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Preface to the Third Edition

Many changes have occurred since the second edition of this book was published.
Some of the changes include further global warming, growing world population,
advancing technology and world economy, and expanding industrialization. Yet
other changes include worsening air and water pollution, acid rain, and depletion
of the ozone layer. In this volume, the information covered previously is updated
or expanded.

I welcome Professor Humio Tsunoda and Dr. Masashi Tsunoda as coauthors.
Together, they contributed a new chapter, “Occupational Toxicology” (Chapter
14). T am convinced that the material covered in the chapter enriches the content
of this volume.

This book is written primarily as an introductory textbook for upper-level under-
graduate and beginning graduate students majoring in environmental science,
environmental toxicology, environmental health, and related fields. It is hoped that
students as well as professionals interested in knowledge concerning the health and
biological impacts of pollutants on living systems will find this volume a useful text
or source book.

To assist with the students’ studies, review questions are placed at the end of each
chapter. A Solution Manual has also been prepared separately.
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’I Introduction

1.1 STUDY OF ENVIRONMENTAL TOXICOLOGY

Environmental toxicology is concerned with the effects of environmental toxicants
on the health of living organisms and the environment. Environmental toxicants
are agents released into the general environment that can cause adverse effects on
health. The study of environmental toxicology stems from the recognition that (a)
human survival depends on the availability of clean air, water, and food and on the
welfare of plants and animals; and (b) anthropogenic chemicals as well as naturally
occurring chemicals can cause adverse effects on living organisms and ecological
processes. The study of environmental toxicology thus focuses on how environmen-
tal toxicants, through their interaction with humans, animals, and plants, influence
the health and welfare of these organisms.

1.2  IMPORTANCE OF ENVIRONMENTAL
TOXICOLOGY AS AN AREA OF SCIENCE

Environmental toxicology is a multidisciplinary science that encompasses several
diverse areas of study. Related areas include biology; chemistry (inorganic, organic,
and analytical chemistry and biochemistry); anatomy; genetics; physiology; micro-
biology; ecology; soil, water, and atmospheric sciences; public health; epidemiology;
statistics; and law. Compared with many other fields of study, environmental toxicol-
ogy is a relatively young branch of science. However, its importance has been widely
recognized. Indeed, it is one of the most rapidly growing branches of study. A grow-
ing number of colleges and universities across the United States and Canada have
been offering the course and related programs. A similar trend is seen in a growing
number of institutions in other parts of the world.

Obviously, a large number of scientists in the United States and various other
countries are pursuing careers directly or indirectly associated with environmental
toxicology. The importance of their contributions to the enhancement of environ-
mental quality and human welfare has become increasingly recognized.

1.3 INTRODUCTION TO THIS BOOK

This book provides fundamental information concerning the effects of environmen-
tal toxicants on living systems. The book consists of 17 chapters. Appendix 1 pres-
ents information on ecological risk assessment.

This chapter discusses the purpose of the study of environmental toxicology. It
stresses that its study stems from the recognition that human survival depends on the
availability of clean air, water, and food; the welfare of plants and animals; and the
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environment, and that naturally occurring as well as anthropogenic toxicants can
cause a variety of adverse effects on the health of living organisms and ecological
processes. This is followed by pointing out the importance of the study of environ-
mental toxicology as an area of study that is a rapidly growing in the United States,
Canada, and other countries in the world.

Chapter 2, “Environmental Changes and Health,” reviews the dramatic envi-
ronmental changes that have occurred in recent decades and discusses how these
changes have impacted the environment and living systems. Environmental changes
discussed include world population; climate changes, particularly global warming;
rising seawater acidity; air pollution; water pollution; and soil pollution and how
these changes have an impact on plants, animals, and humans. A special emphasis is
placed on changing human diseases such as cancer, birth defects and child mortal-
ity, reproductive damages, respiratory diseases, endocrine disruption, and diseases
induced by metals.

The sources of environmental toxicants and the way in which they are produced
are reviewed in Chapter 3, “Occurrence of Toxicants.” The chapter also provides a
brief review of several major pollution episodes or disasters that occurred in recent
decades in the world.

The general manner in which environmental pollutants exert their toxic actions on
plants, animals, and humans is discussed in Chapter 4, “Toxic Action of Pollutants.”
For plants, the sources, uptake, transport of pollutants, and the resultant injury
are presented. For mammalian organisms, exposure to pollutants, uptake, trans-
port, storage, metabolism, excretion, and mechanism of toxic actions are covered.
Detailed examples are given explaining the mechanism of the toxic action of pollut-
ants. These include disruption or destruction of cellular structure, combination with
cellular constituents, and inhibition of enzyme activities. For the last aspect, inacti-
vation of cofactors, binding to the active site of the enzyme itself, and inactivation by
toxic metabolites through chelation and metal shift are reviewed. The discussion also
includes free-radical reactions and a basic concept on endocrine disruption.

Many factors can influence the toxicity of xenobiotics. In Chapter 5, “Factors
Affecting Xenobiotic Action,” some of the general factors are addressed. For exam-
ple, physicochemical properties of toxicants; concentration, mode, and duration of
exposure; environmental factors; interaction among different toxicants to produce
additive, potentiating, synergistic, or antagonistic effects; and a variety of biologi-
cal factors are presented. In addition, nutritional factors are discussed, including a
review of such nutrients as carbohydrates, protein, lipids, minerals, and vitamins
such as vitamins A, D, E, and C.

“Biotransformation: Metabolism of Xenobiotics” is presented in Chapter 6. It
reviews the process whereby xenobiotics are converted in the body and the sum of all
chemical reactions that occur within a living cell. The discussion begins with the two
phases of biotransformation, phase I and phase II reactions, which include oxidation,
reduction, hydrolysis, and conjugation. In addition to the mechanism of biotransfor-
mation, its characteristics, consequence, and the factors that affect the reaction are
addressed. The chapter closes with the discussion of cytochrome P450s.

As is clear, living organisms are exposed to a variety of environmental toxicants.
On the other hand, living organisms often possess certain defense mechanisms
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that enable them to defend against the actions of those toxicants. In addition, they
take in various essential nutrients from their diet and the immediate environment.
Examples are given in Chapter 7, “Responses to Environmental Toxicants,” showing
how plants, animals, and humans are equipped with such defense mechanisms. For
example, in plants a kind of polypeptide called phytochelatin is produced in the cell
that is capable of alleviating the toxic effect of heavy metals such as cadmium (Cd)
and lead (Pb). Different endogenous antioxidants, such as vitamins C and E and glu-
tathione, are also present in cells, together with antioxidant enzymes such as super-
oxide dismutase (SOD), catalase, gluthione peroxidase, and glutathione reductase.
All these can help counteract the toxic effect of free radicals in plant cells.

In humans and animals, the respiratory tract, membranes, liver, and kidneys are
equipped with mechanisms that can counteract the toxic effects of various toxicants.
For example, the liver plays a foremost role in detoxifying xenobiotics. An interest-
ing phenomenon concerning the toxicity of Cd is the role that metallothioneins play.
Metallothioneins are nonenzymatic proteins and are ubiquitous in the animal king-
dom. The proteins are rich in cystein and are capable of binding metals such as Cd,
thus alleviating its toxicity.

Inorganic gases, including SO,, NO,, O,, and CO, as they relate to air pollution
are covered in Chapter 8. The sources, characteristics, and effects on plants, animals,
human health, and biological effects are presented in this chapter. Among the nitro-
gen oxides, the importance of nitrous oxide (N,O) is also addressed. N,O has recently
been shown to be an extremely important gas in contributing to stratospheric ozone
layer depletion. In Chapter 9, “Air Pollution: Particulate Matter,” discussion begins
with physical and chemical formations of this type of air pollutant, followed by its
influence on health. Special emphasis is placed on the occurrence and health effects
of silica and silicosis, asbestos and asbestosis, and beryllium and berylliosis.

The sources and forms of fluorine found in the environment and how they
have an impact on the health of living organisms are discussed in Chapter 10,
“Environmental Fluoride.” Even though fluoride is not listed by the Environmental
Protection Agency (EPA) as one of the six “criteria air pollutants,” it is nevertheless
an important air pollutant. It is known that fluorine has an impact on tens of millions
of people throughout the world, particularly in the less-developed countries. As an
air pollutant, fluoride is known to be most phytotoxic and can damage plants at a
very low concentration. In addition, it is an important waterborne pollutant because
at an elevated level it is hazardous to both humans and animals. The chapter begins
with how fluoride is produced as a result of different industrial processes. This is
followed by discussion of the chronic and acute effects of fluoride on plants, ani-
mals, and humans and the biochemical effects on these organisms. The relationship
between nutrition and fluoride toxicity is also discussed.

The volatile organic compounds (VOCs) presented in Chapter 11 are another
important group of air pollutants. A large number of VOCs are emitted from indus-
trial and nonindustrial facilities in the United States and the world. Chemically,
VOCs include both aliphatic and aromatic hydrocarbons, halogenated hydrocar-
bons, some alcohols, esters, and aldehydes. Both natural and anthropogenic sources
contribute to VOC emissions. Natural sources include petroleum, forest fires, and
the transformation of biogenic precursors, whereas anthropogenic sources include
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high-temperature combustion of fuels, emission from crude and refined oil, munici-
pal incineration, emissions from power boats, and burning of crops before or after
harvesting as an agricultural practice. The sources of exposure and health effects,
including carcinogenic impacts, of polycyclic aromatic hydrocarbons (PAHs) and
their metabolism are presented. In addition, the controversies related to the use of
bisphenol A (BPA) are discussed.

Chapter 12 covers the environmental metals and metalloids involved in soil and
water pollution. The chapter contains the characteristics and uses of lead (Pb), cad-
mium (Cd), mercury (Hg), nickel (Ni), and arsenic (As). Because of its importance
as an air pollutant, Pb has been included as one of the six criteria air pollutants des-
ignated by the EPA. Lead poisoning is the most common and serious environmen-
tal disease affecting young children in the United States. The characteristic health
and biological effects of the metal are discussed in some detail. The biochemical
effect of Pb, particularly its inhibitory effect on heme biosynthesis, is discussed, and
the relationship of nutrition with Pb toxicity is also covered. Two well-known out-
breaks termed itai-itai-byo and “Minamata disease” were caused by Cd and methyl
Hg poisonings, respectively. Their toxic effects on plants, animals, and humans are
reviewed in this chapter, together with the alleviating effect of nutrition. The chapter
also discusses the occurrence and health effects of Ni and As, including their carci-
nogenic effects.

Chapter 13 is about pesticides and related materials. It discusses the chemistry,
characteristics, and health effects of several representative groups of pesticides and
herbicides. In addition, several halogenated hydrocarbons, such as polychlorinated
biphenyls (PCBs) and dioxins, are reviewed. These have become of much concern
in recent years. The review covers chlorinated hydrocarbons and organophosphorus
compounds. In the discussion of herbicides, 2,4-D (2,4-dichlorophenoxy acetic acid)
and 2.4,5-T (2,4,5-trichlorophenoxy acetic acid), PCBs, polybrominated biphenyl,
and dioxin (2,3,7,8-tetrachlorobenzo-p-dioxin) (TCDD) are stressed, including their
effect on gene regulation.

Chapter 14 deals with occupational toxicology. The discussion traces a short
history of different occupational diseases beginning with the pre- and postindus-
trial revolution, followed by toxicology and preventive medicine in the modern era.
Special emphasis is placed on respiratory toxicity, irritation of airways and edema,
occupational respiratory diseases, diseases caused by sensitizers, and nanoparticles,
as recent chemicals of concern.

One of the most pressing environmental issues facing environmental toxicology
is endocrine disruption. This general concept is discussed in Chapter 15. The general
perception on this issue is that exposure to certain anthropogenic chemicals that can
interact with and disrupt the endocrine system may cause some form of malfunction
and ultimately pose serious health problems in humans and wildlife, fisheries, or
their progenies. Chemicals that can induce endocrine disruption are called endocrine
disrupters (EDs) or endocrine-disrupting chemicals (EDCs). The chapter begins with
a brief review of hormonal function. This is followed by a discussion of the character-
istics of EDs and their mode of action. Several examples of endocrine disruption are
then reviewed. They include induction of developmental toxicity, estrogen mimics,
induction of sterility, imposexes, antiandrogens, hypothyroidism, and hormonal
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cancers. A number of methods have been developed and used for studying the pres-
ence and action of EDs. A widely used method of vitellogenin measurement together
with enzyme-linked immunosorbent assay (ELISA) technique is discussed.

Chapter 16 presents mutagenic pollutants. Mutation is a process in which the
hereditary constitution of a cell is altered, ultimately leading to a genetically altered
population of cells or organisms. Mutagen is the agent that causes mutation. Although
mutations can occur in the RNA of viruses and the DNA of cytoplasmic organelles,
the mutations of greatest interest occur within genes in the nucleus of the cell. This
chapter reviews mutagens that are commonly found and that are of most concern to
humans. Included in the discussion are ultraviolet light, ionizing radiation, micro-
toxins, and organic and inorganic chemicals. The way in which these agents interact
with DNA to cause mutation, leading to carcinogenicity, are reviewed.

The last chapter of this book, Chapter 17, presents information on environmen-
tal cancer. Cancer is a group of diseases characterized by uncontrolled growth and
spread of abnormal cells. In recent years, there has been a growing concern about
the possible effects of a large number of environmental toxicants on carcinogen-
esis, the production of cancer. Studies showed that nearly 30% of the total mortality
in many industrialized countries is attributed to cancer. The chapter covers cancer
causes, stages in development, metastasis, and mechanism of chemical carcinogens.
In chemical carcinogens, such chemicals as free radicals, DDT, vinyl chloride, alky-
lating agents, trichloroethylene (TCE), and PAHs are discussed. A special emphasis
is placed on the increase in respiratory cancer death rates in the United States. DNA
repair is the topic at the end of the chapter.






2 Environmental
Changes and Health

2.1 OUR CHANGING ENVIRONMENT

2.1.1 INTRODUCTION

Our environment has been changing dramatically in recent decades. Important fac-
tors contributing to the changes include a growing world population, global warm-
ing, expanding industrialization, and advancing technology and economics. Some
other changes are worsening air and water pollution, mounting solid waste, acid rain,
depletion of the ozone layer, and increasing endocrine disrupters in the environment.
These changes have profound impacts on the health and well-being of living organ-
isms. Some of the major issues are discussed here.

2.1.2 WoOoRLD PopPuLATION

The world population has been increasing steadily and reached about 6.8 billion
in 2010. The increases differ from country to country, however. The United States
Census Bureau projected that China and India alone account for 37% of the world’s
population, and that with China’s overall population growth rate being slowed to
0.5% annually, the projected peak is 1.4 billion people, lower than previously esti-
mated. In comparison, India’s annual growth rate is 1.4%, which is attributed to the
fertility rate of 2.6 births per woman, compared to China’s fewer than 1.6 births
per woman. Furthermore, with almost 1.2 billion people, India is disproportionately
young; roughly half the population is younger than 25. It is estimated that in the
coming decades, India is projected to surpass China as the world’s most populous
nation, with estimates ranging from 1.5 billion to 1.9 billion people (Roberts 2009).

India’s leaders recognize that this must be avoided. Many researchers also con-
sider that it is high time for India to act. To cope with the serious situation, dif-
ferent programs to slow birth rates are being tried in India. For example, a pilot
program has been initiated in Satara, a city in the state of Maharashtra. The city
has provided cash bonuses to young women to slow birth rates (Yardley 2010).

In contrast to both China and India, Russia has been experiencing a declining
population in recent years. According to projections by the United Nations, Russia’s
population, currently 140 million, will likely be decreased to 116 million by 2050
(The Wall Street Journal, September 11, 2010), a decrease of more than 17%, or more
than 4% a year.
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2.1.3 GroBAL CLIMATE CHANGES: GLOBAL WARMING

According to the U.S. National Oceanic and Atmospheric Administration (NOAA),
the global tropospheric temperature for 1978 to 2002 increased 0.22 to 0.26°C per
10 years. The increase was consistent with the global warming trend derived from
surface meteorological stations (Vinnikov and Krody 2003).

A recent New York Times report showed that the icecap atop Mount Kilimanjaro
in Tanzania is retreating at such a pace that it will disappear in less than 15 years.
In addition, its glaciers are also rapidly thinning, with one spot having lost nearly 1
m of thickness since early 2002. Some scientists report that the mountain has lost
82% of the icecap it had in 1912, when it was first carefully surveyed. The summits
of both the Northern and Southern Ice Fields atop the mountain have thinned by 1.9
m and 5.1 m, respectively. At 5,896 m high, the mountain is one of Tanzania’s top
tourism draws. It brings in an estimated US$50 million a year, a revenue that is now
under threat.

Climate changes have also been shown to affect ocean temperature, salinity, and
flow patterns. Warmer temperatures weaken the ice, making it vulnerable to cur-
rent changes and other forces. Scientists think that this has already influenced the
stability of ice shelves in the Antarctic. Indeed, two chunks of ice, the size of a small
country, broke off the Antarctic Peninsula’s Larsen Ice Shelf in 1995 and 2002,
respectively (Kaiser 2003).

Only 100 years ago, the whole northern coast of Ellesmere Island was edged by a
continuous ice shelf. About 90% of the shelf is now gone. Existing records show an
increase of 0.4°C every 10 years since 1967, and the average July temperature has been
1.3°C since that year (Burton 2001). Under the most extreme scenario, global warm-
ing could thaw the top 3.3 m of permafrost near the ground surface in most areas of
the Northern Hemisphere by 2100, altering ecosystems across Alaska, Canada, and
Russia, on a scale unseen for thousands of years. An ice chunk four times the size
of Manhattan broke off a Greenland glacier. The Petermann glacier cracked early
in August 2010, creating the biggest arctic ice island in half a century (USA Today
2010). The chunk of ice 100 miles square is a reservoir of freshwater that, if collapsed,
would raise global sea levels by a devastating 6 m. Researchers are scrambling to plot
the trajectory of the floating ice shelf, which is moving toward the Nares Strait sepa-
rating Greenland’s northwestern coast and Canada’s Ellsemere Island.

The Anchorage Daily News (O’Hara 2005) also reported that warming tempera-
tures could melt the top 11 feet (3.3 m) of permafrost in Alaska by the end of the
century. This will damage roads and buildings with sinkholes, transforming forest
and tundra into swamps, and releasing large amounts of greenhouse gases into the
air. This meltdown forecast comes amid other signals that the Arctic climate has
been changing fast: shrinking sea ice cover, warmer temperatures, and shifting veg-
etation. According to The New York Times (Gillis 2010), scientists are trying hard to
answer one of the most urgent, and most widely debated, questions facing humanity:
How fast is the world’s ice going to melt? Many scientists now consider that sea level
is likely to rise perhaps 0.9 m (3 feet). Others suggest that the rise could conceivably
be double that figure. A rise of even 0.9 m would inundate low-lying lands in many
countries, rendering some areas uninhabitable. For example, in the United States,
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parts of the East Coast and Gulf Coast would be hit hard. And, some of the world’s
great cities, such as London, Venice, Cairo, Bangkok, and Shanghai would be criti-
cally endangered.

Another recent study also showed that the Pine Island Glacier in Antarctica is
accelerating its retreat. Glaciologists are not sure what caused the retreat. Together
with policy makers, they wonder whether it is because of global warming, the ozone
hole, or simply a random variability.

Onboard a cruise ship, one of the authors of this volume (Yu) visited the Antarctic
Peninsula in February 2010. He saw countless ice chunks and ice-sheets floating in
the seawater. Figure 2.1 shows a picture taken from the ship.

Many environmental researchers believe that the burning of fossil fuels is slowly
causing the climate to change. Exhaust from the fuel burning increases the level of
CO, and NO, and particulate matter in the atmosphere. This in turn causes Earth to
retain heat, warming the globe. The CO, level in the atmosphere is already dangerously
high. The current level is reported to be 384 ppm and rapidly rising. According to the
Intergovernmental Panel on Climate Change (IPCC), an atmospheric CO, level of 540
to 970 ppm and a global temperature rise of 1.4 to 5.8°C could occur by 2100. Similarly,
scientists around the world have found that climate change is altering natural ecosys-
tems, making profound changes in the ways that animals live, migrate, eat, and grow.
While some species have benefited from the shift, others have been left disastrously
short of their food supply. Some are known to have simply disappeared. Many scientists
consider that, if warming continues as predicted, 20% percent or more of the planet’s
plant and animal species could be at increased risk of extinction (Hogue 2010).

Meanwhile, Russia battled drought and wildfires while sweltering in record heat
that claimed thousands of lives. In Pakistan, flooding caused displacement of mil-
lions of Pakistanis. The eastern United States chalked up record numbers of days with
high temperatures. According to the World Meteorological Organization (WMO),

FIGURE 2.1 Ice chunks and ice sheets floating in Antarctica seawater. (Picture by M. H.
Yu, February 2010.)
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all of these events are extreme—they compare with or exceed previous records for
intensity, duration, or geographic extent.

The melting glaciers in the state of Washington are also causing concerns. With
more glaciers than any state in the lower 48, Washington has emerged as a leader in
demonstrating global warming. A national environmental group recently reported that
the North Cascades and Mt. Rainier are among the dozen national parks most suscep-
tible to climate change. According to the National Park Service at Mt. Rainier, which is
among the best-studied sites in the nation, the area covered by glaciers shrank by more
than a fifth from 1913 to 1994, and the volume of the glaciers by almost one-fourth
from 1912 to 2001; the Nisqually Glacier on Mt. Rainier retreated nearly 1.6 km.

According to a recent U.N. Convention of Biodiversity report (UN News Service
2010), the globe falls short of biodiversity. The report found that far too many of the
world’s plants and animals—and the wild places that support them—are at risk of
collapse, despite a global goal set in 2002 for major improvement by 2010. The report
showed that the species most at risk of extinction are frogs and other amphibians,
and that coral reefs are the species deteriorating most rapidly; the survival of nearly a
quarter of all plant species is threatened. Pollution, climate change, drought, defores-
tation, and overfishing are among the culprits named by the agency in May 2010.

2.1.3.1 Impact on Plants

The U.N. Convention of Biodiversity report was echoed by the observation of Weis
at the University of Toronto (Franks et al. 2007). He showed that the field mustard
weed has responded to repeated recent droughts in California—believed to be con-
nected to climate change—by flowering earlier in the year and producing strong
seeds before the soil dries out in the summer. The reproductive cycle of the weed has
also sped up, allowing the plant to respond faster to the changing climate. In gen-
eral, species that can reproduce rapidly will adapt more easily to the pace of climate
change than old trees. According to Randolph E. Schmid of the Associated Press,
global warming apparently drives plants to higher ground (Schmid 2008). A study
of 171 forest species in Western Europe showed that most of them are shifting their
favored locations to higher, cooler spots. For the first time, research can show the
“fingerprints of climate change” in the distribution of plants by altitude, not only in
sensitive ecosystems. The researchers pointed out that the quickest to relocate were
plants such as herbs, ferns, and mosses with shorter life spans and faster reproduc-
tion cycles. In contrast, long-lived plants like trees that reproduce slowly are more
threatened by climate change because they cannot quickly relocate.

2.1.3.2 Impact on Birds and Animals

A new assessment showed that a quarter of the world’s wild mammal species are
at risk of extinction. The new assessment, which took 1,700 experts in 130 coun-
tries 5 years to complete, covered all 5,487 wild species identified since 1500 and
indicated that “mammals are definitely declining, and the driving factors are habi-
tat destruction and over harvesting,” according to Jan Schipper, a lead author of
the global mammal assessment of the International Union for the Conservation of
Nature (IUCN 2009). The researchers concluded that 25% to 36% of the mammal
species are threatened with extinction. Land and marine mammals face different
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threats, and large mammals are more vulnerable than small ones. For land species,
habitat loss and hunting represent the greatest danger; marine mammals are more
threatened by accidental killing, ship strikes, and pollution. Primates face some of
the most intense pressures: According to the survey, 79% of primates in South and
Southeast Asia are facing extinction.

Researchers reported that autumn temperatures in the Arctic are at record levels,
9°(F) above normal. The Arctic Ocean is getting warmer and less salty as sea ice
melts, and reindeer herds appear to be declining.

A unique observation has been made. In the summer of 2009, researchers from
the Imperial College London noticed that the wild Soay sheep off the western coast
of Scotland had shrunk. On average, they have become 5% smaller (Walsh 2009).
This was surprising because bigger is generally better for sheep. They fatten up
on grass during the fertile, sunny summer; when the harsh Scottish winter comes,
the grass disappears, and the smallest, scrawniest sheep tend to die off while their
heftier, fitter cousins survive to reproduce in the spring. Researchers considered that
it is not that evolution has been repealed in Scotland. They think rather that global
warming has simply made it easier for smaller, less-fit Soay sheep to survive. And,
plenty of other species are quickly adapting to the changing climate in smaller ways.
Bryan Walsh reported that as the planet warms, species like the wild Soay sheep are
evolving in response. They have been getting shorter and milder, largely as a result
of climate change. That makes food more abundant and allows some of the smaller,
younger sheep not only to survive but also to have offspring that tend to be tiny, yet
have a better chance of survival because of the warmer winters. But, they may not
keep pace with the astonishing speed of climate change (Time, 2009).

