits formation of cell walls, which bacteria have and need, whereas
animals do not have cell walls. Another example is provided by genetically engineered soybeans
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Figure 6.7 Effects of and responses to toxic substances.

that are not harmed by the hugely popular Roundup herbicide, whereas competing plants are
destroyed by it.

In some cases there are striking differences between species in susceptibilities to toxic sub-
stances. One notable example is the 1000-fold greater susceptibility of guinea pigs over hamsters
— both rodent species — to the effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), commonly
called “dioxin.” Such differences may arise from the absence in the less susceptible species of
receptors affected by the toxic substance. More commonly, they are due to the presence in the less
susceptible organism of more effective mechanisms, usually detoxifying enzyme systems, for
counteracting the effects of the toxic substance.

Individuals of the same species may differ significantly in their susceptibilities to various toxic
agents. These differences are often genetic in nature. For example, some individuals lack tumor
suppressor genes that other individuals possess and are thus more likely to develop some kinds of
cancers, some of which are initiated by carcinogens. With increased knowledge of the human
genome, these kinds of susceptibilities may become more apparent and appropriate preventive
measures may be applied in some cases.

6.7 REVERSIBILITY AND SENSITIVITY

Sublethal doses of most toxic substances are eventually eliminated from an organism’s system.
If there is no lasting effect from the exposure, it is said to be reversible. However, if the effect is
permanent, it is termed irreversible. Irreversible effects of exposure remain after the toxic substance
is eliminated from the organism. Figure 6.7 illustrates these two kinds of effects. For various
chemicals and different subjects, toxic effects may range from the totally reversible to the totally
irreversible.

6.7.1 Hypersensitivity and Hyposensitivity
Examination of the dose—response curve, shown in Figure 6.6, reveals that some subjects are

very sensitive to a particular poison (for example, those killed at a dose corresponding to LDs),
whereas others are very resistant to the same substance (for example, those surviving a dose
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Figure 6.8 Biologic effect of an endogenous substance in an organism showing optimum level, deficiency,
and excess.

corresponding to LDy;). These two kinds of responses illustrate hypersensitivity and hyposensi-
tivity, respectively; subjects in the midrange of the dose-response curve are termed normals. These
variations in response tend to complicate toxicology in that there is not a specific dose guaranteed
to yield a particular response, even in a homogeneous population.

In some cases hypersensitivity is induced. After one or more doses of a chemical, a subject
may develop an extreme reaction to it. This occurs with penicillin, for example, in cases where
people develop such a severe allergic response to the antibiotic that exposure results in death if
countermeasures are not taken.

A kind of hyposensitivity is that induced by repeated exposures to a toxic substance leading to
tolerance and reduced toxicities from later exposures. Tolerance can be due to a less toxic substance
reaching a receptor or to tissue building up a resistance to the effects of the toxic substance. An
example of the former occurs with repeated doses of toxic heavy metal cadmium. Animals respond
by generating larger quantities of polypeptide metallothionein, which is rich in —SH groups that
bind with Cd?* ion, making it less available to receptors.

6.8 XENOBIOTIC AND ENDOGENOUS SUBSTANCES

Xenobiotic substances are those that are foreign to a living system. It should be kept in mind
that xenobiotic substances may come from natural sources, such as deadly botulinus toxin produced
by bacteria. Substances that occur naturally in a biologic system are termed endogenous. Endog-
enous substances are usually required within a particular concentration range in order for metabolic
processes to occur normally. Levels below a normal range may result in a toxic response or even
death, and the same effects may occur above the normal range. This kind of response is illustrated
in Figure 6.8.

6.8.1 Examples of Endogenous Substances

Examples of endogenous substances in organisms include various hormones, glucose (blood
sugar), some vitamins, and some essential metal ions, including Ca*, K*, and Na*. Calcium in
human blood serum exhibits the kind of behavior shown in Figure 6.8, with an optimum level that
occurs over a rather narrow range of 9 to 9.5 mg/dL. Below these values, a toxic response known
as hypocalcemia occurs, manifested by muscle cramping. At serum levels above about 10.5 mg/dL,
hypercalcemia occurs, the major effect of which is kidney malfunction. Vitamin A is required for
proper nutrition, but excessive levels damage the liver and may cause birth defects. Selenium,
essential at low levels, can be toxic to the brain at higher levels.
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6.9 KINETIC AND NONKINETIC TOXICOLOGY

Nonkinetic toxicology deals with generalized harmful effects of chemicals that occur at an
exposure site; a typical example is the destruction of skin tissue by contact with concentrated nitric
acid, HNO,. Nonkinetic toxicology applies to those poisons that are not metabolized or transported
in the body or subject to elimination processes that remove them from the body. The severity of a
nonkinetic insult depends on both the characteristic of the chemical and the exposure site. Injury
increases with increasing area and duration of the exposure, with the concentration of the toxicant
in its matrix (for example, the concentration of HNO; in solution), and with the susceptibility of
the exposure site to damage. The toxic action of the substance ceases when its chemical reaction
with tissue is complete or when it is removed from the exposure site. Nonkinetic toxicology is also
called nonmetabolic or nonpharmacologic toxicology.

6.9.1 Kinetic Toxicology

Kinetic toxicology, also known as metabolic or pharmacologic toxicology, involves toxicants
that are transported and metabolized in the body. Such substances are called systemic poisons and
they are studied under the discipline of systemic toxicology. Systemic poisons may cross cell
membranes (see Chapter 3) and act on receptors such as cell membranes, bodies in the cells, and
specific enzyme systems. The effect is dose responsive, and it is terminated by processes that may
include metabolic conversion of the toxicant to a metabolic product, chemical binding, storage,
and excretion from the organism.

In an animal, a xenobiotic substance may be bound reversibly to a plasma protein in an
inactivated form. A polar xenobiotic substance, or a polar metabolic product, may be excreted from
the body in solution in urine. Nonpolar substances delivered to the intestinal tract in bile are
eliminated with feces. Volatile nonpolar substances such as carbon monoxide tend to leave the body
via the pulmonary system. The ingestion, biotransformation, action on receptor sites, and excretion
of a toxic substance may involve complex interactions of biochemical and physiological parameters.
The study of these parameters within a framework of metabolism and kinetics is called toxicometrics.

6.10 RECEPTORS AND TOXIC SUBSTANCES

A toxic substance that enters the body through any of the possible entry sites (ingestion,
inhalation, skin) undergoes biochemical transformations that can increase or decrease its toxicity,
affect its ability to traverse cell membranes, or enable its elimination from the body. A substance
involved in a kinetic toxicological process (see Section 6.7) generally enters the blood and lymph
system before it has any effect. Plasma proteins may inactivate the toxic substance by binding
reversibly to it. The substance often undergoes biotransformation, most commonly in the liver, but
in other types of tissue as well. These reactions are catalyzed by enzymes, most frequently mixed-
function oxidases. Toxicants can either stimulate or inhibit enzyme action. It is obvious that
biochemical actions and transformations of toxicants are varied and complex. They are discussed
in greater detail in Chapter 9.

6.10.1 Receptors

As noted in the preceding section, there are various receptors upon which xenobiotic substances
or their metabolites act. In order to bind to a receptor, the substance has to have the proper structure
or, more precisely, the right stereochemical molecular configuration (see Chapters 1 and 3).
Receptors are almost always proteinaceous materials, normally enzymes. Nonenzyme receptors
include opiate (nerve) receptors, gonads, or the uterus.
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Figure 6.9 Example of a toxicant acting on a receptor to cause an adverse effect. When acetylcholinesterase
is bound by a xenobiotic substance, the enzyme does not act to stop nerve impulse. This can
result in paralysis of the respiratory system and death.

An example of a toxicant acting on a receptor will be cited here; the topic is discussed in greater
detail in Chapter 9. One of the most commonly cited examples of an enzyme receptor that is
adversely affected by toxicants is that of acetylcholinesterase. It acts on acetylcholine as shown
by the reaction

H H O H
(CH,), N+—(|:— CI— O- &_ CI—H + H0 Acetylcholinesterase >
H H H H H H O
Acetylcholine (CH3)3N+—(::—(:3—OH + H_(:j—(ljl—OH (6.10.1)

H H H

Acetylcholine is a neurotransmitter, a key substance involved with transmission of nerve impulses
in the brain, skeletal muscles, and other areas where nerve impulses occur. An essential step in the
proper function of any nerve impulse is its cessation (see Figure 6.9), which requires hydrolysis
of acetylcholine as shown by Reaction 6.10.1. Some xenobiotics, such as organophosphate com-
pounds (see Chapter 18) and carbamates (see Chapter 15) inhibit acetylcholinesterase, with the
result that acetylcholine accumulates and nerves are overstimulated. Adverse effects may occur in
the central nervous system, in the autonomic nervous system, and at neuromuscular junctions.
Convulsions, paralysis, and finally death may result.

6.11 PHASES OF TOXICITY

Having examined the routes by which toxicants enter the body, it is now appropriate to consider
what happens to them in the body and what their effects are. The action of a toxic substance can
be divided into two major phases, as illustrated in Figure 6.10. The kinetic phase involves absorp-
tion, metabolism, temporary storage, distribution, and, to a certain extent, excretion of the toxicant
or its precursor compound, called the protoxicant. In the most favorable scenario for an organism,
a toxicant is absorbed, detoxified by metabolic processes, and excreted with no harm resulting. In
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Figure 6.10 Different major steps in the overall process leading to a toxic response.

the least favorable case, a protoxicant that is not itself toxic is absorbed and converted to a toxic
metabolic product that is transported to a location where it has a detrimental effect. The dynamic
phase is divided as follows: (1) the toxicant reacts with a receptor or target organ in the primary
reaction step, (2) there is a biochemical response, and (3) physiological or behavioral manifestations
of the effect of the toxicant occur.

6.12 TOXIFICATION AND DETOXIFICATION

As shown for the kinetic phase in Figure 6.10, a xenobiotic substance may be (1) detoxified
by metabolic processes and eliminated from the body, (2) made more toxic (toxified) by metabolic
processes and distributed to receptors, or (3) passed on to receptors as a metabolically unmodified
toxicant. A metabolically unmodified toxicant is called an active parent compound, and a sub-
stance modified by metabolic processes is an active metabolite. Both types of species may be
involved in the dynamic phase.

During the kinetic phase an active parent compound can be present in blood, liver, or nonliver
(extrahepatic) tissue; in the latter two, it may be converted to inactive metabolites. An inactive
parent metabolite may produce a toxic metabolite or metabolites in the liver or in extrahepatic
tissue; in both these locations a toxic metabolite may be changed to an inactive form. Therefore,
the kinetic phase involves a number of pathways by which a xenobiotic substance is converted to
a toxicant that can act on a receptor or to a substance that is eliminated from the organism.
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6.12.1 Synergism, Potentiation, and Antagonism

The biological effects of two or more toxic substances can be different in kind and degree from
those of one of the substances alone. One of the ways in which this can occur is when one substance
affects the way in which another undergoes any of the steps in either the kinetic phase or the
dynamic phase. Chemical interaction between substances may affect their toxicities. Both sub-
stances may act on the same physiologic function, or two substances may compete for binding to
the same receptor. When both substances have the same physiologic function, their effects may be
simply additive or they may be synergistic (the total effect is greater than the sum of the effects
of each separately). Potentiation occurs when an inactive substance enhances the action of an
active one, and antagonism when an active substance decreases the effect of another active one.
Antagonism falls into several different categories. Functional antagonism occurs when two dif-
ferent substances have opposite functions and tend to balance each other. When a toxic substance
reacts chemically with another toxic substance and is neutralized, the phenomenon is called
chemical antagonism. The degree to which a toxic substance reaches a target organ can be reduced
by the presence of another substance, a phenomenon called dispositional antagonism. The effects
of a toxic substance can be reduced by the action of another substance (called a blocker) that
competes with it for binding to a receptor, a phenomenon called receptor antagonism.

6.13 BEHAVIORAL AND PHYSIOLOGICAL RESPONSES

The final part of the overall toxicological process outlined in Figure 6.10 consists of behavioral
and physiological responses, which are observable symptoms of poisoning. These are discussed
here, primarily in terms of responses seen in humans and other animals. Nonanimal species exhibit
other kinds of symptoms from poisoning; for example, plants suffer from leaf mottling, pine needle
loss, and stunted growth as a result of exposure to some toxicants.

6.13.1 Vital Signs

Human subjects suffering from acute poisoning usually show alterations in the vital signs,
which consist of temperature, pulse rate, respiratory rate, and blood pressure. These are
discussed here in connection with their uses as indicators of toxicant exposure.

Some toxicants that affect body temperature are shown in Figure 6.11. Among those that
increase body temperature are benzadrine, cocaine, sodium fluoroacetate, tricyclic antidepressants,
hexachlorobenzene, and salicylates (aspirin). In addition to phenobarbital and ethanol, toxicants
that decrease body temperature include phenothiazine, clonidine, glutethimide, and haloperidol.

Toxicants may have three effects on pulse rate: bradycardia (decreased rate), tachycardia
(increased rate), and arrhythmia (irregular pulse). Alcohols may cause either bradycardia or
tachycardia. Amphetamines, belladonna alkaloids, cocaine, and tricyclic antidepressants (see imi-
primine hydrochloride in Figure 6.12) may cause either tachycardia or arrhythmia. Toxic doses of
digitalis may result in bradycardia or arrhythmia. The pulse rate is decreased by toxic exposure to
carbamates, organophosphates, local anesthetics, barbiturates, clonidine, muscaric mushroom tox-
ins, and opiates. In addition to the substances mentioned above, those that cause arrhythmia are
arsenic, caffeine, belladonna alkaloids, phenothizine, theophylline, and some kinds of solvents.

Among the toxicants that increase respiratory rate are cocaine, amphetamines, and fluoroacetate
(all of which are shown in Figure 6.11), nitrites (compounds containing the NO; ion), methanol
(CH,;0H), salicylates, and hexachlorobenzene. Cyanide and carbon monoxide may either increase
or decrease respiratory rate. Alcohols other than methanol, analgesics, narcotics, sedatives, phe-
nothiazines, and opiates in toxic doses decrease respiratory rate. The structural formulas of some
compounds that affect respiratory rate are shown in Figure 6.13.

Copyright © 2003 by CRC Press LLC



H H CH,

| | [
Or-gm 2

I
H CH; C—-0-CH;
H
Amphetamine
(benzedrine) Cocaine H O‘C@
[
O
(O H 9 1|{
SN Na0—C-C-F H H
C=0 H H-C—C-OH
CH \ / Sodium fluoroacetate
ZHS C—N (fluoroacetate ion) H H
O" .H Ethanol
Phenobarbital

(a barbiturate)

Figure 6.11 Examples of toxicants that affect body temperature. Amphetamine, cocaine, and fluoroacetate
increase body temperature; phenobarbital and ethanol decrease it.
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a tricyclic antidepressant

Figure 6.12 Structures of toxicants that can affect pulse rate. Methyl parathion, a commonly used plant
insecticide, can cause bradycardia. Imiprimine hydrochloride, a tricyclic antidepressant, can cause
either tachycardia or arrhythmia.
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3 Propoxyphene hydro-

Acetaminophen chloride (Darvon)

Figure 6.13 Some compounds that affect respiratory rate. Acetaminophen is one of the simple analgesics,
which in therapeutic doses relieves pain without any effect on an individual’s consciousness.
Propoxyphene hydrochloride is a narcotic analgesic, a class of substances that can cause bio-
chemical changes in the body leading to chemical dependency.
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Figure 6.14 Some toxicants and the odors they produce in exposed subjects.

Amphetamines and cocaine (Figure 6.11), tricyclic antidepressants (see imiprimine hydrochlo-
ride in Figure 6.12), phenylcyclidines, and belladonna alkaloids at toxic levels increase blood
pressure. Overdoses of antihypertensive agents decrease blood pressure, as do toxic doses of opiates,
barbiturates, iron, nitrite, cyanide, and mushroom toxins.

6.13.2 Skin Symptoms

In many cases the skin exhibits evidence of exposure to toxic substances. The two main skin
characteristics observed as evidence of poisoning are skin color and degree of skin moisture.
Excessively dry skin tends to accompany poisoning by tricyclic antidepressants, antihistamines,
and belladonna alkaloids. Among the toxic substances for which moist skin is a symptom of
poisoning are mercury, arsenic, thallium, carbamates, and organophosphates. The skin appears
flushed when the subject has been exposed to toxic doses of carbon monoxide, nitrites, amphet-
amines, monsodium glutamate, and tricyclic antidepressants. Higher doses of cyanide, carbon
monoxide, and nitrites give the skin a cyanotic appearance (blue color due to oxygen deficiency
in the blood). Skin may appear jaundiced (yellow because of the presence of bile pigments in the
blood) when the subject is poisoned by a number of toxicants, including arsenic, arsine gas (AsH;),
iron, aniline dyes, and carbon tetrachloride.

6.13.3 Odors

Toxic levels of some materials cause the body to have unnatural odors because of parent
compound toxicants or their metabolites secreted through the skin, exhaled through the lungs, or
present in tissue samples. Some examples of odorous species are shown in Figure 6.14. In addition
to the odors noted in the figure, others symptomatic of poisoning include aromatic odors from
hydrocarbons and the odor of violets arising from the ingestion of turpentine. Alert pathologists
have uncovered evidence of poisoning murders by noting the bitter almond odor of hydrogen
cyanide (HCN) in tissues of victims of criminal cyanide poisoning. A characteristic rotten-egg odor
is evidence of hydrogen sulfide (H,S) poisoning. The same odor has been reported at autopsies of
carbon disulfide poisoning victims. Even very slight exposures to some selenium compounds cause
an extremely potent garlic breath odor.
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6.13.4 Eyes

Careful examination of the eyes can reveal evidence of poisoning. The response, both in size
and reactivity, of the pupils to light may indicate response to toxicants. Both voluntary and
involuntary movement of the eyes can be significant. The appearance of eye structures, including
optic disc, conjunctiva, and blood vessels, can be significant. Eye miosis, defined as excessive or
prolonged contraction of the eye pupil, is a toxic response to a number of substances, including
alcohols, carbamates, organophosphates, and phenycyclidine. The opposite response of excessive
pupil dilation, mydriasis, is caused by amphetamines, belladonna alkaloids, glutethimide, and
tricyclic antidepressants, among others. Conjunctivitis is a condition marked by inflammation of
the conjunctiva, the mucus membrane that covers the front part of the eyeball and the inner lining
of the eyelids. Corrosive acids and bases (alkalies) cause conjunctivitis, as do exposures to nitrogen
dioxide, hydrogen sulfide, methanol, and formaldehyde. Nystagmus, the involuntary movement of
the eyeballs, usually in a side-to-side motion, occurs in poisonings by some toxicants, including
barbiturates, phenycyclidine, phentoin, and ethychlorovynol.

6.13.5 Mouth

Examination of the mouth provides evidence of exposure to some toxicants. Caustic acids and
bases cause a moist condition of the mouth. Other toxicants that cause the mouth to be moister than
normal include mercury, arsenic, thallium, carbamates, and organophosphates. A dry mouth is symp-
tomatic of poisoning by tricyclic antidepressants, amphetamines, antihistamines, and glutethimide.

6.13.6 Gastrointestinal Tract

The gastrointestinal tract responds to a number of toxic substances, usually by pain, vomiting,
or paralytic ileus (see “Intestines,” Section 6.4.5). Severe gastrointestinal pain is symptomatic of
poisoning by arsenic or iron. Both of these substances can cause vomiting, as can acids, bases,
fluorides, salicylates, and theophyllin. Paralytic ileus can result from ingestion of narcotic analge-
sics, tricyclic antidepressants, and clonidine.

6.13.7 Central Nervous System

The central nervous system responds to poisoning by exhibiting symptoms such as convulsions,
paralysis, hallucinations, and ataxia (lack of coordination of voluntary movements of the body).
Other behavioral symptoms of poisoning include agitation, hyperactivity, disorientation, and delirium.

Among the many toxicants that cause convulsions are chlorinated hydrocarbons, amphetamines,
lead, organophosphates, and strychnine. There are several levels of coma, the term used to describe
a lowered level of consciousness. At level 0, the subject may be awakened and will respond to
questions. At level 1, withdrawal from painful stimuli is observed and all reflexes function. A
subject at level 2 does not withdraw from painful stimuli, although most reflexes still function.
Levels 3 and 4 are characterized by the absence of reflexes; at level 4, respiratory action is depressed
and the cardiovascular system fails. Among the many toxicants that cause coma are narcotic
analgesics, alcohols, organophosphates, carbamates, lead, hydrocarbons, hydrogen sulfide, benzo-
diazepines, tricyclic antidepressants, isoniazid, phenothiazines, and opiates.

6.14 REPRODUCTIVE AND DEVELOPMENTAL EFFECTS

Some of the more serious effects of toxic substances are those that affect the reproduction of
organisms and their development to adulthood.* Because of the serious nature of these effects, they
are commonly examined in animal studies of pharmaceuticals, pesticides, and other chemicals.
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Developmental toxic effects are those that adversely influence the growth and development of
an organism to adulthood. These may occur from exposure of either parent of the organism to toxic
substances even before conception. They may be the result of exposure of the embryo or fetus
before birth. And they include effects resulting from exposure during the growth of the juvenile
organism from birth to adulthood.

Teratology refers specifically to adverse effects of substances on an organism after conception
up until birth. The teratogenic effects of thalidomide that resulted when women took this tranquil-
izing drug during early stages of pregnancy stand as one of the most distressing examples of
teratogenic substances. Teratogens are most likely to cause harmful effects during the first trimester
of pregnancy, when organs are becoming differentiated.

The reproductive systems of both males and females are suceptible to adverse effects of toxic
substances. The study of these effects is called reproductive toxicology.

The chemical alteration of cell DNA that results in effects passed on through cell division is
known as mutagenesis. Mutagenesis may occur in germ cells (female egg cells, male sperm cells)
and cause mutations that appear in offspring. Mutagenesis may also occur in somatic cells, which
are any body cells that are not sexual reproductive cells. Somatic cell mutagens are of particular
concern because of the possibility that they will result in uncontrolled cell reproduction leading to
cancer. Somatic cell mutations are easier to detect than germ cell mutations through observation
of chromsomal aberrations and other effects.
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QUESTIONS AND PROBLEMS

1. Distinguish between acute toxicity and chronic toxicity.

2. Distinguish among acute local exposure, chronic local exposure, acute systemic exposure, and
chronic systemic exposure to toxicants.

3. List and discuss the major routes and sites of exposure, distribution, and elimination of toxicants
in the body.

4. What function is served by the stratum corneum in exposure of the body to toxic substances?

5. Explain why the lungs are regarded as the place where substances external to the body have the
most intimate contact with body fluids. In what sense does pulmonary intake of a toxicant evade
important “screening organs’’?

6. Why are ammonia (NH;) and hydrogen chloride (HCI) removed from air predominantly in the
upper respiratory tract?

7. In what sense is the gastrointestinal tract “external” to the body?

8. How do the different regions of the gastrointestinal tract influence the uptake of toxicants, such
as weak acids, that have different acid—base behaviors?

9. What are the major components of the enterohepatic circulation system? What is the portal
circulatory system?

10. Describe the nature and significance of the dose-response curve. What is the significance of its
inflection point (midpoint)? Define dose and response.

11. How do toxicity ratings relate to the potency of a toxicant?

12. Define sublethal effects, reversible effects, and margin of safety. What is an irreversible toxic effect?

13. What are hypersensitivity and hyposensitivity? Can these phenomena be related in any respect to
the immune system?

14. What is the distinction between a xenobiotic substance and an endogenous substance? What are
some examples of endogenous substances?

15. Define nonkinetic toxicology and how it relates to corrosive substances. What is kinetic toxicology
and how does it relate to systemic poisons?

16. What is a receptor? In what way may acetylcholinesterase act as a receptor? What happens when
this enzyme becomes bound to a toxic substance?
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17.
18.

19.
20.
21.
22.
23.

24.

What is a protoxicant? What may happen to a protoxicant in the kinetic phase?

What are the three major divisions of the dynamic phase? In which of these is a receptor acted
upon by a toxicant?

Distinguish between an active parent compound and an active metabolite in toxicology.
Differentiate among synergism, potentiation, and antagonism. What is an additive effect?

Define bradycardia, tachycardia, and arrhythmia. What are some of the toxicants that may cause
each?

Distinguish between a cyanotic appearance of skin and a jaundiced appearance. Which kinds of
toxicants may cause each?

List the major biological agents against which the body’s immune system defends. How are
leukocytes involved in this defense?

Define and give the significance of immunosuppression, hypersensitivity, uncontrolled prolifera-
tion, and autoimmunity.
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CHAPTER 7

Toxicological Chemistry

7.1 INTRODUCTION

As defined in Section 1.1, toxicological chemistry is the chemistry of toxic substances, with
emphasis on their interactions with biologic tissue and living systems. This chapter expands on
this definition to define toxicological chemistry in more detail. Earlier chapters of the book have
outlined the essential background required to understand toxicological chemistry. In order to
comprehend this topic, it is first necessary to have an appreciation of the chemical nature of inorganic
and organic chemicals, the topic of Chapter 1. An understanding of biochemistry, covered in Chapter
3, is required to comprehend the ways in which xenobiotic substances in the body undergo
biochemical processes and, in turn, affect these processes. Additional perspective is provided by
the discussion of metabolic processes in Chapter 4. The actual toxicities and biologically manifested
effects of toxicants are covered in Chapter 6. Finally, an understanding of the environmental
biochemistry of toxicants requires an appreciation of environmental chemistry, which is outlined
in Chapter 2.

7.1.1 Chemical Nature of Toxicants

It is not possible to exactly define a set of chemical characteristics that make a chemical species
toxic. This is because of the large variety of ways in which a substance can interact with substances,
tissues, and organs to cause a toxic response. Because of subtle differences in their chemistry and
biochemistry, similar substances may vary enormously in the degrees to which they cause a toxic
response. For example, consider the toxic effects of carbon tetrachloride, CCl,, and a chemically
closely related chlorofluorocarbon, dichlorodifluoromethane, CCLF,. Both of these compounds are
completely halogenated derivatives of methane possessing very strong carbon—halogen bonds. As
discussed in Section 16.2, carbon tetrachloride is considered to be dangerous enough to have been
banned from consumer products in 1970. It causes a large variety of toxic effects in humans, with
chronic liver injury being the most prominent. Dichlorodifluoromethane, a Freon compound, is
regarded as nontoxic, except for its action as a simple asphyxiant and lung irritant at high concen-
trations.

An increasingly useful branch of toxicological chemistry is the one dealing with quantitative
structure-activity relationships (QSARs). By relating the chemical structure and physical char-
acteristics of various compounds to their toxic effects, it is possible to predict the toxicological
effects of other compounds and classes of compounds.

With the qualification that there are exceptions to the scheme, it is possible to place toxic
substances into several main categories. These are listed below:
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» Substances that exhibit extremes of acidity, basicity, dehydrating ability, or oxidizing power.
Examples include concentrated sulfuric acid (a strong acid with a tendency to dehydrate tissue),
strongly basic sodium hydroxide, and oxidant elemental fluorine, F,. Such species tend to be
nonkinetic poisons (see Section 6.9) and corrosive substances that destroy tissue by massively
damaging it at the site of exposure.

* Reactive substances that contain bonds or functional groups that are particularly prone to react
with biomolecules in a damaging way. One reason that diethyl ether, (C,H5)-O—(C,H,), is relatively
nontoxic is because of its lack of reactivity resulting from the very strong C—H bonds in the ethyl
groups and the very stable C—O—C ether linkage. A comparison of allyl alcohol with 1-propanol
(structural formulas below)

A S
C—C—COH  H—C—C—C—OH

H H H H
Allyl alcohol Propyl alcohol

shows that the former is a relatively toxic irritant to the skin, eyes, and respiratory tract that also
damages liver and kidneys, whereas 1-propanol is one of the less toxic organic chemicals with an
LDy, (see Section 6.5) about 100 times that of allyl alcohol. As shown by the structures, allyl
alcohol differs from 1-propanol in having the relatively reactive alkenyl group C=C.

* Heavy metals, broadly defined, contain a number of members that are toxic by virtue of their
interaction with enzymes, tendency to bond strongly with sulfhydryl (-SH) groups on proteins,
and other effects.

* Binding species are those that bond to biomolecules, altering their function in a detrimental way.
This binding may be reversible, as is the case with the binding of carbon monoxide with hemoglobin
(see Chapter 11), which deprives hemoglobin of its ability to attach molecular O, and carry it from
the lungs to body tissues. The binding may be irreversible. An example is that which occurs when
an electron-deficient carbonium ion, such as H;C* (an electrophile), binds to a nucleophile, such
as an N atom on guanine attached to deoxyribonucleic acid (DNA).

* Lipid-soluble compounds are frequently toxic because of their ability to traverse cell membranes
and similar barriers in the body. Lipid-soluble species frequently accumulate to toxic levels through
biouptake and biomagnification processes (see Chapter 5).

* Chemical species that induce a toxic response based largely on their chemical structures. Such
toxicants often produce an allergic reaction as the body’s immune system recognizes the foreign
agent, causing an immune system response. Lower-molecular-mass substances that act in this way
usually must become bound to endogenous proteins to form a large enough species to induce an
allergic response.

7.1.2 Biochemical Transformations

The toxicological chemistry of toxicants is strongly tied to their metabolic reactions and fates
in the body.! Systemic poisons in the body undergo (1) biochemical reactions through which they
have a toxic effect, and (2) biochemical processes that increase or reduce their toxicities, or change
toxicants to forms that are readily eliminated from the body. In dealing with xenobiotic compounds,
the body metabolizes them in ways that usually reduce toxicity and facilitate removal of the
substance from the body, a process generally called detoxication. The opposite process by which
nontoxic substances are metabolized to toxic ones or by which toxicities are increased by biochem-
ical reactions is called toxication or activation. Most of the processes by which xenobiotic
substances are handled in living organisms are phase I and phase II reactions discussed in the
remainder of this chapter.
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Figure 7.1  Pathways of xenobiotic species prior to their undergoing any biochemical interactions that could
lead to toxic effects.