Tim Coulson and his colleagues at the Imperial College London found the sur-
prising fact about evolution and global warming, but they also recognized that the
relationship is not linear. It is not only rising temperatures that trigger evolution but
also changing seasonal patterns, especially among species that live in the temper-
ate or polar regions and are finely tuned to the seasons. Earlier springs and later
falls confuse wildlife, which tell the time of year by the length of the days. They
are using the most reliable environmental cue they have: “light,” said Bradshaw and
Holzapfel (2001), at the University of Oregon. Holzapfel considered that means big
shifts in fundamental survival behavior. As the environment changes, individuals
that cannot change are lopped off. “What’s left is a different kind of population
that can evolve and move forward.” Global warming may outrun even the fittest
wildlife, and the short-term success of animals like the Soay sheep may not last.
The outcome of when evolution cannot keep pace with climate change is “extinc-
tion,” unfortunately.

A report by the Interior Department showed that changes in the global climate are
imposing additional stress on hundreds of species of migratory birds in the United
States that are already threatened by other environmental stressors. The latest ver-
sion of the department’s annual “state of the birds report” showed that nearly a third
of the nation’s 800 bird species are endangered, threatened, or suffering from popu-
lation decline. For the first time, the report added climate changes to other factors
threatening bird populations, including destruction of habitat, hunting, pesticides,
invasive species, and loss of wetlands (Broder 2010). The report indicated that
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oceanic and shorebirds are among the most vulnerable to climate change because
of rapidly changing marine ecosystems and rising sea levels. Goose populations are
increasing as they expand their range within the Arctic. NOAA reported that the
surface of the ocean is growing warmer, and record temperatures were set (NOAA
2010). Kenneth Rosenberg, director of conservation science at Cornell University’s
Lab of Ornithology, reported that “birds are excellent indicators of the health of our
environment, and right now they are telling us an important story about climate
change” (Rosenberg 2010).

2.1.3.3 Impact on Tropical Species

While the most significant harm from climate change so far has been in the polar
regions, tropical plants and animals may face an even greater threat. Researchers
at the University of Connecticut (Colwell 2008) warned that some tropical species
are living near their maximum temperatures already, and warmer conditions could
cause them to decline. The researchers estimated that a temperature increase of
3.2°C (5.8°F) over a century would make 53% of the 1,902 lowland tropical species
they studied subject to attrition. In addition, the tiny Kihansi spray toad, which once
numbered at least 17,000 at Kihansi Falls in Tanzania, has been shown to be extinct
in the wild.

2.1.3.4 Impact on Freshwater Fish

According to the TUCN, which lists over 47,000 of the world’s species, more than
1,000 freshwater fish species are threatened with extinction, reflecting the strain on
global water resources. Overall, the 2009 survey found that over a third, or 17,292
species out of 47,677 assessed, are now in danger of extinction (The Straits Times
(Singapore), 2009).

2.1.4 IMPACT ON MARINE OXYGEN

According to the Associated Press, some researchers warn that low-oxygen zones
where sea life is threatened or cannot survive are growing as the oceans are heated by
global warming. Oxygen-depleted zones in the central and eastern equatorial Atlantic
and equatorial Pacific oceans appear to have expanded over the last 50 years.

Low-oxygen zones in the Gulf of Mexico and other areas have also been studied
in recent years, raising concerns about the threat to sea life. Continued expansion of
these zones could have dramatic consequences for both sea life and coastal econo-
mies. Most marine species have a minimum oxygen threshold that they need for sur-
vival. As oxygen levels decrease, these animals will suffer or be compelled to move
to other areas. Over time, the optimal area for various species will be compressed.
The general pattern is for colder ocean waters in the north and south to absorb oxy-
gen, cool and sink below the surface, and then flow toward the equator.

Scientists reported that 2007 was the warmest year on record in the Arctic (Rice
2008), resulting in a record loss of sea ice. The sea ice melt in 2008 was second only
to 2007. Rising temperatures help melt the ice, which in turn allows more solar heat-
ing of the ocean. That warming of the air and ocean affects land and marine life and
reduces the amount of winter sea ice that lasts into the following summer. The study
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also noted a warming trend in Arctic and increase in greenness as shrubs move north
into areas that were formerly permafrost. The Arctic Ocean continued to warm and
freshen due to ice melt. This was accompanied by an “unprecedented” rate of sea-
level rise of nearly 0.1 inch per year. Warming continued around Greenland in 2007,
resulting in a record amount of ice melt. The Greenland ice sheet lost 24 cubic miles
of ice, making it the largest single contributor to global sea-level rise.

Some scientists are concerned about an even more worrisome effect on future
generations. With the long residence time of CO, in the atmosphere and warmer
oceans, what are the prospects for the twenty-second century? Many scientists con-
sider that, because of their wealth and advanced technology, the United States and
other industrial nations may be able to cope with global warming effects in their
own lands in this century but are unlikely to escape serious impacts in the following
century (Burton 2001).

Knowledge about the contribution of CO, and other greenhouse gases to global
warming has led a number of countries to lower their emissions. This trend is par-
ticularly marked in several European countries, such as Germany, France, Italy, and
the United Kingdom. By contrast, some Asian countries, including China, India,
and South Korea, have markedly increased their energy-related carbon emissions
over the past three decades. An annual report by the International Energy Agency
showed that global energy use will grow 36% by the year 2035, spurred mostly by
China’s rapid increase in energy consumption. According to the report, China over-
took the United States in 2009 to become the largest energy user in the world, and its
per capita consumption—currently one-fifth that of the United States—is expected
to rise over the coming decades, with automobile use projected to increase 10-fold
(Time, November 22, 2010, p. 21).

2.1.5 RISING ACIDITY OF SEAWATER

According to a panel of marine scientists in Seattle, Puget Sound faces an uncertain
future due to the increasing acidity of seawater. These changes are coming more rap-
idly than expected and could disrupt food chains and threaten the shellfish industry
in Washington (BellinghamHerald.com, May 28, 2008). The acidic seawater is mov-
ing closer to shallow waters containing the bulk of marine life. The increasingly cor-
rosive waters threaten the survival of many marine organisms. The latest research
showed that acidic water is appearing along the Pacific Coast decades earlier than
expected. The acidified water does not pose a threat to humans, but it could dissolve
the shells of clams, oysters, and other shellfish. The state of Washington is known to
produce 85% of all shellfish on the West Coast.

According to the Associated Press, Victoria, British Colombia’s capital, plans
to stop pouring a huge volume of untreated sewage into the marine waters between
Vancouver Island and Washington State. Regional politicians approved a $1.2 billion
plan to build four treatment plants by 2016 to handle about 34 million gallons (about
130 million liters) of raw sewage that Victoria and six suburbs pump into the Strait of
Juan de Fuca each day. The cities are home to about 300,000 people.

Global ocean currents make the Pacific Northwest’s coastal ecosystems particu-
larly vulnerable to acidification effects. A worldwide “conveyor belt” slowly carries
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colder water from the North Atlantic to the North Pacific. Along the way, the water
accumulates CO, from the dead organisms, so it naturally has a higher CO, concen-
tration before human-made CO, is added. A process known as “upwelling” drags
this water into shallower, coastal areas. As long as CO, continues to increase in the
atmosphere, the oceans will continue to absorb that, but what we are seeing is only
going to get worse. Some scientists indicated that even though we will not see a total
collapse in food chains, we will see substitutions; we may end up with food chains
or food webs that are highly undesirable and not productive for the means that we
use them today.

Increased use of fossil fuels has caused the levels of CO, in the atmosphere to
nearly double since the Industrial Revolution. According to Richard A. Feely (Feely
et al. 2004), a senior scientist with the NOAA’s Pacific Marine Environmental
Laboratory in Seattle, “Over the past 200 years the oceans have absorbed approxi-
mately 550 billion tons of CO, from the atmosphere, or about a third of the total
amount of anthropogenic emission over that period.” That means the ocean currently
absorbs about 22 million tons of CO, per day, he added. The high levels of human-
generated CO, are the main reason that oceans are acidifying. The global pH of sur-
face ocean waters is currently about 8.1 and is expected to drop by approximately 0.3
units in the next 50—100 years. As the ocean becomes more acidic, scientists antici-
pate myriad changes to the ocean’s chemistry. Changing pH is likely to affect many
aspects of biochemistry, development, and reproduction for many marine organisms.
The scientists recognize that ocean acidification threatens marine ecosystems, but
few studies have examined effects on fish. This acidity dissolves CaCOj, which con-
stitutes shells. If diatoms, corals, clams, and oysters succumb to this, it will wipe out
not only the shellfish industry but also potentially the entire marine food chain.

Scientists have been concerned for many years that lower ocean pH caused by
absorption of emitted CO, could decrease calcification processes underlying the
growth of shells and the hard exteriors of corals. Scientists are also looking into
some unexpected consequences of ocean acidification, such as disruptions to sound
propagation and transmission of chemical cues. For example, Philip L. Munday of
James Cook University in Australia and colleagues raised clownfish (Amphiprion
percula) in seawater acidified with CO, (Munday et al. 2011). At pH 7.8, a condition
that could arise around 2100 if the oceans continue to absorb CO, at the current rate,
the fish lost the ability to distinguish between chemical cues that might help them
locate a proper habitat. At pH 7.6, the fish did not respond to any environmental
cues. If the pH drop is widespread, it could threaten the survival of a broad range
of marine species. More studies are needed to see whether the effect is reversible.
Another example was given in a recent C&EN report indicating that ocean acidity
affects fish senses (C&EN, February 9, 2009). Some scientists believe that the net
effect of these and other yet-undiscovered changes may threaten the survival of a
wide variety of marine organisms.

The Environmental Protection Agency (EPA) stressed that states should consider
acting against ocean acidity. It advised that states with coastal water that is becoming
more acidic because of CO, should be listed as impaired under the Clean Water Act
(TheBellinghamHerald.com, May 24, 2010). The federal agency’s memo to states
recognized CO, as not only an air pollutant but also a water pollutant and noted the
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serious impacts that ocean acidification can have on aquatic life. Currently, about
40,000 bodies of water are listed nationwide as impaired.

2.1.6  Rise IN DiSEASES

Another concern about the impact of global warming is the possible rise in diseases.
For instance, a variety of diseases broke out in several countries during the 1990s
after extraordinary heat followed by drastic weather conditions, such as heavy mon-
soons and floods. As a result, significant numbers of deaths occurred worldwide
induced by diseases such as cholera, pulmonary hantavirus, plague, and dengue
fever. Some scientists cautioned that perhaps an even more immediate threat of the
warming trend is the rapid spread of disease-bearing bugs and pests (Linden 1996).

A U.N. report predicted that global temperature would rise by between 2°C and 4°C
by the end of this century. The best estimate is that if emission of the greenhouse gases
continues to rise, the global average temperature may rise 3°C by 2100 (UNEP 2011).

2.2 AIR POLLUTION

2.2.1 INTRODUCTION

Air pollution is generally defined as the presence of substances in air at such con-
centrations, duration, and frequencies that it causes adverse effects on the health of
living organisms and the environment. The problems related to air pollution have
increased steadily since the end of World War II. The extent to which air pollution
influences public health is shown by many air pollution-related episodes. One of
those episodes is the widely known 4,000 “excess deaths” that occurred in London
in 1952 (see Figure 3.1). Similar but less-serious air pollution-related injuries also
occurred in other major cities in the world, including Osaka, Los Angeles, and New
York, although the air pollutants involved were often different from one another.

A wide range of pollutants is present in indoor and outdoor air. They include SO,,
NO,, CO, and O, and other photochemical oxidants, different types of particulates,
heavy metals such as lead, and various kinds of volatile organic compounds (VOCs).
The major sources of air pollution are combustion of fossil fuels for electricity and
transportation, a variety of industrial processes, heating, and cooking.

According to the North American Commission for Environmental Cooperation
(CECQ), in the United States, electric power plants accounted for one-quarter of the
industrial pollution released into the North American environment in 1998. This was
closely followed by pollution from the primary metals sector, the chemical industry,
and hazardous waste management sectors (Benner 2001). While problems associated
with air pollution remain of global concern, encouraging results have been shown
with its control in the United States and other industrialized countries. For example,
according to an EPA report, a substantial improvement in air pollution has occurred
in the United States since 1970. Emissions of six principal air pollutants (i.e., SO,,
NO,, CO, O, particulate matter, and lead) have declined 48% since 1970. SO, emis-
sions from power plants are 9% lower than in 2000 and 41% lower than in 1980,
while NO, emissions declined 13% from 2000 and 33% from the 1990 level. The
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levels of ground-level O, however, have decreased the least. The 10-year trend has
been relatively unchanged. According to a report by the EPA, total annual emission
of 188 regulated toxics in the United States has declined by 36% since 1980 (USEPA
2010). Still, there are some unacceptable risks posed by industrial air pollution in
some parts of the country.

2.2.2 AR PoLLutioN AND DEVELOPING ECONOMIES

Many of the rapidly growing cities in the world are experiencing growing air pol-
lution problems. Serious concerns have been voiced about the health hazards of
air pollution in a number of less-developed countries. With unprecedented growth
shown in urban centers, megacities with populations of 10 million or more have
emerged in many less-industrialized countries, including China and India. In India
alone, for example, there are four such cities, with three others expected to join
the ranks in the next 20 years. The majority of the 300 million urban dwellers in
India, representing 30% of the country’s population, are experiencing deteriorating
air quality. India’s major cities are reportedly among the most polluted in the world,
with concentrations of several air pollutants well above the levels recommended by
the World Health Organization (WHO). Some scientists in the country caution that
the residents of its megacities face significant risks to their health from exposure to
air pollutants (Kandlikar and Ramachandran 2000).

China’s Environmental Protection Administration acknowledged early in June
2010 that, despite tougher measures, pollution is increasing as the country’s economy
rebounds, quashing hopes that China had turned a corner in 2009 when emissions
dropped. Emissions of SO,, for example, rose 1.2% in the first quarter compared
with 2009, as exports and domestic demand picked up and China burned more coal
in power plants and factories, according to Zhang Lijun, vice minister of the environ-
ment in the country. He also indicated that authorities now are “not very optimistic”
on the prospects of emission cuts. Ground-level ozone (O;) is formed by reactions
between CO and other pollutants and sunlight. Oy irritates the respiratory system
and may increase the risk of heart diseases. The country’s EPA authorities estimated
the annual number of premature deaths in China caused by air pollution at 358,000
(TheBellinghamHerald.com, June 4, 2010).

As is widely known, China has achieved extreme economic growth for the past
several decades. The growth is coupled with accelerated industrialization, greatly
increased energy consumption, and urbanization (He et al. 2002). The accelerated
urbanization is evidenced by marked increases in the proportion of urban popula-
tion to the total population in China, from 18% in 1978 to 31% in 1999, a growth rate
three times the world average during this period. The explosive economic growth
also made China the world’s largest energy consumer. Coal accounts for roughly
25% of the world energy supply and 40% of the carbon emissions (http://energy.
gov/carbongraph). Coal is the primary energy source in China, accounting for about
80% of the total energy consumption. In China, the use of coal is the origin of many
air pollution problems, such as SO, pollution, particulate matter, and acid rain (He
et al. 2002).
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FIGURE 2.2 A smoggy day in Guangzhou, China. (Courtesy of C. Y. Yu, October 2010.)

Furthermore, crude oil consumption has also increased, with an average growth
rate of 6% per year in the past decades. Part of this increase is the result of growing
use of motor vehicles. This has accelerated ambient pollution by NO,, CO, and other
pollutants in large cities. Indeed, China’s growing energy consumption, reliance on
coal, and rapidly increasing use of vehicles place a heavy burden on the urban atmo-
sphere, and urban air pollution has become a major environmental problem in the
country. Many cities have suffered from increasingly serious air pollution since the
1980s. During the 1990s, some megacities, such as Beijing, Shanghai, Shenyang, and
Guangzhou (Figure 2.2), were always listed among the top 10 most polluted cities
in the world.

According to Tom Friedman, a columnist with The New York Times, one of his
friends living in Beijing wakes up every morning and does his own air quality test—
as many Beijing residents do. He looks out his 24th-story window and checks how
far he can see. On a rare pristine day, when the wind has swept Beijing, he can see
the Fragrant Mountain rising to the northwest. On a “good pollution day,” he can see
the China World building four blocks away. On a bad day, he cannot see the building
next door (TheBellinghamHerald.com, November 20, 2006).

Some researchers in China have expressed serious concerns about the public
health effects of urban air pollution in that country (He et al. 2002). The concerns
were strongly supported by the studies of Xu et al. (1995). They concluded that the
existing air pollution levels in Beijing are associated with adverse health outcomes.
The scientists studied the data on the average number of daily hospital outpatient
visits at a community-based hospital in Beijing and compared the data with the lev-
els of SO, and total suspended particles (TSP) in the atmosphere. They found that
increases in the levels of the two types of pollutants were significantly correlated with
the increase in visits to local internal medical clinics in both winter and summer.

The effects of air pollution affecting human health were also reported by scien-
tists in Seoul, South Korea. For example, Ha et al. (2003) studied the effect of air
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pollution on mortality among postneonates, those aged 2 to 64 years, and those over
65 years of age. The study included daily counts of total deaths and deaths due to
respiratory problems, along with analyses of daily levels of particulate matter less
than 10 pm (PM,,). The results showed that children’s mortality rates, particularly
those related to the respiratory system, were most correlated with PM,,.

According to Pan Yue, China’s vice minister for environmental protection, “It will
only come from a shift of attitudes from the very top to the very bottom (Economy
2007). My job is to educate and encourage this shift, so that officials don’t just think
about economic growth as GDP [gross domestic product] growth but also factor in
environmental health.” China’s tenth 5-year plan, which began in 2000, called for a
10% reduction in the SO,. When that plan concluded in 2005, air pollution in China
is said to have increased by 27%.

In its first report on China’s environment, the International Organization for
Economic Cooperation and Development (OECD) found that the country is harming
its environment and the health of its citizens as its economy leaps forward (Tremblay
2007). OECD estimated that unless the current trend is changed, by 2020 air pollution
will lead to 600,000 premature deaths annually in Chinese cities. Citing data from
the Chinese Ministry of Health, OECD said 300 million rural residents already lack
access to safe drinking water. The report also indicated China consumes resources
inefficiently. It found that the country generates more pollution and consumes more
resources per unit of GDP than OECD average. “China is aiming to quadruple its
GDP between 2000 and 2020, but the country requires commensurate strengthening
of environmental management and finance so that economic growth is environmen-
tally sustainable,” the report said.

In the richer parts of China, local officials are responding to citizens’ demands for
less pollution. But in much of the country, the report said, one of the primary obsta-
cles to progress is that local leaders have to raise revenues locally and face “limited
accountability.” As a result, economic growth takes precedence over environmental
preservation. OECD recommends improving the enforcement capabilities of China’s
local Environmental Protection Bureaus and turning the state Environmental
Protection Agency into a ministry. The report noted that the state of China’s envi-
ronment is an international issue because it involves global energy consumption pat-
terns, global manufacturing patterns, and transboundary pollution. The conclusions
and recommendation in the report were approved by a Chinese government delega-
tion that took part in the project.

In 2007, the WHO called on governments to improve air quality in their cities
because air pollution prematurely kills 2 million people a year, with more than half
the deaths in developing countries (TheBellinghamHerald.com, August 26, 2007).
Reducing pollution from particles that are too small to be filtered in the nose and
throat and settle in the lungs could save as many as 300,000 lives every year, accord-
ing to the regional office of WHO in Manila. And, reducing levels of those extremely
small particles could cut the deaths from air pollution by about 15%. More than 10
million people are at risk for lung infection, cancer, and shortened life expectancy
because they live in the 10 worst-polluted cities in the world, according to the report.

The National Health Bureau in Taiwan reported a similar observation. The report
showed that men exceeded women in 9 of the 10 most serious disease deaths, and
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life span for men was 6.6 years less than that of women. The death rate was 748.6
per 100,000 for men compared to 481.9 per 100,000 for women. Of these, the cancer
death rate for men was 33.6% higher than that for women. High blood pressure was
the top preventable contributing factor to the deaths, followed by cigarette smoking,
physical inactivity, and being underweight. Lung cancer was the top cause of death
in that disease category, and 63% of the men surveyed were smokers.

The 2006 Environmental Performance Index, jointly produced by Yale and
Columbia universities, shockingly ranked the United States 28th in overall perfor-
mance, behind most of Western Europe, Japan, Taiwan, Malaysia, Costa Rica, and
Chile but ahead of Russia and South Korea (TheBellinghamHerald.com, January
23, 2006).

2.3 INDOOR AIR POLLUTION

Indoor air pollution is one of the top five most urgent environmental risks to public
health, according to the U.S. EPA. Risk can rise in winter, as people tightly shut the
windows and doors and unwittingly trap unhealthy air inside (BellinghamHerald.
com, November 20, 2006). Poor indoor air quality can exacerbate chronic lung dis-
eases such as asthma. It also can cause headaches, dry eyes, nasal congestion, nau-
sea, and fatigue.

Major sources of indoor air pollution include tobacco smoke, mold that grows in
poorly ventilated basements and bathrooms, smoke from wood-burning fireplaces
and stoves, fumes from housecleaning products, smoke and gas fumes from cooking,
dust trapped in carpets, cancer-causing radioactive radon gas, and CO that can result
from poorly vented heaters and other fuel-burning appliances. CO can affect human
health even at low levels. Nearly 300 Americans die each year from CO exposure,
but less than 30% of those people have detectors at home.

2.4 WATER POLLUTION

Historically, the concern about water pollution was related to its health effects. While
in many countries this remains true, in the United States and other developed coun-
tries the results of improved treatment and distribution methods have, to a certain
degree, shifted the emphasis. Many citizens in these countries generally regard water
pollution not so much in terms of health, but rather of conservation, aesthetics, and
the preservation of natural beauty and resources. Many of the world’s lakes, rivers,
and streams have suffered from the effects of water pollution. Moreover, the prob-
lems associated with water pollution are worsening in many countries, particularly
in some of the less-developed countries.

The main sources of water pollution include both inorganic and organic wastes,
heat from industries, petroleum compounds, municipal wastes, agricultural wastes,
pesticides, and acid mine drainage. Many industrial processes have the potential
of discharging different types of wastes that could cause significant water pollu-
tion problems.

Human diseases and casualties arising from water pollution attracted worldwide
attention after “Minamata disease” and itai-itai-byo (“ouch-ouch disease”) broke
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out in Japan during the 1940s and 1950s. Minamata disease was caused by eat-
ing fish and shellfish laden with highly toxic methylmercury, while itai-itai-byo was
attributed to ingestion of rice contaminated with high levels of cadmium (Cd) (see
Chapter 12).

In addition to heavy metals, a variety of inorganic and organic compounds can
contaminate streams, lakes, and rivers, threatening their water quality. The observa-
tion that stream water or garden fertilizers may be contaminated with perchlorate
is an example. Industrial and military operations and fireworks manufacturers use
perchlorate as an oxidizing agent, and they appear to be the primary sources of
contamination. Perchlorate is potentially harmful to thyroid function and could be
widespread in some American agricultural areas because earlier studies by the EPA
research laboratory showed that common garden fertilizers contained perchlorate
concentrations up to 0.84% by weight. However, a subsequent study released by the
agency showed that the majority of fertilizers used in the United States are not con-
taminated with perchlorate salts (Benner 2001).

Water pollution not only can influence human health directly but also can threaten
aquatic life, particularly fish. For instance, in the early 1960s millions of fish in
the lower Mississippi River died from the effects of chlorinated organic pesticides,
particularly endrin. In the early 1970s, contamination of fish with DDT and PCBs
(polychlorinated biphenyls) caused an abrupt halt to commercial salmon fishing in
the upper Great Lakes. Although much progress has been made since, and the public
is encouraged by the reports on the decreased levels of chlorinated hydrocarbons and
other toxicants in fish crops, problems of water pollution in the Great Lakes appear
to have persisted for some time (see Case Study 2.1).

Case Study 2.1

The Detroit News published a report, “Disappearing Shrimp Pose Threat to Great
Lakes Whitefish.” According to the report, one of the principal food sources for white-
fish is disappearing rapidly in the Great Lakes, a change that threatens to shake up
the food chain and impede the state of Michigan’s large commercial fishing industry
(Hirai 2010). The report shows that about 17,000 square miles in the Great Lakes no
longer have diporeia, about a half-inch-long, shrimp-like organism. Research biolo-
gists indicated that they have never seen such a phenomenon before. In the 1980s, the
scientists found densities of diporeia between 10,000 and 20,000 per square mile of
sediment in parts of the Great Lakes. The researchers state that no diporeia are now
found in many of the same spots. Diporeia is a main food source for many fish in the
Great Lakes. Whitefish have become one of the first casualties of the loss of diporeia.
Until recently, whitefish could be found that were about 2 feet long and 5 pounds. Now,
whitefish range from 20 to 22 inches. The decline of the diporeia population remains
somewhat of a mystery to fish researchers. They have examined whether the decline is
a result of contaminants, but so far, there is no conclusive answer.

Case Study 2.2

Around the middle of 1960s, New York City’s Hudson River was found to be dying as
a result of severe pollution. The sources of the pollution were found to be raw sewage



Environmental Changes and Health 21

being dumped into the river by the city; discharge of large quantities of paint from a
plant; oil dumping from Penn Central Railroad; and discharge of water at elevated
temperatures from a nuclear power plant.

There is reason to be encouraged, however. In 1966, several fishermen formed the
Hudson River Fishermen’s Association. Mainly because of their effort and that of oth-
ers who joined subsequently, much improvement was made. Beginning in 1968, a num-
ber of polluters were forced to spend millions of dollars remediating the Hudson. The
by-product of these actions is considered one of the greatest environmental success
stories of the century. Today, the Hudson produces more fish per acre than most other
major estuaries of the North Atlantic. Fish and fishermen, boaters, and swimmers have
reportedly returned to the river (Kennedy 1999).

A global census report published in 2004 showed that nearly a third of the world’s
amphibians were on the verge of extinction. Of the 5,743 known species of toads,
frogs, salamanders, newts, and wormlike caecilians, 1,856, or 32.5%, were in danger
of extinction, according to the Global Amphibian Agency (GAA), a joint effort by 500
researchers in 60 counties. Already, 122 amphibian species have disappeared since
1980, some apparently wiped out by illnesses fostered by warming temperatures;
others were poisoned by pesticides. According to the GAA, since most amphibians
depend on freshwater and feel the effects of pollution before many other forms of
life, their rapid decline tells us that one of the earth’s most critical life-support sys-
tems is breaking down (Attenborough 2008).

According to a 2005 report by the International Herald Tribune (Singapore),
the Chinese government blamed China’s biggest oil company, the China National
Petroleum Corporation (known as CNPC), for a spill of an estimated 100 tons of
benzene compounds into Songhua River. The spill was caused by an explosion of
the plant, and state media reported that five people were killed in the explosion. An
80-km slick of the toxic compounds reached Harbin, the northern city of almost 4
million people on the river that normally supplies it with running water.

In Harbin, residents continued to stockpile bottled drinking water for several days
after the authorities stopped pumping from the river to minimize the risk of poi-
soning. With the municipal water system shut down, schools and many businesses
remained closed. The biggest environmental disasters forced the Chinese authorities
to mount an investigation. China warned neighboring Russia about the toxic spill,
which was being carried toward the border city of Khabarovsk, about 3,800 miles
southeast of Moscow, and with 580,000 residents. The spill eventually reached the
city, and these residents got water provided by city authorities.

The contamination of one of China’s major rivers has drawn attention to the
environmental price that the country is paying for an economic boom lasting three
decades. Living standards have risen dramatically in many regions of China, par-
ticularly the provinces along the east coast, but severe environmental degradation
has emerged as a threat to further development. According to news media, China’s
major cities are among the most polluted in the world, and vast tracts of farmland
are being lost to erosion, industry, and desertification. But, it is the pollution of vital
rivers, lakes, and groundwater in a country that is already short of water that looms
as the biggest immediate threat, environmental experts indicate.
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Even before the benzene spill, there were serious problems with water qual-
ity along the 1,850-km Songhua River, according to the Asian Development Bank
(Lague 2005). The agency indicated in a July 19, 2005, statement that 62 million
people lived in the Songhua River catchment area. The river, however, is one of
the most polluted in the 47 major rivers in China. Contaminated with a number
of organic chemicals, heavy metals, and other conventional pollutants, the river is
considered unsuitable for municipal domestic water use. The bank was helping local
authorities develop plans for pollution control along the river.

As if the benzene spill was not enough, a second human-made disaster hit a
Chinese river 6 weeks later. According to an Associated Press news report, a dam
temporarily blocked a toxic spill of cadmium from flowing downstream and reach-
ing the country’s southern business center, Guangzhow, a city of 7 million (The
Seattle Times 2005). Authorities in southern China dumped water from reservoirs
into the Bei River to dilute the cadmium spill.

According to news media, research showed that marine life in the Pearl River,
China’s third-longest river, contains excessive trace metals that may cause cancer.
The research was started in 2003 and analyzed 58 marine samples collected in the
Pearl River estuary in southern China; samples included fish, shrimp, and crab. The
research showed that 1 kg of shrimp contained 0.835 mg of cadmium, more than 16
times the national standard. The content of lead in fish was 2.2 mg/kg, which also
exceeds the national standard of 1 mg/kg.

Another large oil spill in northwest China heavily polluted a tributary of the
Yellow River and threatened to reach one of the country’s longest and most impor-
tant sources of water. China’s state-run news media said later that a “large amount
of diesel oil had leaked out of pipeline in Shaanxi Province. The leak was caused by
construction work, and a crew of 700 people struggled to contain the damage. The
provincial government officials said that oil had been detected downstream from
the leak and warned local residents not to use water in the region.” The Yellow
River, which stretches for about 5,500 km (about 3,400 miles), is a source of water
for approximately 140 million residents, and it also provides water to factories and
farms through northern China. As the spill threatened the Yellow River, residents
were urged to find alternative sources of drinking water as authorities tried to stop
the damage (Time, January 18, 2010, p. 18).

According to a report released by scientists at the U.S. Geological Survey
(USGS), mercury (Hg) levels in the Pacific Ocean are expected to double relative
to 1995 levels by 2050 if the emission rates of the metal continue as projected. The
work showed for the first time that mercury originating from atmospheric emis-
sions off the coast of Asia can be transported long distances by ocean currents.
Previously, such long-range transport was thought to occur only in the air. The
researchers sampled 16 sites in the eastern North Pacific Ocean and found that
water samples collected in 2006 had 30% more mercury than samples collected in
the mid-1990s. Although the scientists have yet to measure mercury levels in fish
harvested from the Pacific to determine whether these levels also are on the rise, the
National Fisheries Institute pointed out that “peer-reviewed research shows no mer-
cury increase in oceangoing fish over the past 30 years” (Science News 2009). In
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response to the USGS study, the EPA administrator pledged to work with interna-
tional partners to reduce mercury emissions from sources such as coal-fired power
plants (USEPA 2010).

2.5 SOIL POLLUTION

Another major concern is the possible deleterious effect of the release of an increas-
ing number of toxic synthetic chemicals into the environment. This leads to soil
pollution, in addition to air and water pollution, and food contamination. Moreover,
the release of these chemicals is not limited to areas adjacent to point sources such
as industrial facilities. Rather, the chemicals can be transferred to distant areas and
regions where they may elicit adverse effects on living organisms.

In the United States, an assessment of the extent and severity of contamination
is further complicated by the nearly exponential growth of the synthetic organic
chemistry industry since the early 1940s. Nearly 8,000 chemicals are estimated in
common industrial and commercial use in the United States, and the number contin-
ues to grow every year. Only a limited number of ecological assessments on the bulk
of the chemicals on the market or those introduced each year have been undertaken.
The human health effect of many of these chemicals, particularly over long periods
of time at low exposure levels, is largely undefined.

One of the widely known episodes related to disposal of hazardous wastes is that
of Love Canal. It was an abandoned canal bed near Niagara Falls, in the state of New
York. The episode is briefly discussed in Case Study 2.3.

Case Study 2.3

In the 1940s and 1950s, Hooker Chemical and Plastics Corporation dumped 23,000
tons of chemical wastes into the Love Canal landfill (Kirschner 1994). After the canal
was filled and covered with earth, the land was transferred to the city of Niagara Falls.
Homes and a school were then built on the edge of the old canal. The area of covered
chemicals became a playground. In 1968, Occidental Chemical (OxyChem) purchased
Hooker Chemical. In 1977, black oily fluids oozed from the ground in the vicinity
of the canal. The fluids were subsequently identified as a mixture of potent chlori-
nated hydrocarbons. Children attending the school showed unusual health problems,
such as skin rashes, chemical burns, and severe physiological and nervous disorders.
Furthermore, an unusually high number of miscarriages and birth defects were noted.
A lawsuit amounting to nearly $3 billion in health claims was then filed against the
city of Niagara Falls. Eventually, the state purchased and demolished about 100 homes
in the area, and state officials evacuated 500 houses in 1978. Federal and state crews
cleaned up the landfill and surrounding contaminated areas. Litigation against each
other followed between New York State and the company. In 1994, OxyChem and the
state finally agreed to settle their conflicting claims stemming from the incident. (Note
that remediation of the land eventually took place, and this was followed by resettle-
ment of the area. By 1994, nearly 70% of the 280 available houses had been sold. A
survey showed that about 30% of the purchasers were the residents in the area before
the evacuation; Kirschner 1994.)
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2.6 THE CHANGING DISEASES

Associated with the changes in our environment are the changing patterns and dis-
tribution of diseases. For instance, at the turn of the twentieth century, pneumonia
and tuberculosis were the two leading causes of death in most countries. Because
of improved sanitation and public health measures, together with advancing medi-
cine and technology, tuberculosis and other contagious diseases have largely been
eradicated. In place of these illnesses, however, are diseases that are more complex
and have multiple causes. These include chronic heart diseases, chronic respiratory
diseases, and cancer. It is widely known that, since about 1950, heart diseases and
cancer have become the two leading causes of deaths in the United States. These
two diseases as well as chronic lower respiratory diseases, chronic liver disease, and
cirrhosis are considered environmentally related (U.S. Department of Health and
Human Services [USDHHS] 2003, 2009) (Table 2.1).

Many diseases have long been known to be related to occupation. The British
doctor Percivall Pott is widely recognized as the scientist who, in 1775, first pointed
out the direct connection between an occupational exposure and the risk of a specific
cancer (i.e., chimney sweeps and cancer of the scrotum) (Cole and Goldman 1975).
Miners, stone cutters, and lens grinders often developed respiratory disease from
inhaling large quantities of dust. Many hatters suffered brain damage as a result of
absorbing highly toxic mercury vapors from mercurials (chemical compounds con-
taining mercury) used in making felt. Asphalt, coal tar, and pitch workers; textile
dyers; and shoe and leather workers are suspected of having an increased risk of
developing bladder cancer because of their association with coal products and aro-
matic amines. However, in the past several decades, environmental diseases have
spread beyond those in a few specialized occupations (Maltoni and Selikoff 1988).
Several of the diseases are briefly discussed next. The discussion includes cancer,
respiratory diseases, birth defects, heavy metal poisoning, and impact on reproduc-
tive systems. More detailed information is presented in subsequent chapters.

The changes in disease pattern have also been observed in many other coun-
tries, including the less-developed world. In Brazil, for example, in 1940 infectious
diseases caused 39% to 60% of all deaths, depending on the region of the coun-
try. But, by 1980 these diseases accounted for only 3% to 16% of deaths. On the
other hand, cardiovascular diseases accounted for only 9% to 13% of mortality in
1940 but rose to 20% to 38% in 1980 (Moran and Fleming-Moran 1996). Scientists
consider that environmental pollution may play a role in such shifts. Many human
diseases are traceable to substances in the air, water, and the foods we consume.
Some of the industrial agents released into the general environment are known to
be carcinogenic or suspected carcinogens. These are in the next section and sub-
sequent chapters.

2.6.1 CANCER

The United States has one of the world’s highest incidences of cancer associated
with environmental pollution. “Exposure to environmental toxicants poses a seri-
ous threat to Americans, causing a grievous harm” that government agencies have
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not adequately addressed, according to a strongly worded report released on May
6, 2010, by the President’s Cancer Panel, a body of experts that reports directly to
President Obama.

According to the American Cancer Society’s estimates (ACS 2010), about 6%
of cancer deaths—nearly 11,000 a year—are caused by environmental pollutants.
Nearly 80,000 chemicals are used in the United States currently, many of which are
not studied thoroughly and largely unregulated.

Since about 1950, cancer has been second only to heart diseases as the cause of
death among the U.S. population. Moreover, until recently the rate of cancer deaths
had been increasing steadily (Table 2.1) (Figure 2.3). Actual number of deaths from
cancer, however, is still rising. For example, 416,509 Americans died of cancer in
1980. The figure increased to 505,322 in 1990 and to 549,838 in 1999 (USDHHS
2003). According to the American Cancer Society, the toll for 2003 was 556,500,
and for 2006, it was 560,102—about 1,534 deaths a day (USDHHS 2009).

The northeast region of the United States is known as a highly industrialized
and polluted area. This region is also known to be one with a particularly high inci-
dence of cancer. According to the National Cancer Institute, areas where iron and
lead smelters are located have high rates of lung cancer. Other studies showed that
nearly 30% of the total mortality in several industrialized countries is due to cancer
(C&EN, April 18, 1994, p. 13). Cancer incidence and mortality in most of these coun-
tries have been consistently increasing in recent decades. In particular, this trend is
independent of the aging of the population.

Main types of cancer include brain/nervous system, female breast, colon and
rectum, leukemia, liver, lung and bronchus, non-Hodgkin’s lymphoma, ovary, pan-
creas, and prostate (USDHHS 2003). Among the suggested causes of cancer, envi-
ronmental factors such as lifestyle, personal habits, diet, chemicals and radiation,
and infectious diseases account for about three-quarters of all cancers. According
to the American Cancer Society (2003), smoking, obesity, and physical inactivity
have a greater effect on individual cancer risk than do exposure to trace amounts

FIGURE 2.3 A smoggy day (August 2008) in Kuala Lumpur, Malaysia.
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of pollutants in air, food, and drinking water. However, the degree of risk from pol-
lutants depends on their concentration, exposure intensity, and duration. Evidence
shows cancer risks increased in settings where workers were exposed to high levels
of certain chemicals, such as heavy metals and organic compounds, as well as radia-
tion. As noted previously, in the last 100 years, and particularly since World War II,
following industrial development, a large number and quantity of chemicals have
been released into the environment. The release had led to increased air, water, and
soil pollution, potentially contaminating food. Areas with industrial plants manu-
facturing soaps, rubber, chemicals, and printing inks have high rates of bladder and
liver cancer. Also, the New York Department of Health has found that Nassau County
women living within 1 km of a chemical, petroleum, rubber, or plastics facility were
60% more likely to develop postmenopausal breast cancer than were those who lived
in other parts of the country.

An alarming trend associated with cancer is the high incidence rate among chil-
dren in the United States. According to the American Cancer Society, an estimated
1340 deaths were expected to occur among children aged 0 to 14 years in 2010
(American Cancer Society 2010). About 30% of the deaths could be from leukemia.
Despite the rarity of childhood cancer in the United States, it is the second leading
cause of death in children between ages 1 and 14 years, exceeded only by accidents
(ACS 2010). The National Cancer Institute reported that the rate of increase has
amounted to nearly 1% a year. Some experts in the field estimated that a newborn
child today faces a risk of about 1 in 600 of contracting cancer by age 10 (ACS 2010).
Although the reason for the high incidence rate of childhood cancer remains unclear,
some scientists suspect that exposure of pregnant women and children to environ-
mental pollutants may be an important factor. However, encouraging information
was reported by the American Cancer Society (2003). It showed that the mortality
rates of childhood cancer have declined by about 47% since 1975.

Cancer is especially lethal in young adults for many reasons. One is delays in
diagnosis. Doctors seldom suspect cancer when young adults have symptoms like
headaches, fatigue, or bone pain. Young people themselves often ignore symptoms,
as well, so their cancers tend to be far advanced when they finally are detected.
Furthermore, young adults are the least likely to have insurance, limiting the care
they receive. And, few participate in clinical trials, so there is little data on the best
treatments for them. A National Cancer Institute study showed that different types
of cancers affect young adults aged 15 to 29 in the United States. The main types of
cancer include lymphomas, invasive skin cancer, cancer of the male genital system,
cancer of the endocrine system, cancer of the female genital system, leukemia, cen-
tral nervous system cancer, and breast cancer (Table 2.2).

The study of the association of pesticides and related chemicals with various ill-
nesses and death has attracted wide attention. Of particular concern are chlorinated
hydrocarbon-based pesticides and dioxin. For instance, accidents during the manu-
facture of the herbicide 2,4,5-T (2,4,5-trichlorophenoxy acetic acid) and polychlo-
rinated phenol derivatives have caused acute dioxin poisoning of plant workers and
populations in several countries.

As is widely known, in Vietnam 2,4,5-T and related dioxin-contaminated defo-
liants were used extensively from 1961 to 1969. Among the major toxic effects
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TABLE 2.2

Types of Cancers that Affect
Young Adults Ages 15 to 29
in the United States

Cancer Type Percentage
Lymphomas 20
Invasive skin 15

Endocrine system 11
Male genital system 11

=)

Female genital system
Leukemias

Central nervous system
Breast

Digestive system
Bone, joint

Soft tissue
Respiratory system
Urinary

Oral cavity

Other

— NN W W R NN

attributed to dioxins is liver cancer. Between 1956 and 1961 (the year in which
spraying of the herbicides began), 159 cases of primary hepatic cancers were
recorded among 5,492 cancers in the Hanoi area, but between 1962 and 1968, 791
primary hepatic cancers were observed in a total of 7,911 cancers. This change
represented a more than threefold increase in the proportion of primary cancer of
the liver (Lapporte 1977).

A National Cancer Institute report indicated that farmers and people who work in
their fields tend to have various kinds of cancer more often than the general popula-
tion (National Cancer Institute 2011). More notable cancers include non-Hodgkin’s
lymphoma, brain cancer, and leukemia. Farmers also tend to be more prone to suf-
fering from multiple myeloma and cancers of the brain, prostate, stomach, skin, and
lip than the general population. To find out why, the federal government initiated a
10-year Agricultural Health Study with a budget of $15 million.

The National Academy of Sciences has reported that a lot more is known about
the cancer risks and other health hazards from exposure to trichloroethylene (TCE)
(Menon 2010) than there was in 2005 when the EPA took steps to regulate it more
strictly.

TCE, which is also widely used to remove grease from metal parts in airplanes
and to clean fuel lines at missile sites, is known to cause cancer in some laboratory
animals. The EPA was blocked from elevating its assessment of the risks of the
chemical in people by the Defense Department, Energy Department, and NASA, all
of which have sites polluted with it. Its 379-page report recommended that the EPA
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revise the agency’s assessment of the risks of TCE using “currently available data”—
so no more time is wasted. That is a step that could lead to stricter regulations. EPA
currently requires limiting TCE to no more than 5 ppb in drinking water.

Research into the major causes of death in adults in China found that the coun-
try has undergone a huge health transition. The research showed that over the past
45 years heart disease, cancer, and stroke have become the top killers of middle-
aged people in China (Cincinnati Post 2005). The findings from the study of nearly
170,000 Chinese men and women over age 40 showed that about two-thirds of the
20,033 people who died during that time were killed by heart disease, cancer, or
stroke. Chinese mortality rates from each of the three categories topped deaths
among the same age group in the United States. According to China’s Ministry of
Health, pollution has made cancer the country’s leading cause of death. Ambient air
pollution alone is blamed for hundreds of thousands of deaths each year.

The conclusions were based on medical data collected in 1991 with follow-up
evaluations in 1999 and 2000. Of these deaths involving people in their 40s to mid-
60s, “We are very surprised by this finding,” said lead coauthor Dr. He of Tulane
University’s Department of Epidemiology in New Orleans, Louisiana (He et al.
2002). “This study indicates that chronic disease is not only the leading cause of
death in wealthy countries, but also in developing countries, such as China,” he
wrote. The results back up what Robert Beadlehole, the director of chronic diseases
for WHO, has known for a long time. “I think it’s probably exactly what it was like in
the United States a couple decades ago,” he said of China’s health situation.

Lung cancer was the top cause of death in that disease category, and 63% of the
men surveyed were smokers. High blood pressure was the top preventable contrib-
uting factor to the deaths, followed by cigarette smoking, physical inactivity, and
being underweight.

The New York Times reported an unusual linkage between coal and cancer in
China’s Yunnan Province (The New York Times, November 14, 2010). Nonsmoking
women in an area in the province died of lung cancer at a rate 20 times that of
their counterparts in other regions of the country and anywhere else in the world.
Subsequently, coal samples were analyzed by scientists at the University of Texas at
Dallas. They found that quartz, of which silicon is the primary component, made up
13.5% of the coal samples taken from Xuanwei County of Yunnan Province. (In nor-
mal coal samples, quartz and other minerals are found only in trace amounts.) The
high cancer rates in Xuanwei have attracted the attention of scientists for decades.
Dr. Lan, an epidemiologist at the National Cancer Institute in Rockville, Maryland,
is completing two studies involving hundreds of women and families there. While
her team is confident that coal burning is causing the high rates of cancer, they are
not certain it is due to silicon. A group of scientists now say that a possible explana-
tion is the burning of coal formed during volcanic eruptions hundreds of millions
of years ago. It was found that coal in that part of China contains high concentra-
tions of silica, a suspected carcinogen. Like others in rural China, the families
of Xuanwei County use coal for heat and for cooking. As the coal burns, silicon
particles are released with the vapor and inhaled. Women, who do the cooking, face
the greatest exposure.
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2.6.2 BIRTH DEFecTS AND CHILD MORTALITY

It is estimated that approximately 3% of all live births in the United States have
significant birth defects (Kalter and Warkany 1983). This represents about 100,000
congenital anomalies in a total of 3 million live births annually. Congenital malfor-
mations are the leading cause of infant mortality in the United States. Furthermore,
studies showed that the presence of any malformation diagnosed during the first year
after birth increased mortality 18-fold for white infants. Clearly, enormous financial
costs and emotional suffering are associated with these malformations.

The etiologic nature of the majority of congenital malformations in infants is largely
unknown. It has been estimated that about 5% to 10% of all birth defects are due to
an in utero exposure to a known teratogenic agent (an agent capable of causing birth
defects) or maternal factor. Intrauterine growth retardation can be caused by a number
of agents, including hypoxia (a deficiency of oxygen reaching the tissues of the body),
drugs, X-ray irradiation, maternal endocrine and nutritional factors, and environmen-
tal chemicals. Many chemical species are known to be teratogenic. These include vari-
ous organic solvents, pesticides, dioxins, several heavy metals (e.g., lead, cadmium,
mercury), and others. Many human epidemiological data support the claim that envi-
ronmental chemicals are an important factor responsible for inducing teratogenicity.

Although child mortality rates have begun to drop, the United States lags in prog-
ress compared to many other countries. Underscoring historic recent gains in global
health, the number of children younger than 5 who died in 2010 would fall to 7.7
million, down from 11.9 million two decades ago, according to new estimates by
population health experts. But, as much of the world makes strides in reducing child
mortality, the United States is increasingly lagging and now ranks 42nd globally,
behind much of Europe as well as several less-developed countries. Twenty years
ago, the United States ranked 29th in child mortality rate, according to data analyzed
by the Institute for Health Metrics and Evaluation at the University of Washington.
Singapore, the country with the lowest child mortality rate in the world at 2.5 deaths
per 1,000 children, cut the rate by two-thirds between 1900 and 2010. The United
States, in comparison, projected to have 6.7 deaths per 1,000 children in 2010, saw a
42% decline in child mortality, a pace on par with Sierra Leone and Angola.

2.6.3 ReproDUCTIVE DAMAGES

An increasing number of studies have shown that a variety of toxicants can induce
detrimental effects on reproductive systems in animals and humans. For instance,
reproductive damages in seagulls and other wildlife presented some of the first
clues about the adverse effects of DDT. Organochlorines have also been implicated
in impaired reproductive success in fish populations of the Baltic and North Sea
(Barnthouse et al. 1990). These compounds also have detrimental effects on the
health and reproduction of seals (Reijnders 1986).

More recently, reproductive anomalies in wildlife have sparked concern about the
ability of a number of chemicals to cause ill effects by disrupting the body’s normal
hormonal system. An increasing number of chemicals are now known to have such
action. Examples include organochlorines such as PCBs, dioxins, as well as DDT;
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pesticides such as carbamates (e.g., aldicarb, carbofuran), triazines, pyrethroids; heavy
metals such as cadmium, lead, and mercury; and organobrominate compounds.

The reproductive toxicity of the pesticide DBCP (2,2-dibromo-3-chloropropane)
became clear in the late 1970s and early 1980s when male farm workers in the
banana-growing region of Costa Rica were found to be sterile. By the mid-1990s,
nearly 1,500 male workers had been diagnosed with sterility from exposure to DBCP
(Thrupp 2001).

Studies showed a steady rise in premature births in the United States. According to
U.S. government statistics, 11.8% of all babies or about 440,000 infants in 1999 were
born prematurely—that is, before the end of the 37th week of gestation. (The normal
length of gestation is 40 weeks.) According to the data from the National Center for
Health Statistics (CDC 2010), 9.4% of live births were premature in 1981. Although
strong evidence is still lacking, some researchers presented data at the Institute of
Medicine-sponsored meeting in October 2001 suggesting that industrial chemicals,
pesticides, and air pollutants could have contributed to the 23% rise in premature births
in the United States since the early 1980s (Barrett 2002). One of the strongest asso-
ciations was found in a study in which the levels of DDE—a metabolite of DDT—in
stored sera of mothers who gave birth between 1929 and 1966, when DDT was heavily
used in the United States. In a sample group of 2,380 babies born to these women, 361
were preterm, and 221 were small for gestational age. The greater the level of DDE in
the mother’s blood, the higher was the risk for the infant (WHO 1972).