7.2 METABOLIC REACTIONS OF XENOBIOTIC COMPOUNDS

Toxicants or their metabolic precursors (protoxicants) may undergo absorption, metabolism,
temporary storage, distribution, or excretion, as illustrated in Figure 7.1.2 The modeling and math-
ematical description of these aspects as a function of time is called toxicokinetics.®> Here are
discussed the metabolic processes that toxicants undergo. Emphasis is placed on xenobiotic com-
pounds, on chemical aspects, and on processes that lead to products that can be eliminated from
the organism. Of particular importance is intermediary xenobiotic metabolism, which results in
the formation of somewhat transient species that are different from both those ingested and the
ultimate product that is excreted. These species may have significant toxicological effects. Xeno-
biotic compounds in general are acted on by enzymes that function on an endogenous substrate
that is in the body naturally. For example, flavin-containing monooxygenase enzyme acts on
endogenous cysteamine to convert it to cystamine, but also functions to oxidize xenobiotic nitrogen
and sulfur compounds.

Biotransformation refers to changes in xenobiotic compounds as a result of enzyme action.
Reactions not mediated by enzymes may also be important. As examples of nonenzymatic trans-
formations, some xenobiotic compounds bond with endogenous biochemical species without an
enzyme catalyst, undergo hydrolysis in body fluid media, or undergo oxidation—reduction processes.
However, the metabolic phase I and phase II reactions of xenobiotics discussed here are enzymatic.

The likelihood that a xenobiotic species will undergo enzymatic metabolism in the body depends
on the chemical nature of the species. Compounds with a high degree of polarity, such as relatively
ionizable carboxylic acids, are less likely to enter the body system and, when they do, tend to be
quickly excreted. Therefore, such compounds are unavailable, or available for only a short time,
for enzymatic metabolism. Volatile compounds, such as dichloromethane or diethylether, are
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Figure 7.2  Overall process of phase | reactions.

expelled so quickly from the lungs that enzymatic metabolism is less likely. This leaves as the most
likely candidates for enzymatic metabolic reactions nonpolar lipophilic compounds, those that
are relatively less soluble in aqueous biological fluids and more attracted to lipid species. Of these,
the ones that are resistant to enzymatic attack (polychlorinated biphenyls (PCBs), for example)
tend to bioaccumlate in lipid tissue.

Xenobiotic species may be metabolized in a wide variety of body tissues and organs. As part
of the body’s defense against the entry of xenobiotic species, the most prominent sites of xenobiotic
metabolism are those associated with entry into the body (see Figure 6.2). The skin is one such
organ, as is the lung. The gut wall through which xenobiotic species enter the body from the
gastrointestinal tract is also a site of significant xenobiotic compound metabolism. The liver is of
particular significance because materials entering systemic circulation from the gastrointestinal
tract must first traverse the liver.

7.2.1 Phase | and Phase Il Reactions

The processes that most xenobiotics undergo in the body can be divided into two categories:
phase I reactions and phase II reactions. A phase I reaction introduces reactive, polar functional
groups (see Table 1.3) onto lipophilic (fat-seeking) toxicant molecules. In their unmodified forms,
such toxicant molecules tend to pass through lipid-containing cell membranes and may be bound
to lipoproteins, in which form they are transported through the body. Because of the functional
group attached, the product of a phase I reaction is usually more water soluble than the parent
xenobiotic species, and more importantly, it possesses a “chemical handle” to which a substrate
material in the body may become attached so that the toxicant can be eliminated from the body.
The binding of such a substrate is a phase II reaction, and it produces a conjugation product
that normally (but not always) is less toxic than the parent xenobiotic compound or its phase I
metabolite and more readily excreted from the body.

In general, the changes in structure and properties of a compound that result from a phase I
reaction are relatively mild. Phase II processes, however, usually produce species that are much
different from the parent compounds. It should be emphasized that not all xenobiotic compounds
undergo both phase I and phase II reactions. Such a compound may undergo only a phase I reaction
and be excreted directly from the body. Or a compound that already possesses an appropriate
functional group capable of conjugation may undergo a phase II reaction without a preceding phase
I reaction.

Phase I and phase II reactions are obviously important in mitigating the effects of toxic
sustances. Some toxic substances act by inhibiting the enzymes that carry out phase I and phase
II reactions, leading to toxic effects of other substances that normally would be detoxified.
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7.3 PHASE | REACTIONS

Figure 7.2 shows the overall processes involved in a phase I reaction. Normally a phase I
reaction adds a functional group to a hydrocarbon chain or ring or modifies one that is already
present.* The product is a chemical species that readily undergoes conjugation with some other
species naturally present in the body to form a substance that can be readily excreted. Phase I
reactions are of several types, of which oxidation of C, N, S, and P is most important. Reduction
may occur on reducible functionalities by addition of H or removal of O. Phase I reactions may
also consist of hydrolysis processes, which require that the xenobiotic compound have a hydrolyz-
able group.

7.3.1 Oxidation Reactions

The most important phase I reactions are oxidation reactions, particularly those classified as
microsomal monooxygenation reactions, formerly called mixed-function oxidations. Microsomes
refer to a fraction collected from the centrifugation at about 100,000 x g of cell homogenates and
consisting of pellets. These pellets contain rough and smooth endoplasmic reticulum (extensive
networks of membranes in cells) and Golgi bodies, which store newly synthesized molecules.
Monooxidations occur with O, as the oxidizing agent, one atom of which is incorporated into the
substrate, and the other going to form water:

» Product-OH
Monooxidation

Substrate + O, (7.3.1)
— H,0

The key enzymes of the system are the cytochrome P-450 enzymes, which have active sites
that contain an iron atom that cycles between the +2 and +3 oxidation states. These enzymes bind
to the substrate and molecular O, as part of the substrate oxidation process. Cytochrome P-450 is
found most abundantly in the livers of vertebrates, reflecting the liver’s role as the body’s primary
defender against systemic poisons. Cytochrome P-450 occurs in many other parts of the body, such
as the kidney, ovaries, testes, and blood. The presence of this enzyme in the lungs, skin, and
gastrointestinal tract may reflect their defensive roles against toxicants.

Epoxidation consists of adding an oxygen atom between two C atoms in an unsaturated system,
as shown in Reactions 7.3.2 and 7.3.3. It is a particularly important means of metabolic attack on
aromatic rings that abound in many xenobiotic compounds. Cytochrome P-450 is involved in
epoxidation reactions. Both of the epoxidation reactions shown below have the effect of increasing
the toxicities of the parent compounds, a process called intoxication. Some epoxides are unstable,

Cl\ ,H 0,, enzyme-mediated .O\
/C=C\ — »> C1—C—C-Cl
Cl C] epoxidation él II-I
Trichloroethylene + (7.3.2)
@9
Trichloroacetaldehyde Cl —?—C—H
Cl
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0,, enzyme-mediated
. > \\ O (7.3.3)
epoxidation

tending to undergo further reactions, usually hydroxylation (see below). A well-known example of
the formation of a stable epoxide is the conversion to aldrin of the insecticide dieldrin (Chapter 16).

7.3.2 Hydroxylation

Hydroxylation is the attachment of —OH groups to hydrocarbon chains or rings. Aliphatic
hydroxylation of alkane chains can occur on the terminal carbon atom (—CH, group or ®m-carbon)
or on the C atom next to the last one (®w-1-carbon) by the insertion of an O atom between C and
H, as shown below for the hydroxylation of the side chain on a substituted aromatic compound:

H O
[ {0}, oxidation [
H—(IT—C—H > H—(IZ—C—OH (7.3.4)
H H
Aldehyde Carboxylic acid

Hydroxylation can follow epoxidation, as shown by the following rearrangement reaction for

benzene epoxide:
OH
e — O
S (7.3.5)

Benzene epoxide Phenol

7.3.3 Epoxide Hydration

The addition of H,O to epoxide rings, a process called epoxide hydration, is important in the
metabolism of some xenobiotic materials. This reaction can occur, for example, with benzo(a)pyrene
7,8-epoxide, formed by the metabolic oxidation of benzo(a)pyrene, as shown in Figure 7.3. Hydra-
tion of an epoxide group on a ring leads to the frans dihydrodiols in which the —OH groups are
on opposite sides of the ring.

Formation of a dihydrodiol by hydration of epoxide groups can be an important detoxication
process in that the product is often much less reactive to potential receptors than is the epoxide.
However, this is not invariably the case because some dihydrodiols may undergo further epoxidation
to form even more reactive metabolites. As shown in Figure 7.3, this can happen with
benzo(a)pyrene 7,8-epoxide, which becomes oxidized to carcinogenic benzo(a)pyrene 7,8-diol-
9,10-epoxide. The parent polycyclic aromatic hydrocarbon benzo(a)pyrene is classified as a pro-
carcinogen, or precarcinogen, in that metabolic action is required to convert it to a species, in this
case benzo(a)pyrene 7,8-diol-9,10-epoxide, which is carcinogenic as such.

7.3.4 Oxidation of Noncarbon Elements

As summarized in Figure 7.4, the oxidation of nitrogen, sulfur, and phosphorus is an important
type of metabolic reaction in xenobiotic compounds. It can be an important intoxication mechanism
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Figure 7.3  Epoxidation and hydroxylation of benzo(a)pyrene (left) to form carcinogenic benzo(a)pyrene 7,8-
diol-9,10-epoxide.

by which compounds are made more toxic. For example, the oxidation of nitrogen in 2-acetylami-
nofluorene yields potently carcinogenic N-hydroxy-2-acetylaminofluorene. Two major steps in the
metabolism of the plant systemic insecticide aldicarb (Figure 7.5) are oxidation to the sulfoxide
and oxidation to the sulfone (see sulfur compounds in Chapter 17). The oxidation of phosphorus
in parathion (replacement of S by O, oxidative desulfurization) yields insecticidal paraoxon, which
is much more effective than the parent compound in inhibiting acetylcholinesterase enzyme (see
Section 6.10).

In addition to cytochrome P-450 enzymes, another enzyme that mediates phase I oxidations is
flavin-containing monooxygenase (FMO), likewise contained in the endoplasmic reticulum. It is
especially effective in oxidizing primary, secondary, and tertiary amines. Additionally, it catalyzes
oxidation of other nitrogen-containing xenobiotic compounds, as well as those that contain sulfur
and phosphorus, but does not bring about hydroxylation of carbon atoms.

7.3.5 Alcohol Dehydrogenation

A common step in the metabolism of alcohols is carried out by alcohol dehydrogenase enzymes
that produce aldehydes from primary alcohols that have the —OH group on an end carbon and
produce ketones from secondary alcohols that have the —OH group on a middle carbon, as shown
by the examples in Reactions 7.3.6 and 7.3.7. As indicated by the double arrows in these reactions,
the reactions are reversible and the aldehydes and ketones can be converted back to alcohols. The
oxidation of aldehydes to carboxylic acids occurs readily (Reaction 7.3.8). This is an important
detoxication process because aldehydes are lipid soluble and relatively toxic, whereas carboxylic
acids are more water soluble and undergo phase II reactions leading to their elimination.

H H H O
I Alcohol o [

H—?—(IZ—OH < o > H—(IZ—C—H (7.3.6)
i ehydrogenase H

Primary alcohol Aldehyde
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(ﬁ N-oxidation -
@ @ I\II C—CH, cytochrome P-450

S i
H H (ﬂ
2-Acetylaminofluorene @ @ N—C—CH,
| 3
" OH
H H

N-hydroxy-2-acetylaminofluorene
(a potent carcinogen)

S
1 Oxidative -
(C,H;0),P . O@NO2 desulfuration =

Parathion o)

I
(CQHSO)ZP—O@*NOZ
Paraoxon
HoOH Hou
H-C—S—C—H Oxidation of » H-C—S—C—H
I I sulfur I I
H H H H
Dimethyl mercaptan Sulfoxide product
H O H
Further oxidation oo
> H-C—S—C—H
of sulfur oo
H O H

Sulfone product

Figure 7.4 Metabolic oxidation of nitrogen, phosphorus, and sulfur in xenobiotic compounds.

CH; H 0 H
H,C—S— c—c N-0—C—N—CH, Temik (aldicarh)
CH,

Figure 7.5  Structure of the plant systemic insecticide temik (aldicarb). The sulfur is metabolically oxidizable.

H
H O H Alcohol . HOH
H-C—C—C—H = = H-C—C—C—H (7.3.7)
o dehydrogenase ] I
H H H H H
Secondary alcohol Ketone
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Table 7.1 Functional Groups That Undergo Metabolic Reduction

Functional Group Process Product
(0] H
R—(I,!—H Aldehyde reduction R—(Ij—OH
[
(0] H (I)H
R—(IZE—R' Ketone reduction R—C—R'
|
o) H
R_§_R- Sulfoxide reduction R—S—R'
R—SS—R' Disulfide reduction R—SS—H
NI Hou
=C{ ene reduction —C—C—-OH
R—N=—N-—R' Azo reduction I’F I‘F
R—N—N-R' —™
H H.
R—N. + N-R
H H
/H
R—NO, Nitro reduction R—NO, R—N_ ,R—N,
H OH
As(V) Arsenic reduction As(III)
H O
I {0}, oxidation ]
H—?—C—H > H—(IZ—C—OH
H H (7.3.8)
Aldehyde Carboxylic acid

7.3.6 Metabolic Reductions

Table 7.1 summarizes the functional groups in xenobiotics that are most likely to be reduced
metabolically. Reductions are carried out by reductase enzymes; for example, nitroreductase
enzyme catalyzes the reduction of the nitro group. Reductase enzymes are found largely in the
liver and to a certain extent in other organs, such as the kidneys and lungs. Most reductions of
xenobiotic compounds are mediated by bacteria in the intestines, the gut flora. The contents of the
lower bowel may contain a huge concentration of anaerobic bacteria. The compounds reduced by
these bacteria may enter the lower bowel by either oral ingestion (without having been absorbed
through the intestinal wall) or secretion with bile. In the latter case, the compounds may be parent
materials or metabolic products of substances absorbed in upper regions of the gastrointestinal
tract. Intestinal flora are known to mediate the reduction of organic xenobiotic sulfones and
sulfoxides to sulfides:
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9 9 |

|
—C—S—C— —C—S—C— —C—S—C— (7.3.9)
6 | | | | |
Sulfone Sulfoxide Sulfide

7.3.7 Metabolic Hydrolysis Reactions

Many xenobiotic compounds, such as pesticides, are esters, amides, or organophosphate esters,
and hydrolysis is a very important aspect of their metabolic fates. Hydrolysis involves the addition
of H,0 to a molecule accompanied by cleavage of the molecule into two species. The two most
common types of compounds that undergo hydrolysis are esters

(0] (0]
1 1
R-C-OR' + HLO — R—-C-OH + HOR' (7.3.10)
and amides
('? R (l? R 7.3.11
R-C-N  + H,0 —» R-C-OH + H-N’ (7.3.11)
Rll RH

The types of enzymes that bring about hydrolysis are hydrolase enzymes. Like most enzymes
involved in the metabolism of xenobiotic compounds, hydrolase enzymes occur prominently in the
liver. They also occur in tissue lining the intestines, nervous tissue, blood plasma, the kidney, and
muscle tissue. Enzymes that enable the hydrolysis of esters are called esterases, and those that
hydrolyze amides are amidases. Aromatic esters are hydrolyzed by the action of aryl esterases and
alkyl esters by aliphatic esterases. Hydrolysis products of xenobiotic compounds may be either
more or less toxic than the parent compounds.

7.3.8 Metabolic Dealkylation

Many xenobiotics contain alkyl groups, such as the methyl (~CH;) group, attached to atoms of
O, N, and S. An important step in the metabolism of many of these compounds is replacement of
alkyl groups by H, as shown in Figure 7.6. These reactions are carried out by mixed-function
oxidase enzyme systems. Examples of these kinds of reactions with xenobiotics include O-dealky-
lation of methoxychlor insecticides, N-dealkylation of carbaryl insecticide, and S-dealkylation of
dimethyl mercaptan. Organophosphate esters (see Chapter 18) also undergo hydrolysis, as shown
in Reaction 7.3.12 for the plant systemic insecticide demeton:

O
(CH;0),—P=S—C—C—S—C—C-H + H,0 —>

HH HH (7.3.12)
Q R
(C,H;0),—P—OH + HS—C—-C—S—C—C-H
HH HH
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I N-dealkylation
R—N—CH; > R—N,
! '
R—O—CH3 O-dealkylation - R—OH > + H-C—H
-dealkylati
R—S—CH3 S-dealkylation > R—SH

Figure 7.6  Metabolic dealkylation reactions shown for the removal of CH, from N, O, and S atoms in organic
compounds.

7.3.9 Removal of Halogen

An important step in the metabolism of the many xenobiotic compounds that contain covalently
bound halogens (F, Cl, Br, I) is the removal of halogen atoms, a process called dehalogenation.
This may occur by reductive dehalogenation, in which the halogen atom is replaced by hydrogen,
or two atoms are lost from adjacent carbon atoms, leaving a carbon—carbon double bond. These
processes are illustrated by the following:

i i K

Xenobiotic o Dehalogenated xen- —C— 7.3.13

molecule C (F H = obiotic molecule c (lj H ( )
H H

o 2

Xenobiotic A Dehalogenated xen- -

molecule c-C H+wC—C\H (7.3.14)
H

Oxidative dehalogenation occurs when oxygen is added in place of a halogen atom, as shown by
the following reaction:

ety
Xenobiotic 2
molecule C_(lj_H :
H

H O (7.3.15)
Dehalogenated xen- (Ij_&_ OH
obiotic molecule

7.4 PHASE Il REACTIONS OF TOXICANTS

Phase II reactions are also known as conjugation reactions because they involve the joining
together of a substrate compound with another species that occurs normally in (is endogenous to)
the organism.> This can occur with unmodified xenobiotic compounds, xenobiotic compounds that
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Figure 7.7 Overall process of conjugation that occurs in phase Il reactions.

have undergone phase I reactions, and compounds that are not xenobiotic species. The substance
that binds to these species is called an endogenous (present in and produced by the body)
conjugating agent. Activation of the conjugating agent usually provides the energy needed for
conjugation, although conjugation by glutathione or amino acids is provided by activation of the
species undergoing conjugation preceding the reaction. The overall process for the conjugation of
a xenobiotic compound is shown in Figure 7.7. Such a compound contains functional groups, often
added as the consequence of a phase I reaction, that serve as “chemical handles” for the attachment
of the conjugating agent. The conjugation product is usually less lipid soluble, more water soluble,
less toxic, and more easily eliminated than the parent compound.

The conjugating agents that are attached as part of phase II reactions include glucuronide,
sulfate, acetyl group, methyl group, glutathione, and some amino acids. Conjugation with glu-
tathione is also a step in mercapturic acid synthesis. Glycine, glutamic acid, and taurine are common
amino acids that act as conjugating agents. Most of the conjugates formed by these agents are more
hydrophilic than the compounds conjugated, so the conjugates are more readily excreted. The
exceptions are methylated and acetylated conjugates. Phase II conjugation reactions are usually
rapid, and if they are performed on phase I reaction products, the rates of the latter are rate limiting
for the overall process.

7.4.1 Conjugation by Glucuronides

Glucuronides are the most common endogenous conjugating agents in the body. They react
with xenobiotics through the action of uridine diphosphate glucuronic acid (UDPGA). This transfer
is mediated by glucuronyl transferase enzymes. These enzymes occur in the endoplasmic reticulum,
where hydroxylated phase I metabolites of lipophilic xenobiotic compounds are produced. As a
result, the lifetime of the phase I metabolites is often quite brief because the conjugating agent is
present where they are produed. A generalized conjugation reaction of UDPGA with a xenobiotic
compound can be represented as the following:
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O oo _____ H ____________ H
o . '
] I I O N (OF
OH }—0-P-0-P-0-C-H Y’ \f ! + HX-R —>
HO E O O 0 N N E Xenobiotic
OH ! '
‘ UuDP '
5 HO __ OH |

2
C-OH
Conjugate of xenobiotic 0
with glucuronide ~—
OH X-R + UDP (7.4.1)
HO
OH
i
@—O— glucuronide @—N— glucuronide
Phenylglucuronide, an Aniline glucuronide,
O-glucuronide an N-glucuronide

N
@[ >/s—glucuronide
S

2-Mercaptothiazole-S-glucuronide,
an S-glucuronide

Figure 7.8 Examples of O-, N-, and S-glucuronides.

In this reaction HX-R represents the xenobiotic species in which HX is a functional group (such
as —OH) and R is an organic moiety, such as the phenyl group (benzene ring less a hydrogen atom).
The kind of enzyme that mediates this type of reaction is UDP glucuronyltransferase.

Glucuronide conjugation products may be classified according to the element to which the
glucuronide is bound. The atoms to which the glucuronide most readily attaches are electron rich,
usually O, N, or S (nucleophilic heteroatoms in the parlance of organic chemistry). Example
glucuronides involving O, N, and S atoms are shown in Figure 7.8. When the functional group
through which conjugation occurs is a hydroxyl group, -OH (HX in Reaction 7.4.1), an ether
glucuronide is formed. A carboxylic acid group for HX gives an ester glucuronide. Glucuronides
may be attached directly to N as the linking atom, as is the case with aniline glucuronide in
Figure 7.8, or through an intermediate O atom. An example of the latter is N-hydroxyacetylami-
noglucuronide, for which the structure is shown in Figure 7.9. This species is of interest because
it is a stronger carcinogen than its parent xenobiotic compound, N-hydroxyacetylaminofluorene,
contrary to the decrease in toxicity that usually results from glucuronide conjugation.
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0

Figure 7.9  N-hydroxyacetylaminofluorene glucuronide, a more potent carcinogen than its parent compound,
N-hydroxyacetylaminofluorene.

The carboxylic acid (<CO,H group) in glucuronides is normally ionized at the pH of physio-
logical media, which is a major reason for the water solubility of the conjugates. When the
compound conjugated (called the aglycone) is of relatively low molecular mass, the conjugate tends
to be eliminated through urine. For heavier aglycones, elimination occurs through bile. Enterohe-
patic circulation provides a mechanism by which the metabolic effects of some glucuronide
conjugates are amplified. This phenomenon is essentially a recycling process in which a glucuronide
conjugate released to the intestine with bile becomes deconjugated and reabsorbed in the intestine.

7.4.2 Conjugation by Glutathione

Glutathione (commonly abbreviated GSH) is a crucial conjugating agent in the body. This
compound is a tripeptide, meaning that it is composed of three amino acids linked together. These
amino acids and their abbreviations are glutamic acid (Glu), cysteine (Cys), and glycine (Gly) (see
structures in Figure 3.2). The structural formula of the glutathione tripeptide is the following:

OHHHOII-III-I%)IIIHO

_ 1 | | | 1 | 1 _
O—C—(E—CE—?—C—N—?—C—N—?—C—O
H,N H H H—?—H H

S
H

It may be represented with the abbreviations of its constituent amino acids, as illustrated in
Figure 7.10, where SH is shown specifically because of its crucial role in forming the covalent link
to a xenobiotic compound. A glutathione conjugate may be excreted directly, although this is rare.
More commonly, the GSH conjugate undergoes further biochemical reactions that produce mer-
capturic acids (compounds with N-acetylcysteine attached) or other species. The overall process
for the production of mercapturic acids as applied to a generic xenobiotic species, HX-R (see
previous discussion), is illustrated in Figure 7.10.

There are numerous variations on the general mechanism outlined in Figure 7.10. Glutathione
forms conjugates with a wide variety of xenobiotic species, including alkenes, alkyl epoxides (1,2-
epoxyethylbenzene), arylepoxides (1,2-epoxynaphthalene), aromatic hydrocarbons, aromatic
halides, alkyl halides (methyl iodide), and aromatic nitro compounds. The glutathione transferase
enzymes required for the initial conjugation are widespread in the body.

The importance of glutathione in reducing levels of toxic substances can be understood by
considering that loss of H* from —SH on glutathione leaves an electron-rich —S- group (nucleophile)
that is highly attractive to electrophiles. Electrophiles are important toxic substances because of
their tendencies to bind to nucleophilic biomolecules, including nucleic acids and proteins. Such
binding can cause mutations (potentially cancer) and result in cell damage. Included among the
toxic substances bound by glutathione are reactive intermediates produced in the metabolism of
xenobiotic substances, including epoxides and free radicals (species with unpaired electrons).
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Figure 7.10 Gilutathione conjugate of a xenobiotic species (HX-R), followed by formation of glutathione and
cysteine conjugate intermediates (both of which may be excreted in bile) and acetylation to form
readily excreted mercapturic acid conjugate.

7.4.3 Conjugation by Sulfate

Although conjugation by sulfate requires the input of substantial amounts of energy, it is very
efficient in eliminating xenobiotic species through urine because the sulfate conjugates are com-
pletely ionized and therefore highly water soluble. The enzymes that enable sulfate conjugation
are sulfotransferases, which act with the 3'-phosphoadenosine-5'-phosphosulfate (PAPS) cofactor:

3'-phosphoadenosine-5'-
phosphosulfate (PAPS)

O OH

o
'O—“—O

The types of species that form sulfate conjugates are alcohols, phenols, and aryl amines, as shown
by the examples in Figure 7.11.

Although sulfation is normally an effective means of reducing toxicities of xenobiotic sub-
stances, there are cases in which the sulfate conjugate is reactive and toxic. An interesting example
of such a substance is produced by the sulfate conjugation of 1'-hydroxysafrole, which is a phase
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Figure 7.11 Formation of sulfate conjugates of some xenobiotic compounds.

I hydroxylation product of safrole, an ingredient of sassafras, used as a flavoring ingredient until
its carcinogenic nature was revealed. Figure 7.12 shows the transformation of safrole through a
sulfate conjugate intermediate to a positively charged electrophilic carbonium ion species that can
bind with DNA and lead to tumor formation.

7.4.4 Acetylation

Acetylation reactions catalyzed by acetyltransferase enzymes involve the attachment of the
acetyl moiety, shown as the final step in glutathione conjugation and the production of a mercapturic
acid conjugate in Figure 7.10. The cofactor upon which the acetyltransferase enzyme acts in
acetylation is acetyl coenzyme A:

Acetyl group transferred
in acetylation reactions

TR o0 I N
0O | H O O
Acetyl coenzyme A CH, o
|
HO—E—O OH
o
The acetyl transferase enzyme acts to acetylate aniline:
D
N,H A.cetyltransferase enzyme - N'C_CH3 (7.4.2)
\H with acetyl coenzyme A \H

The most important kind of acetylation reaction is the acetylation of aromatic amines. This
converts the ionizable amine group to a nonionizable group, to which the acetyl group is attached.
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Figure 7.12 Formation of a positively charged carbonium ion capable of binding to DNA and causing cancer
formed by the phase | hydroxylation of saffrole, followed by sulfation and loss of sulfate. In this
case, sulfate conjugation forms a more toxic species.

As a consequence, some acetylated products are not as soluble in water as the parent compounds.
In some cases, acetylation of aromatic amines makes them less active as toxicants, particularly in
binding with DNA, whereas in other cases, they are made more active. In the latter case, activity
can be due to a cytochrome P-450 catalyzed attachment of an —OH group to the acetylated nitrogen,
leading to a positively charged electrophilic species capable of binding with DNA.

7.4.5 Conjugation by Amino Acids

Common amino acids that conjugate xenobiotics are glycine, glutamine, taurine, and serine,
the anionic forms of which are shown below:

OH g OHII{HO H OHHH OHH

B TR Tt = N TR TR
O—C—?—N\ O—C—C—?—?—C—N~ 0- S C C—N 0- C C—N

nH H L HH H o6nn H pcub
H/ \H O
Glycine Glutamine Taurine Serine H

In addition to single amino acids, dipeptides consisting of two amino acids connected by a peptide
linkage, such as glycylglycine and glycyltaurine, may conjugate xenobiotics to produce peptide
conjugates. Amino acids have both an acid group and an amino (-NH,) group at which conjugation
to a xenobiotic may occur. Both types of binding are involved in amino acid conjugation.

The classic example of amino acid conjugation to a carboxylic acid group is the production of
hippuric acid from benzoic acid and glycine:

W o 9 o
@C—OH + :N—C— C—OH Several biochemical steps >
H |
Benoicacd  Giyen o 9
enzoic aci ycine
—N-C—C- (7.4.3)
@—c N-C—C-OH

H
Hippuric acid (N-benzoyl glycine)
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This is the oldest known biosynthesis, having been discovered in 1842. Before concerns over
possible health effects ended the practice, it used to be performed by students of organic chemistry,
who ingested benzoic acid and then isolated hippuric acid from their urine. Conjugation of a
xenobiotic substance containing a carboxylic acid group with the -NH, group of an amino acid is
generally a detoxication mechanism.

Binding of an amino acid through its carboxylic acid group can occur with hydroxylamines
generated by phase I hydroxylation of aromatic amino compounds. This is shown in Reaction 7.4.4
for a generic aromatic amine represented as Ar—-NH. The N-esters formed by reactions such as the
one above can react to form electrophilic cations (carbonium and nitrenium) that can bind with
nucleophilic biomolecules to produce toxic responses. Therefore, binding of the carboxylic acid
group of an amino acid with the hydroxylamino group of a xenobiotic material should be considered
an intoxication pathway rather than detoxication.

H Phase I .OH Serine
Ar =N, hyd lati > Ar—N, conjugation
g hydroxylation H
9 Iﬂ H (7.4.4)
_O-C-C—N

Ar—N L H
q H ?o{ H
7.4.6 Methylation

Phase II methylation occurs with the S-adenosylmethionine (SAM) cofactor acting as a meth-
ylating agent:

Methyl group transferred
in methylation — -~

Q
Jom

S-adenosylmethionine (SAM)

HO OH

The methyl group on SAM behaves as an electrophilic *CH, positively charged carbocation that
is attracted to electron-rich nucleophilic O, N, and S atoms on a xenobiotic compound; methylation
of carbon is rare. Therefore, the kinds of compounds commonly methylated include amines,
heterocyclic nitrogen compounds, phenols, and compounds containing the —SH group. A typical
methylation reaction is that of nicotine:

CH,
O_@ M /N
1}1 . methylation 1\|I . (7.4.5)
CH, CH,
Nicotine N-methylnicotinium ion
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Because of the hydrocarbon nature of the methyl group, it generally makes xenobiotic substrates
less hydrophilic, which is the opposite of most other conjugation processes.