Shortened gestation times were also reported to be associated with benzene
exposure. A Chinese scientist studied 542 births to women working at a petrochem-
ical plant in Beijing and found that benzene shortened the pregnancies of those
women with a genetic profile that prevented them from detoxifying benzene easily
(Hileman 2001).

2.6.4 RESPIRATORY DISEASES

Many epidemiological and animal studies have shown that airborne pollutants are
commonly found in the urban environment in concentrations high enough to adversely
affect the lungs (Hileman 2001). Since the 1960s, chronic bronchitis, emphysema,
and lung cancer have become major public health problems in the United States and
other industrialized countries. In the United States, although heart diseases have been
known as the number 1 killer for several decades, and the death rates for the diseases
increased between 1950 and 1960, they have since declined steadily. For instance,
expressed as percentage of total death rate, the death rates of heart diseases for 1950,
1980, and 2005 were 40.7%, 39.6%, and 26.4%, respectively (Table 2.1). By contrast,
the death rates for chronic lower respiratory diseases in the United States increased
steadily until recently. For example, the rate for 1950 was only 0.5%, but it increased
to 2.7% and 5.4% for 1980 and 2005, respectively (Table 2.1). A similar dramatic
increase was observed with the respiratory system cancer death rate. For example,
using the 1950 rate as the basis for comparison, the increases in cancer deaths from
all causes were 7%, 46%, and 69% for 1960, 1980, and 2000, respectively. By con-
trast, the death rates for respiratory system cancer increased 80%, 490%, and 660%
for 1960, 1980, and 2000, respectively (refer to Table 17.5). The marked differences
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FIGURE 2.4 Comparison between death rates of all cancers and respiratory cancer in the
United States.

in both categories of cancer death rates are more clearly shown in Figure 2.4. While
the reasons for such differences are not entirely known, it is possible that exposure to
increasing levels of air pollution may play an important role.

Smog, which is formed from chemicals emitted mostly by vehicles and power
plants, is the nation’s most widespread air-quality problem. According to the EPA,
smog levels above 84 ppb threaten public health. Some studies found that even below
that level, an increase of only 10 ppb leads to more deaths. Smog levels in many urban
areas exceed 90 ppb on sunny summer days. The increase in deaths after a smoggy
week is “relatively small,” says Arden Pope, an air quality researcher at Brigham
Young University in Provo, Utah. “The concern is that exposure is ubiquitous and the
number of people affected is large. You take a small risk and spread it out over huge
numbers of people, and you end up with a fairly large impact” (Pope 2007).

The study is the largest single investigation of the health effects of smog. It draws
on data from 1987 through 2000. The results are likely to garner scrutiny from the
EPA, which must decide in the next few years whether to hold counties to a more
stringent smog goal than they now have (NY Times 2010).

In a study by Michelle Bell of Yale University, the strongest link yet between smog
and damage to health was shown. The study, involving 95 U.S. urban areas, found
that a small increase in the average smog level over 7 days can lead to a 0.5% rise in
deaths, many from heart and lung disease, on the seventh day (Watson 2004).

The EPA announced in April 2004 that more than 450 of the nation’s 3,141 coun-
ties do not meet the smog goal of the federal government. Those counties are home to
nearly 160 million people—more than half the U.S. population (USA Today, 2004).

The other common form of dirty air that damages health is particle pollution, which
exceeds federal standards in about 100 counties in the United States (Fennelly 1976).

In Japan, the level of air pollution has markedly decreased since the early 1970s,
but the number of patients with respiratory disease due to air pollution was increased
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for a number of years until recently. Between the late 1950s and 1960s, many patients
in Japan suffered from chronic obstructive lung diseases, such as chronic bronchi-
tis, bronchial asthma, and emphysema. Studies showed that during that period,
there were many patients with chronic bronchitis in Yokohama and Kawasaki, two
highly industrialized cities near Tokyo that were heavily polluted with SO, and
soot. Researchers in Japan concluded that the SO, pollution caused acute respira-
tory diseases and aggravated the conditions of patients suffering from respiratory
disease. One of these respiratory conditions was even referred to as “Yokohama and
Kawasaki asthma” (Murakami 1996).

2.6.5 ENDOCRINE DISRUPTION

Endocrine disrupters are chemicals that stimulate or retard the production of hor-
mones. An increasing number of such chemicals have been shown to occur in the
environment. They can cause adverse reproductive and developmental effects in
humans and wildlife. Examples of endocrine disrupters include PCBs, bisphenol A,
and some pesticides, such as DDT, methoxychlor, and lindane (Hileman 1999).
Although the impacts of these chemicals on humans and wildlife are complex,
some aspects appear to be well accepted by scientists. For example, human prenatal
exposure to PCBs, even at fairly low levels, can cause lower birth weight and shorter
gestation; it has also been correlated with deficits in IQ and memory, as well as delayed
neuromuscular development. More detailed discussion is presented in Chapter 15.

2.6.6 Diseases INDUCED BY METALS

Following the Industrial Revolution, the production of various metals, such as cop-
per, lead, and zinc, increased dramatically. Between 1850 and 1990, production of
these three metals rose nearly 10-fold, with concomitant increases in the emission
of other metals such as lead, cadmium, mercury, and nickel (Nriagu 1996). Another
toxic chemical is arsenic. In limited geographic areas, some of these elements accu-
mulate to excessive levels because of industrial activities and have produced major
outbreaks of chronic illnesses in humans. Some highlights of these follow.

Although chronic lead poisoning has plagued humans at least since the time of the
ancient empires, the importance of lead as an environmental pollutant has received
widespread attention only in recent decades. In ancient Rome, lead in pipes and in
drinking and cooking vessels was a major source of excessive intake. Even today,
lead contamination in water supplies occurs in some communities. Lead pipes in
older plumbing and soldered pipe joints can contaminate drinking water, especially
“soft” water. However, the lead in smoke from burning trash and coal and, until
recently, automobile exhausts is probably even more hazardous since it is inhaled or
ingested as a contaminant of foods, after settling on vegetation.

Lead paint in older homes is even more dangerous because small children often
ingest paint from woodwork, plaster, floors, and furniture. It is not surprising, there-
fore, that as many as 25% to 30% of American children living in urban areas may be
suffering “subclinical” lead poisoning (Waldron 1974). The most prominent adverse
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effects of lead involve the nervous system, the hematopoietic system (an organic
system of the body, consisting of the blood and the structures that function in its
production), and the kidneys.

As mentioned, one of the most serious outbreaks of anthropogenic poisoning of
the industrial age is the epidemic of mercury poising, now known as Minamata dis-
ease. This illness occurred in Minamata Bay, in Kyushu, Japan, in 1953, and the
highest incidence was found to be among fishermen and their families (Kondo 1964).
It was found later that household cats and seabirds were also affected. This turned
the attention to fish and shellfish as etiologic factors. This in turn led to the study of
the water of Minamata Bay and to the identification of mercury in a factory effluent
as the cause of the disease. The study concluded that the fish consumed by victims
contained high levels of toxic methylmercury (MeHg). When ingested, MeHg can
induce permanent damage to the brain and kidney, loss of vision, and disturbed cere-
bral function. Ultimately, coma and death follow in severe cases.

The discovery of gold in Serra Pelada in the Amazon in 1979 touched off a great
flow of migrants into that area in the 1980s. Many of these were in search of gold.
Potentially serious health effects occur from high levels of metallic mercury expo-
sure during gold mining. This is because mercury is used to bind the gold, and the
resultant amalgam is heated at high temperatures with a blow torch to separate gold
from the mercury. The mercury released to the environment gradually accumulated
in the aquatic food chain. As a result, freshwater fish were contaminated with MeHg.
In contrast to the mercury poisoning in Minamata, where a single industrial source
polluted one local fishing area, in the Amazon region thousands of mercury sources
pollute the waters. Brazilian mining agencies estimated that 300,000 miners had
been distributed among 1,800 gold fields in the Amazon in the early 1990s. By 1996,
some 3,000 tons of mercury had been released into the environment, compared to
the 200 to 600 tons dumped into Minamata Bay. Many miners and residents were
reportedly affected from the exposure to MeHg.

Another outbreak of chronic illness called itai-itai-byo or ouch-ouch disease
occurred along the Jintsu River in northern Japan in the mid-1950s. Victims of this
disorder suffered severe bone pains. Eventually, the softened bones of the victims’
disintegrated even under slight pressure, resulting in multiple fractures. Death also
occurred, and it was attributed to kidney failure that developed during the course of the
disease. Extensive research ultimately identified the culprit as cadmium in rice grown
near a lead and zinc mining facility (Aoshima 1999). Effluent from the mine used in
irrigating rice paddies, combined with cadmium-laden fumes, had polluted the culti-
vated rice. In addition to its effect on bones, cadmium is a nephrotoxin, and it can cause
hypertension. A more detailed discussion of heavy metals is presented in Chapter 12.

2.6.7 FOODBORNE ILLNESSES

According to U.S. Senator Richard Durbin (D-I11.), more than 350,000 Americans
are hospitalized each year, and 5,000 die from preventable foodborne illness
(Weise 2010). He claimed that the United States needs to strengthen the state-
federal partnership as we work to strengthen the nation’s food safety laws. It is
considered that state and local reporting of foodborne illnesses is the first line of
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defense against national outbreaks. A recent study by the Center for Science in the
Public Interest found that almost half of states do a poor job of tracking outbreaks
(USA Today, March 24, 2010).

An unusual food-related crisis occurred in China in 2008. The crisis occurred as
a result of dairy products tainted with melamine, an industrial chemical. The inci-
dent caused kidney stones in 300,000 Chinese children and has been linked to the
deaths of 6 infants. More than a year later, additional tainted dairy products were
found in Chinese stores. Reportedly, in both incidents, the toxic nitrogen-rich chemi-
cal melamine (1,3,5-trizine-2,4,6-triamine) was intentionally added to products to
boost the results of protein analyses. Health officials in southern China swept frozen
confections and other dairy products from stores after discovering the products con-
tained the chemical. It was the third time in a month that Chinese authorities had
announced problems related to melamine, suggesting that producers were still mak-
ing and selling tainted food ingredients despite outrage over the 2008 scandal and
what the government heralded as a crackdown.

Another unusual incident of foodborne illnesses occurred in Japan in 2009. The
illnesses were caused by ingestion of dumplings imported from China. A large
number of people, including children, were intoxicated. Subsequent investigation
revealed that the dumplings were contaminated with detergent. Shockingly, it was
found by the owner of the Chinese restaurant that produced the dumplings that a
female employee deliberately put the detergent into the dumplings.

REVIEW QUESTIONS

. Briefly explain the air pollution episode that occurred in London in 1952.
. What is air pollution? And, what are the main sources?
. What are the six principal air pollutants?
. Briefly describe the relationship between developing economies and envi-
ronmental problems.
. What is Minamata disease?
. What does itai-itai-byo or ouch-ouch disease refer to?
7. Explain the water quality in New York City’s Hudson River during the
1960s and the 1990s.
8. Briefly explain the Love Canal episode.
9. What is the most pronounced change in disease patterns in the United States
between the turn of the century and 1950?
10. Name the five leading causes of death in the United States that are consid-
ered environmentally related.
11. What is the recent trend in the incidence rate of children’s cancer in the United
States?
12. What does teratogenic mean?
13. Briefly explain how environmental chemicals may be associated with the
reproductive system.
14. Explain the differences between the total cancer death rates and the respira-
tory system cancer death rates in the United States between 1950 and 2006.
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15. What are the most prominent adverse effects of lead poisoning?
16. What environmental problem exists in gold mining in the Amazon Basin?
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3 Occurrence of Toxicants

3.1 INTRODUCTION

A variety of pollutants is found in our environment. They arise from many sources,
and exposure to them can occur through different routes. For example, in the ambi-
ent air in urban areas, SO,, CO, NO,, and smoke, suspended particles, lead (Pb), and
hydrocarbons are produced largely from coal or heavy oil combustion by industries,
power plants, and some households. A number of pollutants are also found in the
indoor environment. Some examples are CO arising from incomplete combustion of
fossil fuels and tobacco smoke, lead from paint used in old houses, and formaldehyde
from insulation and wood preservatives and adhesives. In this chapter, where and
how certain toxicants may occur in our environment are discussed. Also included
in our discussion is a brief review of a number of pollution episodes or disasters that
took place in recent decades.

3.2 VISIBLE SMOKE OR SMOG

The presence of visible smoke or smog is a manifestation of air pollution. Smoke is
the gaseous product of burning carbonaceous materials made visible by the pres-
ence of small particles of carbon. The brownish-to-blackish materials emitted from
the stack of an inadequately controlled coal-burning industrial plant or from the
chimney of a wood-burning home are examples. Wood burning has become a com-
mon practice in many American homes, especially in winter. Burning wood in a
well-insulated home, however, can lead to indoor pollution. The problem associated
with indoor air pollution is particularly serious in many villages in southern China,
where indoor combustion of coal as a means of cooking meals or drying vegetables
is commonly practiced.

Smog, on the other hand, is a fog made heavier and darker by smoke and chemical
fumes. Smog is formed mainly as a result of photochemical reactions. In the pres-
ence of ultraviolet rays in sunlight, nitrogen dioxide (NO,) is broken down into nitric
oxide (NO) and atomic oxygen. Atomic oxygen can then react with molecular oxygen
in the air to form ozone (O,). In addition, a large number of chemical reactions occur
among hydrocarbons or between hydrocarbons and NO, NO,, O,, or other chemi-
cal substances in the atmosphere, resulting in the formation of numerous chemical
species. Both NO and NO, are called primary air pollutants as they are formed at
the source. On the other hand, O, and other compounds produced from chemical
reactions that occur after the primary pollutants are emitted into the atmosphere are
called secondary pollutants. Ozone, PAN (peroxyacyl nitrate), and some aldehydes
and ketones are examples. NO, can be included as a secondary pollutant as well.

Smog is composed of both primary and secondary air pollutants because it
contains NO,, O,, and other photochemical oxidants and a large number of other
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chemical species. Although Los Angeles is widely known for its smog, many large
cities are suffering increasingly from similar problems. For example, Mexico City,
with an estimated population of more than 20 million, has long experienced serious
air pollution problems, although some improvement has been made recently.

Both smoke and smog cause visibility reduction because light is scattered from
the surfaces of airborne particles. They cause deleterious effects on vegetation, ani-
mals, and humans.

3.3 OFFENSIVE ODORS

Malodors are often the first manifestation of air pollution. They are present in natu-
ral air, households, farms, sewage treatment plants, solid waste disposal sites, and
many industrial areas. Natural air may contain odors arising from different sources.
Decomposition of organic matter containing proteins derived from vegetation and
animal life could contribute to odors in the air.

Odors from cooking foods such as fish, meat, and poultry in the kitchen can
contribute to the odors sensed in a household. Fresh paints, fresh carpets, furni-
ture polish, cleaning fluid, wood-burning fireplaces, and deodorants are some other
examples. Cigarette smoking in a household and in a public place can also be an
important cause of odors. Most public places are now smoking free, however.

Offensive odors may be detected in areas adjacent to industries, and they vary
with the type of industries involved. Some examples include the so-called rotten egg
type of odors in the air surrounding some pulp mills due to the presence of hydrogen
sulfide (H,S); odors from oil refineries due to H,S and mercaptans (RSH); odors
from some chemical plants due mainly to aniline or organic solvents used; odors
from food-processing plants; odors from iron and metal smelters emitting acidic
smells; and those from phosphate fertilizer manufacturing plants.

3.4 AGRICULTURAL DAMAGE

Agricultural damage constitutes the major damage by air pollution to vegetation (to
be discussed in more detail in Chapter 8). A widely known example is the destruc-
tion of forests by acid rain. Many reports exist attesting to this phenomenon in the
United States, Canada, and some European countries. Acid rain causes changes in
plant growth that are manifested by stunted growth, lack of vigor, reduced produc-
tivity, and early senescence of leaves. Air pollutants such as SO,, NO,, O,, PAN, and
fluoride can also cause serious injuries to plants. Many fruit trees and vegetables are
particularly sensitive to these pollutants.

Assessment of the immediate and long-term economic effects of air pollution
on agriculture has been difficult because of the many variables involved. However,
available information indicates that the cost due to decreased crop yields is stagger-
ing. Losses to producers from O, alone were estimated at $1 billion to $5 billion in
1986 (Cerceo 1987). An estimated cost of damage caused by acid rain to 32 major
crops in the United States was $50 billion.

Injuries to plants by air pollution are often manifested by such symptoms as chlo-
rosis and necrosis. Chlorosis is the fading of natural green color, or yellowing, of plant
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leaves. It occurs as a result of the destruction of chlorophyll or interference with chlo-
rophyll biosynthesis. Necrosis, on the other hand, refers to localized or general death of
plant leaves. It is often characterized by brownish or black discoloration of the leaf.

3.5 INTOXICATION OF ANIMALS

Reports of the injuries of fish and wildlife caused by water pollution abound in the
world. In the United States, it has been estimated that more than 1 million waterfowls
are killed every year due to ingestion of spent lead pellets left after hunting. A number of
sea mammals were washed ashore in different parts of the world in recent years, appar-
ently dead due to altered immune systems following exposure to waterborne toxicants.

A new type of environmental disease has also appeared and drew the attention of
many scientists. Biologists have noted dramatic declines in amphibian populations
since about 1991 and increases in frog deformities with no apparent cause in remote,
high-altitude areas of the western United States, Puerto Rico, Costa Rica, Panama,
Colombia, and Australia. The declines represented a sharp departure from previous
years, when amphibian populations had crashed only from habitat destruction or the
introduction of exotic predator species. Scientists fear that many species of amphibi-
ans that have been on Earth for 350 million years will not survive the twenty-first cen-
tury. They view these population losses as an indication that there may be something
seriously wrong with the environment. Suggested possible causes include infections
and the effects of synthetic organic compounds such as pesticides, metallic contami-
nants, acid precipitation, UV radiation, and global warming. But so far, there is no
conclusive evidence that any of these is responsible for the declines. Many scientists
believe that several factors may be acting synergistically to produce the rapid die-offs
(Hileman 1998).

Researchers from Conservation International and the Amphibian Specialist Group
of the International Union for the Conservation of Nature have launched an unprec-
edented search of the planet’s remotest spots to try to find 100 “lost” amphibians,
ones feared extinct but that may be holding on in a few isolated places. According
to the teams of scientists, many of the amphibians that they were looking for had
not been seen in several decades, in some cases nearly 100 years. It was consid-
ered important to establish whether populations have survived or not to understand
the recent amphibian extinction crisis. As mentioned in Chapter 2, the tiny Kihansi
spray toad, which once numbered at least 17,000 at the Kihansi Falls in Tanzania,
has been shown to be extinct in the wild.

It is known that the amphibians also provide many important services to humans,
such as controlling insects that spread diseases and damage crops and helping to
maintain healthy freshwater systems. The chemicals in amphibian skins are also
important in helping to create new drugs with the potential to save lives.

3.6 INJURIES TO HUMANS

Many people in different countries have suffered injuries through exposure to high
levels of air- or waterborne pollutants. For instance, exposure to high levels of air
pollutants can cause various unfavorable physiological changes. Air pollutants such
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as SO,, O; and other oxidants, and particulate matter have been regarded as respon-
sible for causing pulmonary disease, heart failure, coughing, or degeneration of the
lining of the throat. Some of the injuries are fatal, while others may induce perma-
nent disability. Historically, such human injuries occurred only in certain occupa-
tions, but in recent years events leading to injuries or death have occurred as a result
of non-occupation-related factors.

According to studies, the prevalence of asthma among children and young
adults has increased in recent decades. This trend persists today, mostly in afflu-
ent countries (Thomas 1997). In many countries where asthma is common, its
occurrence has jumped nearly 50% in 10 years. Furthermore, hospitalization rates
in these countries have also risen, and deaths attributed to asthma have sharply
increased as well. For example, asthma mortality among persons 5 to 34 years of
age rose more than 40% between the mid-1970s and mid-1980s in most countries
studied (Sears 1991). While the reason for this trend has not been established,
many scientists consider that it is associated with environmental toxicants.

Individuals exposed to various environmental toxicants may suffer from different
signs and symptoms without knowing the cause at the time of exposure. Furthermore,
symptoms may not be manifested immediately following exposure. For example,
many of the shipyard workers who were exposed to asbestos during the 1940s were
not diagnosed until 15 to 30 years later. Other examples include Minamata disease
and the itai-itai byo mentioned in Chapter 2, and the Yu-sho or “oil disease” that
occurred in Japan as a result of consumption of rice oil highly contaminated with
polychlorinated biphenyls (PCBs).

Human exposure to pesticides can occur directly, especially for agricultural work-
ers and their families and those residents living in areas adjacent to farms where
pesticides are heavily used. Indirect exposure also occurs when pesticide residues on
food or contaminated fish are ingested. Some synthetic organic pesticides are slow
to degrade, and they can persist in the environment for years. These chemicals can
accumulate in human tissues and induce health problems.

Itis clear thatan enormous effort has been made by the U.S. government, industries,
and the public to reduce environmental pollution. Such effort has led to encouraging
results. According to the 1994 annual assessment of urban air pollution by the U.S.
Environmental Protection Agency (EPA), the quality of U.S. air has been improving.
Nevertheless, 43 metropolitan regions where nearly 100 million Americans live had
O, levels higher than 0.12 ppm, exceeding federal health standards. The air pollution
problem in the Los Angeles basin is known to be particularly serious; many environ-
mental scientists consider it the most polluted city in the United States. In addition,
five other cities in California are included in the 10 most polluted cities in the United
States, according to a recently published Forbes magazine article (Chris 2011).

3.7 CHRONIC AND ACUTE EFFECTS

In studying the health effects of toxicants on living organisms, researchers often
identify them as chronic or acute effects. A chronic effect is characterized by a
long-term or recurrent exposure to relatively low concentrations of toxicants. Signs
and symptoms differ depending on the types of toxicants, their concentrations, and
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species of exposed organisms. An acute effect, on the other hand, refers to that mani-
fested by severe injuries or even death of an organism. It is characterized by expo-
sure to high concentrations of a toxicant for a short period of time.

3.7.1 CHronic EFrecTs

Chronic intoxication is more common than acute episodes of poisoning. Numerous
reports have shown the chronic effects of both air and water pollution on living sys-
tems. Long-term exposure to relatively low concentrations of air pollutants such as
S0O,, smoke, and heavy metals such as lead, cadmium (Cd), and mercury (Hg) may
eventually induce injuries to plants, animals, or humans. The Minamata Bay incident
and the itai-itai byo mentioned previously are examples of chronic effects related to
water pollution. Some of these are discussed in more detail in subsequent chapters.

In plants, chronic effects are manifested in impaired growth and development,
decreased respiration, chlorosis, necrosis, and other symptoms. Similarly, in ani-
mals, chronic effects are reflected in retarded growth, increased susceptibility to
other environmental stresses, and shorter life spans.

In humans, the health effects of exposure to air pollutants may occur over a
long period of time. A prolonged exposure to air pollutants such as NO, and O, for
instance, may lead to chronic bronchitis and emphysema. In the United Kingdom, the
combination of SO, and smoke pollution is thought to have synergistic effects with
cigarette smoking, resulting in degenerative diseases (Goldsmith and Friberg 1977).
Results from occupational studies strongly suggest a close association between air
pollution exposure and respiratory cancer. For example, inhalation of toxic materi-
als, such as arsenic, asbestos, chromium, soot, mustard gas, and radon, under occu-
pational conditions, has been related to lung cancer (Xu et al. 1995).

In an effort to study the association between air pollution and daily outpatient
hospital visits, Wong et al. (1996) collected data on nonsurgery outpatient visits at a
community-based hospital in Beijing, China, and on atmospheric SO, and total sus-
pended particle (TSP) levels. Analysis of the data showed increases of 20% and 17%
in nonsurgery outpatients to the hospital in association with increases in SO, and
TSP levels, respectively. These observations led to the conclusion that the existing air
pollution levels in Beijing were associated with adverse health effects.

A similar observation was made in Hong Kong, in which Wong et al. (2001) stud-
ied the levels of SO,, NO,, O, and atmospheric particulate matter less than 10 um
in diameter (PM,,). Their studies showed a significant association between cardio-
vascular and respiratory diseases and daily hospital admissions, both combined and
separately. Furthermore, the effects of the pollutants on circulatory and respiratory
diseases were shown to be stronger for older age groups, with significant excess of
5% to 10% in those aged 65 and over. Both NO, and O, were strongly associated with
hospital deaths from cardiovascular and respiratory diseases (Mehta et al. 1990).