7.5 BIOCHEMICAL MECHANISMS OF TOXICITY

A critical aspect of toxicological chemistry is that which deals with the biochemical mechanisms
and reactions by which xenobiotic compounds and their metabolites interact with biomolecules to
cause an adverse toxicological effect.®” The remainder of this chapter addresses the major aspects
of biochemical mechanisms and processes of toxicity.

As discussed earlier in this chapter, metabolic processes make toxic agents from nontoxic ones
or make toxic substances more toxic. In order to cause a toxic response, substances are often quite
reactive and, if introduced into an organism directly, would react before reaching a target at which
they could cause a toxic response. However, when reactive substances are produced metabolically,®
it may be in a location where they can rapidly interact with a biomolecule, membrane, or tissue to
cause a toxic response. Such agents generally fall into the following four categories:

* Electrophilic species that are positively charged or have a partial positive charge and therefore a
tendency to bond to electron-rich atoms and functional groups, particularly N, O, and S, that
abound on nucleic acids and proteins (including proteinaceous enzymes), which are commonly
affected by toxic substances.

¢ Nucleophilic species that are negatively charged or partially so and have a tendency to bind with
electron-deficient targets. These are much less common toxicants than electrophilic species, but
include agents such as CO, formed metabolically by loss of halogen and oxidation of dihalomethane
compounds or cyanide, CN-, produced by the metabolic breakdown of acrylonitrile, a biochemi-
cally reactive organic compound containing both a —CN group and a reactive C=C bond. Carbon
monoxide bonds with Fe?* in hemoglobin, depriving it of its ability to carry oxygen to tissues,
and nucleophilic CN- ion bonds with Fe** in ferricytochrome oxidase enzyme, preventing the
utilization of oxygen in respiration.

¢ Free radicals that consist of neutral or ionic species that have unpaired electrons. Free radicals
include the superoxide anion radical, O;, produced by adding an electron to O,, and the hydroxyl
radical, HO-, produced by splitting (homolytic cleavage) of the H,0, molecule. These species can
react with larger molecules to generate other free radical species. Electron transfer from cytochrome
P-450 enzyme to xenobiotic carbon tetrachloride, CCl,, can produce the reactive, damaging C1,C:
radical.

* Redox-reactive reagents that bring about harmful oxidation—reduction reactions. An example is
the generation from nitrite esters of nitrite ion, NO;, which causes oxidation of Fe** in hemoglobin
to Fe**, producing methemoglobin, which does not transport oxygen in blood.

In understanding the kinds of processes by which toxic substances harm an organism, it is
important to understand the concept of receptors.® Here a receptor is taken to mean a biochemical
entity that interacts with a toxicant to produce some sort of toxic effect. Generally receptors are
macromolecules, such as proteins, nucleic acids, or phospholipids of cell membranes, inside or on
the surface of cells. In the context of toxicant—receptor interactions, the substance that interacts
with a receptor is called a ligand. Ligands are normally relatively small molecules. They may be
endogenous, such as hormone molecules, but in discussions of toxicity are normally regarded as
xenobiotic materials.

The function of a receptor depends on its high specificity for particular ligands. This often
involves the stereochemical fit between a ligand and a receptor, the idea of a “lock and key,” similar
to the interaction of enzymes with various substrates. It should be noted, however, that toxi-
cant-receptor interactions are often around 100 times as strong as enzyme—substrate interactions.
Furthermore, whereas an enzyme generally alters a substrate chemically (such as by hydrolysis),
a toxicant does not usually change the chemical nature of a receptor other than binding to it. In
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Figure 7.13 Binding of a heavy metal to an enzyme active site.

many cases, the identity of a receptor is not known, as is the case, for example, with pyrethroid
insecticides. In such a case, for toxicant X, reference may be made to the X receptor.

Several major categories of toxicant-receptor interactions occur. What is known about these
kinds of interactions is largely based on studies of pharmaceuticals, which act by binding with
various receptors. This information is now being applied to reactions of toxicants with receptors.
In considering such interactions, it may be assumed that the receptor normally binds to some
endogenous substance, causing a normal effect, such as a nerve impulse. In some cases, the toxicant
may activate the receptor, causing an effect similar to that of the endogenous ligand, but different
enough in degree that some adverse effect results. Another possibility is that the toxicant binds to
a receptor site, preventing an endogenous ligand from binding; this is known as an antagonist
action. Yet another possibility is for the toxicant to bind to a site different from, but close enough
to, the normal binding site to interfere with the binding of an endogenous substance. As a final
possibility, the receptor may not have any endogenous ligands, but being bound by a toxicant
nevertheless has some sort of effect.

Advantage is taken of antagonist action to treat poisoning. A simple example is provided by
treatment for carbon monoxide poisoning, in which blood hemoglobin, which normally carries
molecular O, to tissues, is the receptor that is bound strongly by CO. By treating the subject with
pure oxygen or even pressurized oxygen, the oxygen competes with the receptor sites, driving off
carbon monoxide and reversing the effects of this toxic substance.

7.6 INTERFERENCE WITH ENZYME ACTION

Enzymes are extremely important because they must function properly to enable essential
metabolic processes to occur in cells. Substances that interfere with the proper action of enzymes
obviously have the potential to be toxic. Many xenobiotics that adversely affect enzymes are enzyme
inhibitors, which slow down or stop enzymes from performing their normal functions as biochem-
ical catalysts. Stimulation of the body to make enzymes that serve particular purposes, a process
called enzyme induction, is also important in toxicology.

The body contains numerous endogenous enzyme inhibitors that serve to control enzyme-
catalyzed processes. When a toxicant acts as an enzyme inhibitor, however, an adverse effect usually
results. An important example of this is the action of ions of heavy metals, such as mercury (Hg?*),
lead (Pb**), and cadmium (Cd?**), which have strong tendencies to bind to sulfur-containing func-
tional groups, especially —SS—, —SH, and —S—CHj;. These functional groups are often present on
the active sites of enzymes, which, because of their specific three-dimensional structures, bind with
high selectivity to the substrate species upon which the enzymes act. Toxic metal ions may bind
strongly to sulfur-containing functional groups in enzyme active sites, thereby inhibiting the action
of the enzyme. Such a reaction is illustrated in Figure 7.13 for Hg?* ion binding to sulthydryl
groups on an enzyme active site.
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7.6.1 Inhibition of Metalloenzymes

Substitution of foreign metals for the metals in metalloenzymes (those that contain metals as
part of their structures) is an important mode of toxic action by metals. A common mechanism for
cadmium toxicity is the substitution of this metal for zinc, a metal that is present in many
metalloenzymes. This substitution occurs readily because of the chemical similarities between the
two metals (for example, Cd** and Zn?* behave alike in solution). Despite their chemical similarities,
however, cadmium does not fulfill the biochemical function of zinc and a toxic effect results. Some
enzymes that are affected adversely by the substitution of cadmium for zinc are adenosine triph-
osphate, alcohol dehydrogenase, and carbonic anhydrase.

7.6.2 Inhibition by Organic Compounds

The covalent bonding of organic xenobiotic compounds to enzymes, as shown in Reaction
7.6.1, can cause enzyme inhibition. Such bonding occurs most commonly through hydroxyl (-OH)
groups on enzyme active sites. Covalent bonding of xenobiotic compounds is one of the major
ways in which acetylcholinesterase (an

(0]
I
(C;H,0),P—F + HO—(Acetylcholinesterase) —>
Ligand Receptor

o (7.6.1)
1
HF + (C;H;0),P—-O—(Acetylcholinesterase)

Modified receptor (inhibited acetylcholinesterase)

enzyme crucial to the function of nerve impulses) can be inhibited. An organophosphate compound,
such as the nerve gas compound diisopropylphosphorfluoridate (a reactant in Reaction 7.6.1), may
bind to acetylcholinesterase, thereby inhibiting the enzyme.

7.7 BIOCHEMISTRY OF MUTAGENESIS

Mutagenesis is the phenomenon in which inheritable traits result from alterations of DNA.
Although mutation is a normally occurring process that gives rise to diversity in species, most
mutations are harmful. The toxicants that cause mutations are known as mutagens. These toxicants,
often the same as those that cause cancer or birth defects, are a major toxicological concern.

To understand the biochemistry of mutagenesis, it is important to recall from Chapter 3 that
DNA contains the nitrogenous bases adenine, guanine, cytosine, and thymine. The order in which
these bases occur in DNA determines the nature and structure of newly produced ribonucleic acid
(RNA), a substance produced as a step in the synthesis of new proteins and enzymes in cells.
Exchange, addition, or deletion of any of the nitrogenous bases in DNA alters the nature of RNA
produced and can change vital life processes, such as the synthesis of an important enzyme. This
phenomenon, which can be caused by xenobiotic compounds, is a mutation that can be passed on
to progeny, usually with detrimental results.

There are several ways in which xenobiotic species may cause mutations. It is beyond the scope
of this work to discuss these mechanisms in detail. For the most part, however, mutations due to
xenobiotic substances are the result of chemical alterations of DNA, such as those discussed in the
following two examples.

Nitrous acid, HNO,, is an example of a chemical mutagen that is often used to cause mutations
in bacteria. To understand the mutagenic activity of nitrous acid, it should be noted that three of
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Figure 7.14 Alkylation of guanine in DNA.
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amine phenyltriazine zine sulfonate

Figure 7.15 Examples of simple alkylating agents capable of causing mutations.

the nitrogenous bases — adenine, guanine, and cytosine — contain the amino group —NH,. Nitrous
acid acts to replace amino groups with doubly bonded oxygen atoms, thereby placing keto groups
(C=0) in the rings of the nitrogenous bases and converting them to other compounds. When this
occurs, the DNA may not function in the intended manner, and a mutation may occur.

Alkylation consisting of the attachment of a small alkyl group, such as “CH; or C,Hs, to an
N atom on one of the nitrogenous bases in DNA is one of the most common mechanisms leading
to mutation. The methylation of 7 nitrogen in guanine in DNA to form N7 guanine is shown in
Figure 7.14. O-alkylation may also occur by attachment of a methyl or other alkyl group to the
oxygen atom in guanine. A number of mutagenic substances act as alkylating agents. Prominent
among these are the compounds shown in Figure 7.15.

Alkylation occurs by way of generation of positively charged electrophilic species that bond
to electron-rich nitrogen or oxygen atoms on the nitrogenous bases in DNA. The generation of
such species usually occurs by way of biochemical and chemical processes. For example, dimeth-
ylnitrosamine (structural formula in Figure 7.15) is activated by oxidation through cellular NADPH
(see Section 4.3) to produce the following highly reactive intermediate:

i
H—?—OH

O=N-N_
CH,

This product undergoes several nonenzymatic transitions, losing formaldehyde and generating a
carbonium ion, *CH,, that can methylate nitrogenous bases on DNA:

H ?
I
H—C—H
H—C-OH —C! H H
O:N—N\ O=N—N\ e HO+N—N\ (7.7.1)
CH, CH; \£ZH3
Other products +

CH;
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One of the more notable mutagens is tris(2,3-dibromopropyl)phosphate, commonly called tris,
which was used as a flame retardant in children’s sleepwear. Tris was found to be mutagenic in
experimental animals, and metabolites of it were found in children wearing the treated sleepwear.
This strongly suggested that tris is absorbed through the skin, and its use was discontinued.

7.8 BIOCHEMISTRY OF CARCINOGENESIS

Cancer is a condition characterized by the uncontrolled replication and growth of the body’s
own cells (somatic cells). Carcinogenic agents may be categorized as follows:

¢ Chemical agents, such as nitrosamines and polycyclic aromatic hydrocarbons
* Biological agents, such as hepadna viruses or retroviruses

* Jonizing radiation, such as x-rays

* Genetic factors, such as selective breeding

Clearly, in some cases, cancer is the result of the action of synthetic and naturally occurring
chemicals. The role of xenobiotic chemicals in causing cancer is called chemical carcinogenesis.!°
It is often regarded as the single most important facet of toxicology and clearly the one that receives
the most publicity.

Chemical carcinogenesis has a long history. In 1775, Sir Percivall Pott, surgeon general serving
under King George III of England, observed that chimney sweeps in London had a very high
incidence of cancer of the scrotum, which he related to their exposure to soot and tar from the
burning of bituminous coal. (This occupational health hazard was exacerbated by their aversion to
bathing and changing underwear.) A German surgeon, Ludwig Rehn, reported elevated incidences
of bladder cancer in dye workers exposed to chemicals extracted from coal tar; 2-naphthylamine

NH,
©© 2-Naphthylamine

was shown to be largely responsible. Other historical examples of carcinogenesis include observa-
tions of cancer from tobacco juice (1915), oral exposure to radium from painting luminescent watch
dials (1929), tobacco smoke (1939), and asbestos (1960).

Large expenditures of time and money on the subject in recent years have yielded a much better
understanding of the biochemical bases of chemical carcinogenesis. The overall processes for the
induction of cancer may be quite complex, involving numerous steps. However, it is generally
recognized that there are two major steps in carcinogenesis: an initiation stage followed by a
promotional stage. These steps are further subdivided, as shown in Figure 7.16.

Initiation of carcinogenesis may occur by reaction of a DNA-reactive species with DNA or
by the action of an epigenetic carcinogen that does not react with DNA and is carcinogenic by
some other mechanism.!! Most DNA-reactive species are genotoxic carcinogens because they are
also mutagens. These substances react irreversibly with DNA. They are either electrophilic or, more
commonly, metabolically activated to form electrophilic species, as is the case with electrophilic
*CH; generated from dimethylnitrosamine, as discussed under mutagenesis above. Cancer-causing
substances that require metabolic activation are called precarcinogens or procarcinogens. The
metabolic species actually responsible for carcinogenesis is termed an ultimate carcinogen. Some
species that are intermediate metabolites between precarcinogens and ultimate carcinogens are
called proximate carcinogens. These definitions can be illustrated by the species shown in Figure 7.3,
in which benzo(a)pyrene is a procarcinogen, benzo(a)pyrene 7,8-epoxide is the proximate carcinogen,
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Figure 7.16 Outline of the carcinogenic process.

Naturally occurring carcinogens that require bioactivation

OCH; \O OCH,8

Vi 0 q
0 < :©/ H/C _1\|I -N :
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Griseofulvin (produced by Saffrole (from N-methyl-N-formylhydrazine
Penicillium griseofulvum) sassafras) (from edible false morel mushroom)

Synthetic carcinogens that require bioactivation
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Benzo(a)pyrene Vinyl chloride 4-dimethylaminoazobenzene

Primary carcinogens that do not require bioactivation

H 0
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ether

Figure 7.17 Examples of the major classes of naturally occurring and synthetic carcinogens, some of which
require bioactivation and others of which act directly.

and benzo(a)pyrene 7,8-diol-9,10-epoxide is the ultimate carcinogen. Carcinogens that do not
require biochemical activation are categorized as primary or direct-acting carcinogens. Some
example procarcinogens and primary carcinogens are shown in Figure 7.17.
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Figure 7.18 Alkylated (methylated) forms of the nitrogenous base guanine.

Most substances classified as epigenetic carcinogens are promoters that act after initiation.
Manifestations of promotion include increased numbers of tumor cells and decreased length of
time for tumors to develop (shortened latency period). Promoters do not initiate cancer, are not
electrophilic, and do not bind with DNA. The classic example of a promotor is a substance known
chemically as decanoyl phorbol acetate or phorbol myristate acetate, a substance extracted from
croton oil.

7.8.1 Alkylating Agents in Carcinogenesis

Chemical carcinogens usually have the ability to form covalent bonds with macromolecular
life molecules. Such covalent bonds can form with proteins, peptides, RNA, and DNA. Although
most binding is with other kinds of molecules, which are more abundant, the DNA adducts are the
significant ones in initiating cancer. Prominent among the species that bond to DNA in carcino-
genesis are the alkylating agents that attach alkyl groups — such as methyl (CH,) or ethyl (C,Hs)
— to DNA. A similar type of compound, arylating agents, act to attach aryl moieties, such as the

phenyl group,
—@ Phenyl group

to DNA. As shown by the examples in Figure 7.18, the alkyl and aryl groups become attached to
N and O atoms in the nitrogenous bases that compose DNA. This alteration in the DNA can initiate
the sequence of events that results in the growth and replication of neoplastic (cancerous) cells.
The reactive species that donate alkyl groups in alkylation are usually formed by metabolic
activation, as shown for dimethylnitrosamine in the discussion of mutagenesis above.

7.8.2 Testing for Carcinogens

In some cases, chemicals are known to be carcinogens from epidemiological studies of exposed
humans. Animals are used to test for carcinogenicity, and the results can be extrapolated with some
uncertainty to humans. The most broadly applicable test for potential carcinogens is the Bruce
Ames procedure, which actually reveals mutagenicity. The principle of this method is the reversion
of mutant histidine-requiring Salmonella bacteria back to a form that can synthesize their own
histidine.'? The test is discussed in more detail in Section 8.4.

7.9 IONIZING RADIATION

Although not a chemical agent as such, ionizing radiation, such as x-rays or alpha particles
from ingested alpha emitters, causes chemical reactions that have toxic, even fatal, effects. The
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toxicologic effects of radiation have to do with its physical and chemical interactions with matter
and the biological consequences that result. Ionizing radiation alters chemical species in tissue and
can lead to significant and harmful alterations in the tissue and in the cells that make up the tissue.
Radon and radium, two radioactive elements of particular concern for their potential to expose
humans to ionizing radiation, are discussed in Chapter 10.

There is not room here to discuss the detailed mechanisms by which exposure to radiation
causes adverse responses. Much of the effects of radiation result from its interaction with water to
produce active species that include superoxide (O3 ), hydroxyl radical (HO-), hydroperoxyl radical
(HOO:), and hydrogen peroxide (H,0,). These species oxidize cellular macromolecules. When
DNA is so affected, mutagenesis and carcinogenesis may result. [onizing radiation can also interact
with organic substances to produce a carbonium ion, such as *CH,, that can alkylate nitrogenous
bases on DNA.
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QUESTIONS AND PROBLEMS

1. Define toxicological chemistry. What is the significance of structure-activity relationships in
toxicological chemistry?

2. One of the main categories of toxic substances consists of those that exhibit extremes of acidity,
basicity, dehydrating ability, or oxidizing power. Give an example of a substance in each of these
categories.

3. Define and distinguish the two main phases of biochemical transformations that toxicants can
undergo in the body.
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10.
11.
12.

13.
14.
15.
16.

Which of the following processes is least likely to be a phase I reaction? epoxide formation,
reduction, dealkylation, bonding with sulfate, hydrolysis, or removal of halogen
Explain what the following process shows in terms of a biochemical mechanism of toxicity:

Enzyme active —SH N Hg2+ . Deactivated —S.
site

H
__SH site g7 &

What are the roles of nitrogenous bases in mutagenesis? What often happens to these nitrogenous
bases that results in a mutation?

What does the following species have to do with the mutagenicity of dimethylnitrosamine com-
pound?

Match the following:

(a) Procarcinogen 1. Anirreversible process that does not necessarily lead to cancer
(b) Genotoxic carcinogens 2. Do not require bioactivation

(c) Initiation 3. The metabolic species actually responsible for carcinogenesis
(d) Ultimate carcinogen 4. Are also mutagens

(e) Direct-acting carcinogens 5. Require metabolic activation

Explain what alkylating agents have to do with carcinogenesis. Which kind of biomolecule is a
receptor for alkylation?

What are the two main types of groups to which alkylating agents may attach in nitrogenous bases?
What is one of the main distinctions between vinyl chloride and dimethyl sulfate as carcinogens?
In what sense is the Bruce Ames test not strictly a test for carcinogenicity? Why is homogenized
liver tissue used in this test?

List some of the main ways in which teratogens may act biochemically to cause birth defects.
What are two therapeutic drugs known to be potent teratogens?

What are some of the major clinical symptoms associated with allergy?

List the active species produced by ionizing radiation. How are these species related to the effects
of oxidants?
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CHAPTER 8

Genetic Aspects of Toxicology

8.1 INTRODUCTION

Recall from Chapter 3 that the directions for reproduction and metabolic processes in organisms
are contained in nucleic acids, which are huge biopolymeric molecules consisting of nucleotide
units each composed of a sugar, a nitrogenous base, and a phosphate group. There are two kinds
of nucleic acids. The first of these is deoxyribonucleic acid (DNA), in which the sugar is 2-
deoxyribose and the bases may be thymine, adenine, guanine, and cytosine. The second kind of
nucleic acid is ribonucleic acid (RNA), in which the sugar is ribose and the bases may be adenine,
guanine, cytosine, and uracil. The monomeric units of nucleic acids are summarized in Figure 8.1,
and an example nucleotide is shown. A nucleic acid molecule, which typically has a molecular
mass of billions, consists of many nucleotides joined together. Alternate sugar and phosphate groups
compose the chain skeleton, and the nitrogenous base in each nucleotide gives it its unique identity.
Since there are four possible bases for each kind of nucleic acid, the nucleic acid chain functions
like a four-letter alphabet that carries a message for cell metabolism and reproduction.

As discussed in Chapter 3, the structure of DNA is that of a double helix, in which there are
two complementary strands of DNA counterwound around each other. In this structure, guanine
(G) is opposite cytosine (C), and adenine (A) is opposite thymine (T) in the opposing strand. The
structures of these nitrogenous bases are such that hydrogen bonds form between them on the two
strands, bonding the strands together. During cell division, the strands of DNA unwind and each
generates a complementary copy of itself, so that each new cell has an exact duplicate of the DNA
in the parent cell.

8.1.1 Chromosomes

The nuclei of eukaryotic cells contain multiply coiled DNA bound with proteins in bodies called
chromosomes. The number of chromosomes varies with the organism. Humans have 46 chromo-
somes in their body cells (somatic cells) and 23 chromosomes in each germ cell, the eggs and
sperm that fuse to initiate sexual reproduction. During cell division, each chromosome is duplicated
and the DNA in it s said to be replicated. The production of duplicates of a molecule as complicated
as DNA has the potential to go wrong and is a common mode of action of toxic substances.
Uncontrolled cell duplication is another problem that can be caused by toxic substances and can
result in the growth of cancerous tissue. This condition can be caused by exposure to some kinds
of toxicants.
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Figure 8.1

The two sugars, five nitrogenous bases, and phosphate that occur in nucleic acids. Each funda-
mental unit of nucleic acid is a nucleotide, an example of which is shown. The single letter beside

the structural formula of each of the nitrogenous bases is used to denote the base in shorthand
representations of the nucleic acid chains.
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8.1.2 Genes and Protein Synthesis

The basic units of heredity consist of segments of the DNA molecule composed of varying
numbers of nucleotides called genes. Each gene gives directions for the synthesis of a particular
protein, such as an essential enzyme. Cellular DNA remains in the cell nucleus, from which it
sends out directions to synthesize various proteins. The first step in this process is transcription,
in which a segment of the DNA molecule generates an RNA molecule called messenger RNA
(mRNA). The nucleotides in a gene are arranged in active groups called exons, separated by inactive
groups called introns, of which only the exons are translated during protein synthesis. In producing
mRNA, adenine, thymine, cytosine, and guanine in DNA cause formation of uracil, adenine,
guanine, and cytosine, respectively, in the mRNA chain. The mRNA generated by transcription
travels from the nucleus to cell ribosomes. The mRNA attached to a ribosome operates with
transfer RNA (tRNA) to cause the synthesis of a specific protein in a process called translation.
Sequences of three bases on a chain of mRNA, a base triplet called a codon, specify a particular
amino acid to be assembled on a protein. Each codon matches with a complementary sequence of
amino acids, called an anticodon, on a tRNA molecule, each of which carries a specific amino
acid to be assembled in the protein being synthesized. For example, a codon of GUA on mRNA
pairs with tRNA having the anticodon CAU. The tRNA with this anticodon always carries the
amino acid valine, which becomes bound in the protein chain through peptide linkages. So by
matching successive codons on mRNA with the complementary anticodons on tRNA carrying
specific amino acids, a protein chain with the appropriate order of amino acids is assembled.

There are 20 naturally occurring amino acids that are assembled into proteins. If codons
consisted of only two base pairs, each of which could be one of four nitrogenous bases, directions
could be given for only 4 x4 = 16 amino acids. Using three bases per codon gives a total of
4 x4 x4 = 64 possibilities, which is more than sufficient. This provides for some redundancies;
for example, six different codons specify arginine. Codons also signal initiation and termination
of a protein chain.

8.1.3 Toxicological Importance of Nucleic Acids

In discussing the toxicological importance of nucleic acids, it is useful to define two terms
relating to the genetic makeup of organisms and their manifestations in organisms. The genotype
of an individual describes the genetic constitution of that individual. It may refer to a single trait
or to a set of interrelated traits. The phenotype of an individual consists of all of the individual’s
observable properties, as determined by both genetic makeup and environmental factors to which
the individual has been exposed. Until relatively recently, genetic effects were largely inferred from
observations of genotype, such as by observations of strange mutant offspring of fruit flies irradiated
with x-rays. With the ability to perform DNA sequencing, it has become possible to determine
genotypes exactly through the science of genomics, which gives an accurate description of the
complete set of genes, called the genome. This capability makes possible accurate observations of
the effects of toxicants on genotype.

Nucleic acids are very important in toxicology for two reasons. The first of these is that heredity
as directed by DNA determines susceptibility to the effects of certain kinds of toxicants. This
phenomenon makes different species respond differently to the same toxicant; for example, the
LD;, for dioxin in hamsters is 10,000 times that in guinea pigs. In addition, differences in genotype
cause substantial differences in the susceptibilities of individuals within a species to effects of
toxicants.

The second reason that nucleic acids are so important in toxicology is that the intricate processes
of reproduction and protein synthesis in organisms as carried out by nucleic acids can be altered
in destructive ways by the effects of toxic substances. This can result in effects such as harmful
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mutations, uncontrolled replication of somatic cells (cancer), and the synthesis of altered proteins
that do not perform a needed function in an organism.

8.2 DESTRUCTIVE GENETIC ALTERATIONS

Toxic substances and radiation can damage genetic material in three major ways: gene muta-
tions, chromosome aberrations, and changes in the number of chromosomes.! Each of these has
the potential to be quite damaging. They are discussed separately here.

It should be kept in mind that cellular DNA is susceptible to damage from spontaneous processes
that are not caused by xenobiotic toxicants. These include hydrolysis reactions, oxidation, nonenzymatic
methylation, and effects from background ionizing radiation. To cope with these insults, organisms
have developed a variety of mechanisms to repair DNA. These fall into two broad categories, the first
of which is reversal, consisting of direct repair of a damaged site (such as removal of a methyl group
from a methylated DNA base, see below). The second category of coping with damage to DNA is
excision, in which a faulty sequence of DNA bases is removed and replaced with a new segment, a
process called nucleotide excision, or base excision, in which the damaged base molecule is removed
and replaced with the correct one. In both cases, the remaining strand of DNA is used as a template
to replace the correct complementary bases on the damaged strand.

8.2.1 Gene Mutations

When the sequence of bases in DNA is altered, a gene mutation (also called point mutation)
may result. One way in which this may occur is through a base-pair substitution, where a base pair
refers to two nitrogenous bases, one a purine and the other a pyrimidine, bonded together between two
strands of DNA. If the purine—pyrimidine orientation remains the same, the alteration is called a
transition. For example, using the abbreviations of bases given in Figure 8.1 and keeping in mind that
guanine (G) always pairs with cytosine (C), whereas adenine (A) always pairs with thymine (T),
switching an A:T pair on DNA with a G:C pair results in a transition. A transversion occurs when a
purine on one strand is replaced by a pyrimidine, and on the corresponding location of the opposite
strand, a pyrimidine is replaced by a purine. For example, the switch of A:T — C:G means that the
purine adenine on one strand is switched with the pyrimidine cytosine on the second strand, whereas
the pyrimidine thymine on the first chain is switched with the purine guanine on the second chain.

The two possible consequences of base-pair substitution are that the gene encodes for either
no amino acid or the wrong amino acid. Effects can range from minor results to termination of
protein synthesis.

The loss or gain of one or two base pairs in a gene causes an incorrect reading of the DNA
and is known as a frameshift mutation. This is illustrated in Figure 8.2, which shows the insertion
of a single base pair into a gene. It is seen that subsequent codons are changed, which almost
always means that there are “nonsense” codons that specify no amino acid. So either no protein
or a useless protein is likely to result.

8.2.2 Chromosome Structural Alterations, Aneuploidy, and Polyploidy

Chromosome structural alterations occur when genetic material is changed to such an extent
that visible alterations in chromosomes are apparent under examination by light microscopy. These
changes may include both breakage of chromosomes and rearrangements. In some cases, chromo-
some alterations can be passed on to progeny cells. Chromosomes may break during replication
and then rejoin incorrectly.

Not only can there be changes in structures of chromosomes, but it is also possible to have
altered numbers of them. Aneuploidy refers to a circumstance in which a cell has a number of
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Figure 8.2 lllustration of a frameshift mutation in which a base pair is inserted into a DNA sequence, altering
the codons that code for kinds of amino acids in a protein.

chromosomes differing by one to several from the normal number of chromosomes; for example,
a human cell with 44 chromosomes rather than the normal 46. Polyploidy occurs when there is a
large excess of numbers of chromosomes (such as half again as many as normal).

8.2.3 Genetic Alteration of Germ Cells and Somatic Cells

Genetic alterations or abnormalities of germ cells, some of which can be caused by toxicant
exposure, can be manifested by adverse effects on progeny. The important health effects of these
kinds of alterations may be appreciated by considering the kinds of human maladies that are caused
by inherited recessive mutations. One such disease is cystic fibrosis, in which the clinical phenotype
has thick, dry mucus in the tubes of the respiratory system such that inhaled bacterial and fungal
spores cannot be cleared from the system. This results in frequent, severe infections. It is the
consequence of a faulty chloride transporter membrane protein that does not properly transport Cl-
ion from inside cells to the outside, where they normally retain water characteristic of healthy
mucus. The faulty transporter protein is the result of a change of a single amino acid in the protein.