3.7.2  Acurte ErrecTs

Since 1930, a number of acute pollution episodes have occurred in different parts of
the world. Several of these episodes are reviewed here.
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3.7.2.1 Donora, Pennsylvania, United States, 1948

On October 26, 1948, thermal inversion and foggy weather caused 20 deaths, and
nearly half of the population of 14,000 of Donora, Pennsylvania, became ill with severe
coughing. Many industries, including a large steel mill, a zinc production plant, a sul-
furic acid plant, and other industries were located in this small industrial city. High
levels of SO, and particulate matter were suspected as the cause of the suffering.

3.7.2.2 Poza Rica, Mexico, 1950

An incident occurred on the early morning of November 24, 1950, and was caused
by the accidental release of H,S from a natural gas plant in the city of Poza Rica,
Mexico. At the time of the accident, most of the nearby residents were still in bed or
had just arisen. Many residents were quickly affected with respiratory distress and
central nervous systems damage. Twenty-two people died as a result, and more than
300 were hospitalized.

3.7.2.3 London, England, 1952

This is the most widely known air pollution episode. It occurred in London during
December 5 through 8, 1952, and was the result of fog and thermal inversion. Many
people suffered from shortness of breath. Cyanosis, some fever, and excess fluid in
the lungs were reported in many patients. High levels of SO,, fluoride, and smoke
were recorded in the air. According to municipal statistics, about 4,000 excess deaths
occurred. The figure obtained was the difference between the average deaths from
1947 to 1951 and the number of deaths that occurred during the episode (Figure 3.1).
Most of those affected were in the older age groups and generally had disease of the
heart or lungs prior to the pollution episode.
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FIGURE 3.1 Excessive deaths in London, England, during the air pollution episode of
December 5-8, 1952.
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3.7.2.4 New York, United States, 1953

This episode occurred from November 18 to 22, 1953, in New York City and was the
result of air stagnation and the presence of a high level of SO,. The episode resulted
in several thousand excess deaths.

3.7.2.5 Los Angeles, California, United States, 1954

Unlike those episodes mentioned previously, the cause of this episode was smog
formation and the accumulation of high levels of photochemical oxidants, such as O,
and PAN. Excess deaths totaling 247 per day in the 65- to 70-year age group were
among the observed casualties.

3.7.2.6 New Orleans, Louisiana, United States, 1955

This 1955 episode in New Orleans, Lousiana, was marked by a sharp increase in the
incidence of asthma among the residents of the city. The normal frequency of visits
to a local hospital was reported to be an average of 25 per day, but during the episode
period, it was 200 per day. The suspected cause was dust from flour mills.

3.7.2.7 Worldwide Episode, 1962

This air pollution episode lasted from November 27 to December 10, 1962, and
involved London, England; Rotterdam, the Netherlands; Osaka, Japan; Frankfurt,
Germany; Paris, France; Prague, Czechoslovakia; and the eastern part of the United
States. Patients in the United States suffered upper respiratory symptoms. There
were 700 excess deaths in London and 60 in Osaka.

3.7.2.8 Tokyo, Japan, 1970

This episode occurred in Tokyo, Japan, on July 18, 1970, and was due to high levels
of oxidants and SO, in the atmosphere. More than 6,000 people complained of severe
eye irritation and sore throat. One of the authors of this volume (Yu) visited Tokyo
in 1972. He saw a large area of the city covered with smog, and the famous Tokyo
Tower was barely visible. (He has visited the city several times since and has been
impressed with the generally favorable air quality, particularly considering that the
city’s population is about 20 million.)

3.7.2.9 Bhopal, India, 1984

On the morning of December 3, 1984, an extremely serious industrial accident
occurred in Bhopal, India (Figure 3.2). Forty tons of the highly toxic gas methyl iso-
cyanate (MIC) (CH;—N=C=0) leaked from Union Carbide’s pesticide plant located
in Bhopal and diffused into densely populated adjacent neighborhoods. Reportedly,
between 8,000 and 10,000 people were killed in the days following the accident. It
resulted in the deaths of a total of 25,000 people, and 100,000 people continue to
suffer from chronic illnesses stemming from gas exposure (Brown 1994). It was
observed that lungs were the main target organ of MIC. A hospital report released
3 days after the incident showed occurrence of alveolar and interstitial edema and
emphysema among the victims treated. The large number of deaths and injuries,
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many permanently disabling, made the accident the greatest acute chemical disaster
ever (Wall Street Journal 2010).

The tragedy in Bhopal brought chilly attention throughout the world. In June
2010, a district court in Bhopal found seven former officials of Union Carbide India
Limited “guilty of causing death by negligence” in the gas leak there 25 years prior
(Fastenberg 2010).

3.7.2.10 Chernobyl, Soviet Union, 1986

By far the gravest disaster in the history of commercial atomic power occurred on
April 26, 1986, at Chernobyl in Ukraine, then a state of the Soviet Union (Figure 3.3).
The number 4 reactor of the Chernobyl Nuclear Power Station partly melted down
and exploded, killing 32 people in the immediate area and causing 237 cases of acute
radiation sickness (Fastenberg 2010). Furthermore, the explosion sent a devastat-
ing cloud of radiation across a wide swath of Europe. Radioactive forms of iodine,
cesium, strontium, and plutonium were released into the atmosphere and deposited
throughout the Northern Hemisphere. The 30-km zone surrounding the station, from
which 115,000 people were evacuated, received especially high exposure; the risk
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of spontaneous leukemia was estimated to be double for these people for the next
decade, and some genetic disorders may appear in individuals who were exposed in
utero (Anspauch et al. 1988). The total radioactivity of the material released from the
reactor was estimated to be 200 times that of the combined releases from the atomic
bombs dropped on Hiroshima and Nagasaki according to a 1995 World Health
Organization (WHO) report (Mershon 2011).

The accident exposed millions of people, notably in Belarus, Russia, and the
Ukraine, to varying doses of radiation. According to the Organization for Economic
Cooperation and Development Nuclear Energy Agency (OECD/NEA), 20 radionu-
clides were released into the atmosphere. They included iodine-131 with a half-life of
8 days; cesium-134 and cesium-137 with half-lives of 2 and 30 years, respectively; and
several plutonium isotopes with half-lives ranging from 13 to 24,000 years. Subsequent
studies indicated a dramatic increase in the incidence of thyroid cancer in children,
mainly in Belarus and the Ukraine and to a lesser extent in Russia (Freemantle 1996).

3.7.2.11 Gas Leak on the Platform in the North Sea, 1988

In 1988, a gas leak on the platform of Piper Alpha, located off Scotland in the North
Sea, caused an explosion, killing 167 workers. It was considered the world’s worst
offshore drilling disaster (Christen 1999).

3.7.2.12 Oil Spill in Alaska’s Prince William Sound, 1989

Crude oil from the North Slope fields in Alaska is carried by pipeline to the port of
Valdez and then shipped by tanker to the West Coast. On March 24, 1989, a huge
tanker named Exxon Valdez went off course in a 16-km wide channel in Prince
William Sound near Valdez, a harbor town of 4,200. The tanker struck a reef, caus-
ing the worst oil spill ever in U.S. waters. Eleven million gallons of crude oil escaped
and coated more than 2,000 km of shoreline, killing an estimated 250,000 seabirds,
2,800 sea otters, 300 harbor seals, 250 bald eagles, as many as 22 killer whales, and
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countless other marine mammals and fish. The spill also injured an unknown num-
ber of salmon and herring eggs and larvae (Short et al. 2004).

While many scientists believed that the affected areas had recovered within a
decade after the disaster, a new study by Short et al. (2004) at the Alaska Fisheries
Science Center, National Oceanic and Atmospheric Administration (NOAA),
made an alarming observation. According to the study, oil was found on 78 of 91
beaches randomly selected. The cumulative area of beach contaminated by surface
or subsurface oil was estimated at 11.3 ha, and the mass of remaining subsur-
face oil was about 0.2% of the original oil. The results of their study suggest that
the toxicity stemming from the oil, primarily from polyaromatic hydrocarbons
(PAHs), continues to affect the recovery of some sea animals in places where the
oil is most persistent.

Even in 2009, at 20 years after the spill, residual oil could still be found in sedi-
ment along Prince William Sound beaches. The biggest lingering concern from the
disaster, however, is whether it could happen again. Rick Steiner, a professor at the
University of Alaska, indicated that, even with the safety system in Prince William
Sound, things can still go wrong. His remarks were substantiated by several close
calls since the spill. They include those that occurred in September 20, 1989; July
30, 2001; October 10, 2002; and March 13, 2005 (USA Today 2010).

On the other hand, some scientists consider that the Exxon Valdez disaster was
revolutionary. They pointed out, for instance, that the disaster spawned sweeping
safety upgrades in the sound, including more tug escorts for tankers, improved radar
monitoring of ship traffic, and a greatly expanded arsenal of spill containment and
cleanup equipment, as well as initiation of cleanup drills.

The Exxon Valdez disaster also produced a federal law that all large tankers have
a double hull by 2015, which could have greatly reduced the spill. In addition, the
people transporting oil have, since the Exxon disaster, become more environmen-
tally aware (Loy 2009).

3.7.2.13 Coal Mine Explosion in Western Virginia, United States, 2010

Twenty-nine workers were killed as a result of a coal mine explosion in western
Virginia, United States on April 8, 2010. The explosion was caused by high levels of
CH, gas mixed with coal dust. The death toll made it the worst U.S. mining disaster
since a 1970 explosion that killed 38 people in Hyden, Kentucky. The deadly mine
explosion prompted President Obama to order a review of the nation’s troubled coal
mines (USA Today 2010).

3.7.1.14  Gulf of Mexico Oil Spill, United States, 2010

On April 20, 2010, an explosion rocked the Deepwater Horizon oil rig in the Gulf
of Mexico, killing 11 workers onboard. The drilling rig burned for more than a day
before sinking into the sea. The well spewed millions of gallons in the nation’s big-
gest oil spill since the Exxon Valdez disaster in Alaska. Within days, the spill had
produced an oil sheen more than 1,800 square miles large, threatening the sensitive
Gulf coastline (USA Today 2010). It was the worst offshore oil spill in U.S. history.
Subsequent studies by government scientists showed that the leak amounted to
500,000 to 800,000 gallons per day (www.cen.online 2010). The toxic effects of
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an oil spill on exposed oceanic organisms are complex. Some researchers show
that when organisms absorb or even eat small amounts of oil over a period of time,
their cells divert energy from growth and reproduction to defending themselves
from the toxic oil. As a result, later in these organisms’ life cycles, they develop
growth defects that limit their viability. Also because oil’s toxic aromatic com-
pounds act like narcotics or anesthetics, nonlethal doses can slow the growth of
fish and disrupt their ability to respond to predators or to catch prey (Johnson and
Torrice 2010).

The economic impact caused by the oil spill is huge. For instance, toward the end
of July 2010, the oil giant announced that it would set aside $32.2 billion to cover the
long-term costs of the spill (Time 2010).

3.7.2.15 Raspadskaya Coal Mine Explosion in Russia, 2010

On May 8, 2010, two explosions occurred in Russia’s largest underground coal mine,
Raspadskaya, located in Siberia’s Kemerovo region. Sixty workers were killed, and
more than 30 were trapped up to 488 m (1,600 ft) below the surface. The cause of the
blast was presumed to be a buildup of CH, gas.

It was reported as the worst Russian mining disaster since 2007, when a CH,
explosion in the same region killed 110 workers (nytimes.com 2010).

3.7.2.16 Gas Explosion and Chemical Leak in Nanjing, China, 2010

A deadly gas explosion and a chemical leak occurred on July 28, 2010, killing at
least 12 and injuring scores outside a plastic plant in Nanjing, China. It is reported
that mishaps that threaten lives and the environment are an everyday occurrence in
China’s workplaces, such as in coal mines, fireworks plants, or at ports. This is con-
sidered another example of problems with China’s industrial safety. According to a
recent Chinese government report, an average of 187 workers die daily in mishaps,
as focus on growth often trumps safety concerns. Scientists consider that Beijing’s
decades-long emphasis on economic growth has overshadowed efforts to ensure safe
workplaces and a clean environment. Also compounding the risks are patchy zoning
rules in Chinese cities, which sometime mean homes closely surround factories. For
example, the 66-building compound of the plastics factory, where the gas explosion
occurred, sits in an industrial-residential area, near a furniture shop and doctor’s
office, not far from provincial government offices downtown and the city’s major
park (Areddy 2010).

3.7.2.17 Toxic-Sludge Spill in Hungary, 2010

The wall of a huge sludge waste reservoir from a nearby aluminum processing plant
in Kolontar, in southern Hungary, broke, and toxic sludge poured from a broken con-
tainment pond on October 6, 2010. The sludge flooded through a series of villages,
bursting into homes and overturning vehicles.

According to the government, the accident, apparently caused by human error,
resulted in 7 deaths and more than 100 injuries. It was estimated that 600,000 to
700,000 m? of toxic sludge spilled from the reservoir and polluted an area of 15
square miles, including tributaries of the Danube (Wall Street Journal, October 7,
2010; nytimes.com, October 8, 2010).
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3.7.2.18 Gas Explosion in Henan, China, 2010

Another 37 coal miners died in Yuzhou City in central Henan Province in China on
October 16, 2010, following a gas explosion. A separate blast occurred in 2008 in
the same pit, killing 23 miners. According to the state-run Xinhua News Agency in
China, China suffers the highest absolute number of coal-mining-related deaths—in
2009, there were 2,631 deaths (Wong 2010).

By a total coincidence, during the same month, 33 miners in Chile were dramati-
cally rescued after being confined underneath a mine for 2 months following a gas
explosion. (Luckily, no one was killed.) China is the world’s largest producer and
consumer of coal, and the Chilean mine rescue shed light in China. According to
a report by the China News Service, Beijing’s top mine safety official promised
change and faster installation of underground shelters and other emergency facilities
(www.usatoday.com 2010).

3.7.2.19 Fukushima Nuclear Power Plant, Japan, 2011

On March 11, 2011 an earthquake categorized as 9.0 Mw on the moment magnitude
scale occurred off the northeast coast of Japan. At the Fukushima Nuclear Power
Plant, units, 4, 5, and 6 had been shut down prior to the earthquake for planned main-
tenance. The other reactors were shut down automatically after the earthquake, and
the remaining decay heat of the fuel was being cooled with power from emergency
generators (Wikipedia 2011). The subsequent destructive tsunami with waves up to
14 m (the reactors were designed to handle up to 6 m) disabled emergency generators
required to cool the reactors. Over the following 3 weeks, there was evidence of par-
tial nuclear meltdowns in units 1, 2, and 3; visible explosions, suspected to be caused
by hydrogen gas, in units 1 and 3; a suspected explosion in unit 2 that may have
damaged the primary containment vessel; and a possible uncovering of the units 1,
3, and 4 spent fuel pools. Radiation releases caused large evacuations, and there were
concerns about food and water supplies and treatment of nuclear workers.

The events at units 1, 2, and 3 have been rated at Level 7 (major release of radioac-
tive material with widespread health and environmental effects requiring implemen-
tation of planned and extended countermeasures) on the International Nuclear Event
Scale, and those at unit 4 as Level 3 (Serious Incident) events. On April 3, two bodies
were discovered in the basement turbine room after the workers likely ran there dur-
ing the tsunami (Wikipedia 2011).

Within days of the disaster, at the Fukushima Daiichi nuclear plant, Japanese food
inspectors were spot-checking meat from the region’s slaughtered cattle for radioac-
tive contamination (Dvorak and Osawa 2011). Officials later fanned out to farms
and near the crippled plant to pass Geiger counters over the animals to determine
whether they were safe to sell. On March 31, Agriculture Ministry officials assured
consumers they could continue shopping as usual and retailers to conduct their busi-
nesses as usual. That advice turned out to be misguided. On July 8, government
officials testing meat from a Tokyo slaughterhouse said they detected levels of radio-
active cesium at nearly five times Japan’s limit. The contaminated beef was traced to
a farm about 10 miles north of the damaged plant—from an animal whose hide had
been checked by inspectors.
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The revelation has raised all kinds of questions about how much contaminated
beef had already been consumed, kicking off a food scare that continues to grow as
more tainted meat was discovered. Wall Street Journal examination showed that four
months after the disaster, the government was still struggling to contain the contami-
nation and to come up with an effective system for policing its food supply. Some
foods, such as juices and honey, hit store shelves without any government screening.
Many other foods were spot tested, but only minimally (WSJ 2011). The Japanese
officials scrambled to figure out how dangerous it was and what they should do to
protect the public. Low levels of radioactivity can do damage over the long term, and
scientists say it is difficult to pinpoint the precise level at which such contamination
becomes unacceptably risky.

Japan succeeded in catching some contaminated food before it reached store
shelves, including milk and spinach from the Fukushima prefecture where the plant
is located. But its spot-checking of beef from the troubled region turned out to be
insufficient. Between the time of the disaster and the first discovery of tainted beef,
the government figures indicate that only about 50 of the 10,000 (about 9.5) or so
cattle shipped from Fukushima were tested.

In an effort to contain the problem, the government on July 19 asked Fukushima
prefecture to halt all beef cattle sales. On July 28, it stopped cattle sales in the adja-
cent Miyagi, Iwate, and Tochigi prefectures as well.

The country is now facing the challenge of testing more beef that it may be
equipped to handle. The animal to which the first tainted beef was traced had been
fed rice straw exposed to radioactive fallout. The government determined that con-
taminated rice straw had been fed to many cattle that had since been slaughtered,
meaning that tainted meat found its way to supermarkets, restaurants, and school
cafeterias. The government was trying to track and test meat from nearly 3500 cattle
it believed ate contaminated straw. Japanese Prime Minister Naoto Kan has admitted
that the country’s standards for ensuring beef safety are not stringent enough.

On July 5, 2001, Japan’s cabinet unveiled a proposed supplementary budget to
support recovery efforts from the March 11 disaster (Science, July 15, 2011).

On July 25, Japan’s legislature approved a supplementary budget including $1.2
billion for health care and long-term studies of people exposed to radiation from the
devastated Fukushima Daiichi nuclear power plant. Seiji Yasumura, a gerontologist
at Fukushima Medical University was appointed director. He had already distributed
questionnaires to identify those among the prefecture’s 2 million residents whose
radiation exposure could warrant closer examination.

Local newspapers reported that residents with significant exposure could be fol-
lowed for 20 years. More importantly, each of the prefecture’s 360,000 youngsters
age 18 and under would have a thyroid examination because thyroid cancer among
young people was the clearest health effect of the Chernobyl nuclear disaster of 1986.
All 20,000 pregnant women of the prefecture would also be examined and their
babies’ health tracked. The plan also calls for medical check-ups for an estimated
200,000 people evacuated from the vicinity of the power plant as well as mental
health support for those in need. This initiative is just the first phase of an effort
expected to last at least 30 years.
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Scientists in the world have long debated the health effects of chronic low radi-
ation doses. They hope that Japan’s research might yield insights into whether a
threshold exists below which radiation exposure has not ill effect or is possibly ben-
eficial (Science 2011).
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4 Toxic Action of Pollutants

4.1 INTRODUCTION

When present at a sufficiently high concentration, a pollutant can cause adverse
effects on an organism. To elicit damage to an exposed organism, the pollutant must
first enter the host and reach its target site. A complex pathway exists between the
time of initial toxicant exposure and the manifestation of damage induced in the
organism. This chapter discusses general ways in which environmental pollutants
exert their actions on plants, animals, and humans.

4.2 EFFECTS ON PLANTS

4.2.1 SouURCE OF POLLUTANTS

For the most part, environmental pollution is an anthropogenic (human-made) prob-
lem. As mentioned previously, the most important source of atmospheric pollution in
the United States is motor vehicles. Other major sources include industrial activities,
power generation, space heating, and refuse burning. The composition of pollut-
ants from different sources varies markedly, with industry emitting the most diverse
range of pollutants. While carbon monoxide (CO) is the major component of pollu-
tion by motor vehicles, sulfur oxides (SOy) are primary pollutants emitted by indus-
try, power generation, and space heating. In some large cities, such as Los Angeles,
ozone (O,), peroxyacyl nitrate (PAN), and other photochemical oxidants produce
major atmospheric pollution problems.

4.2.2 UprTAKE OF POLLUTANTS

Terrestrial plants may be exposed to environmental pollutants in two major ways.
One is exposure of foliage to air pollutants; another is uptake of pollutants by roots
growing in contaminated soils. Vegetation growing near industrial facilities, such
as smelters, aluminum (Al) refineries, and coal-burning power plants, may absorb
airborne pollutants through the leaves and become injured. The pollutants may be in
gaseous form, such as sulfur dioxide (SO,), nitrogen dioxide (NO,), and hydrofluoric
acid (HF), or in particulate form, such as the oxides or salts of metals contained in
fly ash (Figure 4.1).

The uptake of airborne pollutants by plants is important for examining their
effects on vegetation. While the concentration of the atmospheric pollutant in ques-
tion is an important factor, the actual amount that is taken up by the plant is more
critical. The conductance through the stomata, which regulate the passage of ambi-
ent air into the cells, is especially crucial. The extent of uptake depends on the
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FIGURE 4.1 Mechanisms of tree damage by air pollutants.

chemical and physical properties of the pollutant along the gas-to-liquid diffusion
pathway. The flow of a pollutant may be restricted by the physical structure of the
leaf (Figure 4.2) or by scavenging reactions occurring in the leaf itself. Leaf orienta-
tion and morphology, including epidermal characteristics, and air movement across
the leaf are important determinants affecting the initial flux of gases to the leaf
surface. Stomatal resistance is an essential factor for determining pollutant uptake.
The resistance is affected by stomatal size and number, the size of the stomatal aper-
ture, and other anatomical characteristics (Black and Unsworth 1980). The stomatal
opening is extremely important; little or no uptake may occur when the stomata are
closed. It is regulated by light, humidity, temperature, internal CO, content, water
and nutrient availability to the plant, and potassium ions (K*) absorbed by the guard
cells (Humble and Raschke 1971).

Exposure of roots to toxicants in contaminated soils is another important process
by which toxicant uptake by plants occurs. For example, vegetation growing in soils
of contaminated sites, such as waste sites and areas that have received application of
contaminated sewage sludge, can absorb toxicants by the roots. In the contaminated
sites, high levels of heavy metals such as lead (Pb) and cadmium (Cd) often occur.
Metallic ions are more readily released, and thus more readily absorbed, when the
soil is acidified by acid deposition (Figure 4.1).
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FIGURE 4.2 Cross section of a leaf showing the air spaces that serve as passages for
pollutants.

4.2.3 TRANSPORT OF TOXICANT

Following uptake, a toxicant may mix with the surrounding medium of the plant and
then be transported to various organs and tissues. Mixing involves the microscopic
movement of molecules and is accompanied by compensation of concentration dif-
ferences. Generally, transport of chemicals in plants occurs passively by diffusion
and flux. Diffusion refers to movement across phase boundaries, from a high-con-
centration compartment to a low-concentration compartment. Flux, on the other
hand, refers to the horizontal movement of the medium.

4.2.4 PLANT INJURY

Besides destroying and killing plants, air pollutants can induce adverse effects
on plants in several ways. As mentioned previously, pollution injury is commonly
divided into acute and chronic injury. In plants, an acute injury such as destruction
of tissues occurs following absorption of sufficient amounts of toxic gas or other
forms of toxicants. Tissue destruction is often manifested by collapsed leaf margins
or other areas, exhibiting an initial water-soaked appearance. Subsequently, the leaf
becomes dry and bleaches to an ivory color or becomes brown or brownish red. By
contrast, a chronic injury may be caused by uptake of sublethal amounts of toxicants
over a long period. Chronic injury is manifested by yellowing of leaves that may
progress slowly through stages of bleaching until most of the chlorophyll and caro-
tenoids are destroyed.

To induce leaf injury, an air pollutant has to pass through the stomata of the epi-
dermal tissue, as the epidermis is the first target for the pollutant. In passing into the
intercellular spaces, the pollutant may dissolve in the surface water of the leaf cells,
causing changes in cellular pH. A pollutant may not remain in its original form as
it passes into solution. Rather, it may be converted into a form that is more reactive
and toxic than the original substance. The formation of reactive free radicals follow-
ing the initial reaction in the cell is an example. The pollutant, either in its original
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form or in an altered form, may then react with specific cellular components, such as
cytoplasmic membrane or membranes of the organelles, or with various substances,
including enzymes, coenzymes or cofactors, and substrates. The pollutant may thus
adversely affect cellular metabolism, leading to plant injury (Heath 1980).

An example of a gaseous air pollutant widely known to cause damage to plants
is SO,. Once absorbed into the leaf, SO, can induce injuries to the ultrastructure
of various organelles such as chloroplasts and mitochondria, leading to disruption
of photosynthesis or cellular energy metabolism. Similarly, histochemical studies
of fluoride-induced injury have shown that the damage to leaves first occurs in the
spongy mesophyll and lower epidermis, followed by distortion or disruption of chlo-
roplast in the palisade cells (Miller et al. 1983).