Genetic alteration of somatic cells, which may also occur by the action of toxicants, is most
commonly associated with cancer, the uncontrolled replication of somatic cells. Replication and
growth of cells is a normal and essential biological process. However, there is a fine balance between
a required rate of cell proliferation and the uncontrolled replication characteristic of cancer, that
is, between the promotion and restriction of cell growth. The transformation of normal cells to
cancer cells results from the excessive growth-stimulating activity of oncogenes, which are pro-
duced from genes called proto-oncogenes that promote normal cell growth.

The body has defensive mechanisms against the development of cancer in the form of tumor
suppressor genes. Whereas the activation of oncogenes can cause cancer to develop, the inactivation
of tumor suppressor genes disables the normal mechanisms that prevent cancerous cells from
developing. Both the activation of oncogenes and the inactivation of tumor suppressor genes
contribute to the development of many kinds of cancer.

Gene mutations, chromosome structural alterations, and aneuploidy may all be involved in the
development of cancer. These effects are involved in the initiation of cancer (altered DNA, see
Figure 7.16). However, they may also be involved in the progression of cancer through genetic
effects such as damage to tumor suppressor genes.

8.3 TOXICANT DAMAGE TO DNA

Toxicants can cause destructive alteration of DNA, specifically the nitrogenous bases on the
DNA nucleotides. There are three ways in which this may occur. One of these is oxidative
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Figure 8.3 Formation of the bulky guanine adduct of (+)-benzo(a)pyrene-7,8-diol-9,10-epoxide-2.

alteration, in which a functional group on a base is oxidized. The other two modes of damage are
by binding of electrophilic molecules or molecular fragments to the electron-rich N and O atoms
on the bases to form DNA adducts. There are two major kinds of such adducts. One kind is
produced by alkylating agents that add methyl (—CH;) groups or other alkyl groups to bases. The
other kind of adduct is that in which a large bulky group is attached.

The attachment of a methyl group to guanine in DNA is shown in Figure 7.14. This is an
alkylation reaction in which the small methyl group is attached. The attachment of a large bulky
group is illustrated by the binding to guanine of benzo(a)pyrene-7,8-diol-9,10-epoxide, a substance
formed by the epoxidation of the polycylic aromatic hydrocarbon benzo(a)pyrene, followed by
hydroxylation and a second epoxidation (see Figure 7.3). There are actually four stereoisomers of
this compound, depending on the orientations of the epoxide group and the two hydroxide groups
above or below the plane of the molecule. Only one of these stereoisomers, designated (+)-
benzo(a)pyrene-7,8-diol-9,10-epoxide-2, is active in binding to guanine to initiate cancer. The
binding of this substance to guanine is shown in Figure 8.3.

A major effect of binding of a base on DNA can be altered pairing as the DNA replicates. For
example, the normal pairing of guanine is with cytosine, a G:C pair. Guanine to which an alkyl
group has been attached to oxygen may pair with thymine, which subsequently pairs with adenine
during cell replication. This leads to a G:C — A:T transition, hence to altered DNA, which may
initiate cancer.
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Another effect on DNA can result when alkylated bases are lost from the DNA polymer. For
example, guanine alkylated in the N7 position has a much weakened bond to DNA and may split
off from the DNA molecule:

0] CIIH3 ~<€— Methyl group on N7

H. N
N

H N/KN N>

<<— Bond to DNA
Alkylated guanine

This leaves an AP site (where AP stands for apurinic or apyrimidinic). This site may become
occupied by a different base, leading again to alteration of DNA.

The DNA alterations described above have involved covalent bonding of groups to nitrogenous
bases. Another type of interaction is possible with highly planar (flat) molecules that are able to
fit between base pairs (somewhat like slipping a sheet of paper between pages of a book), a
phenomenon called intercalation. This can cause deletion or addition of base pairs, leading to
mutation and cancer. A compound known to cause this phenomenon is 9-aminoacridine:

NH2
© Q © 9-Aminoacridine
N

8.4 PREDICTING AND TESTING FOR GENOTOXIC SUBSTANCES

The ability to predict and test for genotoxic substances is important in preventing exposure to
these substances. One way in which this is done is by the use of structure-activity relationships
(see Section 7.1). Several classes of chemicals are now recognized as being potentially genotoxic
(mutagenic) based on their structural features.”? These are summarized in Figure 8.4. The single
most important indicator of potential mutagenicity of a compound is electrophilic functionality
showing a tendency to react with nucleophilic sites on DNA bases. Steric hindrance of the elec-
trophilic functionalities may reduce the likelihood of reacting with DNA bases. Some substances
do not react with DNA directly, but generate species that may do so. Compounds that generate
reactive free radicals fall into this category.

8.4.1 Tests for Mutagenic Effects

In addition to structure-activity relationships, dozens of useful tests have been developed for
mutagenicity to germ cells and somatic cells and inferred carcinogenicity. The most straightforward
means of testing for effects on DNA is an examination of DNA itself. This is normally difficult to
do, so indirect tests are used. One useful test measures the activity of DNA repair mechanisms
(unscheduled DNA synthesis); a higher activity is indicative of prior damage to DNA.

Commonly used tests for mutagenic effects are most effective in revealing gene mutations and
chromosome aberrations. Mammals, especially laboratory mice and rats, have long been used for
these tests. As sophistication in cell culture has developed, mammalian cells have come into
widespread use for genotoxicity testing. Insects and plants have been used, as well as bacteria,
fungi, and viruses. Tests on insects favor Drosophila (fruit flies), on which much of the pioneering
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studies of basic genetics w

ere performed. For reasons of speed, simplicity, and low cost, tests on

microorganisms and cell cultures are favored.

Microorganisms used in genetic testing may consist of wild-type microorganisms that have not
been preselected for a particular mutation and mutant microorganisms that have a readily identifiable
characteristic, such as an inability to make a particular amino acid. These classes of microorganisms
give rise to two general categories of mutagenicity tests based on observation of phenotypes
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(offspring after exposure to the potential mutagen). The first of these involves forward mutations,
in which the organism loses a gene function that can be observed in the phenotype. The second
type of test entails back mutation (reversion), in which the function of a gene is restored to a
mutant. Testing of cultured mammalian cells usually involves forward mutations that confer resis-
tance of the cells to a toxicant, that is, some of the cells exposed to the test compound reproduce
in the presence of another substance that is normally toxic to the cells. Testing with microorganisms
favors reversion with restoration of a gene function that has been lost in a previous mutation through
which the test microorganisms were developed. Microbial tests are particularly useful for changes
that occur at low frequencies because of the large number of test organisms that can be exposed
to a potential mutagen.

8.4.2 The Bruce Ames Test and Related Tests

The most widely used test for mutagenicity is the Bruce Ames test, named after the biochemist
who developed it. A number of variations and improvements of this test have evolved since it was
first published. The Bruce Ames test and related ones make use of auxotrophs, mutant microor-
ganisms that require a particular kind of nutrient and will not grow on a medium missing the
nutrient, unless they have mutated back to the wild type. The Bruce Ames test uses bacterial
Salmonella typhimurium that cannot synthesize the essential amino acid histidine and do not
normally grow on histidine-free media. The bacteria are inoculated onto a medium that does not
contain histidine, and those that mutate back to a form that can synthesize histidine establish
colonies, which are assayed on the growth medium, thereby providing both a qualitative and
quantitative indication of mutagenicity. The test chemicals are mixed with homogenized liver tissue
to simulate the body’s alteration of chemicals (conversion of procarcinogens to ultimate carcino-
gens). Up to 90% correlation has been found between mutagenesis on this test and known carci-
nogenicity of test chemicals.

8.4.3 Cytogenetic Assays

Cytogenetic assays use microscopic examination of cells for the observation of damage to
chromosomes by genotoxic substances. These tests are based on the cellular karyotype, that is,
the number of chromosomes, their sizes, and their types. The standard test cell for cytogenetic
testing is the Chinese hamster ovary cell. In addition to a well-defined karyotype, these cells have
the desired characteristics of a low number of large chromosomes and a short generation time. In
order to test a substance, the cells have to be exposed to it at a suitable part of the cell cycle and
examined after the first mitotic division. (Mitosis refers to the process by which the nucleus of a
eukaryotic cell divides to form two daughter nuclei.) This means that the examination is performed
on cells in the metaphase of nuclear division, in which the chromosomes are conducive to micro-
scopic examination and abnormalities are most apparent. Abnormalities in the chromosomes are
then scored systematically as a measure of the effects of the test subsance. A complication in these
assays can be the requirement to use such high doses of a test substance that it is toxic to the cell
in general, resulting in chromosomal aberrations that may not be due to specific genotoxicity.

In addition to performing cytogenetic assays on cell cultures, it is often desirable to perform
in vivo cytogenetic assays consisting of microscopic examination of cells of whole animals —
most commonly mice, rats, and Chinese hamsters — that have been exposed to toxicants. Bone
marrow cells are commonly used because they are abundant and replicate rapidly. A disadvantage
to in vivo cytogenetic assays is that the system is much less controlled than in assays on cell
cultures. The major advantage is that the test substance has had the opportunity to be metabolized
(which can produce a more genotoxic metabolite), and normal processes such as DNA repair can
occur.
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8.4.4 Transgenic Test Organisms

As discussed above, in vivo assays reproduce the metabolic and other processes that a xenobiotic
substance undergoes in an organism. However, microbial systems are much simpler and more
straightforward to detect mutations. A clever approach to combining these two techniques makes
use of transgenic recombinant DNA techniques to introduce bacterial genes into test animals for
chemical testing, and then transfers the genes back to bacteria for assay of mutagenic effects. Genes
most commonly used for this purpose are the lac genes from Escherichia coli bacteria.? These
genes are involved with the expression of the B-galactosidase lactose-metabolizing enzymes, which
consist of three proteins. Either the lacl genes, which suppress formation of the enzymes, or the
lacZ genes, which allow formation of the enzymes, may be used. When lacl genes are used that
are inserted transgenically into the test mouse (known by the rather picturesque brand name of Big
Blue Mouse), the mouse is treated with potential mutagen for a sufficient time to allow for mutant
expression. Samples are then collected from various tissues of the mouse. The segment of DNA involved
with the lacl genes is then extracted from these samples and put back into Escherichia coli bacteria,
which are grown in an appropriate medium containing lactose. The bacteria with unaltered lacl genes
(lacl*) do not produce B-galactosidase, whereas the mutants (lacl) do produce B-galactosidase.
Another kind of mouse (brand name MutaMouse) has been used that contains lacZ genes that encode
for expression of f-galactosidase. In this case, the procedure is exactly the same, except that the
nonmutants (lacZ*) produce S-galactosidase and the mutants (lacZ") do not produce it.

One reason for the popularity of this test is the facile detection of B-galactosidase activity. This
is accomplished with the chromogenic substrate 5-bromo-4-chloro-3-indoyl-f-D-galactopyrano-
side, which is metabolized by B-galactosidase to form a blue product. Therefore, when colonies
of the Escherichia coli bacteria are grown in an assay, the lac* colonies are blue and the lac-
colonies are white.

Despite the rather involved nature of the lac test described above, it has several very important
advantages. The simplicity of assaying microorganisms is one advantage. The fact that the potential
mutagens act within a complex organism (the mouse) where they are subject to a full array of
absorption, distribution, metabolism, and excretion processes is another advantage. Finally, the
procedure allows sampling from specific tissues, such as liver or kidney tissue.

8.5 GENETIC SUSCEPTIBILITIES AND RESISTANCE TO TOXICANTS

The discussion in this chapter so far has focused on the toxicological implications of damage
to DNA by toxic agents. However, the genetic implications of toxicology are much broader than
damage to DNA because of the strong influence of genetic makeup on susceptibility and resistance
to toxicants. It is known that susceptibility to certain kinds of cancers is influenced by genetic
makeup. In Section 8.2, mention was made of oncogenes, associated with the development of
cancer, and tumor suppressor genes, which confer resistance to cancer. Susceptibility to certain
kinds of cancers, some of which are potentially initiated by toxicants, clearly have a genetic
component. Breast cancer is a prime example in that women whose close relatives (mother, sisters)
have developed breast cancer have a much higher susceptibility to this disease, to the extent that
some women have had prophylactic removal of breast tissue based on the occurrence of this disease
in close relatives. It is now possible to run genetic tests for two common gene mutations, BRCA1
and BRCAZ2, that indicate a much increased susceptibility to breast cancer.

Another obvious genetic aspect of toxicology has to do with the level in skin of melanin, a
pigment that makes skin dark. Melanin levels vary widely with genotype. Melanin confers resistance
to the effects of solar ultraviolet radiation, which is absorbed by DNA in skin cells, causing damage
that in the worst-case results in deadly melanoma skin cancer. Skin melanin is a chromophore (a
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substance that selectively absorbs light and ultraviolet radiation) that absorbs visible light and,
more importantly, ultraviolet radiation in the UVB wavelength region of 290 to 320 nm. Melanin’s
presence confers resistance to sunburn and other toxic effects of ultraviolet radiation.

Genetic susceptibilities exist to the chemically induced adverse effects of ultraviolet radiation
and visible light, a condition known as photosensitivity. Porphyria, an abnormal extreme sensi-
tivity to sunlight, can result from chemical exposure in genetically susceptible individuals. Lupus
erythematosus, a heritable disease manifested by red, scaly skin patches, is characterized by
abnormal sensitivity to ultraviolet radiation. Porphyrias in genetically susceptible individuals, which
can be induced by chemicals such as hexachlorobenzene and dioxin, occur through the malfunction
of enzymes involved in producing the porphyrin heme used in hemoglobin. This results in the
accumulation of porphyrin precursors in the skin. Exposed to ultraviolet light at 400 to 410 nm,
these precursors reach excited states (see Chapter 2), which may generate damaging free radicals
through interaction with cellular macromolecules and O,. Phototoxicity can also be caused by
xenobiotic substances either applied to skin or distributed systemically. Photoallergy is a condition
in which exposure to a xenobiotic substance, either through application to skin or systemically,
results in sensitization to ultraviolet radiation.

Although many smokers develop lung emphysema (see Section 9.2) with age, some do so
extremely early, suggesting a genetic susceptibility to this malady. It is now believed that early
onset of emphysema occurs with a rare mutation that prevents production of the protein alpha,-
antiprotease in the lungs. In normal individuals this substance retards the protein-digesting activity
of elastase enzyme. The elastin protein that constitutes elastic tissue in the lung is readily destroyed
by the action of elastin enzyme in the lung in individuals with the mutation that does not allow
for generation of alpha,-antiprotease. This allows for the loss of lung elasticity characteristic of
emphysema at a very early stage of smoking.

Since the early 1940s, it has been known that there is a genetic predisposition to allergic contact
dermatitis, a skin condition that is one of the most common maladies caused by workplace exposure
to xenobiotics and to cosmetics (see Section 9.3). A study published in 1993 revealed that some
individuals have a genetic predisposition to produce human leukocyte (white blood cell) antigen,
resulting in allergy to nickel, chromium, and cobalt.*

8.6 TOXICOGENOMICS

Genomics was mentioned in Section 8.1 as the science dealing with a description of all the
genes in an organism, its genome. Because of the known relationship of gene characteristics to
disease, the decision was made in the mid-1980s to map all the genes in the human body. This
collective body of genes is called the human genome, and the project to map it is called the Human
Genome Project. The original impetus for this project in the U.S. arose because of interest in the
damage to human DNA by radiation, such as that from nuclear weapons. But from the beginning
it was recognized that the project had enormous commercial potential, especially in the pharma-
ceutical industry, and could be very valuable in human health.

The sequencing of the human genome has been done on individual chromosomes. Each chro-
mosome consists of about 50 million base pairs. However, it is possible to sequence only about
500 to 800 base pairs at one time, so the DNA has to be broken into segments for sequencing.
There are two approaches to doing this. The publicly funded consortium working on the Human
Genome Project identified short marker sequences on the DNA that could be recognized in reas-
sembling the information from the sequencing. The private concern involved in the effort used a
process in which the DNA was broken randomly into fragments, each of which was sequenced.
The data from the sequencing were then analyzed using powerful computer programs to show
overlap, and the complete gene sequence was then assembled.
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In 2001, a joint announcement from the parties involved in the Human Genome Project revealed
that the genome had been sequenced. Details remain to be worked out, but the feasibility of the
project has been demonstrated. This accomplishment is leading to a vast effort to understand
genetically based diseases in humans, to develop pharmaceutical agents based on genetic informa-
tion, and to develop other areas that can use information about the genome. The benefits and
consequences of mapping the human genome will be felt for many decades to come.

The mapping of the human genone, as well as those of other organisms, has enormous potential
consequences for toxicology. This has given rise to the science of toxicogenomics, which relates
toxicity and the toxicological chemistry of toxicants to genomes at the molecular level.> More
broadly, toxicogenetics relates genetic variations of subjects in their response to toxicants. Toxico-
genomics has the potential to revolutionize understanding of toxic substances, how they act, and
how to develop effective antidotes to them. Techniques are being developed to examine at the
molecular level the interaction of specific toxicants and their metabolites with genes, even including
genetic material such as DNA arrays printed on plates.

It may be anticipated that much of what will eventually be learned about toxicogenomics will
be based on knowledge acquired through the science of pharmacogenomics, in which genetic
variabilities to pharmaceuticals are determined in an effort to develop much more effective, sharply
focused drugs.® Such variations arise from differences in targets or receptors (see Section 6.10 for
a discussion of receptors and toxic substances) and differences in drug-metabolizing enzymes.
Pharmacogenomics applies to both pharmacokinetics, which is how an organism processes a
pharmaceutical agent, and pharmacodynamics, which is how the agent affects a target in an organism
or a disease against which the agent acts. By analogy, toxicogenomics can be applied to toxicok-
inetics, the metabolism of a toxic agent, and toxicodynamics, its effect on a target.

8.6.1 Genetic Susceptibility to Toxic Effects of Pharmaceuticals

Pharmaceuticals have provided numerous examples of genetic susceptibilities to toxicants. This
is because major pharmaceutical drugs are given to hundreds of thousands, or even millions, of
people so that genetic defects that result in toxic effects will show up even if only very small
fractions of the population (estimated to be 1 in 10,000 or less for cases of toxic effects to the
liver) are genetically predisposed to adverse effects. Unfortunately, at such low levels of occurrence,
there is as of yet no good way to predict such rare adverse effects in advance.

An example of genetic susceptibility to toxic effects of a drug is provided by mercaptopurine
drugs, such as 6-mercaptopurine, used as antitumor agents. The active forms of these drugs are the
methylated metabolites, as shown for the methylation of 6-mercaptopurine in Reaction 8.6.1:

SH SCH;
I\II\/ N>\ Thiopurine S-methyltransferase _ N z N>\ 8.6.1)
SAM cofactor o -
H H
6-mercaptopurine 6-methylmercaptopurine

The methylation reaction occurs by the action of thiopurine S-methyltransferase enzyme with the
S-adenosylmethionine (SAM) cofactor, discussed as a methylating agent in Section 7.4. In some
children, the gene responsible for making the enzyme is mutated, the enzyme is not synthesized,
and toxic effects occur due to the accumulation of 6-mercaptopurine. A knowledge of this genetic
condition prior to treatment could prevent this toxic effect. In general, genetic screening for adverse
drug reactions could be very helpful in increasing the safety of medical treatment.
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Figure 8.5 Examples of pharmaceuticals that have caused liver damage. Instances of hepatotoxicity have
been rare, suggesting a genetic susceptibility in some cases.

The most common adverse effect of drugs in genetically susceptible individuals is hepatotoxicity
(toxic effects to the liver). The reason that the liver is damaged in these cases is that it is the first
major organ to process substances taken orally and has an abundance of a wide variety of active
enzymes that metabolize drugs (or fail to do so, as is the case with 6-mercaptopurine, discussed
above). Although total liver failure from toxic side effects of pharmaceuticals is rare (only slightly
more than 2000 cases per year in the U.S.), somewhat more than half the cases seen at liver
transplant centers are caused by drugs.” However, far more people are afflicted with liver disease
as the result of taking prescribed drugs.

Many drugs have been implicated in liver damage to relatively few individuals, many of whom
probably have a genetic susceptibility to adverse effects from the drugs. Several examples of a
number of drugs implicated in hepatotoxicity in rare cases are shown in Figure 8.5.

One of the most prominent examples of a drug that caused liver failure in a small percentage
of genetically susceptible people is Rezulin. This oral diabetes drug was approved for use in 1997
and rapidly became very popular. However, within three years it had been implicated in 90 cases
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of liver failure, of which 63 were fatal. This led to the withdrawal of Rezulin from the market in
March 2000. Not long before the problems with Rezulin surfaced, Duract, a pain killer, and Trovan,
an antibiotic, were withdrawn from the market. Four deaths from liver failure were attributed to
Duract, and eight other patients required liver transplants. Trovan was implicated in 14 cases of
acute liver failure.

Arguably, the most cases of liver toxicity from drugs occur from ingestion of acetaminophen,
a widely used pain killer and fever reducer. About 800 cases of acute liver failure each year are
attributed to this drug, and fatalities have been around 80 to 90 annually. Most of these cases are
probably not attributable to genetic susceptibilities because most of them have been due to accidental
or intentional (suicidal) overdoses. An interesting aspect of acetaminophen toxicity is that chronic
heavy drinkers can tolerate only about half the dose of acetaminophen that causes liver failure in
nondrinkers. The reason for this is that chronic ingestion of alcohol increases the activity of
cytochrome P-450 enzyme, which breaks acetaminophen down into products that can be toxic to
the liver, leading to significantly higher levels of these toxic breakdown products.
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QUESTIONS AND PROBLEMS

1. What is the basic structure of chromosomes?

Match the following:

1. Genome (a) Manifested by a large excess of numbers of chromosomes

2. Phenotype (b) Description of the genetic constitution of that individual

3. Genotype (c) All observable properties of an individual as determined by both its

genetic makeup and environmental factors to which it has been exposed.

4. Polyploidy  (d) An accurate description of the complete set of genes

What are the meanings of reversal and excision as applied to damage to DNA?

4. What is the toxicological significance of chromosome structural alterations? How are such alter-
ations observed?

5. What may happen when oncogenes are activated? What kind of gene may be involved in the
opposite phenomenon?

hed
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6. What is the significance of oxidative alteration, alkylating agents, large bulky groups, and inter-
calation in respect to damage to DNA?
7. How are structure-activity relationships utilized in testing for genotoxic substances?
8. What is the difference between observation of forward mutations and reversions in evaluating
genotoxic substances?
9. What is the significance of the Bruce Ames test and how does it operate?
10. What are the genetic aspects of melanin as related to DNA damage?
11. What is toxicogenomics and how does this science related to toxicological chemistry? How does
this science relate to toxicokinetics and toxicodynamics.
12. How do studies of the toxic effects of pharmaceuticals relate to genetic aspects of toxic substances?
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CHAPTER 9

Toxic Responses

9.1 INTRODUCTION

Toxicants can affect any type of tissue in any organ. Different classes of toxicants affect various
tissues to varying degrees and in a variety of ways, depending on the nature of the toxicant, the
kind of receptor that it attacks, the nature of the binding of the toxicant to the receptor, and the
routes, transport, and metabolism of the toxicant in the organism.

Before considering chemical classes of toxicants, it is useful to survey the major toxic responses
and effects. It is obviously beyond the scope of a single chapter to discuss the whole broad array
of toxic responses in all kinds of organisms. Instead, this chapter divides these responses on the
basis of responses in the major tissues and organs of mammals, particularly humans. The systems
considered are the respiratory system, skin, liver, blood and cardiovascular system, immune system,
endocrine system, nervous system, reproductive system, and kidney and bladder. This order is
somewhat parallel to the major pathways of exposure, transport, and elimination of toxicants in
the human body. As shown in Figure 6.2, toxicants can be inhaled through the respiratory system
or absorbed through the skin. Those that are ingested through the digestive system normally pass
through the liver. Systemic toxicants are carried by blood and through the lymph system to various
organs and can affect the endocrine system, nervous system, and reproductive system. Finally, the
kidney and urinary tract constitute the main route of elimination of the metabolites of systemic
toxicants from the body.!

A common result of exposure of tissue to toxicants is cell death. In cell necrosis, a cell dies,
swells, and disintegrates. The cell membrane and membranes of cell organelles break up, and a
large amount of cell debris is released at the site of cell death. These fragments induce inflammatory
action of other cells, making the injury worse. In addition to a toxic effect that may have caused
the cell death in the first place, secondary processes caused by the presence of soil debris make
the injury much worse.

In contrast to cell necrosis, apoptosis is a process by which cells are systematically destroyed
and removed. The nuclear body and organelles within the cell become enclosed in a membrane to
form residues called apoptotic bodies. These are then said to be phagocytosed as they are enclosed
within membranes and actively removed from the site of the injury. Apoptosis is an active process
for eliminating dead cellular material.

Many of the detrimental effects of toxicants have been observed with pharmaceutical agents.
These are often administered to millions of people so that even a miniscule fraction of subjects
who have adverse reactions will be observed, medical supervision of subjects is usually rather
thorough, and cause and effect is relatively easy to establish. On August 8, 2001, the U.S. Food
and Drug Administration announced a voluntary recall of Bayer Pharmaceutical’s cholesterol-
lowering drug Baycol (also called Lipobay). Only recently approved and used by about 700,000
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people in the U.S., Baycol was implicated in 52 deaths due to rhabdomyolysis. This acute and
sometimes fatal disease is first manifested by pain in the muscles of the calves and lower back.
The cells in muscles can break down, leading to symptoms of fever, fatigue, and nausea. As part
of the muscle cell breakdown, phosphokinase and myoglobin are released into the bloodstream,
eventually causing kidney failure. Virtually all of the fatalities occurred in patients who were
simultaneously taking another cholesterol-lowering drug, gemfibrozil.?

HHH Baycol or Lipobay

Another even more widely used pharmaceutical that has been linked indirectly to numerous
deaths is sildenafil citrate, marketed as the impotence drug Viagra. Used by millions during the
few years since it was introduced, numerous deaths have been reported among men taking the drug
along with nitroglycerin or nitrates administered for the treatment of heart disease. It is believed
that the combination of these drugs with Viagra reduce blood flow through damaged coronary
arteries, causing fatal heart attacks in some cases.
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Sildenafil. The citrate salt is the drug Viagra,
widely used to treat male sexual disfunction.

9.2 RESPIRATORY SYSTEM

In discussing toxic responses of the respiratory system, it is important to make a distinction
between the respiratory system as an entryway for toxic substances, referred to as inhalation
toxicology, and the respiratory system adversely affected by toxicants, referred to as respiratory
tract toxicology. The term pulmonary refers to lungs. Generally, toxicants that adversely affect
the respiratory system are those that have been inhaled, including such well-known substances as
asbestos, chromate, and silica. However, it is possible for systemic poisons transported from
elsewhere in the body to act as respiratory system toxicants. One interesting possibility that has
been suggested is lung cancer caused by the diol epoxide of benzo(a)pyrene (see Figure 7.3), which
is formed by inhalation of benzo(a)pyrene, converted to the ultimate carcinogen in the liver, and
transported back to the lung, where cancer develops.

A highly simplified outline of the respiratory system is shown in Figure 6.4. The function of
the respiratory system is to exchange gases with ambient air, taking oxygen from inhaled air into
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blood and releasing carbon dioxide from respiration back to air that is exhaled. As shown in
Figure 6.4, air enters through the nose and travels through the pharynx, trachea, and bronchi,
reaching the small sacs in the lung called alveoli, where gas exchange with blood occurs. The
alveoli have walls that are as thin as a single cell and highly susceptible to damage; they constitute
the alveolar—capillary barrier across which gases are exchanged. A large variety of potentially toxic
substances enter with incoming air, including air pollutant particles and gases, disease-causing
bacteria and viruses, and airborne allergens, such as pollen. Volatile substances are expelled with
exhaled air, and the respiratory tract has mechanisms to eliminate solid and liquid particles and
residues from respiratory tract infections.

The respiratory tract may suffer from a variety of ailments that can result from exposure to
toxicants. A common one of these is acute or chronic bronchitis, manifested by inflammation of
the membrane lining of the bronchial tubes, which can be caused by toxicants or by infections.
Emphysema, the bane of aging heavy smokers, is the result of abnormal enlargement and loss of
elasticity of pulmonary air spaces, resulting in difficulty in breathing. Interstitial disorders, pre-
dominantly pulmonary fibrosis, in which excess fibrous connective tissues develop in the lungs
can result from exposure to toxicants. Often indicative of acute lung injury, pulmonary edema is
the accumulation of fluid in the lungs; in severe cases, the subject literally drowns from those fluids.
And, of course, lung cancer is a major concern with exposure to some kinds of toxicants.

A common toxic effect to the lung is the result of oxidative burden.? Oxidative burden occurs
as the result of active oxidants, especially free radicals that are generated by a variety of toxic
agents and the action of lung defense cells. Ozone, O,, the air pollutant most commonly associated
with photochemical smog, is a particularly active oxidant in polluted air, and smog contains other
oxidants as well. NO,, also associated with photochemical smog and polluted air, contributes to
the oxidative burden. Much of the oxidative damage to lungs is probably done by free radicals,
such as hydroxyl radical, HO-, and superoxide ion, O-, which initiate and mediate oxidative chain
reactions. Lungs of animals exposed to oxidants have shown elevated levels of enzymes that
scavenge free radicals, providing evidence for their role in oxidative damage. There is evidence to
suggest that lung cells damaged by toxicants release species that convert lung O, to reactive
superoxide anion, Oj.

Lungs are subject to both acute and chronic injury from toxicants. A common manifestation of
acute injury is pulmonary edema, in which liquid exudes into lung alveoli and other lung cavities,
increasing the alveolar—capillary barrier and making breathing more difficult. Among the toxicants
that cause pulmonary edema are ozone, phosgene (COC]l,), and perchloroethylene (C,Cl,).