As a pollutant moves from the substomatal regions to the cellular sites of per-
turbation, it may encounter various obstacles along the pathway. Scavenging reac-
tions between endogenous substances and the pollutant may occur, and the result
can affect pollutant toxicity. For example, ascorbate, which occurs widely in plant
cells, may react with or neutralize a particular pollutant or a secondary substance
produced as the pollutant is metabolized. Conversely, an oxidant such as O; may
react with membrane material and induce peroxidation of the lipid components. This
is followed by the formation of various forms of toxic substances, such as aldehydes,
ketones, and free radicals (Grimes et al. 1983; Mehlman and Borek 1987). The free
radicals, in turn, may attack cellular components, such as lipids, proteins, and nucleic
acids, leading to tissue damage. Endogenous antioxidants, such as the ascorbic acid
mentioned, may react with free radicals and alter their toxicity.

Cellular enzyme inhibition is often observed when leaves are exposed to atmospheric
pollutants. The inhibition occurs even before the leaf injuries become apparent. For
instance, fluoride (F), widely known as a metabolic inhibitor, can inhibit a large number
of enzymes. Fluoride-induced enzyme inhibition is often attributable to interaction of F-
with certain metallic cofactors, such as Cu* or Mg?* ions, in an enzyme system. Heavy
metals, such as lead and cadmium, may also inhibit enzymes that contain a sulfhydryl
(—SH) group at the active site. Alternatively, SO, may oxidize and break apart the sulfur
bonds in critical enzymes of the membrane, thus disrupting cellular function.

Soil acidification increases release of toxic metal ions, such as Pb** and Cd?* ions.
These metal ions may directly damage roots by disrupting water and nutrient uptake,
resulting in water deficit or nutrient deficiency. Soil acidification can also cause leach-
ing of nutrients, leading to nutrient deficiency and growth disturbance (Figure 4.1).
A plant becomes unhealthy as a result of one or more of the disturbances mentioned.
Even before visible symptoms are discernible, an exposed plant may be weakened
and its growth impaired. In time, visible symptoms such as chlorosis or necrosis may
appear, leading to plant death.

4.3 MAMMALIAN ORGANISMS

4.3.1 ExpOSURE

An environmental pollutant may enter an animal or humans through a variety of
routes. Figure 4.3 shows the general pathways that pollutants can follow in mammalian
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organisms. As mentioned previously, exposure of a host organism to a pollutant consti-
tutes the initial step in the manifestation of toxicity. A mammalian organism may be
exposed to a pollutant through inhalation, dermal contact, eye contact, or ingestion.

4.3.2 UPTAKE

The immediate and long-term effects of a pollutant are directly related to its mode
of entry. The portals of entry for an atmospheric pollutant are the skin, eyes, lungs,
and gastrointestinal tract. The hair follicles, sweat glands, and open wounds are the
possible sites of entry where uptake from the skin may occur. Both gaseous and
particulate forms of air pollutants can be taken up through the lungs. Uptake of toxi-
cants by the gastrointestinal tract may occur when foods or beverages consumed are
contaminated by air pollutants, such as lead, cadmium, or sprayed pesticides.

For a pollutant to be taken up into the body and finally carried to a cell, it must
pass through several layers of biological membranes. These include not only the
peripheral tissue membranes, but also the capillary and cell membranes. Therefore,
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TABLE 4.1
Four Basic Types of Absorption Processes?
Energy Concentration

Process Requirement  Carrier Gradient
Passive No No High — Low
Facilitated No Yes High — Low
Active Yes Yes High — Low

Low — High
Phagocytosis/pinocytosis Yes No NA

Note: NA, not applicable.
@ Phagocytosis is involved in invagination of solid particles, whereas pino-
cytosis refers to uptake of liquids.

the nature of the membranes and the chemical and physical properties (e.g., lipophi-
licity) of the toxicant in question are important factors affecting uptake. The mecha-
nisms by which chemical agents pass through the membrane include

e filtration through spaces or pores in membranes

» passive diffusion through the spaces or pores or by dissolving in the lipid
material of the membrane

 facilitated transport, by which a specialized protein molecule, called a car-
rier, carries a water-soluble substance across the membrane

e active transport, which requires both a carrier and energy

Of the four mechanisms shown, active transport is the only one in which a toxicant
can move against a concentration gradient, that is, move from a low-concentration
compartment to a high-concentration compartment (Table 4.1). This is the reason for
the need for energy expenditure.

4.3.3 TRANSPORT

Immediately after absorption, a toxicant may be bound to a blood protein (such
as lipoprotein), forming a complex, or it may exist in a free form. Rapid transport
throughout the body follows. Transport of a toxicant may occur through the blood-
stream or lymphatic system. The toxicant may then be distributed to various body
tissues, including those of storage depots and sites of metabolism.

4.3.4 STORAGE

A toxicant may be stored in the liver, lungs, kidneys, bone, or adipose tissue. These
storage depots may or may not be the sites of toxic action, however. A toxic agent may
be stored in a depot temporarily and then released and translocated again. Similarly,
a toxicant or its metabolite may be transported to a storage site and remain there for
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a long period of time or permanently. Excretion of the toxicant following temporary
storage may also occur.

4.3.5 METABOLISM

The metabolism of toxicants may occur at the portals of entry or in such organs
as the skin, lungs, liver, kidney, and gastrointestinal tract. The liver plays a central
role in the metabolism of environmental toxicants (xenobiotics). The metabolism of
xenobiotics is often referred to as biotransformation. The liver contains a rich supply
of nonspecific enzymes, enabling it to metabolize a variety of organic compounds.

Biotransformation reactions are classified into two phases: phase I and phase 11
(Yu 2004). Phase I reactions are further divided into three main categories: oxida-
tion, reduction, and hydrolysis. These reactions are characterized by the introduc-
tion of a reactive polar group into the xenobiotic, forming a primary metabolite.
In contrast, phase II reactions involve conjugation reactions in which the primary
metabolite combines with an endogenous substance, such as certain amino acids or
glutathione (GSH), to form a complex secondary metabolite. The resultant second-
ary metabolite is more water soluble and therefore more readily excreted than the
original toxicant.

While many xenobiotics are detoxified as a result of these reactions, others may
be converted to more active and more toxic compounds. Biotransformation is dis-
cussed in more detail in Chapter 6.

4.3.6 EXCRETION

The final step in the pathway of a toxicant is excretion from the body (Figure 4.3).
A toxicant may be excreted through the lungs, kidneys, or intestinal tract. Toxicant
excretion may occur in the original form of the toxicant or as its metabolite(s),
depending on its chemical property. Excretion is the permanent means by which
toxic substances are removed from the body.

4.4 MECHANISM OF TOXIC ACTION

The toxic action of pollutants involves compounds with intrinsic toxicity or activated
metabolites. These interact with cellular components at their site of action to induce
toxic effects. These effects may occur anywhere in the body. The consequences of
such action may be shown by changes in physiological and biochemical processes
within the exposed organism. These changes may be manifested in different ways,
including impaired central nervous system (CNS) function and oxidative metabo-
lism, injury to the reproductive system, or altered DNA leading to carcinogenesis.

The duration of toxic action depends on the characteristics of the toxicant and the
physiological or biochemical functioning of the host organism. Generally, the toxic
action of a xenobiotic may be terminated by storage, biotransformation, or excretion.

The mechanisms involved in xenobiotic-induced toxicity are complex, and much
remains to be elucidated. The ways in which xenobiotics can induce adverse effects
in living organisms include
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e disruption or destruction of cellular structure

e direct chemical combination with a cell constituent
e inhibition of enzymes

* 1initiation of a secondary action

* free-radical-mediated reactions

e disruption of reproductive function

These mechanisms are examined in the following sections.

4.4.1 DisrurTiON OR DESTRUCTION OF CELLULAR STRUCTURE

A toxicant may induce an injurious effect on plant or animal tissues by disrupting or
destroying the cellular structure. As mentioned, atmospheric pollutants, such as SO,,
NO,, and O;, are phytotoxic—they can cause plant injuries. Sensitive plants exposed
to any of these pollutants at sufficiently high concentrations may exhibit structural
damage when their tissue cells are destroyed. Studies show that low concentrations
of SO, can injure epidermal and guard cells, leading to enhanced stomatal con-
ductance and greater entry of the pollutant into leaves (Black and Unsworth 1980).
Similarly, after entry into the substomatal cavity of the plant leaf, O;, or the free
radicals produced from it, may react with protein or lipid membrane components,
disrupting the cellular structure of the leaf (Heath, 1980; Grimes et al. 1983). In
animals and humans, inhalation of sufficient quantities of NO, and H,SO, mists
can damage surface layers of the respiratory system. Similarly, high levels of O,
can induce peroxidation of the polyunsaturated fatty acids in the membrane lipids,
resulting in disruption of membrane structure (Mehlman and Borek 1987).

4.4.2 Direct CHEMICAL COMBINATION WITH A CELL CONSTITUENT

A pollutant may combine with a cell constituent, forming a complex and disrupt-
ing cellular metabolism. For example, CO is widely known for its ability to bind to
hemoglobin (Hb). After its inhalation and diffusion into the blood, CO readily reacts
with Hb to form carboxyhemoglobin (COHb):

CO + Hb — COHb @)

The presence of a large amount of COHb in the blood disrupts the vital system
for exchange of CO, and O, between the blood and the lungs and other body tissues.
Interference with the functioning of hemoglobin by COHb accumulation is detri-
mental to health and can lead to death.

A number of toxicants or their metabolites are capable of binding to DNA to
form DNA adducts. Formation of such adducts results in structural changes in DNA,
leading to carcinogenesis. For instance, benzo[o]pyrene, one of the many polycyclic
aromatic hydrocarbons (PAHs), may be converted to its epoxide form in the body.
The resultant epoxide can in turn react with guanine on a DNA molecule to form a
guanine adduct. Another example is found with alkylating agents. These chemicals
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are metabolized to reactive alkyl radicals, which can also induce adduct formation.
These are discussed in more detail in Chapter 16.

Certain metallic cations can interact with the anionic phosphate groups of poly-
nucleotides. They can also bind to polynucleotides at various specific molecular
sites, particularly purines and thymine. Such metallic cations can, therefore, inhibit
DNA replication and RNA synthesis and cause nucleotide mispairing in polynucle-
otides. An anatomical feature of chronic lead intoxication in humans and in various
animals is the presence of characteristic intranuclear inclusions in proximal tubular
epithelial cells in the kidneys. These inclusions appear to be formed from lead and
soluble proteins (Choie and Richter 1972). Through tying up cellular proteins, lead
can depress or destroy their function.

4.4.3 ErrecT ON ENZYMES

The most distinctive feature of reactions that occur in living cells is the participation
of enzymes as biological catalysts. Almost all enzymes are proteins with a globu-
lar structure, and many of them carry out their catalytic function by relying solely
on their structure. Many others require nonprotein components, called cofactors.
Cofactors may be metal ions; alternatively, they may be organic molecules, called
coenzymes. Metal ions capable of acting as cofactors include K*, Na*, Cu?*, Fe?* or
Fe3*, Mg, Mn?*, Ca?*, and Zn?*ions (Table 4.2). Examples of coenzymes that serve
as transient carriers of specific atoms or functional groups are presented in Table 4.3.
Many coenzymes are vitamins or contain vitamins as part of their structure. Usually,
a coenzyme is firmly bound to its enzyme protein, and it is difficult to separate
the two. Such tightly bound coenzymes are referred to as prosthetic groups of the
enzyme. The catalytically active complex of protein and prosthetic group is called a
holoenzyme, while the protein without the prosthetic group is called the apoenzyme,
which is catalytically inactive.

TABLE 4.2
Examples of Enzymes that Require
Metallic lons

Metallic lon Enzyme

Ca Lipase, o-amylase

Cu? Cytochrome oxidase

Fe** or Fe** Catalase; cytoytochrome oxidase/peroxidase
K+ Pyruvate kinase

Mg Hexokinase, enolase, pyruvate kinase

Se?* Glutathione peroxidase

Ni%* Urease

Zn** Carbonic anhydrase; DNA polymerase
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TABLE 4.3
Coenzymes Serving as Transient Carriers
of Specific Atoms or Functional Groups

Coenzyme Entity Transferred
Coenzyme A Acyl group
Flavin adenine dinucleotide Hydrogen atoms

Nicotinamide adenine dinucleotide ~ Hydride ion (H")

Thiamin pyrophosphate Aldehyde
Biotin CO,
Enzyme + Prosthetic group — Protein-prosthetic group “4.2)
(Apoenzyme) (Holoenzyme)

Coenzymes are especially important in animal and human nutrition because, as
mentioned, most are vitamins or are substances produced from vitamins. For exam-
ple, niacin, after being absorbed into the body, is converted to nicotinamide adenine
dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH),
important coenzymes in cellular metabolism.

There are several ways in which toxicants can inhibit enzymes, leading to disrup-
tion of metabolic pathways. Some examples are given next.

4.4.3.1 Enzyme Inhibition by Inactivation of Cofactor

As mentioned, some cofactors in an enzyme system are metallic ions, which provide
electrophilic centers in the active site, facilitating catalytic reactions. For instance,
fluoride has been shown to inhibit o-amylase, an enzyme responsible for the break-
down of starch into maltose and eventually glucose. The released glucose is then used
as an energy source. o.-Amylase is known to require Ca?* for its stability as well as
catalytic action (Schwimmer and Balls 1949; Beers and Duke 1990). The activity of
o-amylase is inhibited in the presence of F-ions (Sarkar et al. 1982; Yu et al. 1988).
The inhibition appears to involve a mechanism by which the Ca?* cofactor is removed
by F~ions. Evidence supporting this observation was obtained when a crude enzyme
extract from mung bean seedlings exposed to S mM NaF for 3 days was tested for
activity. When the enzyme extract was incubated with CaCl, for 30, 60, and 90 min-
utes, a-amylase activity was much higher than the activity shown by the assay mix-
ture without the addition of CaCl, (Figure 4.4) (Yu et al. 1988).

Fluoride is also known to inhibit enolase, an enzyme involved in glycolysis. Enolase
requires Mg?* as a cofactor (see Chapter 10, Reaction 10.7). The fluoride-induced inhibi-
tion of the enzyme is more marked in the presence of phosphate. It is therefore assumed
that the mechanism involved in the inhibition is through inactivation of the cofactor
magnesium by F-, resulting from the formation of magnesium-fluorophosphate.

4.4.3.2 Enzyme Inhibition by Competition with the Cofactor

Many enzymes carry out their catalytic function depending solely on their protein
structure. Many others require nonprotein cofactors for their functioning. Cofactors
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FIGURE 4.4 Effect of Ca on oi-amylase activity in mung bean seedlings exposed to NaF.
Enzyme assay mixture contained Tris-buffer (pH 7.0), 0.2% starch solution, and water (con-
trol) or 5 mM CacCl,, and the mixture was incubated for 30, 60, and 90 minutes, respectively.
Glucose produced at each incubation period was determined for specific enzyme activity.
(Source: Data from Yu, M.H., M. Shumway, and A. Brockbank. Effects of NaF on amylase in
mung bean seedlings. J. Fluorine Chem. 41, 95. 1988.)

may be metal ions or organic molecules referred to as coenzymes. Table 4.2 shows
several metal ions and some enzymes that require them, while examples of sev-
eral coenzymes and representative enzymes using the coenzymes are presented in
Table 4.3. As shown in the Table 4.2, several enzymes require Zn* ions as a cofac-
tor. Cadmium (Cd?*), which is chemically similar to Zn?*, can inhibit these enzymes
by competing with the Zn?* cofactor. Beryllium (Be) is known to inhibit certain
enzymes that require Mg?* for a similar reason.

4.4.3.3 Enzyme Inhibition by Binding to the Active Site

A toxicant may bind to the active site of an enzyme. For instance, a thiol or sulfhy-
dryl (-SH) group on a protein enzyme often is the active site for the catalytic action
of the enzyme. A heavy metal, such as lead, cadmium, or mercury, after absorption
into the body may attach itself to the —SH group, forming a covalent bond with the
sulfur atom (Reaction 4.3). With the active site being blocked, the activity of the
enzyme will be depressed or lost.

2 Enz —SH + Pb** — Enz-S-Pb-S-Enz + 2H* “4.3)

For example, alanine aminotransferase (the enzyme that catalyzes the transami-
nation of alanine) and 8-aminolevulinic acid dehydratase (ALA-D, a key enzyme
in the heme synthetic pathway) both have the —SH group as the active site. Lead
strongly inhibits both of these enzymes through the same mechanism.

Another example is the widely known inhibition of acetylcholinesterase (AChE)
by chemicals such as organophosphate. AChE is the enzyme responsible for the
breakdown of acetylcholine (ACh), the neurotransmitter in insect and vertebrate ner-
vous systems (Reaction 4.4). When AChE is inhibited, ACh will accumulate and
keep firing at the nerve endings. As a result, the nerve functioning is interrupted,
which may lead to death of the affected organism.
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0]
|| AChE @4
(CH;);N*-CH,CH,-0O-C-CH; — (CH;);N*-CH,CH,OH + CH,;COOH ’
Acetylcholine (ACh) Choline Acetic acid

Evidence suggests that the vertebrate AChE contains two binding sites; one of
them is serine (an amino acid) with the -CH,OH residue as the active site. Chemicals
such as organophosphate pesticides, which can inactivate AChE, are known to attach
to the functional group —CH,OH in serine on the enzyme molecule by forming a
covalent bond (see Section 13.2.3.3).

4.4.3.4 Inhibition of Enzyme Activity by Toxic Metabolite

In this case, enzyme inhibition is not caused by the toxicant itself; rather, it is caused
by the metabolite. For example, sodium fluoroacetate, known as Rat Poison 1080, is
extremely toxic to animals. However, the toxicity is not due to sodium fluoroacetate
itself but is rather due to a product formed in the metabolism, that is, fluorocitrate.
This product is formed through a reaction commonly known as lethal synthesis
(Figure 4.5). The resultant fluorocitrate is toxic because it is a potent inhibitor of
aconitase, the enzyme that catalyzes the conversion of citrate into cis-aconitate and
then into isocitrate (in the TCA [tricarboxylic acid] cycle). Inhibition of aconitase
results in citrate accumulation. The outcome of this inhibition is an impaired TCA
cycle function, leading to disruption of energy metabolism.

4.4.4 SeCONDARY ACTION AS A RESULT OF THE PRESENCE OF A POLLUTANT

The presence of a pollutant in a living system may cause the release of certain sub-
stances that are injurious to cells. Several examples follow.

Lethal synthesis

Acetyl CoA
Fluoroacetate
Fluoroacetyl CoA
Oxaloacetate Citrate '
Aconitase Fluorocitrate
Malate cis-Aconitate  Aconitase-fluorocitrate
complex
TCA or Krebs Aconitase
cycle )
Fumerate Isocitrate
Succinate a-Ketoglutarate

FIGURE 4.5 Synthesis of fluorocitrate from fluoroacetate through lethal synthesis.
Inhibition of aconitase shuts down the TCA cycle.
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4.4.4.1 Allergic Response to Pollen

In many individuals, allergic response occurs after inhalation of pollen, leading to
common symptoms of hay fever. The symptoms are due to the release of histamine, a
substance formed from the amino acid histidine through decarboxylation. Histamine
is made and stored in the mast cell and in many other cells of the body. Release of
histamine occurs in anaphylaxis or as a consequence of allergy; it is also triggered
by certain drugs and chemicals. Histamine is a powerful vasodilator, capable of
causing dilation and increase in blood vessel permeability. Histamine also stimulates
pepsin secretion and can reduce the blood pressure and, if severe enough, induce
shock. When present in excessive levels, histamine can cause vascular collapse.
Antihistamines, such as diphenylhydramine and antergan, are compounds whose
structures are similar to that of histamine and can prevent physiological changes
induced by histamine.

4.4.4.2 Carbon Tetrachloride

The way in which carbon tetrachloride (CCl,) affects humans is another example
of secondary action as a result of presence of a pollutant. Once taken up into the
body, CCl, is known to cause a massive discharge of epinephrine from sympathetic
nerves, eventually inducing liver damage. Epinephrine is a potent hormone, involved
in many critical biological reactions in animals and humans, including

e stimulation of glycogenolysis (breakdown of glycogen into glucose) in the
liver and muscle. In the liver, the resultant glucose enters blood circula-
tion; in the muscle, the resultant glucose does not enter blood circulation but
instead is converted to lactic acid before being transferred back to the liver.

 lipolysis (breakdown of fats). This involves the breakdown of triacylglyc-
erol into fatty acids and glycerol.

* glucagon secretion.

 inhibition of glucose uptake by muscle.

* insulin secretion.

Epinephrine also increases blood pressure. Like other hormones, epinephrine is
rapidly broken down when its function is finished. The breakdown of epinephrine
occurs mainly in the liver. It has been shown that, in the liver, CC1, is broken down
into reactive free radicals, that is, -CCl; and CI- (Reaction 4.5). It is suggested that
the free radicals in turn can damage liver by reacting with its cellular components.

Cytochrome P450
CCl,— - CCl,+ CI- @.5)

4.4.4.3 Chelation

Chelation is a process by which atoms of a metal in solution are sequestered by ring-
shaped molecules. The ring of atoms, usually with oxygen, nitrogen, or sulfur as
an electron donor, has the metal as an electron acceptor. The metal is more firmly
gripped within this ring than if it were attached to separate molecules. The formation
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of strain-free stable chelate rings requires at least two atoms that can attach to a metal
ion. The iron (Fe) in a hemoglobin molecule and the magnesium in a chlorophyll mol-
ecule are two such examples. Through chelation, some biologically active compounds
are absorbed and retained in the body, whereas others may be removed from it.

Some researchers suggest that the toxicity of certain chemicals may be attributed
to chelation. For instance, when rabbits were exposed to carbon disulfide (CS,) at
250 ppm, a rapid outpouring of tissue zinc (Zn) in urine occurred. The loss of body
zinc is primarily due to a chemical reaction of CS, with free amino groups of tissue
protein, forming thiocarbamate and thiazolidone, which might form soluble chelate
with zinc (Talegawkar et al. 2009).

Some scientists suggested that metal chelation may be one of the mechanisms
involved in carcinogenesis. Many carcinogens have, or can be metabolized to, chem-
ical species capable of metal binding. This in turn may aid the entrance of metals
into cells. Once inside the cells, interaction between normal metals and abnormal
metals may occur, resulting in alteration of cellular metabolism.

4.4.4.4 Metal Shift

Metal shift refers to movement of metals from one organ to another due to the pres-
ence of a toxicant. The phenomenon may account for some of the responses observed
in animals that are exposed to certain toxicants and is among the earliest biologi-
cal indicators of toxic response. For example, rats exposed to fluoride showed an
increase in serum zinc content, whereas the levels of selenium (Se) and aluminum
in the rats’ whiskers were decreased (Yoshida et al., 1991). A similar change was
observed with rats exposed to O;. When exposed to O, for 4 hours, the rats showed
increased levels of copper (Cu), molybdenum (Mb), and zinc in their lungs, while the
levels of these metals in the liver were decreased.

4.4.5 Free-RADICAL-MEDIATED REACTIONS

A free radical is any molecule with an odd number of electrons and can occur as
both organic and inorganic molecules. Free radicals are highly reactive and therefore
highly unstable and short-lived. For instance, the half-life of lipid peroxyl radical
(ROO) is 7 seconds, and that of hydroxyl radical (HO-) is 10~ seconds.

Free radicals are derived from both natural and anthropogenic sources. They are
produced naturally in vivo as by-products from normal metabolism. Some of the
examples include superoxide free radical (O,--) and H,O,. Anthropogenic sources
of free radicals are found in such situations as when an organism is exposed to
ionizing radiation, certain drugs, or various xenobiotics. The free radicals thus
produced can cause chain reactions and damage critical cellular constituents,
including proteins, lipids, and DNA. In proteins, the consequence of free-radi-
cal attacks is manifested by peptide-chain scission and denaturation. With DNA,
strand scission or base modification may occur, potentially leading to cell mutation
and death. Researchers generally agree that many human diseases, including heart
disease and certain types of cancer, are attributable, at least partly, to free-radical-
mediated reactions.
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H+
RH — R’
R +0, — RO,

RO," + RH — ROOH + R’

FIGURE 4.6 Lipid peroxidation and production of lipid free radicals RH, polyunsaturated
fatty acid; R;, lipid (fatty acid) free radical; ROO, lipid peroxide free radical; ROOH, lipid/
organic hydroperoxide.

As free radicals react with unsaturated fatty acids and cholesterol, such as those
in cellular membranes, they can induce lipid peroxidation. This process, in turn,
can become autocatalytic after initiation, leading to the production of lipid per-
oxide, lipid alcohol, aldehydes, and other chemical species (Freeman and Crapo
1982). Interaction with other cellular constituents can also occur, thus injuring cells.
Obviously, by inducing these reactions, free radicals can damage cell plasma mem-
branes and those of organelles.

Certain atmospheric pollutants, such as O;, PAN, and NO,, can act as free radicals
themselves. Extensive studies have been conducted on the nature of O;-dependent
peroxidation of lipid material in both plants and animals. Lipid peroxidation can also
occur as a result of free-radical-dependent reactions initiated by other environmental
agents. Figure 4.6 shows the mechanism involved in lipid peroxidation. It also shows
the initiation of a chain reaction that can occur following the formation of new spe-
cies of free radical. As a result of peroxidation and subsequent reactions, the nature
of lipid material is altered, and cellular functions are disrupted.

Oxidative stress is an imbalance between the production of reactive oxygen radi-
cals and the ability of the organism’s natural protective mechanisms to cope with
these radicals and to prevent adverse effects. Cells in the body are exposed to reac-
tive oxygen species under normal circumstances via the leakage of electrons from
the electron transport chain, phagocytic cells, and endogenous enzyme systems
(Freeman and Crapo 1982).

Studies showed that free radicals such as the hydroxyl radical (OH-) can cause
peroxidation or crosslinking of membrane lipids and intracellular compounds, thus
leading to cell aging and death. Although this is part of the normal aging process of
cells, the presence of increased oxidative stress is thought to lead to premature cell
aging. For example, the potentially harmful reactivity and oxidative potential of iron
are carefully modulated within living organisms by the binding of iron to carrier
proteins or by the presence of other molecules with antioxidant properties. When not
properly controlled, redox reactions can cause major damage to cellular components,
such as fatty acids, proteins, and nucleic acids. Iron catalyzes the Fenton reaction,
one of the best-known processes for converting superoxide and hydrogen peroxide to
very reactive free radicals (Reactions 4.6 and 4.7).

0O, + Fe — O, + Fe*? 4.6)
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Fe*?+ H,0, - Fe** + OH~ + OH- @.7)

4.4.6 ENDOCRINE DISRUPTION

Estrogen, a steroid hormone, is produced in both males and females. It is produced in
much larger quantities in females and therefore is considered a female hormone. In
both humans and animals, a specific ratio of estrogen to androgens (male hormones)
is necessary for sexual differentiation in the developing fetus. If the ratio is per-
turbed, the offspring may be born with two sets of partially developed sexual organs,
called intersex, or with a single set that is incompletely or improperly developed.

Estrogenicity is mediated by binding to specific intracellular proteins known as
receptors. This binding causes a conformational change in the receptor, enabling the
estrogen-estrogen receptor complex to bind to specific sites on DNA. Once bound to
DNA, the complex alters the expression of estrogen-responsiveness genes. Steroidal
estrogens exert their effects through this change in gene expression (Figure 4.7).
An exogenous chemical agent can alter the receptor-mediated process by a number
of mechanisms. For example, the chemical agent may change the level of endog-
enous estrogen at a particular site by altering its synthesis, metabolism, distribu-
tion, or clearance. Alternatively, the chemical may modify tissue responsiveness to
estrogen by changing receptor levels or by acting through a secondary pathway to
influence the receptor function. Finally, a chemical may attach itself to the estrogen
receptor in cells and mimic or block estrogenicity (Hileman 1994). Endocrine dis-
rupters are therefore defined as exogenous chemical agents that interfere with the
synthesis, secretion, transport, binding, action, or elimination of natural hormones
(Environmental Protection Agency [EPA] 1997).

A particular group of chemicals, called estrogen mimics, can imitate the action
of estrogen. The estrogen mimics are a diverse range of chemicals with no obvious
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FIGURE 4.7 TImpact of exogenic estrogen.
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structural similarity. Nevertheless, major characteristics of these chemicals have
been elucidated. These chemicals are highly persistent, highly fat-soluble, and have
a high potential to accumulate in fat tissue of animals and humans. Some examples
of estrogen mimics include DDT, DDE, dieldrin, Kepone, methoxychlor, and poly-
chlorinated biphenyls (Shultz et al. 1998).

For example, DDT has been shown to cause reproductive failure in western gulls
in California (Fry and Toone 1981). The poor breeding success was characterized
by a reduced number of adult males, a highly skewed sex ratio (e.g., female-to-male
ratios of 3.85 on Santa Barbara Island), and female-female pairing of some of the
excess females. Researchers suggested that the causes for the observed poor breed-
ing success might include DDT contamination, causing the thinning of eggshells and
abnormal development of the reproductive system in embryos, leading to breeding
failure in the adult birds.

Research conducted since 1990 indicated that certain persistent toxicants may be
producing adverse effects in wildlife, including birds and mammals, and in humans
by disrupting the endocrine system. Some of the effects include reproductive and
developmental abnormalities, increases in certain hormone-related cancers, and
decreases in wildlife populations.

Similarly, a number of other reports have indicated that sperm counts in men world-
wide have decreased about 50% since 1940. Over the same period, the incidence of
prostate cancer in some countries has doubled, while that of testicular cancer has tri-
pled. There are also indications that birth defects in the male reproductive tract have
increased over the past several decades. Furthermore, since 1940, the incidence of
female breast cancer has risen in the United States and Western Europe. Studies also
showed that endometriosis (the growth outside the uterus of cells that normally line the
uterus), formerly a rare condition, now afflicts 5 million American women. Women who
are afflicted by the disease in their reproductive years frequently suffer infertility.

In the animal world, a study of alligators on Lake Apopka in Florida found that the
young were often unable to hatch, and that males that did hatch had abnormally small
penises. An active program of research followed the observation, and a large number
of reports related to the subject have been published. Many scientists agree that at
least part of the reason for the observed conditions may be the introduction of xeno-
biotics into the environment since 1940 that block or mimic the action of estrogen.

Such chemicals may act on adult humans or animals, causing cancer or endo-
metriosis. The consequences may be even more widespread and devastating when
estrogen mimics accumulate in the mother. The chemicals may then be transferred
to the egg or fetus, disrupting the hormone balance of the developing offspring and
causing reproductive abnormalities or changes that set the stage for cancer in adult-
hood. (Further discussion of endocrine disruption is presented in Chapter 15.)

REVIEW QUESTIONS

1. Which is more injurious to plants/animals exposed to pollutants, continu-
ous or intermittent exposure?

2. Explain how SO, may damage leaf tissues.

3. Explain the relationship between acid rain and plant injury.
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. Why is acidified soil more harmful to plants than nonacidified soil?
. Explain the way in which lead may inhibit an enzyme.
. Explain the way in which fluoride may inhibit an enzyme.
. What is meant by facilitated transport?
. To what does active transport refer? What are the characteristics involved in
this process?
9. List the three main reactions involved in the phase I reaction.
10. Explain the main feature involved in the phase II reaction.
11. List four endogenous substances that may be involved in conjugation
reactions.
12. Explain how a toxicant may disrupt DNA function.
13. Explain how cell membranes may be disrupted by lead or cadmium.
14. List several metallic ions that can act as a cofactor in an enzyme system.
15. What is a free radical? How is it produced?
16. Explain the way in which cellular macromolecules may be affected by free
radicals.
17. What is meant by an estrogen mimic?
18. Name five chemicals that can act as estrogen mimics.
19. What are the major characteristics of estrogen mimics?
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5 Factors Affecting
Xenobiotic Action

5.1 INTRODUCTION

Many factors can affect the toxicity of xenobiotics. This chapter examines some of
the factors, including physicochemical properties of toxicants, dose or concentration,
mode and duration of exposure, environmental factors, interaction, and biological
and nutritional factors.

5.2 PHYSIOLOGICAL PROPERTIES

Physical and chemical characteristics—such as whether a pollutant is solid, liquid, or
gas; whether it is soluble in water or in lipid, organic or inorganic material, ionized or
nonionized, and so on—can affect the ultimate toxicity of pollutants. For instance,
a nonionized substance may be more toxic than an ionized or charged counterpart
because the nonionized species can pass through the membrane more easily than the
ionized species and thus be more readily absorbed and elicit its toxic action.

5.3 DOSE OR CONCENTRATION

Dose or concentration of any pollutant to which an organism is exposed is often the
most important factor affecting its toxicity. Once a pollutant gains entry into a liv-
ing organism and reaches its target site, it may exhibit an injurious action. For this
reason, any factors capable of modifying internal concentrations of the pollutant can
alter its toxicity. The effect of the pollutant is therefore a function of its concentration
at the locus of its action. A pollutant may either depress or stimulate normal meta-
bolic function. In general, minute amounts of a pollutant may stimulate metabolic
function, whereas large doses may impede or destroy its activity.

For example, epidemiological studies showed that in the area of Kuitan, a city
situated in the western part of China, many residents suffer from arsenism (a disease
caused by arsenic [As]) after consuming well water containing high levels of the
mineral. Residents who had consumed well water containing 0.12 mg arsenic/L for
10 years manifested arsenism with a prevalence rate of 1.4% of the city population.
However, in residents who had consumed water containing 0.6 mg arsenic/L for only
6 months, the prevalence rate increased to 47%, and the patients showed more severe
symptoms (Wang et al. 1997).

Plants exposed to different kinds of pollutants often show depressed growth or
lowered enzyme activity. For example, mung bean seedlings exposed to varying
concentrations of sodium fluoride (NaF) for 3 days showed significant decreases
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FIGURE 5.1 Effect of NaF on radicle growth and invertase activity in mung bean
seedlings.

in root elongation and the activity of invertase, which is a key enzyme responsible
for the breakdown of sucrose into glucose and fructose. Invertase activity in seed-
lings exposed to 0.2, 1.0, and 2.0 mM NaF was decreased by 9%, 22%, and 41%,
respectively, compared to the control treated with water. These results coincided
with impaired seedling growth (Figure 5.1) (Ouchi et al. 1999).

While it is true that exposure of organisms to sufficiently high levels of pollutants
generally results in impaired growth or depressed enzyme activity, in a dose- or con-
centration-dependent manner, this is not always the case. Occasionally, under certain
experimental conditions, increases in a certain endpoint (a measurable response of
an organism to a stressor that is related to the evaluated characteristics chosen for
assessing toxicity) may be observed in exposure studies in which very low concen-
trations of toxicants are used. Increases in respiration and growth rate are examples.
Occasionally, increases in enzyme activity may also be observed. For example,
mung bean seedlings exposed to 0.1 mM NaF showed an increase in superoxide
dismutase (SOD) activity, whereas exposure to 0.5 mM and above showed decreases
in the enzyme activity (Wilde and Yu 1998) (Figure 5.2). Some researchers have
interpreted the observed increase as a result of the attempt by the organism to restore
homeostasis by counteracting the stresses induced by toxicants. Such an attempt by
the organism is almost always accompanied by an additional energy expenditure and
therefore increased metabolism of the organism.

5.4 DURATION AND MODE OF EXPOSURE

The responses of an organism to stresses caused by toxicants are greatly affected by
the duration of exposure. Ordinarily, a long-term exposure leads to a more severe
injury than a short-term exposure. However, the dose or concentration of a toxicant
is also important in determining the severity of the injury.

The mode of exposure of plants or animals to toxicants (i.e., continuous or inter-
mittent) and the activity level of an exposed animal are also important in affect-
ing pollutant toxicity. Normally, a continuous exposure is more injurious than an
intermittent one, with other factors remaining the same. For instance, rats exposed
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FIGURE 5.2 Effect of in vivo NaF exposure on SOD activity in mung bean seedlings.

to ozone (O5) continuously for a sufficient period may develop pulmonary edema.
However, when the animals are exposed to the same dose of O; administered inter-
mittently, no pulmonary edema may occur. A similar phenomenon can also be
observed with plants exposed to various kinds of air pollutants. One reason for this
is that living organisms often can, to some extent, repair injuries caused by envi-
ronmental chemicals. The magnitude of the health effects of O; on animals is also
highly dependent on the activity level of the subject. Exercise increases the total
volume of inhaled air, so it will also increase the total dose of O; to the lung. The
duration of the exercise is more important than the dose of the exposure (Folinsbee
et al. 1988).

5.5 ENVIRONMENTAL FACTORS

Environmental factors, such as temperature, pH, humidity, and others, may affect
pollutant toxicity in different ways. Some of these factors are examined next.

5.5.1 TEMPERATURE

Many reports have shown the effects of changes of temperature on living organisms
(Krenkel and Parker 1969). Changes in ambient temperature affect the metabolism
of xenobiotics in animals. For example, the rate at which chemical reactions occur
increases with increase in temperature. With fish, an increase in temperature leads to
faster assimilation of waste and therefore faster depletion of oxygen. Fish and other
aquatic life can live only within certain temperature ranges. For metals, toxicity may
increase with either an increase or decrease in ambient temperature (Hodgson 1980).
Temperature also affects the response of vegetation to air pollution. Generally, plant
sensitivity to oxidants increases with increasing temperature up to 30°C. Soybeans
are more sensitive to O; when grown at 28°C, regardless of exposure temperature or
O, doses (Dunning et al. 1974).
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5.5.2 rH

Maintenance of a particular pH in body fluids is critical for the well-being of animals
and humans. The influence of pH on the toxicity of chemical agents varies accord-
ing to the organism and the chemical agent. For instance, human body fluids must
be maintained at a value near pH 7.4 for the body’s metabolism to proceed properly.
This is because most body enzymes function best when the pH remains around neu-
tral. As noted in Chapter 4, the availability of metals in soil to plants varies most
markedly with soil pH. Increases in acidity enhance the mobilization of metals in
soil. Acid precipitation therefore may greatly increase the availability of toxic met-
als, such as aluminum, to plants.

5.5.3 Humipity

The sensitivity of plants to air pollutants increases with increase in relative humidity.
For instance, high relative humidity has been shown to contribute to acute damage to
forest vegetation by SO, (Linzon 1973). Injurious effects of O; and nitrogen dioxide
(NO,) on vegetation have also been found to be greater when the relative humidity is
high. A similar effect was observed with fluoride. Gladiolus plants exhibited a higher
sensitivity to fluoride when relative humidity increased from 50% to 80% (MacLean
et al. 1973).

5.6 INTERACTION

The actions of individual toxicants are affected by many factors, such as portals
of entry, mode, metabolism, and others described previously. However, organisms
are generally exposed to a complex mixture of different pollutants. Simultaneous
exposure to more than one toxicant can have a dramatic impact on the outcome of
exposure. Toxicants may interact with each other to produce additive, potentiation,
synergistic, or antagonistic effects. The factors affecting the outcome of exposure
are complex and include the characteristics of the chemicals and the physiological
condition of the organism, for example.

5.6.1 ADDITIVE, SYNERGISM, AND POTENTIATION EFFECTS

An additive effect occurs when the combined effects of two compounds are simply
additive. Synergism, however, describes a combined toxicity that is greater than the
simple additive effects of two compounds. Potentiation means synergism in which
one compound is generally assumed to have little or no intrinsic toxicity by itself,
but when another compound is present, it adds its effect or the effect is increased. It
should be noted that in synergism, both compounds can induce toxic effects.
Smoking and exposure to asbestos, for example, have been known to exhibit a
synergistic effect, increasing lung cancer. The presence of particulate matter such
as sodium chloride (NaCl) and SO,, or SO, and sulfuric acid mist simultaneously,
would have potentiation or synergistic effects on animals. Many insecticides exhibit
synergism or potentiation. Studies with female rats showed that when the animals
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TABLE 5.1
Synergistic Effect of O, and SO, on
Plant Leaves

Concentration

(ppm) Leaf Damage
Duration (h) O, SO, (%)
2 0.03 0 0
2 0 0.24 0
2 0.031 0.24 38

Source: Menser, H.A., and H.E. Heggestad. Ozone
and sulfur dioxide synergism. Injury to
tobacco plants. Science 153, 424, 1955.

were exposed to fluoride and benzene hexachloride (BHC) simultaneously, a syner-
gistic effect occurred, resulting in decreased red blood cell count, and relative weight
of the ovary (Ramesh et al. 1997).

Exposure of plants to both O; and SO, simultaneously is more injurious than
exposure to either of these gases alone. Laboratory studies showed that a single expo-
sure to O, at 0.03 ppm and to SO, at 0.24 ppm for 2 hours or 4 hours did not injure
tobacco leaves. However, when the leaves were exposed to a mixture of Oy at 0.031
ppm and SO, at 0.24 ppm for 2 hours, a moderate (38%) injury to the older leaves
of Tobacco Wel W3 occurred (Table 5.1) (Menser and Heggestad 1966). Similarly,
an additive effect was observed on yield depression of bush beans grown in culture
solutions containing 2 x 10~* M cadmium (Cd) and 2 x 10> M nickel (Ni), while
synergistic effects on yield depression were observed with the plants grown in cul-
ture solution containing 5 x 107 M zinc (Zn), 3 x 107> M copper (Cu), and 2 x 103
M nickel (Wallace and Romney 1977).

5.6.2 ANTAGONISM

Antagonism refers to a situation in which the toxicity of two or more chemicals pres-
ent (or administered in combination or sequentially) is less than would be expected
were the chemicals administered separately. Antagonism may be due to chemical or
physical characteristics of the pollutants, or it may be due to the biological actions of
the chemicals involved. For example, the highly toxic metal cadmium is known to
induce anemia and nephrogenic hypertension, as well as teratogenesis, in animals.
Zinc and selenium (Se) act to antagonize the action of cadmium. This appears to be
due to zinc and selenium inhibiting the renal retention of cadmium.

Antagonism includes cases for which the lowered toxicity is caused by inhibition
or induction of detoxifying enzymes. For example, parathion is known to inhibit
mixed-function oxidase (MFO) activity, while DDT and dieldrin are inducers. The
induction of MFO activity may also protect an animal from the effect of carcin-
ogens by increasing the rate of detoxification. Antagonistic effects on xenobiotic
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metabolism in vivo are also known in humans. Cigarette smoking affects the activi-
ties of various liver enzymes. For instance, studies on the term placenta of smoking
mothers have shown that smoking causes marked stimulation of aryl hydrocarbon
hydroxylase and related activities. Physical means of antagonism can also exist. For
example, oil mists have been shown to decrease the toxic effects of O, and NO, or
certain hydrocarbons in experiments on mice. This may be due to the oil dissolving
the gas and holding it in solution or to the oil containing neutralizing antioxidants.

5.7 BIOLOGICAL FACTORS
5.7.1 PLANTS

Plants exhibit marked differences in their susceptibility to environmental pollutants.
Genetic variation is probably the most important factor affecting plant response. The
response varies between species of a given genus and between varieties within a given
species. Such variation is a function of the influence genetic variability has on morpho-
logical, physiological, and biochemical characteristics of plants. For instance, gladi-
olus is known to be extremely sensitive to fluoride, and different gladiolus varieties
show different responses to fluoride. The susceptibility of different species of plants to
different pollutants varies markedly. For example, DDT applied to soil at a rate of 50
ng/g inhibited germination, seedling height, and fresh and dry weight in oilseed plants,
but had no effect on rice, barley, and mung bean plants. In the oilseed plants, DDT
exposure caused a reduction in cell number and length and inhibition of ion uptake,
especially potassium ions (K*) and calcium ions (Ca?*) (Mitra et al. 1991).

It has been shown that the sensitivity of two onion cultivars to O; is controlled by
a single gene pair. After exposure to O,, the stomata of an Os-resistant cultivar were
found to be closed, with no appreciable injury, whereas the stomata of Os-sensitive
cultivar remained open, with obvious injury (Engle and Gabelman 1966). The sen-
sitivity of plants to air pollutants is also affected by leaf maturity. Generally, young
tissues are more sensitive to peroxyacyl nitrate (PAN) and hydrogen sulfide (H,S),
and maturing leaves are most sensitive to the other airborne pollutants. According
to Linzon (1973), in white pine the greatest chronic injury occurred in second-year
needles exposed to SO,.

5.7.2  ANIMALS AND HUMANS

Genetics, development, health status, behavior, and gender are among the most
important factors that affect the response of animals and humans to pollutant toxic-
ity (Hodgson 1980).

5.7.2.1 Genetic Factors

Not all organisms, including humans, react in the same way to a given dose of an
environmental pollutant. In animal experiments, variation between species, as well
as variation between strains within the same species, occurs. As shown in Table 5.2,
the toxicity of the insecticides DDT and dieldrin differs markedly for different spe-
cies. Substantial epidemiological data exist to illustrate that the interplay between
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TABLE 5.2
Toxicity of DDT and Dieldrin

LD;,
Compound  Organism  (mg/kg body weight)
DDT Housefly 8
DDT Bee 114
Dieldrin Housefly 1.3
Dieldrin Rat 87

environmental and genetic factors in the development of congenital malformations
is significant. In animals, for example, it has often been shown that the rates of con-
genital anomalies differ between different strains of mice in response to the same
dose of a teratogen (Finnell et al. 2002).

In humans, such factors as serum, red blood cells, immunological disorders,
and malabsorption can contribute to differences in individuals’ response to stresses
caused by environmental pollutants. For example, individuals with sickle-cell anemia
are more susceptible to the effect of toxicants than are individuals without the anemia.
People with malabsorptive disorders may also have problems; they may suffer nutri-
tional deficiencies, which in turn may lead to an increased susceptibility to toxicants.

5.7.2.2 Developmental Factors

The developmental factor category includes aging, immature immune system, preg-
nancy, immature detoxification systems, and circadian rhythms. Examples of these
factors, which all contribute to the varied responses to xenobiotics exhibited by indi-
viduals, include decline in renal function as a result of aging; lack of y-globulin
needed to cope with invading bacteria and viruses; lack of receptors needed in hor-
monal action; greater stresses encountered by pregnant women when metabolizing
and detoxifying xenobiotics (not only for themselves but also for their fetuses); and
an immature hepatic MFO system in the young.

5.7.2.3 Diseases

Diseases in lungs, heart, kidneys, and liver predispose a person to more severe conse-
quences of pollutant exposure. As mentioned previously, these organs are responsible
for metabolism, storage, and excretion of environmental pollutants. Cardiovascular
and respiratory diseases of other origins decrease an individual’s ability to withstand
superimposed stresses. An impaired renal function will certainly affect the ability of
the kidneys to excrete toxic substances or their metabolites. As noted, the liver plays
a vital role in detoxification of chemicals in addition to its role in the metabolism
of different nutrients and drugs. Disorders in the liver can therefore disrupt proper
detoxification processes.

5.7.2.4 Behavioral Factors

Smoking, drinking, and drug habits are some examples of lifestyle choices that
can affect an individual’s response to toxicants. Smoking has been shown to act
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synergistically with several environmental pollutants. Asbestos workers or uranium
miners who smoke are known to have higher lung cancer death rates than those who
do not smoke. Heavy drinking can lead to disorders in the brain and liver; a heavy
drinker exposed to certain organic chemicals may therefore experience more serious
liver injury than would a nondrinker.

5.7.2.5 Gender

The rate of metabolism of foreign compounds varies in animals and humans accord-
ing to gender. The response to CHCI1; exposure by laboratory mice, for example,
shows a distinct sex variation. Male mice are highly sensitive to CHCI;, and death
often results following their exposure to this chemical (M.H. Yu, unpublished data,
2004). The higher sensitivity exhibited by male mice to certain toxicants may be
due to their inability to metabolize the chemicals as efficiently as female mice. It
is interesting that the death rate of male mice exposed to CHCl; is also dependent
on the strain of mouse. Studies have shown that the effect of BHC on the weights of
the brains and kidneys of rats varied with sex of the animal. The brain and kidney
weights did not differ in male rats exposed to 25 ppm BHC from those of unexposed
controls, but in female rats, the weights of brain and kidney were both increased.

5.8 NUTRITIONAL FACTORS

5.8.1 INTRODUCTION

Results obtained from human epidemiological and animal experimental studies have
clearly shown nutrition as an important factor affecting pollutant toxicity. For exam-
ple, human populations exposed to environmental fluoride may or may not exhibit
characteristic fluoride poisoning depending on their nutritional status, such as the
adequacy of protein or vitamins A, C, D, or E. The interaction between nutrition and
environmental pollutants is complex, and its study is a challenge to researchers in the
fields of toxicology and nutrition; a new area of study called nutritional toxicology
has emerged in recent years.

The relationship between nutrition and toxicology may include the effect of nutritional
status on the toxicity of environmental chemicals, the additional nutritional demands
as a result of toxicant exposure, and the presence of toxic substances in foods (Parke
and Loannides 1981). Generally, nutritional modulation can alter rates of absorption of
environmental chemicals and therefore affect the circulating levels of those chemicals.
Nutrition modulation can also induce changes in body composition, which in turn may
result in altered tissue distribution of chemicals. Dietary factors can also influence renal
function and pH of body fluids with altered toxicity. In addition, modified nutritional
status of an individual may alter the responsiveness of the target organ.

5.8.2 FASTING AND STARVATION

Fasting or starvation, the most severe forms of nutritional modulation, influences the
toxicity of xenobiotics in such a way that they may cause depressed metabolism and so
reduced clearance of chemical agents. Consequently, increased toxicity may be seen.
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Studies with animals have shown that the effect of fasting on microsomal oxidase
activity is species, substrate, and sex dependent. For instance, some reactions are
decreased in male rats but increased in female rats, while others may not be affected
at all. It is thought that the sex-dependent effect is related to the ability of androgen
to enhance binding of some substrates to cytochrome P450. Animal studies also
showed that glucuronide conjugation was decreased under starvation.