There are several major types of chronic lung disorders that can be caused by exposure to
toxicants. A common symptom of chronic lung damage is chronic bronchitis. Among the toxicants
that cause this condition are ammonia, arsenic, cotton dust (brown lung disease), and iron oxide
from exposure to welding fumes.

Lung fibrosis occurs with a buildup of fibrous material inside lung cavities. The fibers are rich
in collagen, the tough, fibrous protein that gives strength to bone and connective tissue. Chronic
fibrosis can result from pulmonary exposure to aluminum dust, aluminum abrasives, chromium(VI),
coal dust, kaolin clay dust, ozone, phosgene, silica, and finely divided mineral talc.

Snider et al. have defined emphysema as “a condition of the lung characterized by abnormal
enlargement of the air spaces distal to the terminal bronchiole, accompanied by destruction of the
walls without obvious fibrosis.”* Emphysema is characterized by enlarged lungs that do not expel
air adequately and do not exchange gases well. Cigarette smoke is the overwhelming cause of
emphysema. Inhalation of aluminum abrasives and cadmium oxide fumes can also cause emphy-
sema.

Lung cancer is the best-known example of cancer caused by exposure to a toxicant, in this case
cigarette smoke. As much as 90% of lung cancers are the result of exposure to tobacco smoke. The
latency period for the development of lung cancer from this source is usually at least 20 years and
may range up to 40 years or longer. Inhalation of other agents can cause lung cancer, although
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they are usually associated with synergistic effects from cigarette smoke. The most well established
of these are asbestos and radon gas, a radioactive alpha particle emitter.

9.3 SKIN

The pulmonary system and skin constitute the major routes of entry for xenobiotic materials
into the body. The skin has a large surface area of up to two m? for adults. This large area, along
with skin’s external exposure, means that it is a common site of contact with toxic substances,
especially in the workplace. It has been estimated that about one third of all reported occupational
exposures to toxic substances is through skin, and much larger numbers that produce relatively
minor symptoms remain unreported.> Skin maladies constitute a large fraction of occupational and
consumer problems with industrial chemicals and consumer products.

Figure 6.3 shows that skin has a layered structure. As with most organs, the structure of skin
is relatively complicated. In addition to the layers shown in Figure 6.3, skin has a number of
structures, including blood vessels, hair follicles, sweat glands and ducts, and sebacious glands that
secrete oils, fat, and connective tissue. The two major layers of skin are the inner dermis and the
outer epidermis. Skin cells are continually being generated and eventually end up in a much
modified form on the surface layer, called the stratum corneum. The cells in this layer are not
living and are continuously being shed. They consist mostly of keratin, a sulfur-containing protein
that also constitutes nails and animal horns.

Although the stratum corneum acts as a simple physical barrier to outside influences, skin tissue
as a whole is very active. It is crucial in maintaining the body’s homeostasis, its essential steady-
state environment. Skin maintains temperature and balance of electrolytes, the dissolved salts in
internal body fluids. It is metabolically active and participates in hormonal and immune regulatory
processes. More than serving as a passive barrier, it is proactive in response to xenobiotic insults
and can be damaged in the defensive process by developing rashes and other symptoms.

Absorption through the skin, percutaneous absorption, is an important mechanism by which
xenobiotic substances can enter the body. The surface stratum corneum layer is the main barrier
to such absorption, and when it is shed or compromised, skin is much more susceptible to
penetration by xenobiotic substances. A test for the ability of a hydrophobic xenobiotic substance
to penetrate skin is to measure the partitioning of such a substance between water and powdered
stratum corneum cells.

Modern medical science is taking advantage of skin permeability to chemicals by using it as
a delivery system for some kinds of drugs. A single skin “patch” can deliver a drug at a uniform
low rate for up to a week. The most long-standing transdermal drug delivery system is used to
deliver nitroglycerin to blood for the relief of painful heart angina symptoms. Nitroglycerin is
metabolized within minutes in the human body, so delivery through the gastrointestinal tract, where
the substance first goes through the metabolically active liver, is relatively ineffective. Delivered
transdermally, nitroglycerin enters the bloodstream directly and quickly reaches the heart, where
its therapeutic effect is manifested. More recently, skin patches have been developed to deliver
nicotine to relieve the cravings for this substance experienced by people trying to stop smoking.
Estradiol, scopolamine, clonidine, and fetanyl have also been delivered by this means, and other
drug delivery systems are under development.

In addition to serving as a physical barrier to the entry of xenobiotics, skin is active in
metabolizing topically applied substances such as steroids and retinoids, primarily through the
action of cytochrome P-450 enzymes. Active lipase, protease, glycosidase, and phosphatase
enzymes have also been observed in skin. Skin contains some enzymes capable of catalyzing phase
IT conjugation reactions. In some cases, these metabolic processes detoxify xenobiotics. However,
in other cases, they act in sensitization to make xenobiotics active in causing skin symptoms of
poisoning.
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9.3.1 Toxic Responses of Skin

The most common skin affliction resulting from exposure to toxic substances and the most
common skin condition from occupational exposure is contact dermatitis, characterized by gen-
erally irritated, itching, and sometimes painful skin surface. Skin afflicted with contact dermatitis
shows several symptoms. One of these is erythema, or redness. The skin surface may be subject
to scaling, in which the surface flakes off. Thickening and hardening can occur, a condition clinically
known as induration. Blistering, a condition called vesiculation, may also occur. Skin afflicted
with contact dermatitis typically exhibits edema, with accumulation of fluid between skin cells.
There are two general categories of contact dermatitis: irritant dermatitis and allergic contact
dermatitis.

Irritant dermatitis does not involve an immune response and is typically caused by contact
with corrosive substances that exhibit extremes of pH, oxidizing capability, dehydrating action, or
tendency to dissolve skin lipids. In extreme cases of exposure, skin cells are destroyed and a
permanent scar results. This condition is known as a chemical burn. Exposure to concentrated
sulfuric acid, which exhibits extreme acidity, or to concentrated nitric acid, which denatures skin
protein, can cause bad chemical burns. The strong oxidant action of 30% hydrogen peroxide likewise
causes a chemical burn. Other chemicals causing chemical burns include ammonia, quicklime
(Ca0), chlorine, ethylene oxide, hydrogen halides, methyl bromide, nitrogen oxides, elemental
white phosporous, phenol, alkali metal hydroxides (NaOH, KOH), and toluene diisocyanate.

Allergic contact dermatitis occurs when individuals become sensitized to a chemical by an
initial exposure, after which subsequent exposures evoke a response characterized by skin derma-
titis. Allergic contact dermatitis is a type IV hypersensitivity involving T cells and macrophages
instead of antibodies. It is a delayed response, occurring one or two days after exposure, and often
requires only very small quantities of allergen to cause it. Literally dozens of substances have been
implicated as causative agents of contact dermatitis. Some of these are substances applied to skin
directly as hygiene products. Included in this category are antibiotic bacitracin and neomycin,
preservative benzalkonium chloride, therapeutic corticosteroids, and antiseptic dichlorophene.
Among other substances causing allergic contact dermatitis are formaldehyde, abietic acid from
plants, hydroquinone, acrylic monomers, triphenylmethane dyes, 2-mercaptobenzthiazole, p-
phenylene diamine, tetramethylthiuram, 2,4-dinitrochlorobenzene, pentaerythritol triacrylate, epoxy
resins, dichromate salts, mercury, and nickel.

The effects of poison ivy constitute a type of allergic contact dermatitis with which people who
spend time camping and in other outdoor pursuits may have an unfortunate familiarity. Poison ivy,
poison oak, and poison sumac contain toxicodendron, in which the active antigen is pentadecyl-
catechol:

OH
OH

Pentadecylcatechol

C15H27

Urticaria, commonly known as hives, is a type I allergic reaction that results very rapidly from
exposure to a toxicant to which the subject has become sensitized. It is characterized by the release
of histamine from a type of white blood cell. Histamine causes many of the symptoms of allergic
reaction, including tissue edema. In addition to edema, erythema, and accompanying raised welts
on skin, urticaria is accompanied by severe itching. In severe cases, such as happen in some people
as the result of bee or wasp stings, urticaria can result in systemic anaphylaxis, a potentially fatal
allergic reaction.
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9.3.2 Phototoxic Responses of Skin

Phototoxic responses of skin occur as the result of absorption of radiation, primarily sunlight
and ultraviolet radiation in the UVB region of 290 to 320 nm. Because UVB radiation is vastly
more effective in causing phototoxic symptoms than either UVA radiation (320 to 400 nm) or
visible light (400 to 700 nm), reference will be made to it in discussions of phototoxicity. Photons
of radiation are absorbed by functional groups called chromophores on biomolecules. The most
significant chromophores in skin are molecules of DNA, which can be modified by absorbing
photon energy. Also serving as chromophores in skin are amino acids and materials released by
protein breakdown, including tryptophan and urocanic acid. The skin contains a protective pigment,
melanin, synthesized from the amino acid tyrosine, that effectively absorbs UVB and protects
people from the effects of sunlight. Levels of melanin differ widely in people, being high in darker-
skinned individuals and very low in those with lighter skin. Production of melanin (suntan) can be
promoted by exposure to natural or artificial sunlight.

The most common acute effect of exposure to toxic doses of UVB is erythema, commonly
known as sunburn, the result of photooxidation processes in skin. Because of substances released
from skin cells exposed to excessive UVB, systemic effects, including fever, chills, and a generally
ill feeling, may result as well. Chronic symptoms of exposure to excessive UVB include changes
in pigmentation, such as freckles, and general skin deterioration and wrinkling. Of greatest concern
is the potential to form cancerous lesions. These include both basal and squamous cell carcinomas.
The most serious such effect is the development of malignant melanoma, a particularly serious
form of skin cancer.

Photosensitivity, or porphyria, is an abnormal sensitivity to ultraviolet radiation and visible
light. A genetic predisposition to an inability to repair damage to skin from sunlight can cause
photosensitivity, as can exposure to some chemicals, especially chlorinated aromatic compounds.
These effects are tied with enzymatic malfunctions in the biosynthesis of heme, the protein molecule
contained in blood hemoglobin. When this biosynthesis does not function properly, molecular
fragments of heme (porphyrins) accumulate in skin, where they reach an excited state when exposed
to light of 400 to 410 nm (the Soret band) and react with molecular O, to generate free radicals
that are destructive to biomolecules in skin tissue.

Phototoxicity occurs when skin exposed to sunlight, especially in the UVA region of 320 to
400 nm, reddens and develops blisters as a consequence of the presence of certain chemical species.
The phototoxic chemical species that result in such reactions are ones to which an individual is
exposed either directly on the skin or systemically. These compounds absorb ultraviolet radiation
and, like the porphyrins discussed above, enter excited states interacting with O, to generate
destructive oxidant species and free radicals. Numerous chemical species, including furocoumarins,
polycyclic aromatic hydrocarbons, tetracyclines, and sulfonamides, can be phototoxic.

Photoallergy is similar in symptoms and mechanism to allergic contact dermatitis discussed
above, except that symptoms develop after exposure to sunlight. The subject develops an allergic
response to light after sensitization with a chemical agent. This condition was observed in the mid-
1900s in individuals who had used soaps containing antibacterial agents, including tetrachlorosal-
icylanilide and tribrom osalicylanilide, which had to be taken from the personal care product market.

9.3.3 Damage to Skin Structure and Pigmentation

Defects in skin pigments can result from chemical exposure. Hyperpigmentation occurs from
increased production and deposition of melanin. Hypopigmentation occurs with loss of skin
pigments, giving it a white, albino appearance. Among the chemicals that cause hyperpigmentation
are volatile organics from coal tar, anthracene, mercury, lead, and hydroquinone. Hypopigmentation
can result from exposure to hydroquinone and its derivatives, mercaptoamines, phenolic germicides,
and butylated hydroxytoluene.
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Acne, characterized by skin eruptions commonly known as blackheads or whiteheads plus a
variety of pustules, cysts, and pits on the skin surface, can be caused by exposure to chemicals.
The most notable kind of chemically induced acne is chloracne, resulting from exposure to
chlorinated hydrocarbons. Of these, the most notorious is dioxin, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD):

Cl o Cl

Cl o Cl

2,3,7,8-tetrachlorodibenzo-p-dioxin

In addition to lesions on the face, in severe cases chloracne is characterized by cysts and other
manifestations of acne on the shoulders, back, and even genitalia.

Granulomatous inflammation occurs in cases where skin tissue builds up around the site of
exposure to an irritant. Introduction of foreign materials such as talc or silica into skin can cause
this condition. In some cases, it occurs in response to exposure to some metals, including beryllium
and chromium.

Toxic epidermal necrolysis occurs when the skin epidermis is destroyed by the action of
toxicants and becomes detached from the dermis. This condition severely disrupts the ability of
skin to regulate the release of heat, fluids, and electrolytes. Metabolites of the anticonvulsive drug
carbamazepine have been implicated in toxic epidermal necrolysis.

9.3.4 Skin Cancer

Skin cancer is the most common type of cancer. Damage to skin DNA from sunlight is the
most common cause of skin cancer. This causes mutations that result in formation of cancer cells
and that suppress the immune responses that normally prevent replication of such cells. The class
of chemicals most commonly associated with causing skin cancer are the polycyclic aromatic
hydrocarbons from sources such as coal tar. These can be metabolized to electrophilic substances
that bind with DNA to initiate cancer (see Figures 7.3 and 8.3). Arsenic in drinking water has been
established as a cause of precancerous lesions, called arsenical keratoses, and squamous cell
carcinoma of skin.

9.4 THE LIVER

The liver is often the first major metabolizing organ that an ingested toxicant encounters, and
it has very high metabolic activity. The major function of the liver is to metabolize, store, and
release nutrients, that is, to maintain nutrient homeostasis. When blood levels of nutrient molecules
are high, the liver can convert them to glycogen and fats and store them. When blood levels of
nutrients are low, the liver can convert some amino acids, pyruvate, and lactate to glucose, which
is released to blood. It uses amino acids to synthesize proteins that are released to blood, including
albumin, clotting factors, and transport proteins. The liver is the major site of fat metabolism and
releases fat to blood as needed. It produces bile, which acts to emulsify fats in the small intestine.

Materials enter and leave the liver as blood in arteries and veins. Nutrients, drugs, and ingested
xenobiotics absorbed from the small intestine go directly to the liver through the portal vein. The
liver has another mechanism for excretion in the form of bile discharged back to the intestines.
Bile discharge is a major route of elimination of xenobiotic compounds and their metabolites.

Insofar as toxicological chemistry is concerned, the major function of the liver is to metabolize
xenobiotic substances through phase I and phase II reactions. Because of this function, the liver is
a crucial organ in the study of toxicological chemistry. Since it processes xenobiotic chemicals,
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the liver is often the organ that is damaged by such chemicals and their metabolites. Recall from
Chapter 8 that the livers of genetically susceptible individuals can be damaged by therapeutic doses
of some drugs, such as those shown in Figure 8.5. Other xenobiotics ingested accidentally can
damage the liver.

Toxic effects to the liver are studied under the topic of hepatotoxicity, and substances that are
toxic to the liver are called hepatotoxins. Much is known about hepatotoxicity from the many
cases of liver toxicity that are a manifestation of chronic alcoholism.® Liver injury from excessive
alcohol ingestion initially hampers the ability of the organ to remove lipids, resulting in their
accumulation in the liver (fatty liver). The liver eventually loses its ability to perform its metabolic
functions and accumulates scar tissue, a condition known as cirrhosis. Inability to synthesize clotting
factors can cause fatal hemorrhage in the liver.

A wide range of substances can cause hepatotoxicity. Even an essential vitamin, vitamin A,
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is hepatotoxic in overdoses, a fact that should be kept in mind by health food fans who drink large
amounts of carrot juice. Other hepatotoxins include toxins in hormones, tea (germander), and
drinking water infested with the photosynthetic cyanobacteria Microcystis aeruginosa. Each year
people are killed by eating toxic mushrooms, especially the appropriately named “death cap”
mushroom, Amanita phalloides. This fungus produces a mycotoxin consisting of seven amino acid
residues, a heptapeptide called phalloidin.

A great deal of information about hepatotoxicity has resulted from observed effects of phar-
maceuticals, a number of which have been discontinued because of their damaging effects to the
liver. An example of such a hepatotoxic compound tested as a pharmaceutical is fialuridine,
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which was tested during the mid-1990s as a treatment for viral chronic hepatitis B, a liver disease.”
Seven of 13 patients in the test developed debilitating hepatotoxicity with severe jaundice, along
with lactic acidosis due to accumulation of lactic acid, a metabolic intermediate. The seven patients
were given liver transplants, but five of them died.

Steatosis, commonly known as fatty liver, is a condition in which lipids accumulate in the liver
in excess of about 5%. It may result from toxicants that cause an increase in lipid synthesis, a
decrease in lipid metabolism, or a decrease in the secretion of lipids as lipoproteins. An example
of a substance that causes steatosis is valproic acid, once used as an anticonvulsant:

H HH H H H H Valproic acid, 2-propylpentanoic acid
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Other than ethanol, the xenobiotic chemical best known to cause steatosis is carbon tetrachloride,
CCl,. This compound was once widely used in industry as a solvent, and even in consumer items
as a stain remover. As discussed in some detail in Chapter 16, it is converted by enzymatic action
in the liver to CL,C- radical, then by reaction with O, to Cl;COO- radical, which reacts with
unsaturated lipids in the liver to cause fatty liver.

The general term hepatitis is used to describe conditions under which the liver becomes inflamed
when liver cells that are damaged by a toxic substance, a substance that causes an immune response,
or disease die, and their remnants are released to liver tissue. A number of toxicants can cause liver
cell death. This is most damaging when it occurs through necrosis of liver cells, in which they
rupture and leave remnants in the vicinity, which can lead to inflammation and other adverse effects.
Dimethylformamide is a xenobiotic industrial chemical known to cause liver cell death:
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A more orderly type of cell death is apoptosis, in which the cells become encapsulated and are
systematically removed from the organ. This essential housekeeping function is accomplished in
the liver by special cells called Kupffer cells. These cells perform phagocytosis, in which a solid
particle, such as a cell remnant or other foreign matter in the liver, becomes encapsulated in a
plasma membrane and incorporated into the Kupffer cell, which is then eliminated.

Reduced bile output can result in an accumulation of bilirubin, a dark-colored pigment produced
by the breakdown of blood heme. When this product is not discharged at a sufficient rate with bile,
it accumulates in skin and eyes, giving the characteristic sickly color of jaundice. Impaired pro-
duction and excretion of bile is known as canalicular choleostasis. It can be caused by a number
of xenobiotic substances, such as chlorpromazine. Reduced bile output can also result from damage
to bile ducts. Methylene dianiline used in epoxy resins is known to harm bile ducts.
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Cirrhosis, which was mentioned in connection with chronic alcoholism above, is an often fatal
end result of liver damage. It is often the result of repeated exposure to toxic agents, such as occurs
with alcohol imbibed by heavy drinkers. Cirrhosis is characterized by deposition and buildup of
fibrous collagen tissue, which replaces active liver cells and eventually forms barriers in the liver
that prevent it from functioning.

Liver tumors have been directly attributed to exposure to some toxicants. Androgens (associ-
ated with male sex hormones), aflatoxins (from fungi, see Chapter 19), arsenic, and thorium dioxide
(administered as a suspension to many patients between 1920 and 1950 as a radioactive contrast
agent for diagnostic purposes) are known to cause liver cancer.

Arguably the most clearly documented human carcinogen is vinyl chloride, which has been
shown to cause a type of liver tumor called hemangiosarcoma, which is virtually unobserved
except in workers heavily exposed to vinyl chloride.® Up until about 1970, workers were exposed
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to high levels of up to several parts per thousand in air in the polyvinylchloride manufacturing
industry. Poisoning was so common that reference was even made to “vinyl chloride disease,”
characterized by damage to skin, bones, and liver. It is believed that hemangiosarcoma resulted
from the action of the metabolically produced reactive epoxide generated by enzymatic oxidation
of vinyl chloride in the liver:

H Cl H Cl
:C:C\ Cytochrome P-450 - : c— \

H H H\/ H 9.4.1)

Vinyl chloride Epoxide of vinyl chloride

9.5 BLOOD AND THE CARDIOVASCULAR SYSTEM

Blood is a fluid tissue in which particles, the formed elements, are suspended in a circulating
fluid medium. When blood is centrifuged, the formed elements, which constitute around 40% of
the volume, settle out; the liquid that is left is the plasma. The study of blood is called hematology.

In considering toxic responses of the blood, it is useful to consider more than just the blood
fluid. So consideration is given as well to the bone marrow, where red blood cells are produced;
the spleen, which is a reservoir for blood cells and which breaks down old red blood cells; and
reticuloendothelial tissue, which produces macrophages capable of engulfing and digesting small
foreign particles, such as microorganisms. In addition, consideration should be given to lymph, a
fluid largely derived from blood that accumulates in spaces outside of blood vessels.

The system that circulates blood is the cardiovascular system, shown in schematic form in
Figure 9.1. It consists of two major components: the muscular part of the heart, called the myo-
cardium, and the network of blood vessels composed of arteries, veins, and capillaries. Blood
circulation is the body’s transportation system that supplies tissues with the oxygen, nutrients and
their metabolites, and hormones that they need for their function. Blood carries carbon dioxide,
encapsulated dead cell matter, and other wastes away from tissues. Circulating blood is crucial to
maintaining body homeostasis, with temperature, pH, and other crucial parameters kept within the
narrow ranges required for good health. A number of toxicants have adverse effects on the cardio-
vascular system.

The toxicological chemistry aspects of blood and the cardiovascular system are very important.
Systemic poisons and their metabolites are carried to receptors in the body through this system. It
carries phase I and phase II reaction products to the kidney and bladder for elimination. Toxicants
can bind to blood proteins. Analysis of blood for toxicants and their metabolites is a common way
of determining exposure to toxic substances and generally the most accurate means for evaluating
systemic exposure.

9.5.1 Blood

The formed elements of blood are red blood cells, platelets, and leukocytes. Red blood cells,
or erythrocytes (Figure 9.2), are flexible biconcave disk-shaped bodies whose main function is to
carry oxygen to tissue bound to the hemoglobin that they contain. They are generated in the marrow
of various bones by the action of stem cells. The hormone erythropoietin stimulates erythrocyte
production in response to tissue needs for oxygen. Marrow stem cells also produce platelets, tiny
cell fragments that contain the biochemicals necessary for blood clotting. The third kind of formed
elements consists of leukocytes, which are defensive white blood cells.
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Figure 9.1 Important aspects of the cardiovascular system.
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Figure 9.2  Erythrocytes are shaped as disks that are concave on both sides.
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Figure 9.3 The iron-containing heme group on hemoglobin that binds with molecular oxygen and enables red
blood cells to carry oxygen to tissues.

Blood plasma is a straw-colored liquid laden with a variety of salts, nutrients, dissolved gases,
and biomolecules, especially proteins. The major ionic component of blood is sodium chloride as
Na* and CI- ions. Nutrients that circulate in blood include glucose (blood sugar), various amino
acids, lipids, lactic acid, and cholesterol. An important glycoprotein (protein bound with carbohy-
drate) in blood is transferrin, which transports nutrient iron absorbed by the intestine to the liver,
spleen, and bone marrow, where it is required to make hemoglobin. Plasma is very similar to other
tissue fluids, with which it readily undergoes interchange, except that it has much more protein.
When blood is caused to clot before separating out the formed elements, the pale yellow liquid
remaining is a fraction of blood plasma called blood serum.

The key biochemical species in erythrocytes is hemoglobin, a high-molecular-mass protein
containing iron for which the formula is C;;,H,q40750N7505sFe,. The key functionalities on each
hemoglobin molecule are four heme groups in which iron(Il) is bound with four N atoms
(Figure 9.3). These groups bind with oxygen and carry it to tissues as the blood erythrocytes
circulate.

9.5.2 Hypoxia

Hypoxia is the general term given to tissue deprivation of oxygen. Toxicants can cause hypoxia
by several mechanisms. There are several categories of hypoxia.’” Stagnant hypoxia is a lowered
flow of blood, which can result from reduced pumping efficiency of the heart or vasodilation, in
which the walls of blood vessels are caused to relax, lowering blood pressure and flow. When blood
flow is normal, hypoxia can also occur if there is a reduced capacity of the blood to carry oxygen,
a condition called anemic hypoxia. Histotoxic hypoxia occurs when oxygen is delivered normally
to tissue, but the tissue has a reduced ability to utilize oxygen.

A common cause of anemic hypoxia is competitive binding on the heme sites for oxygen,
usually the result of exposure to carbon monoxide, CO. Carbon monoxide has a greater affinity
for the iron(I) on heme sites than does molecular oxygen, forming a stable complex called
carboxyhemoglobin in preference to the oxygen-bound oxyhemoglobin. Carboxyhemoglobin
formation is considered in greater detail in Chapter 11.

The other major cause of anemic hypoxia from chemical exposure is methemoglobinemia, in
which the iron(IT) in hemoglobin is oxidized to iron(IIl). The methemoglobin product is a dark-
colored substance in which the iron does not preferentially bind molecular oxygen, binding with
OH- or CI- ions instead, so methemoglobin does not carry oxygen and the poisoning victim may
die of oxygen deprivation. Nitrite ion, NO; (see Chapter 11), aniline, and nitrobenzene (see Chapter
15) are toxicants that can cause methemoglobinemia.

Hypoxia can be the long-term result of reduction of blood cell formation in bone marrow. Some
toxicants reduce the production of both erythrocytes and leukocytes in marrow, resulting in a
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condition called aplastic anemia. Exposure to benzene (Chapter 13) can cause this condition. The
major biochemical effect of toxic lead is interference with the process by which heme is synthesized.

Though not strictly a blood malady, histotoxic hypoxia deprives tissue of oxygen, even when
it is delivered by blood, by preventing its utilization. The most common toxicant that causes
histotoxic hypoxia is hydrogen cyanide, which binds strongly to the iron(IIl) form of the endogenous
cytochrome species involved in molecular oxygen utilization, so that it cannot be reduced back to
iron(Il) in the electron transfer processes involved with O, utilization in tissue. Interestingly, an
antidote to cyanide poisoning (if given rapidly in those cases where the victim survives long enough)
is to administer nitrite compounds that form methemoglobin that has iron(IIl) capable of binding
competitively for the cyanide. Hydrogen sulfide, H,S, causes histotoxic hypoxia by a mechanism
similar to that of hydrogen cyanide.

9.5.3 Leukocytes and Leukemia

Leukocytes are much more complex than erythrocytes and perform an entirely different function.
Although they are present in blood and carried by blood flow, they perform their activities largely
outside the bloodstream. Their main activity is in defending the body against foreign bodies and
agents such as pathogenic microorganisms. In defense against foreign bodies such as bacterial cells,
leukocytes perform phagocytosis, in which they envelop the object, resulting in its eventual elim-
ination. To defend against foreign agents, such as toxicants attached to blood proteins, leukocytes
generate antibodies.

Uncontrolled production of leukocytes is a form of cancer called leukemia. Although toxicants
are suspected of causing some cases of leukemia, the evidence for such cases is not very strong.
However, benzene exposure is now regarded as a cause of this kind of cancer.

9.5.4 Cardiotoxicants

Circulation of blood occurs by the action of a beating heart and is also influenced by conditions
in the remainder of the vascular system. Heartbeat involves both electrical (nerve impulse) and
mechanical (heart muscle contraction and relaxation) events. Some toxicants can adversely affect
these finely coordinated actions. Adverse effects such as bradycardia (decreased pulse rate),
tachycardia (increased rate), and arrhythmia (irregular pulse) can result.

A number of pharmaceutical agents have shown toxic side effects involving the heart.!® These
effects usually occur as the result of overdoses or in subjects with preexisting heart conditions.
Some common antibiotics used to combat bacterial infections have shown a depressant effect on
heart function. Antineoplastic agents used for cancer chemotherapy have caused cases of cardiotox-
icity. Widely used 5-fluoruoracil has caused a variety of cardiac symptoms, including severe
hypotension (low blood pressure). As might be expected from their potential to affect nerve impulses
involved with the function of the cardiovascular system, drugs that act on the central nervous system
may be cardiotoxic, causing symptoms such as reduced cardiac output and arrhythmia. Such drugs
have included antidepressants such as imiprimine, antipsychotic agents, and general anesthetic.
High systemic levels of local anesthetics such as lidocaine can cause cardiac irregularities because
of their action in blocking nerve axon conduction. Synthetic catecholamines used to treat respiratory
and cardiovascular disorders have caused toxic cardiac symptoms, including heart cell necrosis
(cell death).

Some biochemical natural products have caused cardiotoxicity. Synthetic estrogens and
progestins have been linked to cardiovascular disorders in women taking them for contraceptive
purposes. Various animal and insect venoms and plant alkaloids may have adverse cardiovascular
effects. There is some evidence to suggest that anabolic steroids, commonly linked to scandals
involving athletes who take them to enhance performance, have caused cardiovascular disorders.
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(Though not a natural product, another performance-enhancing substance, Viagra, which is used
to treat erectile dysfunction in men, has been suspected of contributing to cardiovascular problems,
including heart attacks.)

A number of industrial chemicals have been linked to cardiotoxicity. Aldehydes and primary
alcohols that can be metabolically oxidized to aldehydes have exhibited cardiodepressant effects.
Acute exposure to ethanol has caused arrhythmia. Isopropyl alcohol (2-propanol), a widely used
industrial chemical and personal care product, may cause cardiovascular depression and excessively
rapid heartbeat. Some halogenated hydrocarbons, including chloroform, ethyl bromide, and trichlo-
rofluoromethane, have been implicated in cardiovascular disorders, including arrhythmia.

9.5.5 Vascular Toxicants

A number of toxicants have effects on the arteries, veins, and capillaries comprising the vascular
system. An important factor in vascular toxicity is that toxic substances are transported by blood,
which means that they contact the cells making up the structure of the vascular system, which may
be adversely affected as a consequence. It is likely that a significant fraction of organ toxicities are
actually the result of damage to blood vessels in the organs.

Adverse toxic effects on the vascular system can be manifested in a number of ways, generally
falling into the classes of degenerative and inflammatory effects. Deteriorated blood vessel walls may
hemorrhage or leak fluid, causing edema. Damage to blood vessels in the lungs by agents such as
hydrogen fluoride, nitric oxide, and ozone can cause the fluid accumulation known as pulmonary
edema. A common toxic effect is abnormal thickening of arterial walls accompanied by loss of elasticity,
a condition called arteriosclerosis. Another common effect is atherosclerosis, a form of arteriosclerosis
in which the inner lining of artery walls becomes covered with plaque produced by the deposition of
fatty substances. Cholesterol, carbon monoxide, dinitrotoluenes, polycyclic aromatic hydrocarbons,
and amino acid homocysteine have been implicated as causes of atherosclerosis.

The number of substances that have been implicated for potential vascular toxic effects is too
great to discuss in any detail here. Of such substances, one of the most well documented is tobacco
smoke, which has been shown to contribute to arterial degeneration leading to myocardial infarction
(heart attack). Acrolein, an ingredient of tobacco smoke and engine exhausts, is biochemically very
active by virtue of its aldehyde group in close proximity to a carbon—carbon double bond and is
thought to be involved in damage to vascular cells. Allylamine is a reactive, unsaturated amine that
has been implicated in arterial hypertrophy (enlargement), hemorrhage of lung alveoli, and pulmo-
nary (lung) edema, probably associated with damage to blood vessels. These toxic effects are
believed to be the result of metabolic conversion of allylamine to acrolein.

H OO HoHA
C=C—C-H C=C—C-NH,
H H

Acrolein Allylamine

Arsenic has been implicated as a cause of arteriosclerosis. Blackfoot disease, a malady suffered
in areas of Taiwan having high soil and water levels of arsenic, is a very severe form of arterio-
sclerosis. Dilation of arteries and capillaries is a symptom of acute arsenic poisoning.

9.6 IMMUNE SYSTEM

The immune system is the body’s defense against biological systems that would harm it. The
most obvious of these consist of infectious agents, such as viruses or bacteria. Also included are
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neoplastic cells, which give rise to cancerous tissue. The immune system produces immunoglobin,
a substance consisting of proteins bound to carbohydrates. This material functions as antibodies
against immunogen or antigen macromolecules of polysaccharides, nucleic acids, or proteins
characteristic of invasive foreign virus, bacteria, or other biological materials. The cells that the
immune system uses to provide protection are called leukocytes.

The immune system response to toxicants is called immunogenesis and can occur in several
ways. Immunosuppression occurs when the body’s natural defense mechanisms are impaired by
agents such as toxicants. Radiation and drugs such as chemotherapeutic agents, anticonvulsants,
and corticosteroids can have immunosuppressive effects. Immunosuppressants are deliberately used
to prevent rejection of transplanted organs. In some cases, toxicants adversely alter the mechanisms
by which the immune system defends the body against pathogens and neoplastic cells. Another
effect of toxicants on the immune system occurs through the loss of its ability to control proliferation
of cells, resulting in leukemia or lymphoma.

Foreign agents can cause the immune system to overreact with an extreme, self-destructive
response, called allergy or hypersensitivity, that can be quite severe or even fatal. Chemical
allergy occurs after the subject has been exposed to a substance and developed a sensitivity to it.
Allergic reactions develop to large molecules, much larger than those of common synthetic sub-
stances. Therefore, chemical allergy develops after the foreign agents or their metabolites, called
haptens, become associated with large molecules endogenous to the body. Among the many
substances that cause allergy are metals (beryllium, chromium, nickel), penicillin, formaldehyde,
pesticides, food additives, resins, and plasticizers. Allergic reactions may range from minor skin
irritation to rapidly fatal anaphylactic shock. Allergies are most commonly expressed in humans
by skin conditions, such as dermatitis, and by conjunctivitis of the eye. A particular concern is
potentially fatal chemically induced asthma manifested by severe bronchiolar constriction.

Uncontrolled proliferation is another immune system disfunction that can occur. It may be
manifested by lymphoma, leukemia, or related conditions.

In some cases, xenobiotic compounds adversely alter host defense mechanisms. This may reduce
the body’s ability to resist pathogenic bacteria or viruses or to combat neoplasia (tumor tissue).

Autoimmunity develops as a condition in which the body develops an allergic response to its
own biomolecules. What essentially occurs is that to a degree it loses the ability to distinguish
foreign antigens from its own antigens. Several important diseases are caused by autoimmune
response, including rheumatoid arthritis and systemic lupus erythematosus. Binding of xenobiotic
molecules to body proteins can induce autoimmunity. Chemicals that have been so implicated
include heavy metals, hydrazine, epoxy resins, and chlorinated ethylene compounds.

A variety of chemical and therapeutic agents are known to cause allergic reactions in susceptible
individuals. Several prominent examples of these are the following:

¢ Formaldehyde, used in a large number of consumer products, resins, and wood products. This
agent causes type I hypersensitivity manifested by respiratory symptoms, including rhinitis, bron-
chial asthma, and asthmatic bronchitis.

* Trimellitic anhydride, used in chemical synthesis. Type II hypersensitivity manifested by adverse
effects on blood, including hemolytic anemia and bone marrow depression, may be caused by
exposure to trimellitic anhydride. This agent may also cause type III hypersensitivity, resulting
from deposition of antigen—antibody complexes in tissue and causing symptoms such as rheumatoid
disease or pneumonitis.

e A variety of agents, including antibiotic penicillin, beryllium, mercaptobenzothiazole, phthalic
anhydride, and dichromate salts, cause type IV allergic reactions, one common symptom of which
is contact dermatitis.

¢ Immunosuppression can result from exposure to a number of agents, including ozone, benzene,
asbestos, silica, nitrogen mustards, and several metals.

Effects on the immune system are gaining increasing recognition as factors in toxicology and in
evaluating the toxicity of various substances. There are numerous ways of evaluating potential effects
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on the immune system. The most modern methods are reproducible and sensitive and have been
standardized and validated. One is a two-tier method that makes use of numerous tests made directly
on the test organism and on samples taken from it. The first tier consists of relatively simple tests, such
as measurements of body mass, blood count, examination of tissue (histology), and ability to form
antibodies. The second tier consists of more sophisticated tests, such as the Streptococcus challenge,
that measure host resistance. Bone marrow evaluations are also employed as second-tier tests.

9.7 ENDOCRINE SYSTEM

Whereas nerve signals represent an almost instantaneous response to stimuli and conditions
affecting an organism, hormones are chemical messengers that take longer to deliver and act and
are involved in long-term regulation of an organism’s functions. They are crucial to the maintenance
of homeostasis. Hormones are produced largely by special glands called endocrine glands, as well
as by some tissues that are not part of such glands. Hormones are secreted by endocrine cells,
enter the bloodstream, and are carried to target cells, where they have some sort of effect. Binding
of hormone molecules to target cells can cause developmental, physiological, or behavioral
responses. The major endocrine glands are shown in Figure 3.9. Table 9.1 is a list of important
hormones, their sources, and their targets.

Table 9.1 Major Kinds of Hormones Produced and Used by Humans

Hormone Target Major Properties and Actions

Adrenal Medulla

Epinephrine, norepinephrine Cardiovascular, liver, fat cells Enhance reactions; increase heart
(modified amino acids) rate; raise blood sugar and send
blood to muscles

Adrenal Cortex

Glucocorticoids or cortisol Various tissues, including muscles,  Response to stress; affect
(steroids) immune system metabolism of glucose, protein,
fat; reduce inflammation and
immune response
Mineralocorticoids, aldosterone Kidneys Stimulate reabsorption of Na+,
(steroids) excretion of K+

Anterior Pituitary

Thyrotropin (glycoprotein) Thyroid gland Causes synthesis and secretion of
thyroxine hormone
Adrenocorticotropin (polypeptide) Adrenal cortex Stimulation of hormone release
Luteinizing hormone (glycoprotein)  Ovary or testis Stimulation of sex hormone release
Follicle-stimulating hormone Ovary or testis Stimulation of female egg
(glycoprotein) production, male sperm
production
Growth hormone Muscle, bones, liver Stimulation of protein synthesis
(protein)
Prolactin (protein) Mammary glands Milk production
Melanocyte-stimulating hormone Melanocytes (skin) Skin pigmentation
(peptide)
Endorphins and enkephalins Neurons on spinal cord Reduce pain
(peptides)
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Table 9.1 Major Kinds of Hormones Produced and Used by Humans (continued)

Hormone Target Major Properties and Actions
Heart

Atrial natriuretic hormone (peptide)  Kidneys Increase Na+* excretion

Release control hormones
(peptides)

Estrogens (steroids)

Insulin (protein)

Parathormone (protein)

Melatonin (modified amino acid)

Oxytocin (peptide)
Antidiuretic vasopressin (peptide)

Prostaglandins (modified fatty
acids)

Cholecystokinin (peptide)

Gastrin (peptide)

Androgens (steroids)

Thymosins (peptides)

Thyroxine, triiodothyronine (iodine-
containing amino acids)
Calcitonin (peptide) bones

Hypothalamus

Anterior pituitary

Ovaries

Breast, uterus, other

Pancreas

Various tissues, fat, muscle

Parathyroid

Bones

Pineal

Hypothalmus

Posterior Pituitary

Breasts, uterus
Kidneys

Various Tissue Cells

Variety of tissues

Small Intestine Lining

Liver, gall bladder, pancreas

Stomach Lining

Stomach

Testes

Several tissues

Thymus

Immune system

Thyroid

Various tissues

Uptake of Ca2* from blood to bone

Secretion of hormones from
anterior pituitary

Female sexual development and
behavior

Glucose uptake, metabolism

Transfer Ca?* from bone to blood

Control biological rhythms

Stimulates labor, milk flow
Stimulates water reabsorption,
increases blood pressure

Variety of actions

Stimulates digestive agents’
release from pancreas and liver,
contractions of gall bladder

Stimulates stomach movement and
digestive juices

Stimulates male sexual
development and behavior, sperm

Stimulates T cell immune
responses in lymphatic system

Regulate metabolism required for
development and growth
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The endocrine glands and the hormones that they produce are essential in determining development,
growth, reproduction, and behavior of organisms. In humans they regulate many crucial metabolic and
biochemical functions, including blood glucose levels, blood pressure, brain function, and nervous
system response. These systems are obviously of crucial importance in maintaining human health and
well-being, and any toxicological threats to their function are potentially quite serious.

Toxicants can affect the endocrine system in several ways. Those that impair the function of specific
endocrine glands lower or stop the production of essential hormones. Carcinogens that harm endocrine
glands would clearly have such an effect. Excessive stimulation of endocrine glands by exposure to
toxicants has the potential to result in overproduction of hormones with detrimental effects.

Many chemicals are suspected of being endocrine disruptors. Such substances mimic the
action of natural hormones, tricking the body into thinking that they are hormonal. In so doing,
they may cause excessive action of the natural hormones or may act in an improper manner, thus
having some sort of toxic effect. The greatest concern with endocrine disruptors is with reproductive
effects and sexual development. But there is also concern that they may increase risk of some kinds
of cancer, vascular disease, and diabetes.

Endocrine disruptors may act by binding to hormone receptors, such as steroid receptors, thereby
preventing an endogenous hormone from binding with and activating the receptor. Or the disruptor
may bind with a receptor and mimic the action of an endogenous hormone, excessively or inap-
propriately. Whereas natural hormones are released as needed by carefully choreographed action
of the endocrine glands, a hormone-mimicking substance is introduced by exposure through food
or other sources. Another potential mode of action of endocrine disruptors is that they bind to a
receptor without blocking binding of the endogenous hormone, but prevent the activated receptor
from properly triggering the signals by which it turns on hormone-responsive genes.

A number of compounds have been implicated as endocrine disruptors. They include 2,3,7,8-
tetrachlorodibenzo-p-dioxin, polychlorinated biphenyls (PCBs), and some phenolic compounds,
including nonylphenol and bisphenol-A:

HO OH
cH

C
I Bisphenol-A
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9.8 NERVOUS SYSTEM

The nervous system consists of the brain, spinal cord, and peripheral nerves. Whereas the
hormones generated by the endocrine system discussed in the preceding section direct longer-term
activities of the body, the nervous system sends impulses very rapidly to direct movement and
response of the body. At intervals that are generally of slightly less than 1 sec, a sequence of nerve
impulses directs the heart to beat from before birth to death, 24 h each day, 7 days of the week. If
just a few of these impulses fail, life ends.

The nervous system is toxicologically important because of potential damage from neurotoxins
that attack it. Beyond that, much of what is known about the nervous system has been the result
of exposure to neurotoxins known to selectively attack certain kinds of cells or inhibit certain
processes in the nervous system.!!

In humans and other more developed animals, most nerve cells are located in the brain and in
the spinal cord, which together make up the central nervous system. The brain acts to process
and integrate information. It is composed of several parts, the “thinking” portion of which is
composed of two hemispheres at the top and front of the brain, called the cerebrum. This part of
the brain is covered with a thin layer of gray matter called the cerebral cortex.
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Information is received to the brain from remote parts of the body, and impulses in turn are
transmitted back through special cells called neurons. The system of neurons that links the central
nervous system with other parts of the body constitutes the peripheral nervous system. A single
neuron can encompass a very long distance, such as that from the spinal column to the toes. Neurons
generally consist of four regions. The neuron cell nucleus and most cell organelles are contained
in a compact cell body. Attached to the cell body are long, branched structures called dendrites,
a name derived from the Greek dendron for tree. Dendrites carry information to the cell body. One
of the dendrites that is normally the longest is the axon, which carries information away from the
cell body. Axons are interfaced with a target cell, which may be a gland or muscle cell or another
neuron. At this interface, the axon is divided into a number of nerve endings, which constitute an
axon terminal. The interface of an axon terminal with a target cell constitutes a synapse, consisting
of a specialized membrane of the axon next to a specialized plasma membrane of the target cell
and separated by a distance of only about 25 nm, a gap called the synaptic cleft. When a nerve
impulse is transmitted by the axon, it releases neurotransmitters that diffuse across the synaptic
cleft, and then bind to receptors on the target cell plasma membrane. There are a number of different
neurotransmitters, including acetylcholine, norepinephrine, dopamine, histamine, serotonin, y-ami-
nobutyric acid, and glutamate (a cause of adverse reactions in some people sensitive to monosodium
glutamate added to food).

There is not space here to explain the process of nerve impulse transmission. It is an electrical
process and involves pumping of Na* and K* ions across barriers. It should be noted that there are
cells other than neurons in the nervous system, of which the most abundant are glial cells.

An important characteristic of the brain that largely determines its susceptibility to toxicants is
the blood-brain barrier, which restricts transfer of substances between the blood and brain tissue.
Brain cells have very tight junctions between each other, such that toxicants and their metaboliltes
must move across cell membranes either by active transport processes or by virtue of their lipo-
philicity.

Brain function is dependent upon ready availability of energy by aerobic metabolism. This
energy is provided by aerobic glycolysis, the breakdown of glucose blood sugar to pyruvic acid
with O, as an electron acceptor. Therefore, brain cells and other nerve cells are highly susceptible
to interruptions in the supply of either O, or blood glucose.

Neurotoxins may selectively attack neurons or even specific kinds of neurons. This can cause
injury to the neurons. In severe cases, the neuron cells are killed, leading to irreversible loss of the
neuron and associated dentrites, axons, and the insulating myelin sheathing around the axons.

The effects of neurotoxins may be manifested in a number of ways, divided broadly into two
categories: encephelopathy and peripheral neuropathy. Encephelopathy refers to brain disorders,
many of which may be caused by neurotoxins. It may entail cerebral edema (accumulation of fluid
in the brain), degeneration and loss of brain neurons, and necrosis of the cerebral cortex. Symptoms
of encephelopathy include loss of coordination (ataxia), convulsions, seizures, cerebral palsy (partial
paralysis and tremors), and coma. Neurotoxins can cause symptoms of Parkinson’s disease, which
include rigidity, a shuffling mode of walking, and tremor of the hands and fingers. Psychological
symptoms, such as shyness, uncontrolled anger, and extreme anxiety, may be symptomatic of
damage by neurotoxins to brain tissue. Another effect of neurotoxins can be the development of
dementia, characterized by loss of memory, impaired reasoning ability, and usually disturbed
behavior.

As its name implies, peripheral neuropathy refers to damage to nerves outside the central
nervous system. It is especially evident as damage to the motor nerves involved with voluntary
muscle movement. Victims of peripheral neuropathy often have problems with movement and are
afflicted with symptoms such as “foot drag” or “Jake leg,” a malady that got its name from toxic
effects of contaminated Jamaican ginger.

Maladies caused by the effects of substances that attack neurons are said to cause neuronop-
athies of various kinds. A number of toxicants cause neuronopathic symptoms. Metals that cause
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encephelopathy include aluminum, bismuth, lead, and arsenic (a metalloid). Arsenic causes periph-
eral neuropathy, bismuth causes emotional disturbances, lead causes learning deficits in children,
manganese causes emotional disturbances and symptoms of Parkinson’s disease, and thallium
causes emotional disturbances, ataxia, and peripheral neuropathy. Elemental mercury inhaled as
the vapor can result in a variety of psychological symptoms, including emotional disturbances,
fatigue, and tremor. Methylated mercury compounds are highly neurotoxic, causing ataxia and
paresthesia (abnormal tingling and pricking sensations, “pins and needles”). Carbon monoxide
poisoning may result in loss of neurons in the cortex and symptoms of encephelopathy and
parkinsonism. The second most common symptom of carbon tetrachloride poisoning after liver
damage is encephelopathy. Victims who survive cyanide poisoning may suffer delayed parkin-
sonism. Antibiotic chloramphenicol has produced peripheral neuropathy, and pharmaceutical diphe-
nylhydantoin has caused ataxia, dizziness, and nystagmus
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(involuntary, rapid, lateral eye movement) because of damage to cerebellum cells. Methyl bromide
acts as a neurotoxin causing peripheral neuropathy and impairment of speech and vision.

The neuronopathic symptoms described above are caused by substances that attack and destroy
the cell bodies of neurons. Another class of toxic effects occurs as the result of deterioration of
nerve axons and its surrounding myelin. Symptoms resulting from this effect are called axonopa-
thies. A classic toxicant cause of axonopathies is that of y-diketones, most commonly 2,5-hex-
anedione:
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Substances that can be metabolized to y-diketones, such as n-hexane, which is metabolized to
2,5-hexanedione, cause the same disorders. Examples of the many other substances known to cause
axonopathies are colchicine, disulfiram, hydralazine, misonidazole, and insecticidal pyrethroids.
Peripheral neuropathy is the most common kind of axonopathic disorder. However, other symptoms
may be observed. Numerous cases of manic psychoses were produced in workers exposed to carbon
disulfide, CS,, in the viscose rayon and vulcan rubber industries.

Some neurotoxic effects are caused by attack on and disintegration of the myelin insulation
around axons. A substance that was found to have such an effect is hexachlorophene,

Cl OH HO Cl

Hexachlorophene

T-0Q—T

Cl c C Cl

Copyright © 2003 by CRC Press LLC



used until the early 1970s as an antibacterial agent for bathing babies. Disorders caused by damage
to myelin are called myelinopathies.

Some neurotoxins do not alter nerve cell structure, but interfere with neurotransmission, the
transmission of nerve impulses. In some cases, pharmaceutical agents are administered to interfere
with nerve impulses in beneficial ways in the practice of neuropharmacology.

One of the most common substances known to interfere with neurotransmission is nicotine.
Neurotoxic effects from nicotine have occurred in children who have ingested nicotine, people who
have accidentally ingested nicotine-based insecticides, and even workers who have absorbed nic-
otine through the skin from handling wet tobacco leaves. The first symptoms of nicotine intoxication
include accelerated heart rate, perspiration, and nausea. Later, the heart may slow to such an extent
that blood pressure becomes too low. The subject may become drowsy and confused and lapse into
a coma. Death occurs from respiratory muscle paralysis.

A particularly devastating substance that affects neurotransmission is the illicit drug cocaine,
which blocks catecholamine uptake at nerve terminals. Addictive cocaine is particularly dangerous
because it can cross the blood—brain barrier readily.

Some amino acids are called excitatory amino acids because of their ability to excite neu-
rotransmission. The most publicized disorder caused by excitatory amino acids is the “Chinese
restaurant syndrome,” manifested by a burning sensation of the skin, particularly on the face, neck,
and chest. This can be caused by ingestion of monosodium glutamate, which is widely used to
season some kinds of Oriental food:

Q HH O
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9.9 REPRODUCTIVE SYSTEM

Humans reproduce sexually to produce young that are born live. Sexual reproduction occurs
when two gametes, sperm from males and eggs from females, each carrying a single set of
chromosomes, unite in a process called fertilization. The fertilized egg, called a zygote, contains
two sets of chromosomes, one from each of the gametes. The zygote begins the process of division
and cell differentiation that results in an individual capable of living outside the womb at birth.
The whole process is rather complicated and can be affected in many stages by toxic substances.
Therefore, one of the primary concerns in toxicology is the influence of toxicants on the reproductive
system.

The glands that produce sperm are the testes. Prior to copulation, the sperm are stored and
undergo further development in the epididymis, located on the testicles. For delivery, sperm are
incorporated into seminal fluid produced by seminal vesicles, the prostate gland, and the bulboure-
thral gland, and ejaculated through the urethra of the penis. The process of forming sperm and
other male sexual functions and characteristics are promoted by testosterone, the male sex hormone.

Whereas healthy males can produce sperm at any time, the production of fertilizable eggs by
females is rather complicated. It involves the ovarian cycle of normally around 28 days. During
the first half of the cycle usually one egg is produced and expelled from the ovary in a process
called ovulation. If the egg is not fertilized and implanted in the uterus, the endometrium lining
the uterus breaks down and is expelled through the vagina, a process called menstruation that occurs
during the second half of the ovarian cycle. The egg produced by the ovary moves slowly toward
the uterus through oviducts (fallopian tubes). The uterus is connected to the vagina, through which
sperm enters by an opening called the cervix. Fertilization occurs in the upper region of the oviducts.
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In successful pregnancies, the zygote formed by the merging of the egg and sperm begins to divide
in the oviduct, forming a blastocyst that becomes implanted in the endometrium wall of the uterus.

Several hormones are involved in the ovulation process. These include gonadotropin-releasing
hormone from the hypothalamus, lutenizing hormone and follicle-stimulating hormone from the
anterior pituitary, and estrogen from the ovaries (see endocrine glands in Section 9.7). If the
blastocyst becomes implanted in the endometrium, a layer of cells covering it begin to secrete
human chorionic gonadotropin, produced only by pregnant females and used as the basis for
pregnancy testing. These tissues also produce high levels of estrogen and progesterone that prevent
the pituitary from generating gonadotropins, thus stopping ovulation and menstruation during
pregnancy. Synthetic analogs of estrogen and progesterone in oral contraceptives act to prevent
ovulation but not the uterine cycle of menstruation.

Various toxicants are toxic to sperm or adversely affect semen quality. Common parameters
for detecting damage to sperm include sperm production, numbers, transit time, and mobility. The
ultimate measure of sperm quality is the ability to produce pregnancy resulting in normal offspring.
Toxicants may interfere with the process of sperm development. In rodents, these include heavy
metals (cadmium), hormones (estrogen), herbicides (linuron), industrial chemicals (dimethyl form-
amide), and pharmaceuticals, such as antihypertensive reserpine. Prominent among pharmaceuticals
that are spermatotoxic are antimetabolites, such as cyclophosphamide, used in cancer chemotherapy.
The cottonseed pigment gossypol adversely affects sperm, as does antifungal benomyl.
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Some toxicants are known to affect the female reproductive system and processes. Exposure
to the alkylating agents cyclophosphamide and vincristine can lead to loss of female sexual function.
Cyclophosphamide may attack and damage the oocytes, cells that lead to egg formation. Pharma-
ceutical busulfan damages ovaries. The 7,8-diol-9,10-epoxide of benzo(a)pyrene, as well as some
other metabolites of polycyclic aromatic hydrocarbons, can be toxic to oocytes.

Prominent among toxicants that adversely affect both male and female reproductive systems
are endocrine disruptors (see Section 9.7). Toxicants that mimic the actions of sex hormones are
agonists, and those that prevent hormonal action or bind competitively to hormone receptor sites
are antagonists.'> Male patients treated with cimetidine for peptic ulcers have exhibited low sperm
counts and abnormal breast enlargement, a condition called gynecomastia. Gynecomastia has also
been caused in men working in oral contraceptive production. Ketoconozole inhibits the enzymes
required to produce hormones involved in sperm production and can immobilize sperm in seminal
fluid.

Because of the complex hormonal cycle experienced by women, it is more difficult to study
the effects of endocrine-disrupting toxicants in females. Estrogen-mimicking compounds have the
potential to disrupt female hormonal cycles, causing adverse reproductive effects. The classic and
tragic case of estrogen-disrupting toxicants is that of diethylstilbestrol, given to pregnant women
in the 1950s to prevent miscarriages. Female children of these women developed vaginal cancer
after reaching puberty. It is believed that the toxic agent responsible for the effect is a reactive
epoxide intermediate in the metabolism of estradiol that binds with the receptor for the sex steroid
estradiol (Reaction 9.9.1):
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The possibility that high estrogen levels may be linked to breast cancer has led to concern that
estrogen-mimicking chemicals might also increase the likelihood of breast cancer. Among the
possibilities are polychlorinated biphenyls and DDT. Elevated blood serum levels of the DDT
metabolite DDE have shown a positive correlation with breast cancer incidence.

9.10 DEVELOPMENTAL TOXICOLOGY AND TERATOLOGY

Developmental toxicology deals with the effects of toxic substances on development of an
organism from conception to birth. Toxic substances may interfere with embryo growth, homeo-
statis, differentiation, and development of physical and behavioral characteristics.

Much of developmental toxicology deals with teratology, the branch of embryology pertaining
to abnormal development and birth defects due to exposure to toxicants called teratogens. Terato-
gens can act in a number of ways. Many of their effects are due to harmful alterations of DNA,
the expression of genes from DNA, and the processes by which DNA generates RNA in protein
synthesis. Teratogens can alter chromosomes, leading to defects. Enzymatic processes can be
altered. Other teratogenic effects include oxidative stress, interference with the normal processes
of programmed cell death, and alterations in cell membranes.

Teratology is the science of birth defects caused by radiation, viruses, and chemicals, including
drugs. Xenobiotic chemical species that cause birth defects are called teratogens. Teratogens affect
developing embryos adversely, often with remarkable specificity in regard to effect and stage of
embryo development when exposed. A teratogen may cause a specific effect when exposure occurs
on a definite number of days after conception; if exposure occurs only a few days sooner or later,
no effect, or an entirely different one, may be observed. Although mutations in germ cells (egg or
sperm cells) may cause birth defects (e.g., Down’s syndrome), teratology usually deals with defects
arising from damage to embryonic or fetal cells.

The biochemical aspects of teratology are not particularly well understood. Several kinds of
biochemical mechanisms are probably involved. One such mechanism is interference with DNA
synthesis, which alters the function of nucleic acids in cell replications, resulting in effects that are
expressed as birth defects. Exposure to teratogenic xenobiotic substances may result in either an
absence or excess of chromosomes. Enzyme inhibition (see Section 7.6) by xenobiotics can result
in birth defects. Xenobiotics that deprive the fetus of essential substrates (for example, vitamins),
that interfere with energy supply, or that alter the permeability of the placental membrane may all
cause birth defects.
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9.10.1 Thalidomide

Perhaps the most notorious teratogen is thalidomide, a sedative-hypnotic drug used in Europe
and Japan in 1960 and 1961. Some infants born to women who had taken thalidomide from days
35 through 50 of their pregnancies were born suffering from amelia or phocomelia, the absence or
severe shortening, respectively, of the limbs. About 10,000 children were affected. The biochemical
action of thalidomide leading to teratogenesis is not well understood. Possibilities include adverse
modification of DNA and interference with the metabolism of folic acid or glutamic acid.
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9.10.2 Accutane

In 1988, the U.S. Food and Drug Administration estimated that Accutane, used as an antiacne
medication, may have been reponsible for approximately 1000 birth defects in children born to women
taking the drug during the period of 1982 to 1986. The chemical name for Accutane is isoretinoin, and
it is chemically related to retinoic acid, vitamin A, which likewise is teratogenic at excessive levels.
Exposure of the fetus to Accutane over a period of only several days can result in birth defects such
as severe facial malformations, heart defects, thymus defects, and mental retardation.'?
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9.10.3 Fetal Alcohol Syndrome

One of the more common and devastating teratogenic effects is fetal alcohol syndrome, which
can afflict offspring of women who have regularly and heavily ingested alcohol during pregnancy.
This syndrome is most visibly manifested by abnormal facial features, including a very thin upper
lip, an upturned nose, and a broadened nasal bridge. The brain is affected and may be smaller than
normal, resulting in mental retardation.

9.11 KIDNEY AND BLADDER

The kidney and bladder are very important in toxicology because they are the main route of
elimination of hydrophilic toxicant metabolites and because damage to them in the form of impaired
kidney function or bladder cancer is one of the major adverse effects of toxicants. The kidney plays
a key role in maintaining body homeostasis. The basic unit of the kidney, through which the organ
performs its crucial blood filtration action, is the nephron. As the main organ through which fluid
is lost from the body, it is vital in the maintenance of extracellular fluid volume. It acts to maintain
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the critical electrolyte balance in the blood and other parts of the body. It also maintains acid—base
balance. It is in a sense the main “filtering” organ for the body’s blood, removing wastes and
toxicants from blood and discharging them through the bladder with urine while conserving essential
ions, amino acids, and glucose. Another crucial function of the kidney is production of the active
dihydroxy form from vitamin Dj, crucial in regulating the absorption of calcium from the intestines
and deposition of calcium in bones. The kidney produces essential hormones, including renin and
erythropoietin.

Though only about 1% of body mass, the kidney receives about one fourth of the heart output
of blood. This high level of blood combined with the kidney’s ability to concentrate substances in
the kidney tubular fluid, from which most of the water and sodium removed by the kidney are
returned to the blood, often means that the kidney is exposed to especially high levels of toxicants.
Such concentrations have been known to cause deposition of substances such as sulfonamides and
oxalates in the kidney, resulting in cell necrosis. Fortunately, the kidney has a good ability to
compensate for damage.

Toxic effects to the kidney may be manifested by acute and chronic renal failure. Many
substances are known to be nephrotoxic.'* Included among such substances are therapeutic agents.
Some of these include organic mercury compounds administered as diuretics to increase urine
output, anti-infective agents such as sulfonamides and vancomycin, antineoplastic (cancer thera-
peutic) adriamycin and mitomycin C, immunosuppressive cyclosporin A, analgesic and anti-inflam-
matory acetaminophen, and enflurane and lithium used to treat disorders of the central nervous
system. A number of substances to which environmental and occupational exposure may occur
have also been implicated in kidney damage. Some metals, including cadmium, lead, mercury,
nickel, and chromium, are nephrotoxic. Some substances derived from bacteria (mycotoxins) and
plants (especially alkaloids) are nephrotoxic. These include aflatoxin B, citrinin, pyrrolizidine
alkaloids, and rubratoxin B. Nephrotoxic halogenated hydrocarbons include bromobenzene, chlo-
roform, carbon tetrachloride, and tetrafluoroethylene, which is transported to the kidney as the
cysteine S-conjugate. Ethylene glycol and diethylene glycol harm kidneys because of their biocon-
version to oxalates that clog kidney tubules. Herbicidal paraquat, diquat, and 2,4,5-trichlorophe-
noxyacetate also have toxic effects on the kidney.
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QUESTIONS AND PROBLEMS

1. Why is apoptosis advantageous over cell necrosis in ridding the body of defective cells?
In what sense do the alveoli of lungs provide the closest contact of the internal parts of the body
with the outside surroundings? What are the implications of this for toxicology?

3. What is meant by oxidative burden? What are its major toxicological implications?
4. The skin's stratum corneum is "dead," and yet it is a vital defense against toxic substances. Explain.
5. Match the following pertaining to toxic responses of the skin:

1. Contact dermatitis (a) Occurs with exposure to sunlight after sensitization by a

2. Allergic contact dermatitis toxic substance

3. Porphyria (b) Common result of exposure to TCDD

4. Chloracne (c) Characterized by generally irritated, itching, and

sometimes painful skin surface
(d) Requires initial sensitization to a substance
6. Match the following pertaining to toxic effects to the liver:

1. Hepatotoxicity (a) Commonly known as fatty liver

2. Steatosis (b) General term applied to effects of toxic substances to the liver
3. Cirrhosis (c) Caused by exposure to vinyl chloride

4. Haemangiosarcoma (d) Characterized by deposition and buildup of fibrous

collagen tissue that replace active liver cells
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10.

11.
12.

13.
14.

15.

Distinguish between anemic hypoxia and methemoglobinemia. In what respect are they similar?
Name a toxicant responsible for each of these toxic effects on blood.

Distinguish among bradycardia, tachycardia, and arrhythmia as related to toxic substances.

Two general effects on the immune system occur when it (1) becomes too active and (2) becomes
too inactive. Explain and give examples. What is autoimmunity?

Match the following pertaining to toxic effects on the endocrine system:

1. Endocrine disruptors (a) Chemical messengers produced by endocrine glands

2. Insulin (b) Steroids

3. Hormones (c) Greatest concern with reproductive effects and sexual development
4. Estrogens (d) A hormone produced and used by humans

What is the function of the blood-brain barrier? How does it relate to toxic substances?

Both encephelopathy and peripheral neuropathy are disorders of the nervous system. What is the
distinction between them?

What is a major toxicological concern with estrogen-mimicking chemicals?

What do accutane, thalidomide, ethanol, radiation, and some viruses have in common toxicolog-
ically?

What are nephrotoxic substances? What are examples of such substances?
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CHAPTER 10

Toxic Elements

10.1 INTRODUCTION

It is somewhat difficult to define what is meant by a toxic element. Some elements, such as
white phosphorus, chlorine, and mercury, are quite toxic in the elemental state. Others, such as
carbon, nitrogen, and oxygen, are harmless as usually encountered in their normal elemental forms.
But, with the exception of those noble gases that do not combine chemically, all elements can form
toxic compounds. A prime example is hydrogen cyanide. This extremely toxic compound is formed
from three elements that are nontoxic in the uncombined form, and produce compounds that are
essential constituents of living matter, but when bonded together in the simple HCN molecule
constitute a deadly substance.

The following three categories of elements are considered here:

» Those that are notable for the toxicities of most of their compounds
* Those that form very toxic ions
¢ Those that are very toxic in their elemental forms

Elements in these three classes are discussed in this chapter as toxic elements, with the
qualification that this category is somewhat arbitrary. With a few exceptions, elements known to
be essential to life processes in humans have not been included as toxic elements.

10.2 TOXIC ELEMENTS AND THE PERIODIC TABLE

It is most convenient to consider elements from the perspective of the periodic table, which is
shown in Figure 1.3 and discussed in Section 1.2. Recall that the three main types of elements,
based on their chemical and physical properties as determined by the electron configurations of
their atoms, are metals, nonmetals, and metalloids. Metalloids (B, Si, Ge, As, Sb, Te, At) show
some characteristics of both metals and nonmetals. The nonmetals consist of those few elements
in groups 4A to 7A above and to the right of the metalloids. The noble gases, only some of which
form a limited number of very unstable chemical compounds of no toxicological significance, are
in group 8A. All the remaining elements, including the lanthanide and actinide series, are metals.
Elements in the periodic table are broadly distinguished between representative elements in the A
groups of the periodic table and transition metals constituting the B groups, the lanthanide series,
and the actinide series.
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10.3 ESSENTIAL ELEMENTS

Some elements are essential to the composition or function of the body. Since the body is
mostly water, hydrogen and oxygen are obviously essential elements. Carbon (C) is a component
of all life molecules, including proteins, lipids, and carbohydrates. Nitrogen (N) is in all proteins.
The other essential nonmetals are phosphorus (P), sulfur (S), chlorine (Cl), selenium (Se), fluorine
(F), and iodine (I). The latter two are among the essential trace elements that are required in only
small quantities, particularly as constituents of enzymes or as cofactors (nonprotein species essential
for enzyme function). The metals present in macro amounts in the body are sodium (Na), potassium
(K), and calcium (Ca). Essential trace elements are chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), copper (Cu), zinc (Zn), magnesium (Mg), molybdenum (Mo), nickel (Ni), and perhaps
more elements that have not yet been established as essential.

10.4 METALS IN AN ORGANISM

Metals are mobilized and distributed through environmental chemical processes that are strongly
influenced by human activities. A striking example of this phenomenon is illustrated by the lead
content of the Greenland ice pack. Starting at very low levels before significant industrialization
had occurred, the lead content of the ice increased in parallel with the industrial revolution, showing
a strongly accelerated upward trend beginning in the 1920s, with the introduction of lead into
gasoline. With the curtailment of the use of leaded gasoline, some countries are now showing
decreased lead levels, a trend that hopefully will extend globally within the next several decades.

Metals in the body are almost always in an oxidized or chemically combined form; mercury
is a notable exception in that elemental mercury vapor readily enters the body through the pulmonary
route. The simplest form of a chemically bound metal in the body is the hydrated cation, of which
Na(H,O){ is the most abundant example. At pH values ranging upward from somewhat less than
seven (neutrality), many metal ions tend to be bound to one or more hydroxide groups; an example
is iron(IT) in Fe(OH)(H,0):. Some metal ions have such a strong tendency to lose H* that, except
at very low pH values, they exist as the insoluble hydroxides. A common example of this phenom-
enon is iron(Ill), which is very stable as the insoluble hydrated iron(IIl) oxide, Fe,0;-xH,0, or
hydroxide, Fe(OH),. Metals can bond to some anions in body fluids. For example, in the strong
hydrochloric acid medium of the stomach, some iron(IIl) may be present as HFeCl,, where the
acid in the stomach prevents formation of insoluble Fe(OH), and a high concentration of chloride
ion is available to bond to iron(IIl). Ion pairs may exist that consist of positively charged metal
cations and negatively charged anions endogenous to body fluids. These do not involve covalent
bonding between cations and anions, but rather an electrostatic attraction, such as in the ion pairs
Ca>*HCO; or Ca*ClI.

10.4.1 Complex lons and Chelates

With the exception of group 1A metals and the somewhat lesser exception of group 2A metals,
there is a tendency for metals to form complexes with electron donor functional groups on ligands
consisting of anionic or neutral inorganic or organic species. In such cases, covalent bonds are
formed between the central metal ion and the ligands. Usually the resulting complex has a net
charge and is called a complex ion; FeCl; is such an ion. In many cases, an organic ligand has
two or more electron donor functional groups that may simultaneously bond to a metal ion to form
a complex with one or more rings in its structure. A ligand with this capability is called a chelating
agent, and the complex is a metal chelate. Copper(I) ion forms such a chelate with the anion of
the amino acid glycine, as shown in Figure 10.1. This chelate is very stable.
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Figure 10.1 Chelation of Cu?* by glycinate anion ligands to form the glycinate chelate. Each electron donor
group on the glycinate anion chelating agents is designated with an asterisk. In the chelate, the
central copper(ll) metal ion is bonded in four places and the chelate has two rings composed of
the five-atom sequence Cu—O-C—C—N.

Organometallic compounds constitute a large class of metal-containing species with properties
quite different from those of the metal ions. These are compounds in which the metal is covalently
bonded to carbon in an organic moiety, such as the methyl group, -CH;. Unlike metal complexes,
which can reversibly dissociate to the metal ions and ligands, the organic portions of organometallic
compounds are not normally stable by themselves. The chemical and toxicological properties of
organometallic compounds are discussed in detail in Chapter 12, so space will not be devoted to
them here. However, it should be mentioned that neutral organometallic compounds tend to be
lipid soluble, a property that enables their facile movement across biologic membranes. They often
remain intact during movement through biological systems and so become distributed in these
systems as lipid-soluble compounds.

A phenomenon not confined to metals, methylation is the attachment of a methyl group to an
element and is a significant natural process responsible for much of the environmental mobility of
some of the heavier elements. Among the elements for which methylated forms are found in the
environment are cobalt, mercury, silicon, phosphorus, sulfur, the halogens, germanium, arsenic,
selenium, tin, antimony, and lead.

10.4.2 Metal Toxicity

Inorganic forms of most metals tend to be strongly bound by protein and other biologic tissue.
Such binding increases bioaccumulation and inhibits excretion. There is a significant amount of
tissue selectivity in the binding of metals. For example, toxic lead and radioactive radium are
accumulated in osseous (bone) tissue, whereas the kidneys accumulate cadmium and mercury.
Metal ions most commonly bond with amino acids, which may be contained in proteins (including
enzymes) or polypeptides. The electron-donor groups most available for binding to metal ions are
amino and carboxyl groups (see Figure 10.2). Binding is especially strong for many metals to thiol
(sulfhydryl) groups; this is particularly significant because the —SH groups are common components
of the active sites of many crucial enzymes, including those that are involved in cellular energy
output and oxygen transport. The amino acid that usually provides —SH groups in enzyme active
sites is cysteine, as shown in Figure 10.2. The imidazole group of the amino acid histidine is a
common feature of enzyme active sites with strong metal-binding capabilities.

The absorption of metals is to a large extent a function of their chemical form and properties.
Pulmonary intake results in the most facile absorption and rapid distribution through the circulatory
system. Absorption through this route is often very efficient when the metal is in the form of
respirable particles less than 100 um in size, as volatile organometallic compounds (see Chapter
12) or (in the case of mercury) as the elemental metal vapor. Absorption through the gastrointestinal
tract is affected by pH, rate of movement through the tract, and presence of other materials.
Particular combinations of these factors can make absorption very high or very low.
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Figure 10.2 Major binding groups for metal ions in biologic tissue (carboxyl, thiol, amino) and amino acids with
strong metal-binding groups in enzyme active sites (cysteine, histidine). The arrow pointing to the
amino group designates an unshared pair of electrons available for binding metal ions. The thiol
group is a weak acid that usually remains unionized until the hydrogen ion is displaced by a metal
ion.

Metals tend to accumulate in target organs, and a toxic response is observed when the level of
the metal in the organ reaches or exceeds a threshold level. Often the organs most affected are
those involved with detoxication or elimination of the metal. Therefore, the liver and kidneys are
often affected by metal poisoning. The form of the metal can determine which organ is adversely
affected. For example, lipid-soluble elemental or organometallic mercury damages the brain and
nervous system, whereas Hg?* ion may attack the kidneys.

Because of the widespread opportunity for exposure, combined with especially high toxicity,
some metals are particularly noted for their toxic effects. These are discussed separately in the
following sections in the general order of their appearance in groups in the periodic table.

10.4.3 Lithium

Lithium, Li, atomic number 3, is the lightest group 1A metal that should be mentioned as a
toxicant because of its widespread use as a therapeutic agent to treat manic-depressive disorders.
It is also used in a number of industrial applications, where there is potential for exposure.

The greatest concern with lithium as a toxicant is its toxicity to kidneys, which has been observed
in some cases in which lithium was ingested within therapeutic ranges of dose. Common symptoms
of lithium toxicity include high levels of albumin and glucose in urine (albuminuria and glycosuria,
respectively). Not surprisingly, given its uses to treat manic-depressive disorders, lithium can cause
a variety of central nervous system symptoms. One symptom is psychosomatic retardation, that is,
retardation of processes involving both mind and body. Slurred speech, blurred vision, and increased
thirst may result. In severe cases, blackout spells, coma, epileptic seizures, and writhing, turning,
and twisting choreoathetoid movements are observed. Neuromuscular changes may occur as irri-
table muscles, tremor, and ataxia (loss of coordination). Cardiovascular symptoms of lithium
poisoning may include cardiac arrhythmia, hypertension, and, in severe cases, circulatory collapse.
Victims of lithium poisoning may also experience an aversion to food (anorexia) accompanied by
nausea and vomiting.

Lithium exists in the body as the Li* ion. Its toxic effects are likely due to its similarity to
physiologically essential Na* and K+ ions. Some effects may be due to the competion of Li* ion
for receptor sites normally occupied by Na* or K* ions. Lithium toxicity may be involved in G
protein expression and in modulating receptor—-G protein coupling.!
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10.4.4 Beryllium

Beryllium (Be) is in group 2A and is the first metal in the periodic table to be notably toxic.
When fluorescent lamps and neon lights were first introduced, they contained beryllium phosphor;
a number of cases of beryllium poisoning resulted from the manufacture of these light sources and
the handling of broken lamps. Modern uses of beryllium in ceramics, electronics, and alloys require
special handling procedures to avoid industrial exposure.

Beryllium has a number of toxic effects. Of these, the most common involve the skin. Skin
ulceration and granulomas have resulted from exposure to beryllium. Hypersensitization to beryl-
lium can result in skin dermatitis, acute conjunctivitis, and corneal laceration.

Inhalation of beryllium compounds can cause acute chemical pneumonitis, a very rapidly
progressing condition in which the entire respiratory tract, including nasal passages, pharynx,
tracheobronchial airways, and alveoli, develops an inflammatory reaction. Beryllium fluoride is
particularly effective in causing this condition, which has proven fatal in some cases.

Chronic berylliosis may occur with a long latent period of 5 to 20 years. The most damaging
effect of chronic berylliosis is lung fibrosis and pneumonitis. In addition to coughing and chest
pain, the subject suffers from fatigue, weakness, loss of weight, and dyspnea (difficult, painful
breathing). The impaired lungs do not transfer oxygen well. Other organs that can be adversely
affected are the liver, kidneys, heart, spleen, and striated muscles.

The chemistry of beryllium is atypical compared to that of the other group 1A and group 2A
metals. Atoms of Be are the smallest of all metals, having an atomic radius of 111 pm. The beryllium
ion, Be?*, has an ionic radius of only 35 pm, which gives it a high polarizing ability, a tendency
to form molecular compounds rather than ionic compounds, and a much greater tendency to form
complex compounds than other group 1A or 2A ions. The ability of beryllium to form chelates is
used to treat beryllium poisoning with ethylenediaminetetraacetic acid (EDTA) and another chelat-
ing agent called Tiron?:

OH
OH

Tiron

HO,C SO,H

10.4.5 Vanadium

Vanadium (V) is a transition metal that in the combined form exists in the +3, +4, and +5
oxidation states, of which +5 is the most common. Vanadium is of concern as an environmental
pollutant because of its high levels in residual fuel oils and subsequent emission as small particulate
matter from the combustion of these oils in urban areas. Vanadium occurs as chelates of the
porphyrin type in crude oil, and it concentrates in the higher boiling fractions during the refining
process. A major industrial use of vanadium is in catalysts, particularly those in which sulfur dioxide
is oxidized in the production of sulfuric acid. The other major industrial uses of vanadium are for
hardening steel, as a pigment ingredient, in photography, and as an ingredient of some insecticides.
In addition to environmental exposure from the combustion of vanadium-containing fuels, there is
some potential for industrial exposure.

Probably the vanadium compound to which people are most likely to be exposed is vanadium
pentoxide, V,0;. Exposure normally occurs via the respiratory route, and the pulmonary system is
the most likely to suffer from vanadium toxicity. Bronchitis and bronchial pneumonia are the most
common pathological effects of exposure; skin and eye irritation may also occur. Severe exposure
can also adversely affect the gastrointestinal tract, kidneys, and nervous system.
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Both V(IV) and V(V) have been found to have reproductive and developmental toxic effects in
rodents. In addition to decreased fertility, lethal effects to embryos, toxicity to fetuses, and terato-
genicity have been observed in mice, rats, and hamsters exposed to vanadium.?

It has been observed that vanadium has insulin-like effects on the main organs targeted by
insulin — skeletal muscles, adipose, and liver — and vanadium has been shown to reduce blood
glucose to normal levels in rats that have diabetic conditions. In considering the potential of
vanadium to treat diabetes in humans, the toxicity of vanadium is a definite consideration. Several
organically chelated forms of vanadium have been found to be more effective in treating diabetes
symptoms and less toxic than inorganic vanadium.*

10.4.6 Chromium

Chromium (Cr) is a transition metal. In the chemically combined form, it exists in all oxidation
states from +2 to +6, of which +3 and +6 are the more notable.

In strongly acidic aqueous solution, chromium(IIl) may be present as the hydrated cation
Cr(H,0)*. At pH values above approximately 4, this ion has a strong tendency to precipitate from
solution the hydroxide:

Cr(H,0)# — Cr(OH), + 3H* + 3H,0 (10.4.1)

The two major forms of chromium(VI) in solution are yellow chromate, CrO%-, and orange
dichromate, Cr,0%. The latter predominates in acidic solution, as shown by the following reaction,
the equilibrium of which is forced to the left by higher levels of H*:

Cr,0% + H,0 —— 2HCrO; —— 2H* + 2CrOF (10.4.2)

Chromium in the +3 oxidation state is an essential trace element (see Section 10.3) required
for glucose and lipid metabolism in mammals, and a deficiency of it gives symptoms of diabetes
mellitus. However, chromium must also be discussed as a toxicant because of its toxicity in the +6
oxidation state, commonly called chromate. Exposure to chromium(VI) usually involves chromate
salts, such as Na,CrO,. These salts tend to be water soluble and readily absorbed into the blood-
stream through the lungs. The carcinogenicity of chromate has been demonstrated by studies of
exposed workers. Exposure to atmospheric chromate may cause bronchogenic carcinoma with a
latent period of 10 to 15 years. In the body, chromium(VI) is readily reduced to chromium(III), as
shown in Reaction 10.4.3; however, the reverse reaction does not occur in the body.

CrO} + 8H* + 3e- — Cr** + 4H,0 (10.4.3)

An interesting finding regarding potentially toxic chromium (and cobalt) in the body is elevated
blood and urine levels of these metals in patients who have undergone total hip replacement.’ The
conclusion of the study was that devices such as prosthetic hips that involve metal-to-metal contact
may result in potentially toxic levels of metals in biological fluids.

10.4.7 Cobalt

Cobalt is an essential element that is part of vitamin B,,, or cobalamin, a coenzyme that is
essential in the formation of proteins, nucleic acids, and red blood cells. Although cobalt poisoning
is not common, excessive levels can be harmful. Most cases of human exposure to toxic levels of
cobalt have occurred through inhalation in the workplace. Many exposures have been suffered by
workers working with hard metal alloys of cobalt and tungsten carbide, where very fine particles

Copyright © 2003 by CRC Press LLC



of the alloy produced from grinding it were inhaled. The adverse effects of cobalt inhalation have
been on the lungs, including wheezing and pneumonia as well as allergic asthmatic reactions and
skin rashes. Lung fibrosis has resulted from prolonged exposures. Human epidemiology and animal
studies suggest an array of systemic toxic effects of cobalt, including, in addition to respiratory
effects, cardiovascular, hematological hepatic, renal, ocular, and body weight effects.

Exposure to cobalt is also possible through food and drinking water. An interesting series of
cobalt poisonings occurred in the 1960s when cobalt was added to beer at levels of 1 to 1.5 ppm
to stabilize foam. Consumers who drank excessive amounts of the beer (4 to 12 liters per day)
suffered from nausea and vomiting, and in several cases, heart failure and death resulted.

10.4.8 Nickel

Nickel, atomic number 28, is a transition metal with a variety of essential uses in alloys,
catalysts, and other applications. It is strongly suspected of being an essential trace element for
human nutrition, although definitive evidence has not yet established its essentiality to humans. A
nickel-containing urease metalloenzyme has been found in the jack bean.

Toxicologically, nickel is important because it has been established as a cause of respiratory
tract cancer among workers involved with nickel refining. The first definitive evidence of this was
an epidemiological study of British nickel refinery workers published in 1958. Compared to the
general population, these workers suffered a 150-fold increase in nasal cancers and a 5-fold increase
in lung cancer. Other studies from Norway, Canada, and the former Soviet Union have shown
similar increased cancer risk from exposure to nickel. Nickel subsulfide, Ni,S,, has been shown to
cause cancer in rats at sites of injection and in lungs from inhalation of nickel subsulfide.

The other major toxic effect of nickel is nickel dermatitis, an allergic contact dermatitis arising
from contact with nickel metal. About 5 to 10% of people are susceptible to this disorder. It almost
always occurs as the result of wearing nickel jewelry in contact with skin. Nickel carbonyl, Ni(CO),,
is an extremely toxic nickel compound discussed further in Chapter 12.

10.4.9 Cadmium

Along with mercury and lead, cadmium (Cd) is one of the “big three” heavy metal poisons.
Cadmium occurs as a constituent of lead and zinc ores, from which it can be extracted as a by-
product. Cadmium is used to electroplate metals to prevent corrosion, as a pigment, as a constituent
of alkali storage batteries, and in the manufacture of some plastics.

Cadmium is located at the end of the second row of transition elements. The +2 oxidation state
of the element is the only one exhibited in its compounds. In its compounds, cadmium occurs as
the Cd?** ion. Cadmium is directly below zinc in the periodic table and behaves much like zinc.
This may account in part for cadmium’s toxicity; because zinc is an essential trace element,
cadmium substituting for zinc could cause metabolic processes to go wrong.

The toxic nature of cadmium was revealed in the early 1900s as a result of workers inhaling
cadmium fumes or dusts in ore processing and manufacturing operations. Welding or cutting metals
plated with cadmium or containing cadmium in alloys, or the use of cadmium rods or wires for
brazing or silver soldering, can be a particularly dangerous route to pulmonary exposure. In general,
cadmium is poorly absorbed through the gastrointestinal tract. A mechanism exists for its active
absorption in the small intestine through the action of the low-molecular-mass calcium-binding
protein CaBP. The production of this protein is stimulated by a calcium-deficient diet, which may
aggravate cadmium toxicity. Cadmium is transported in blood bound to red blood cells or to albumin
or other high-molecular-mass proteins in blood plasma. Cadmium is excreted from the body in
both urine and feces. The mechanisms of cadmium excretion are not well known.

Acute pulmonary symptoms of cadmium exposure are usually caused by the inhalation of
cadmium oxide dusts and fumes, which results in cadmium pneumonitis, characterized by edema
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Figure 10.3 Path of synthesis of delta-aminolevulinic acid (coenzyme A abbreviated as CoA). Cadmium tends
to inhibit the enzyme responsible for this process.

and pulmonary epithelium necrosis. Chronic exposure sometimes produces emphysema severe
enough to be disabling. The kidney is generally regarded as the organ most sensitive to chronic
cadmium poisoning. The function of renal tubules is impaired by cadmium, as manifested by
excretion of both high-molecular-mass proteins (such as albumin) and low-molecular-mass proteins.
Chronic toxic effects of cadmium exposure may also include damage to the skeletal system,
hypertension (high blood pressure), and adverse cardiovascular effects. Based largely on studies
of workers in the cadmium—nickel battery industry, cadmium is regarded as a human carcinogen,
causing lung tumors and possibly cancer of the prostate.

Cadmium is a highly cumulative poison with a biologic half-life estimated at about 20 to 30
years in humans. About half of the body burden of cadmium is found in the liver and kidneys. The
total body burden reaches a plateau in humans around age 50. Cigarette smoke is a source of
cadmium, and the body burden of cadmium is about 1.5 to 2 times greater in smokers than in
nonsmokers of the same age.

Cadmium in the body is known to affect several enzymes. It is believed that the renal damage
that results in proteinuria is the result of cadmium adversely affecting enzymes responsible for
reabsorption of proteins in kidney tubules. Cadmium also reduces the activity of delta-aminole-
vulinic acid synthetase (Figure 10.3), arylsulfatase, alcohol dehydrogenase, and lipoamide dehy-
drogenase, whereas it enhances the activity of delta-aminolevulinic acid dehydratase, pyruvate
dehydrogenase, and pyruvate decarboxylase.

The most spectacular and publicized occurrence of cadmium poisoning resulted from dietary
intake of cadmium by people in the Jintsu River Valley, near Fuchu, Japan. The victims were
afflicted by itai, itai disease, which means “ouch, ouch” in Japanese. The symptoms are the result
of painful osteomalacia (bone disease) combined with kidney malfunction. Cadmium poisoning in
the Jintsu River Valley was attributed to irrigated rice contaminated from an upstream mine
producing lead, zinc, and cadmium.

10.4.10 Mercury

Mercury is directly below cadmium in the periodic table, but has a considerably more varied
and interesting chemistry than cadmium or zinc. Elemental mercury is the only metal that is a
liquid at room temperature, and its relatively high vapor pressure contributes to its toxicological
hazard. Mercury metal is used in electric discharge tubes (mercury lamps), gauges, pressure-sensing
devices, vacuum pumps, valves, and seals. It was formerly widely used as a cathode in the chlor-
alkali process for the manufacture of NaOH and Cl,, a process that has been largely discontinued,
in part because of the mercury pollution that resulted from it.

In addition to the uses of mercury metal, mercury compounds have a number of applications.
Mercury(II) oxide, HgO, is commonly used as a raw material for the manufacture of other mercury
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compounds. Mixed with graphite, it is a constituent of the Ruben—Mallory dry cell, for which the
cell reaction is

Zn + HgO — ZnO + Hg (10.4.4)

Mercury(Il) acetate, Hg(C,H;0,),, is made by dissolving HgO in warm 20% acetic acid. This
compound is soluble in a number of organic solvents. Mercury(Il) chloride is quite toxic. The
dangers of exposure to HgCl, are aggravated by its high water solubility and relatively high vapor
pressure, compared to other salts. Mercury(II) fulminate, Hg(ONC),, has been used as a detonator
for explosives. In addition to the +2 oxidation state, mercury can also exist in the +1 oxidation
state as the dinuclear Hg3* ion. The best-known mercury(I) compound is mercury(I) chloride,
Hg,Cl,, commonly called calomel. It is a constituent of calomel reference electrodes, such as the
well-known saturated calomel electrode (SCE).

A number of organomercury compounds are known. These compounds and their toxicities are
discussed further in Chapter 12.

10.4.10.1 Absorption and Transport of Elemental and Inorganic Mercury

Monatomic elemental mercury in the vapor state, Hg(g), is absorbed from inhaled air by the
pulmonary route to the extent of about 80%. Inorganic mercury compounds are absorbed through
the intestinal tract and in solution through the skin.

Although elemental mercury is rapidly oxidized to mercury(Il) in erythrocytes (red blood cells),
which have a strong affinity for mercury, a large fraction of elemental mercury absorbed through
the pulmonary route reaches the brain prior to oxidation and enters that organ because of the lipid
solubility of mercury(0). This mercury is subsequently oxidized in the brain and remains there.
Inorganic mercury(Il) tends to accumulate in the kidney.

10.4.10.2 Metabolism, Biologic Effects, and Excretion

Like cadmium, mercury(I) has a strong affinity for sulthydryl groups in proteins, enzymes,
hemoglobin, and serum albumin. Because of the abundance of sulthydryl groups in active sites of
many enzymes, it is difficult to establish exactly which enzymes are affected by mercury in
biological systems.

The effect on the central nervous system following inhalation of elemental mercury is largely
psychopathological. Among the most prominent symptoms are tremor (particularly of the hands)
and emotional instability characterized by shyness, insomnia, depression, and irritability. These
symptoms are probably the result of damage to the blood-brain barrier, which regulates the transfer
of metabolites, such as amino acids, to and from the brain. Brain metabolic processes are probably
disrupted by the effects of mercury. Historically, the three symptoms of increased excitability,
tremors, and gum inflammation (gingivitis) have been recognized as symptoms of mercury poison-
ing from exposure to mercury vapor or mercury nitrate in the fur, hat, and felt trades.

The kidney is the primary target organ for Hg?*. Chronic exposure to inorganic mercury(Il)
compounds causes proteinuria. In cases of mercury poisoning of any type, the kidney is the organ
with the highest bioaccumulation of mercury.

Mercury(I) compounds are generally less toxic than mercury(Il) compounds because of their
lower solubilities. Calomel, a preparation containing Hg,Cl,, was once widely used in medicine.
Its use as a teething powder for children has been known to cause a hypersensitivity response in
children called “pink disease,” manifested by a pink rash and swelling of the spleen and lymph
nodes.

Excretion of inorganic mercury occurs through the urine and feces. The mechanisms by which
excretion occurs are not well understood.
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10.4.10.3 Minimata Bay

The most notorious incident of widespread mercury poisoning in modern times occurred in the
Minimata Bay region of Japan during the period of 1953 to 1960. Mercury waste from a chemical
plant draining into the bay contaminated seafood consumed regularly by people in the area. Overall,
111 cases of poisoning with 43 deaths and 19 congenital birth defects were documented. The
seafood was found to contain 5 to 20 ppm of mercury.

10.4.11 Lead

Lead (Pb) ranks fifth behind iron, copper, aluminum, and zinc in industrial production of metals.
About half of the lead used in the U.S. goes for the manufacture of lead storage batteries. Other
uses include solders, bearings, cable covers, ammunition, plumbing, pigments, and caulking.

Metals commonly alloyed with lead are antimony (in storage batteries), calcium and tin (in
maintenance-free storage batteries), silver (for solder and anodes), strontium and tin (as anodes in
electrowinning processes), tellurium (pipe and sheet in chemical installations and nuclear shielding),
tin (solders), and antimony and tin (sleeve bearings, printing, high-detail castings).

Lead(Il) compounds are predominantly ionic (for example, Pb**SO?), whereas lead(IV) com-
pounds tend to be covalent (for example, tetracthyllead, Pb(C,Hs),). Some lead(IV) compounds,
such as PbO,, are strong oxidants. Lead forms several basic lead salts, such as Pb(OH),-2PbCO;,
which was once the most widely used white paint pigment and the source of considerable chronic
lead poisoning to children who ate peeling white paint. Many compounds of lead in the +2 oxidation
state (lead(II)) and a few in the +4 oxidation state (Ilead(IV)) are useful. The two most common of
these are lead dioxide and lead sulfate, which are participants in the following reversible reaction
that occurs during the charge and discharge of a lead storage battery:

Pb + PbO, + 2H,SO, —— 2PbSO, + 2H,0 (10.4.5)

Charge —— Discharge

In addition to the inorganic compounds of lead, there are a number of organolead compounds,
such as tetraethyllead. These are discussed in Chapter 12.

10.4.11.1 Exposure and Absorption of Inorganic Lead Compounds

Although industrial lead poisoning used to be very common, it is relatively rare now because
of previous experience with the toxic effects of lead and the protective actions that have been taken.
Lead is a common atmospheric pollutant (though much less so now than when leaded gasoline was
in general use), and absorption through the respiratory tract is the most common route of human
exposure. The greatest danger of pulmonary exposure comes from inhalation of very small respi-
rable particles of lead oxide (particularly from lead smelters and storage battery manufacturing)
and lead carbonates, halides, phosphates, and sulfates. Lead that reaches the lung alveoli is readily
absorbed into blood.

The other major route of lead absorption is the gastrointestinal tract. Dietary intake of lead
reached average peak values of almost 0.5 mg per person per day in the U.S. around the 1940s.
Much of this lead came from lead solder used in cans employed for canned goods and beverages.
Currently, daily intake of dietary lead in the U.S. is probably only around 20 pg per person per
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Figure 10.4 Synthesis of porphobilinogen from delta-aminolevulinic acid, a major step in the overall scheme
of heme synthesis that is inhibited by lead in the body.

day. Lead(IT) may have much the same transport mechanism as calcium in the gastrointestinal tract.
It is known that lead absorption decreases with increased levels of calcium in the diet and vice versa.

10.4.11.2 Transport and Metabolism of Lead

A striking aspect of lead in the body is its very rapid transport to bone and storage there. Lead
tends to undergo bioaccumulation in bone throughout life, and about 90% of the body burden of
lead is in bone after long-term exposure. The half-life of lead in human bones is estimated to be
around 20 years. Some workers exposed to lead in an industrial setting have as much as 500 mg
of lead in their bones. Of the soft tissues, the liver and kidney tend to have somewhat elevated lead
levels.

About 90% of blood lead is associated with red blood cells. Measurement of the concentration
of lead in the blood is the standard test for recent or ongoing exposure to lead. This test is used
routinely to monitor industrial exposure to lead and in screening children for lead exposure.

The most common biochemical effect of lead is inhibition of the synthesis of heme, a complex
of a substituted porphyrin and Fe?* in hemoglobin and cytochromes. Lead interferes with the
conversion of delta-aminolevulinic acid to porphobilinogen, as shown in Figure 10.4, with a result-
ing accumulation of metabolic products. Hematological damage results. Lead inhibits enzymes that
have sulfhydryl groups. However, the affinity of lead for the —SH group is not as great as that of
cadmium or mercury.

10.4.11.3 Manifestations of Lead Poisoning

Lead adversely affects a number of systems in the body. The inhibition of the synthesis of
hemoglobin by lead has just been noted. This effect, plus a shortening of the life span of erythrocytes,
results in anemia, a major manifestation of lead poisoning.

The central nervous system is adversely affected by lead, leading to encephalopathy, including
neuron degeneration, cerebral edema, and death of cerebral cortex cells. Lead may interfere with
the function of neurotransmitters, including dopamine and y-butyric acid, and it may slow the rate
of neurotransmission. Psychopathological symptoms of restlessness, dullness, irritability, and mem-
ory loss, as well as ataxia, headaches, and muscular tremor, may occur with lead poisoning. In
extreme cases, convulsions followed by coma and death may occur. Lead affects the peripheral
nervous system, causing peripheral neuropathy. Lead palsy used to be a commonly observed
symptom in lead industry workers and miners suffering from lead poisoning.

Lead causes reversible damage to the kidney through its adverse effect on proximal tubules. This
impairs the processes by which the kidney absorbs glucose, phosphates, and amino acids prior to
secretion of urine. A longer-term effect of lead ingestion on the kidney is general degradation of the
organ (chronic nephritis), including glomular atrophy, interstitial fibrosis, and sclerosis of vessels.
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Figure 10.5 The ionized form of EDTA. Asterisks denote binding sites.
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Figure 10.6 Lead chelated by the lead antidote BAL.

10.4.11.4 Reversal of Lead Poisoning and Therapy

Some effects of lead poisoning, such as those on proximal tubules of the kidney and inhibition
of heme synthesis, are reversible upon removal of the source of lead exposure. Lead poisoning can
be treated by chelation therapy, in which the lead is solubilized and removed by a chelating agent.
One such chelating agent is ethylenediaminetetraacetic acid, which binds strongly to most +2 and
+3 cations (Figure 10.5). It is administered for lead poisoning therapy in the form of the calcium
chelate. The ionized Y+ form chelates metal ions by bonding at one, two, three, or all four
carboxylate groups (~CO3%~) and one or both of the two N atoms (see glycinate-chelated structure
in Figure 10.1). EDTA is administered as the calcium chelate for the treatment of lead poisoning
to avoid any net loss of calcium by solubilization and excretion.

Another compound used to treat lead poisoning is British anti-Lewisite (BAL), originally
developed to treat arsenic-containing poison gas Lewisite. As shown in Figure 10.6, BAL chelates
lead through its sulfhydryl groups, and the chelate is excreted through the kidney and bile.

10.4.12 Defenses Against Heavy Metal Poisoning

Organisms have some natural defenses against heavy metal poisoning. Several factors are
involved in regulating the uptake and physiological concentrations of heavy metals. For example,
higher levels of calcium in water tend to lower the bioavailability of metals such as cadmium,
copper, lead, mercury, and zinc by fish, and the presence of chelating agents affects the uptake of
such metals. Some evidence suggests that mechanisms developed to maintain optimum levels of
essential metals, such as zinc and copper, are utilized to minimize the effects of chemically
somewhat similar toxic heavy metals, of which cadmium, lead, and mercury are prime examples.
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An interesting feature of heavy metal metabolism is the role of intracellular metallothionein,
which consists of two similar proteins with a low molecular mass of about 6500. As a consequence
of a high content of the amino acid cysteine,

Hie
HS—(IZ—(IZ—C—O_ Cysteine
H NH;

metallothionein contains a large number of thiol (sulthydryl, —-SH) groups. These groups bind very
strongly to other heavy metals, particularly mercury, silver, zinc, and tin. The metal most investi-
gated for its interaction with metallothionein is cadmium. The general reaction of metallothionein
with cadmium ion is the following:

g 5 s

S — . (10.4.6)
Cd?+* + |Metallothionein | —» |Metallothionein | + H

By binding with metallothionein, the mobility of metals by diffusion is greatly reduced and the
metals are prevented from binding to enzymes or other proteins essential to normal metabolic
function.

Metallothionein has been isolated from virtually all of the major mammal organs, including
liver, kidney, brain, heart, intestine, lung, skin, and spleen. Nonlethal doses of cadmium, mercury,
and lead induce synthesis of metallothionein. In test animals, nonlethal doses of cadmium followed
by an increased level of metallothionein in the body have allowed later administration of doses of
cadmium at a level fatal to nonacclimated animals, but without fatalities in the test subjects.

Endogenous substances other than metallothionein may be involved in minimizing the effects
of heavy metals and excreting them from the body. Hepatic (liver) glutathione, discussed as a phase
IT conjugating agent in Section 7.4, plays a role in the excretion of several metals in bile. These
include the essential metals copper and zinc; toxic cadmium, mercury(Il), and lead(Il) ions; and
organometallic methyl mercury.

Some plants have particularly high tolerances for cadmium and some other heavy metals by
virtue of their content of cysteine-rich peptides, known as phytochelatins, sulfur-rich peptides that
perform in plants much like metallothionein acts in animals. Plants that resist the effects of heavy
metals through the action of phytochelatins require a high activity of cysteine synthase enzyme
that makes the sulfur-containing cysteine amino acid from hydrogen sulfide and O-acetylserine.
Cadmium-resistant transgenic tobacco plants have been bred that have a high activity of cysteine
synthase from genes taken from rice.¢

10.5 METALLOIDS: ARSENIC
10.5.1 Sources and Uses
Arsenopyrite and loellingite are both arsenic minerals that can be smelted to produce elemental
arsenic. Both elemental arsenic and arsenic trioxide (As,0;) are produced commercially; the latter

is the raw material for the production of numerous arsenic compounds. Elemental arsenic is used
to make alloys with lead and copper. Arsenic compounds have a number of uses, including
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applications in catalysts, bactericides, herbicides, fungicides, animal feed additives, corrosion
inhibitors, pharmaceuticals, veterinary medicines, tanning agents, and wood preservatives. Arseni-
cals were the first drugs to be effective against syphilis, and they are still used to treat amebic
dysentery. Arsobal, or Mel B, an organoarsenical, is the most effective drug for the treatment of
the neurological stage of African trypanosomiasis, for which the infectious agents are Trypanosoma
gambiense or T. rhodesiense.

10.5.2 Exposure and Absorption of Arsenic

Arsenic can be absorbed through both the gastrointestinal and pulmonary routes. Although the
major concern with arsenic is its effect as a systemic poison, arsenic trichloride (AsCl;) and the
organic arsenic compound Lewisite (used as a poison gas in World War I) can penetrate skin; both
of these compounds are very damaging at the point of exposure and are strong vesicants (causes
of blisters). The common arsenic compound As,O; is absorbed through the lungs and intestines.
The degree of coarseness of the solid is a major factor in how well it is absorbed. Coarse particles
of this compound tend to pass through the gastrointestinal tract and to be eliminated with the feces.

The chemistry of arsenic is so varied that it is difficult to regard as a single element.” Arsenic
occurs in the +3 and +5 oxidation states; inorganic compounds in the +3 oxidation state (arsenite)
are generally more toxic. The conversion to arsenic(V) is normally favored in the environment,
which somewhat reduces the overall hazard of this element.

Arsenic is a natural constituent of most soils. It is found in a number of foods, particularly
shellfish. The average adult ingests somewhat less than 1 mg of arsenic per day through natural
sources. Drinking water is a source of arsenic in some parts of the world. This was tragically
illustrated in Bangladesh, where a United Nations program to develop water wells as a source of
pathogen-free drinking water later resulted in perhaps millions of cases of arsenic poisoning from
arsenic-containing well water. A directive by the U.S. Environmental Protection Agency in 2000
to lower the long-standing (since 1942) arsenic drinking water standard in the U.S. was overturned,
pending further review by the newly elected administration in early 2001, causing a great deal of
controversy (The new standard has since been reinstated).

10.5.3 Metabolism, Transport, and Toxic Effects of Arsenic

Biochemically, arsenic acts to coagulate proteins, forms complexes with coenzymes, and inhibits
the production of adenosine triphosphate (ATP) (see Section 4.3). Like cadmium and mercury,
arsenic is a sulfur-seeking element. Arsenic has some chemical similarities to phosphorus, and it
substitutes for phosphorus in some biochemical processes, with adverse metabolic effects.
Figure 10.7 summarizes one such effect. The top reaction in the figure illustrates the enzyme-
catalyzed synthesis of 1,3-diphosphoglycerate from glyceraldehyde 3-phosphate. The product
undergoes additional reactions to produce ATP, an essential energy-yielding substance in body
metabolism. When arsenite AsO3% is present, it bonds to glyceraldehyde 3-phosphate to yield a
product that undergoes nonenzymatic spontaneous hydrolysis, thereby preventing ATP formation.

Symptoms of acute arsenic poisoning are many and may be severe — fatal at high doses. Fatal
cases of arsenic poisoning have exhibited symptoms of fever, aversion to food, abnormal liver
enlargement (hepatomegaly), cardiac arrhythmia, development of dark patches on skin and other
tissue (melanosis), peripheral neuropathy, including sensory loss in the peripheral nervous system,
gastrointestinal disorders, cardiovascular effects, and adverse effects on red blood cell formation,
which can result in anemia. Mucous membranes may be irritated, form blisters, or slough off.

Chronic effects of arsenic poisoning include neurotoxic effects to the central and peripheral
nervous systems. Symptoms include sensory changes, muscle sensitivity, prickling and tingling
sensations (paresthesia), and muscle weakness. Liver injury is a common symptom of chronic
arsenic poisoning. Studies of victims of chronic arsenic poisoning from contaminated drinking
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Figure 10.7 Interference of arsenic(lll) with ATP production by phosphorylation.

water in Taiwan and Chile have exhibited blueness of the skin in extremities, a condition called
acrocyanosis, the result of periphereal vascular disease. In extreme cases, this may progress to
gangrene in the lower extremities, a condition called blackfoot disease.

There is now sufficient epidemiological evidence to classify arsenic as a human carcinogen and
a cause of skin cancer. In people chronically exposed to toxic doses of arsenic, such cancers may
be preceded by discolored skin (hyperpigmentation) and development of horny skin surfaces
(hyperkeratosis). These areas may progress to locally invasive basal cell carcinomas or to squamous
cell carcinomas capable of metastasis. Unlike skin cancers that develop on skin exposed to ultra-
violet solar radiation, arsenic-induced skin cancer frequently develops in areas not commonly
exposed to sunlight, such as the palms of hands or soles of feet.

Analysis of hair, fingernails, and toenails can serve as evidence of arsenic ingestion. Such
analyses are complicated by the possible presence of arsenic contamination, particularly in a work
environment in which the air and surroundings may be contaminated with arsenic. Levels of arsenic
may be correlated with the growth of nails and hair so that careful analysis of segments of these
materials can indicate time frames of exposure.

Antidotes to arsenic poisoning take advantage of the element’s sulfur-seeking tendencies and
contain sulfhydryl groups. One such antidote is 2,3-mercaptopropanol (BAL), discussed in the
preceding section as an antidote for lead poisoning.

10.6 NONMETALS
10.6.1 Oxygen and Ozone

Molecular oxygen, O,, is essential for life processes in both humans and other aerobic organisms
and is potentially damaging to tissue. Exposure to excessive levels of O, can cause toxic responses.
This was tragically illustrated by the use of oxygen to assist the respiration of premature infants,
a procedure that caused many to become blind. Even at normal levels of oxygen, some toxicants
can cause this essential element to cause toxic lesions. To understand why this is so, consider that
aerobic organisms, including humans, derive their energy by mediating the oxidation of nutrient
molecules such as glucose:

CH,,04 + 60, = 6CO, + 6H,0 + energy (10.6.1)
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In this aerobic respiration process, molecular oxygen is the oxidizing agent or electron receptor
and is reduced to the —2 oxidation state in the H,O product. The process by which elemental oxygen
accepts electrons is complex and multistepped. In this process, reactive intermediates are produced
that can seriously damage the lipids in cell membranes, DNA in cell nuclei, and proteins. Under
normal circumstances, these reactive oxidant species undergo further reactions before they can do
much harm, or are scavenged by antioxidant molecules or by the action of enzymes designed to
keep them at acceptable levels. However, under conditions of excessive exposure to oxidants and
by the action of some kinds of toxicants, harmful levels of reactive intermediate oxidant species
can build up to harmful levels.

The metabolic conversion of oxygen(0) in elemental oxygen to bound oxygen in the —2 oxidation
state in H,O can be viewed as the successive addition of electrons (e”) and H* ions to O,. The first
step is addition of an electron to O, to produce reactive superoxide ion, O; :

0,+e —0; (10.6.2)

In formulas such as that of superoxide, the dot represents an unpaired electron. Species that have
unpaired electrons are very reactive free radicals. Addition of H* ion to superoxide produces
reactive hydroperoxyl radical, HO,.:

0; + H* — HO; (10.6.3)

Another electron and H* ion may be added to the hydroperoxyl radical, a process equivalent to
adding an H atom, to produce hydrogen peroxide:

HO; + e+ H* - H,0, (10.6.4)

Hydrogen peroxide may be produced from the superoxide radical anion by the action of superoxide
dismutase enzyme. The catalase enzyme may act on hydrogen peroxide to produce O, and H,O.
Hydrogen peroxide may also be eliminated by the action of glutathione peroxidase, producing the
oxidized form of glutathione (see below). In the presence of appropriate metal ion catalysts,
hydrogen peroxide may undergo the Haber—Weiss reaction,

O; + H,0, + Fe* — Fe* + O, + OH- + HO- (10.6.5)
and the Fenton reaction,
H,0, + Fe* — Fe* + OH~ + HO- (10.6.6)

to produce hydroxyl radical, HO-

Superoxide, hydroperoxyl, and especially reactive hydroxyl radicals along with hydrogen per-
oxide attack tissue and DNA either directly or through their reaction products. The damage done
is sometimes referred to as oxidative lesions. It is now recognized that some toxicants have the
ability to promote the formation of reactive oxidizing species to the extent that defensive mecha-
nisms against oxidants are overwhelmed, a condition called oxidative stress. Under conditions of
oxidative stress, lipids, nucleic acids, and proteins may be damaged by reactive oxidants. Another
very damaging effect of oxidant reactive intermediates is lipid peroxidation, in which polyunsat-
urated fatty acids on lipids are attacked and oxidized, as shown in Figure 10.8. This can be especially
damaging to lipid-rich cell membranes.
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Figure 10.8 Peroxidation of lipid molecules by reactive radical species such as the hydroxyl radical, HO-.

Superoxide radical anion, hydroxyl radical, and hydrogen peroxide are known as prooxidants,
whereas substances that neutralize their effects are called antioxidants. Oxidative stress occurs
when the prooxidant—antioxidant balance becomes too favorable to the prooxidants. The effects of
prooxidants can be neutralized by their direct reaction with small-molecule antioxidants, including
glutathione, ascorbate, and tocopherols. In addition, oxidizing radicals are scavenged from a living
system by several enzymes, including peroxidase, superoxide dismutase, and catalase. Oxidative
lesions on DNA may be repaired by DNA repair enzymes.

Probably the most important antioxidant molecule is glutathione, a tripeptide formed from
glutamic acid, cysteine, and glycine amino acids:

o A e O

O0-C—C—C—C—C—-N-C—C—-N-C—-C-O
H
Glutathione

This substance reacts with oxidant radicals to produce H,0O and the oxidized form of glutathione,
consisting of two of the molecules of this substance joined by an SS bridge.

A potent oxidizing form of elemental oxygen is ozone, O;. This species is arguably the most
toxic environmental pollutant to which the general population is exposed because of its presence
in polluted atmospheres, especially under conditions where photochemical smog is present. It can
be a pollutant of the workplace in locations where electrical discharges or ultraviolet radiation pass
through air (from sources such as laser printers). The reactions for the production of ozone,
beginning with the splitting of O, molecules to produce O atoms, are given in Section 2.8.

A deep lung irritant, ozone causes pulmonary edema, which can be fatal. It is also strongly
irritating to the upper respiratory system and eyes and is largely responsible for the unpleasantness
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of photochemical smog. A level of 1 ppm of ozone in air has a distinct odor, and inhalation of
such air causes severe irritation and headache. The primary toxicological concern with ozone
involves the lungs. Exposure to ozone increases the activity of free-radical-scavenging enzymes in
the lung, indicative of ozone’s ability to generate the reactive oxidant species responsible for
oxidative stress. Arterial lesions leading to pulmonary edema have resulted from ozone exposure
by inhalation. Animal studies of ozone inhalation have shown injury of epithelial (surface) cells
throughout the respiratory tract.

Like nitrogen dioxide and ionizing radiation, ozone in the body produces free radicals that can
be involved in destructive oxidation processes, such as lipid peroxidation or reaction with sulthydryl
(-SH) groups. Exposure to ozone can cause chromosomal damage. Ozone also appears to have
adverse immunological effects. Radical-scavenging compounds, antioxidants, and compounds con-
taining sulfhydryl groups can protect organisms from the effects of ozone.

Ozone is notable for being phytotoxic (toxic to plants). Loss of crop productivity from the
phytotoxic action of ozone is a major concern in areas afflicted with photochemical smog, of which
ozone is the single most characteristic manifestation.

10.6.2 Phosphorus

The most common elemental form of phosphorus, white phosphorus, is highly toxic. White
phosphorus (melting point (mp), 44°C; boiling point (bp), 280°C) is a colorless waxy solid,
sometimes with a yellow tint. It ignites spontaneously in air to yield a dense fog of finely divided,
highly deliquescent P,O,,:

P, + 50, > P,0,, (10.6.7)

White phosphorus can be absorbed into the body, particularly through inhalation, as well as through
the oral and dermal routes. It has a number of systemic effects, including anemia, gastrointestinal
system dysfunction, and bone brittleness. Acute exposure to relatively high levels results in gas-
trointestinal disturbances and weakness due to biochemical effects on the liver. Chronic poisoning
occurs largely through the inhalation of low concentrations of white phosphorus and through direct
contact with this toxicant. Severe eye damage can result from chronic exposure to elemental white
phosphorus. A number of cases of white phosphorus poisoning have resulted from exposure in the
fireworks industry. At least one case of fatal poisoning has occurred when a child accidentally ate
a firecracker containing white phosphorus. White phosphorus used to be a common ingredient of
rat poisons, and some suicidal individuals have been fatally poisoned from ingesting rat poison.

The most characteristic toxic effects of white phosphorus are musculoskeletal effects. Victims
of phosphorus poisoning tend to develop necrosis of both bone and soft tissue in the oral cavity.
As aresult, the jawbone may deteriorate and become brittle, a condition called phossy jaw. Instances
of this malady have been reported among workers handling white phosphorus, and it is believed
that direct exposure of the mouth and oral cavity have occurred as the result of poor hygiene
practices. Those afflicted with phossy jaw tend to develop abscessed teeth, and the sockets remaining
from the extraction of teeth heal poorly. Infections of the jaw around teeth accompanied by severe
pain are common symptoms of phossy jaw.

10.6.3 The Halogens

The elemental halogens — fluorine, chlorine, bromine, and iodine — are all toxic. Both fluorine
and chlorine are highly corrosive gases that are very damaging to exposed tissue. These elements
are chemically and toxicologically similar to many of their compounds, such as the interhalogen
compounds, discussed in Chapter 11. The toxicities of halogen compounds are discussed in the
next two sections.
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10.6.3.1 Fluorine

Fluorine, F, (mp, —218°C; bp, —187°C), is a pale yellow gas produced from calcium fluoride
ore by first liberating hydrogen fluoride with sulfuric acid, then electrolyzing the HF in a 4:1
mixture with potassium fluoride, KF, as shown in the reaction

-Riﬂ% H,(cathode) + F,(anode) (10.6.8)

2HF(molten KF) corrent

Of all the elements, fluorine is the most reactive and the most electronegative (a measure of
tendency to acquire electrons). In its chemically combined form, it always has an oxidation number
of —1. Fluorine has numerous industrial uses, such as the manufacture of UF;, a gas used to enrich
uranium in its fissionable isotope, uranium-235. Fluorine is used to manufacture uranium hexaflu-
oride, SF, a dielectric material contained in some electrical and electronic apparatus. A number
of organic compounds contain fluorine, particularly the chlorofluorocarbons used as refrigerants
and organofluorine polymers, such as DuPont’s Teflon.

Given elemental fluorine’s extreme chemical reactivity, it is not surprising that F, is quite toxic.
It is classified as “a most toxic irritant.” It strongly attacks skin and the mucous membranes of the
nose and eyes.

10.6.3.2 Chlorine

Elemental chlorine, Cl, (mp, —101°C; bp, —34.5°C), is a greenish yellow gas that is produced
industrially in large quantities for numerous uses, such as the production of organochlorine solvents
(see Chapter 11) and water disinfection. Liquified Cl, is shipped in large quantities in railway tank
cars, and human exposure to chlorine from transportation accidents is not uncommon.

Chlorine was the original poison gas used in World War L. It is a strong oxidant and reacts with
water to produce an acidic oxidizing solution by the following reactions:

Cl, + H,0 —— HCI + HOCI (10.6.9)
Cl, + H,O —— 2HCI + {0} (10.6.10)

where HOCI is oxidant hypochlorous acid and {O} stands for nascent oxygen (in a chemical sense
regarded as freshly generated, highly reactive oxygen atoms). When chlorine reacts in the moist
tissue lining the respiratory tract, the effect is quite damaging to the tissue. Levels of 10 to 20 ppm
of chlorine gas in air cause immediate irritation to the respiratory tract, and brief exposure to 1000
ppm of Cl, can be fatal. Because of its intensely irritating properties, chlorine is not an insidious
poison, and exposed individuals will rapidly seek to get away from the source if they are not
immediately overcome by the gas.

10.6.3.3 Bromine

Bromine, Br, (mp, —7.3°C; bp, 58.7°C), is a dark red liquid prepared commercially from
elemental chlorine and bromide ion in bromide brines by the reaction

Cl, + 2Br — 2CI- + Br, (10.6.11)

and the elemental bromine product is swept from the reaction mixture with steam. The major use of
elemental bromine is for the production of organobromine compounds such as 1,1-dibromoethane,
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formerly widely used as a grain and soil fumigant for insect control and as a component of leaded
gasoline for scavenging lead from engine cylinders.

Bromine is toxic when inhaled or ingested. Like chlorine and fluorine, it is an irritant to the
respiratory tract and eyes because it attacks their mucous membranes. Pulmonary edema may result
from severe bromine poisoning. The severely irritating nature of bromine causes a withdrawal
response in its presence, thereby limiting exposure.

10.6.3.4 Iodine

Elemental iodine, I, (solid, sublimes at 184°C), consists of violet-black rhombic crystals with
a lustrous metallic appearance. More irritating to the lungs than bromine or chlorine, its general
effects are similar to the effects of these elements. Exposure to iodine is limited by its low vapor
pressure, compared to liquid bromine or gaseous chlorine or fluorine.

10.6.4 Radionuclides
10.6.4.1 Radon

In Section 9.3 the toxicological effects of ionizing radiation are mentioned, and radon is cited
as a source of such radiation. Radon can pose very distinct health risks.® Radon’s toxicity is not
the result of its chemical properties, because it is a noble gas and does not enter into any normal
chemical reactions. However, it is a radioactive element (radionuclide) that emits positively charged
alpha particles, the largest and — when emitted inside the body — the most damaging form of
radioactivity. Furthermore, the products of the radioactive decay of radon are also alpha emitters.
Alpha particles emitted from a radionuclide in the lung cause damage to cells lining the lung
bronchi and other tissues, resulting in processes that can cause cancer.

Radon is a decay product of radium, which in turn is produced by the radioactive decay of
uranium. During its brief lifetime, radon may diffuse upward through soil and into dwellings through
cracks in basement floors. Radioactive decay products of radon become attached to particles in
indoor air, are inhaled, and lodge in the lungs until they undergo radioactive decay, damaging lung
tissue. Synergistic effects between radon and smoking appear to be responsible for most of the
cases of cancer associated with radon exposure.

10.6.4.2 Radium

A second radionuclide to which humans are likely to be exposed is radium, Ra. Occupational
exposure to radium is known to have caused cancers in humans, most tragically in the cases of a
number of young women who were exposed to radium because of their employment in painting
luminescent radium-containing paint on the dials of watches, clocks, and instruments.® These
workers would touch their tongues with the very fine brushes used for the radioactive paint in order
to “point” the brushes. Many eventually developed bone cancer and died from this malady.

The most likely route for human exposures to low doses of radium is through drinking water.
Areas in the U.S. where significant radium contamination of water has been observed include the
uranium-producing regions of the western U.S., Iowa, Illinois, Wisconsin, Missouri, Minnesota,
Florida, North Carolina, Virginia, and the New England states.

The maximum contaminant level (MCL) for total radium (**Ra plus ??Ra) in drinking water
is specified by the U.S. Environmental Protection Agency as 5 pCi/l, where a picocurie is 0.037
disintegrations per second. Perhaps as many as several hundred municipal water supplies in the
U.S. exceed this level and require additional treatment to remove radium. Fortunately, conventional
water-softening processes, which are designed to take out excessive levels of calcium, are relatively
efficient in removing radium from water.
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