5.8.3 PRroOTEINS

The effects of proteins on the toxicity of environmental chemicals include both quan-
titative and qualitative aspects. Laboratory animals fed low-protein diets and exposed
to toxicants often show higher toxic effects than observed in animals fed normal-
protein diets. Protein deficiency causes hypoproteinemia and impaired hepatic func-
tion, leading to decreased levels of hepatic proteins, DNA, and microsomal P450, as
well as lowered plasma binding of xenobiotics. Plasma contains many different pro-
teins, such as albumin, glycoprotein, and lipoprotein. Albumin, in particular, has an
important role in the binding and distribution of xenobiotics in the body, so lowered
binding of xenobiotics by plasma albumin could result in greater toxicity.

Protein deprivation may impair the metabolism of toxicants that occur in the body.
It has been known for a long time that protein deficiency increases the toxicity of
chemical compounds and drugs. The toxicity of most pesticides, such as chlorinated
hydrocarbons, herbicides, fungicides, and acetylcholinesterase (AChE) inhibitors, is
increased by protein deficiency (Table 5.3). Studies by Tandon et al. (1998) showed
that the activities of the antioxidant enzymes including SOD, glutathione peroxidase
(GSHPx), and catalase, were decreased in rats fed a low-protein diet (containing 8%
protein). In addition, the rats showed significantly increased levels of lipid peroxidation.
Alteration of xenobiotic metabolism by protein deprivation may lead to either enhanced
or decreased toxicity, depending on whether the metabolites are more or less toxic than
the parent compounds. The results shown in Table 5.3 reveal that low-protein diets
can cause decreased metabolism but increased mortality with respect to the chemicals
concerned. In contrast, rats treated under the same conditions showed a decrease in
mortality with respect to heptachlor, CCl,, and aflatoxin Bl (AFBI1), a toxin produced
by Aspergillus flavus. It is known that heptachlor and AFBI are metabolized in the liver
to their respective epoxide forms (Figures 5.3 and 5.4, respectively) that are more toxic
than the parent substances. For example, the epoxide form of AFB1 (AFBI epoxide)
produces DNA adducts by binding to guanine (Jones et al. 1999). As mentioned in
Chapter 4 (Reaction 4.5), CCl, is metabolized to a highly reactive free radical -CCl,.

Although protein nutrition has a critical influence on pollutant toxicity, it should
be recognized that severely limited protein intake in humans is usually accompanied
by inadequate intake of other nutrients. Hence, it is often difficult to identify specific
pathological conditions merely associated with protein deficiency.

5.8.4 CARBOHYDRATES

A high-carbohydrate diet usually leads to a decreased rate of detoxification.
Microsomal oxidation is generally depressed when the carbohydrate/protein ratio is
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TABLE 5.3
Effect of Protein on Pesticide Toxicity?

LD;, (mg/kg body weight)

3.5% Casein Diet 26% Casein Diet

Chlorinated Hydrocarbons

DDT 45 481

Chlordane 137 217

Toxwaphene 80 293

Endrin 6.69 16.6
Organophosphates

Parathione 4.86 37.1

Marathione 759 1,401

Herbicides and Fungicides
Diuron 437 2,390
Captan 480 12,600

Source: Tandon, A., D.K. Dhawan, and J.P. Nagpaul.
Effect of lithium on hepatic lipid peroxidation
and antioxidative enzymes under different dietary
protein regimens. Appl. Toxicol. 18, 187, 1998.

# Male rats fed for 28 days from weaning on diets of vary-

ing casein contents.
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increased. In addition, the nature of the carbohydrates also affects oxidase activity.
For example, sucrose gives rise to the lowest activity, cornstarch gives the highest
value, and glucose and fructose give intermediate values. Since dietary carbohydrates
influence body lipid composition, the relationship between carbohydrate nutrition
and toxicity is often difficult to assess. However, environmental chemicals can affect,
or be affected by, body glucose homeostasis in several different ways. For example,
CCl, rapidly deactivates hepatic glucose 6-phosphatase by damaging the membrane
environment of the enzyme. Trichloroethylene and several other compounds that
are metabolized by the liver to glucuronyl conjugates are more hepatotoxic to fasted
animals than fed animals.

5.8.5 Lirips

Dietary lipids may affect the toxicity of environmental chemicals by delaying or
enhancing their absorption. The absorption of lipophilic substances is accelerated,
while that of lipophobic substances delayed. The endoplasmic reticulum contains
high levels of lipids, especially phospholipids (which are rich in polyunsaturated
fatty acids), Lipids may influence the detoxification process by affecting the cyto-
chrome P450 system because phosphatidylcholine is an essential component of the
hepatic microsomal MFO system. A high-fat diet may cause more oxidation to occur
because it may contribute to more incorporation of membrane material.

The type of lipid can also affect toxicant metabolism, as a high proportion of
phospholipids is unsaturated due to the presence of linoleic acid (18:2) in the (3-posi-
tion of triacylglycerol). Dietary 18:2 is important in determining the normal levels
of hepatic cytochrome P450 concentration and the rate of oxidative demethylation
in rat liver.

Dietary lipids play a unique role in the toxicity of chlorinated hydrocarbon pes-
ticides. Dietary lipids may favor more absorption of these pesticides, but once these
chemicals are absorbed into the body, they may be stored in the adipose tissue
without manifestation of toxicity. For this reason, obesity in humans is considered
protective against chronic toxicity of these chemicals. Similarly, the body fat in a
well-fed animal is known to store organochlorine pesticides. Fat mammals, fish,
and birds are thus more resistant to DDT poisoning than their thinner counterparts.
In times of food deprivation, however, organic chemicals, such as DDT and PCB,
may be mobilized from their fat deposits and reach concentrations potentially toxic
to the animal.

A report released by the U.S. Institute of Medicine (IOM) stating the need to
reduce saturated fat intake among the population as a means of reducing exposure to
dioxins raises another concern about the toxicants. The report pointed out that satu-
rated fats are a key source of human exposure to dioxins. Dioxins are a collection
of more than 200 related compounds that may be linked to hormonal changes, neu-
rodevelopmental problems in children, cancer, and other adverse effects. Dioxins are
ubiquitous agents that contaminate food as they cycle through the biosphere. Because
dioxins are lipid soluble, they accumulate in many varieties of foods. According to
the IOM, saturated fats in meat, dairy products, and certain species of fish are the
biggest sources of human exposure to these chemicals (Schmidt 2004).
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The role of dietary lipids in affecting pollutant toxicity has been fairly well
defined for a few specific chemicals, including lead (Pb), fluoride, and hydrocarbon
carcinogens. For example, high-fat diets are known to increase lead absorption and
retention. Moreover, competitive absorption of lead and calcium (Ca) also occurs,
which is probably due to competition for the calcium-binding protein (CaBP) whose
synthesis is mediated by vitamin D, a fat-soluble vitamin. Studies have shown that
a high-fat diet causes increased body burden of fluoride, resulting in higher toxic-
ity. This is attributed to the delay of gastric emptying caused by high-fat levels.
Consequently, enhanced fluoride absorption may occur, leading to increased body
burden of fluoride. Dietary fat does not increase metabolic toxicity of fluoride itself,
however. As is well known, AFBI1 (Figure 5.4) is a potent liver cancer-causing agent.
A high-fat diet offers protection from lethal effects of the toxin, presumably through
dissolution of the carcinogen.

5.8.6 ViTaAMIN A

Many reports describe vitamin A and its synthetic analogues as a potential factor in
the prevention and treatment of some cancers. There is growing evidence that vita-
min A may also alleviate pollutant toxicity. Epidemiological studies using a cohort of
8,000 men showed a low incidence of lung cancer in those with high dietary vitamin
A intake, while incidence was higher in individuals with a diet low in the vitamin. In
experimental studies, rats exposed to PCB, DDT, and dieldrin showed a 50% reduc-
tion in the liver vitamin A store. In other studies, rats deficient in vitamin A exhibited
lowered cytochrome P450 activity in the liver. The effect of vitamin A deficiency
on MFO enzymes, however, depends on several factors, such as substrate, tissue,
and animal species. Recent studies have shown that rats exposed to fluoride showed
increased levels of lipid peroxide (LPO) in the liver, serum, heart, and kidneys,
whereas the activities of SOD and GSHPx and the levels of GSH (glutathione) were
decreased. Administration of B-carotene (which can be partially converted to vita-
min A in the body) reduced LPO levels while increasing SOD activity (Sun 1998).

Some epidemiological studies suggested that people who eat foods rich in 3-carotene
and vitamin A are less likely to develop various types of cancer, especially lung can-
cer. But when researchers tested -carotene supplements in smokers, they found that
people who took the supplements were more likely to develop lung cancer. These find-
ings led the experts to advise people—especially former and current smokers—not to
take [3-carotene (Harvard Medical School Special Health Report, 2010).

The mechanism involved in vitamin A action relative to carcinogenesis may in
part involve a free-radical scavenging action of the vitamin. Because vitamin A is
required in the differentiation of epithelial cells, which are important in both respira-
tory and gastrointestinal tracts, its deficiency may affect transformation of epithelia
and thus predispose the tissue to neoplastic changes.

5.8.7 ViiamiNn D

The role that vitamin D plays in the prevention of rickets and osteomalacia has been
well documented. To play its role in the maintenance of calcium homeostasis, vitamin
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D must be converted into its metabolically active form, 1,25-dihydroxy-Dj; (the hor-
mone-like substance). In this case, vitamin D5 (cholecalciferol) is first hydroxylated
in the liver to 25-hydroxy-D;. The resultant 25-hydroxy-D; is then converted in the
kidney to 1,25-dihydroxy-D;, the active form of the vitamin. The 25-hydroxyla-
tion of cholecalciferol requires NADPH (nicotinamide adenine dinucleotide phos-
phate), O,, and an enzyme whose properties are similar to those of microsomal
MFO (Bjorkhelm et al. 1979). In addition, 25-hydroxy-D; has been shown to com-
petitively inhibit some cytochrome P450 reactions in vitro. Patients suffering from
drug-induced osteomalacia show increased rates of catabolism of vitamin D; to
25-hydroxy-D;. In a laboratory study of male mice exposed to NaF, vitamin D, alone
or in combination with vitamin E, was found to ameliorate the adverse effect of NaF
on reproductive function and fertility (Chinoy and Sharma 1998).

Some studies have shown that vitamin D can reduce the risk of heart disease.
The studies showed that raising the amount of vitamin D in the blood appears to
help some people, at least those deficient in the vitamin, reducing their risk of heart
disease by about 30%. Recent studies showed that as many as three-quarters of
Americans have a concentration in their blood that is under the normal level of 30
ng/ml (Harvard Medical School Special Health Report 2010).

Vitamin D appears to protect against colon cancer in some studies. For example,
a cross-sectional study of 3,121 adults ages 50 and older found that those with high-
est vitamin D intakes (>645 IU/day) were less likely to have cancerous lesions than
those with lower intakes (Harvard Medical School Special Health Report, 2010).

5.8.8 VitamIN E (0.-TOCOPHEROL)

Vitamin E, a membrane-bound antioxidant and free-radical scavenger, appears to
offer protection against injuries caused by O,, O;, and NO, and nitrosamine for-
mation. Male rats administered daily doses of 100 mg o-tocopherol acetate and
exposed to 1.0 ppm O; were shown to survive longer than rats deficient in vitamin
E. The action of O; is attributed in part to formation of free radicals. Vitamin E is
also believed to protect phospholipids of microsomal and mitochondrial membranes
from peroxidative damage by reacting with free radicals (Figure 5.5). Because lipid
peroxidation is associated with decrease in oxidase activities, it is expected that
the enzyme activity is affected by dietary vitamin E. Maximum activity has been
observed when diets include both polyunsaturated fatty acids and vitamin E.

Nitrosamine, known to be carcinogenic, leads to liver cancer. The interaction
between vitamin E and nitrosamines is attributed to the inhibitory effect of the vita-
min on nitrosamine formation; that is, vitamin E competes for nitrite, a reactant in
nitrosamine formation.

Laboratory studies with isolated rat hepatocytes showed that cellular a-tocopherol
maintains the viability of the cell during a toxic insult (Fariss et al. 1985). A recent
study showed that male mice treated with NaF (10 mg fluorine per kg body weight)
exhibited changes in epididymal milieu, as revealed by significant decreases in
levels of sialic acid and protein and ATPase (adenosine triphosphatase) activity in
epididymides. These changes in turn disrupted the sperm maturation process, lead-
ing to a significant decline in cauda epididymal sperm count, motility, and viability.
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FIGURE 5.5 Action of vitamin E to stop free-radical-induced chain reactions in microsomal
and mitochondrial membrane.

Consequently, a significant decline in fertility rate occurred. Withdrawal of NaF treat-
ment for 30 days produced incomplete recovery. However, vitamin E supplementation
during the withdrawal period resulted in recovery of all NaF-induced adverse effects
(Kuenzig 1977).

5.8.9 Vitamin C

Vitamin C (ascorbic acid) is found in varying amounts in almost all animal and human
body tissues. In humans, high vitamin C levels occur particularly in adrenal and
pituitary glands, eye lens, and various soft tissues. Vitamin C is a potent antioxidant
and participates in many cellular oxidation-reduction reactions. Vitamin C-deficient
guinea pigs have been shown to exhibit an overall deficiency in drug oxidation, with
marked decreases in N- and O-demethylations and in the contents of cytochrome P450
and cytochrome P450 reductase (M.H. Yu, unpublished data, 2004). Administration of
ascorbate to the deficient animals for 6 days reversed these losses of MFO activity.

The effect of vitamin C appears to be tissue dependent (Kuenzig 1977).
Epidemiological studies show that persons with high intakes of dietary vitamin C or
citrus fruit have a lower-than-normal risk of developing cancer. Cancer prevention
by vitamin C is thought to be mainly due to its role as an antioxidant and free-radical
scavenger. Oxidative and free-radical-induced damage to DNA and cell membranes
has been considered as the most important factor in cancer initiation; substantial
evidence indicates that vitamin C can help prevent such damage (Block 1992).

A variety of experimental tumors of the gastrointestinal tract, liver, lung, and
bladder can be produced by nitroso compounds (Narisawa et al., 1976; Mirvish et al,
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1975). Nitroso compounds are produced by the reaction of nitrite with secondary and
tertiary amines, amides, or others, as shown in Reaction 5.1:

R R
\ \
NH + HNO, — N-N=0 + H,0 G.1)
/ /

R R

The nitrosation of several secondary and tertiary amines can be blocked in vitro
by the addition of vitamin C. The vitamin appears to compete for the nitrite, thus
inhibiting nitrosation. It has been demonstrated that vitamin C does not react with
amines or enhance the rate of nitrosamine decomposition. However, it reacts rapidly
with nitrite and nitrous acid. The vitamin appears to decrease the available nitrite
by reducing nitrous acid to nitric oxide (Reaction 5.2), leading to inhibition of the
nitrosation reaction.

Ascorbate + 2HNO, — Dehydroascorbate + 2NO + 2H,0 5.2

Vitamin C has been shown to prevent growth retardation and severe anemia in
young Japanese quail exposed to cadmium (Fox and Fry 1970). Vitamin C, with vita-
min E, has been shown also to protect against herbicide-induced lipid peroxidation
in higher plants. Cell damage is markedly increased in plants that have much lower
or much higher than normal ratio of vitamin C to vitamin E concentrations (10 to
15:1, w/w) or a lower amount of both vitamins (Finckh and Kunert 1985).

The average American is thought to ingest approximately 70 ug cadmium, 0.9 pg
arsenic, and 4.1 mg nitrite per day, as well as being exposed to ambient air contain-
ing CO, O, lead, cigarette smoke, and other materials (Calabrese 1980). In view of
the many vital functions that vitamin C performs in biological systems, and of the
increasing exposure of people to various drugs and xenobiotics, some researchers
have suggested that the recommended dietary allowances (RDAs) for vitamin C may
be inadequate (Zannoni 1977). In support of the suggestion is the result of a study
on urban air pollution. The study showed that short-term exposure produced some
decrease in lung function, which might be counteracted by pretreatment with vita-
min C (Bucca et al. 1992).

In a separate study on mice, fluoride was shown to impair the protective enzymes,
including SOD, GSHPx, and catalase, thereby increasing ovarian LPO and injury.
Vitamins C and E were shown to ameliorate the detrimental effects induced by fluo-
ride (Chinoy and Patel 1998).

The most outstanding chemical characteristics of the ascorbate system (ascorbic
acid/ascorbate, ascorbate free radical, dehydroascorbic acid) are its redox properties.
Ascorbate is a reactive reductant, but its free radical (A-) is relatively nonreactive.
Interestingly, there is evidence that vitamins E and C probably act synergistically;
that is, vitamin E acts as the primary antioxidant (particularly in biomembranes),
and the resulting vitamin E radical (E-) then reacts with ascorbate (AH") to regener-
ate vitamin E (Rielski 1982), as shown in Reaction 5.3.
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R: potential Vitamin E A~ NADH
RH repaired Vitamin E- AH™ NAD*
molecule

FIGURE 5.6 Interaction of vitamin C (ascorbate, AH- with vitamin E).
Vitamin E- + AH- — Vitamin E + A-~ (5.3)

The interaction between vitamin E radicals and ascorbate in protecting against
potentially damaging organic free radicals is illustrated in Figure 5.6.

5.8.10 MINERALS

Mineral nutrition influences toxicology in different ways. Interactions are the rule
rather than the exception when considering the effects of trace nutrients on detoxifi-
cation. As with the macronutrients, trace mineral elements can influence absorption
of xenobiotics. Divalent cations can compete for chelation sites (Figure 5.7) in intes-
tinal contents, as well as for binding sites on transport proteins. It is widely known
that competitive absorption of lead and calcium occurs, which is probably due to
competition for binding sites on intestinal mucosal proteins mediated by vitamin
D. However, zinc is known to provide protection against cadmium and lead toxici-
ties (Sandstead 1980). Absorption of zinc is facilitated by complexing with picolinic
acid, a metabolite of the amino acid tryptophan. Although both cadmium and lead
form complexes with picolinic acid, the resulting complexes are less stable than the
zinc complex. Selenium is antagonistic to both cadmium and mercury, thus reducing
their toxicity. In addition, selenium enhances vitamin E function in the prevention
of lipid peroxidation. The mechanisms involved in the functioning of selenium and
vitamin E are, however, different. Whereas o-tocopherol functions as a membrane-
bound antioxidant, acting as a free-radical scavenger, selenium participates at the
active site of GSHPx and is thus part of the enzyme. GSHPx protects membrane
lipids by catalyzing the destruction of H,O, and organic hydroperoxides before they
cause membrane disruption.

Since cytochrome P450 requires iron (Fe) for its biosynthesis, deficiency of iron
may lead to depressed MFO activity. Dietary iron deficiency in rats has been shown to
result in a rapid loss of the cytochrome P450 content and MFO activity in the villous

NH,

/ CH,

FIGURE 5.7 Example of chelation.



Factors Affecting Xenobiotic Action 89

FIGURE 5.8 Interactions among mineral elements.

cells of duodenal mucosa (Hoensch et al. 1975). As noted, rats fed a low-protein
diet exhibited increased levels (56%) of LPO and decreased activities of antioxidant
enzymes, such as SOD, GSHPx, and catalase. When lithium (Li) (as carbonate) was
administered to rats fed a low-protein diet, the activity of GSHPx was increased, while
the activities of catalase and SOD were brought to within normal limits. Furthermore,
lithium treatment diminished the increase in LPO level (Tandon et al. 1998).

Dietary magnesium (Mg) and potassium (K) restriction has been shown to
enhance the toxicity of paraquat (an organic herbicide) in rats (Minakata et al. 1998).
The main mechanism involved in paraquat toxicity is tissue oxidation by reactive
oxygen radicals generated by redox cycling of the compound (Bus and Gibson 1984).
Rats fed a magnesium-restricted diet and exposed to paraquat exhibited a severe
toxicosis, whereas those with a potassium-restricted diet showed a mild toxicosis.
Restriction of magnesium and potassium was shown to have a synergistic effect on
paraquat-dependent toxicosis (Hoensch et al. 1975). Figure 5.8 shows the interaction
among mineral elements.

REVIEW QUESTIONS

1. Explain how protein nutrition may affect the body’s response to environ-
mental toxicants.

2. What is meant by oxygen stress?

3. What are antioxidants? Give four examples of both endogenous antioxi-
dants and antioxidant enzyme systems.

4. Explain how vitamins C and E act as free-radical scavengers. What are the
main differences between these two vitamins when they act as free-radical
scavengers?
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5. Which is generally more injurious to an organism exposed to a toxicant, a
continuous exposure or an intermittent exposure?
6. Explain the differences between synergism and antagonism.
7. Explain how zinc and cadmium may interact.
8. What are the reasons for old and young people to be more susceptible than
adults to toxicant-induced injury?
9. How may nutrition generally affect toxicology?
10. What role do dietary lipids play in affecting the toxicity of organochlorine
pesticides?
11. Explain the relationship between vitamin A and fluoride-induced toxicity.
12. Explain the role that vitamin E plays in lipid peroxidation.
13. What role do vitamins C and E play in nitrosation?
14. Why is iron deficiency related to the MFO system?
15. Explain the relationship between a low-protein diet and the levels of anti-
oxidant enzymes.
16. How does ascorbate interact with vitamin E free radicals?
17. What role does selenium play in detoxification? What is the mechanism
involved in such a reaction?
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Biotransformation
Metabolism of Xenobiotics

6.1 INTRODUCTION

Biotransformation refers to chemical alteration of a substance within the body, as
by the action of enzymes. Metabolism, on the other hand, is the sum of all chemical
reactions that occur within a living cell. The purpose of cellular metabolism is to
maintain the homeostasis of the cell within a population of other cells. Homeostasis
refers to a tendency toward maintenance of a relatively stable internal environment in
the bodies of higher animals through a series of interacting physiological processes.
Metabolism is usually subdivided into two categories: anabolism and catabolism.
Anabolism is the synthesis of larger molecules from smaller ones. The synthesis
of protein from its amino acid building blocks is an example. Anabolism generally
requires input of energy from an energy source, such as ATP (adenosine triphos-
phate). Catabolism, on the other hand, refers to the degradation of larger molecules
to smaller ones (e.g., the breakdown of starch to glucose). In higher organisms, catab-
olism of carbohydrates and fats results in the production of ATP.

Following their absorption into a mammal, xenobiotics are subjected to meta-
bolic conversion in the body, resulting in structural changes. This metabolic process
is called biotransformation. Biotransformation may occur in any of several body
tissues and organs, including skin, lung, intestine, liver, and kidney. The liver car-
ries out the majority of the chemical reactions because it contains a large number
of nonspecific enzymes capable of biotransformation of xenobiotics. The enzymes
involved in the biotransformation are named mixed-function oxidase (MFO), com-
monly known as cytochrome P450. The liver metabolizes not only many xenobiotics,
but also drugs to which the body is exposed. Biotransformation in the liver is thus
a critical process in the body’s defense against the toxic effects of a wide variety of
xenobiotics (Kappas and Alvares 1975).

6.2 TYPES OF BIOTRANSFORMATION

As mentioned in Chapter 4, the process of xenobiotic biotransformation consists of
two phases: phase I and phase II (Figure 6.1). Phase I includes oxidation, reduction,
and hydrolysis, whereas phase II is essentially composed of conjugation reactions.
Among the representative oxidation reactions catalyzed by cytochrome P450 are
hydroxylation of an aliphatic or aromatic carbon; dealkylation, including atoms such
as oxygen (O), sulfur (S), or nitrogen (N); deamination; epoxidation; oxidative group
transfer; and dehydrogenation. Occasionally, hydroxylation is treated as an inde-
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Phase I Phase II
Toxicant .
. Primary
conjugate tabolite
(Xenobiotic) me

Oxidation Conjugation
Reduction (cysteine, glycine, glutathione
Hydrolysis glucuronic acid, etc.)

FIGURE 6.1 The two phases of biotransformation.

pendent reaction system. Dealkylation produces an aldehyde, whereas deamination
produces ammonia or an amine and the primary metabolite (Figure 6.2).

Xenobiotics containing an aldehyde, ketone, disulfide, sufoxide, azo, nitro group,
as well as certain metals or metalloids, are often reduced in vivo. Several endog-
enous reducing agents are involved in the reduction processes. They include the
reduced forms of glutathione (GSH), flavin adenine dinucleotide (FAD), nicotin-
amide adenine dinucleotide (phosphate) (NAD[P]). Figure 6.2 shows examples of
azo-reduction and nitro-reduction.

In hydrolysis, splitting of ester and amide bonds is common. Hydrolytic enzymes
contained in mammals include carboxylesterases, cholinesterases, and organophos-
phatases. These are involved in hydrolyzing functional groups, such as carboxylic
acid ester, phosphoric acid ester, and acid anhydride (Figure 6.2).

6.3 MECHANISM OF BIOTRANSFORMATION

In the two phases of biotransformation, a lipophilic foreign chemical is first oxidized
in a phase I reaction so that a functional group, such as —OH, -NH,, —COOH, or
—SH, is introduced into the substrate, forming a product called a primary metabolite.
A slight increase in hydrophilicity usually occurs as a result of the reaction.

Phase II reactions, on the other hand, are a synthesis of conjugation processes.
Here, a primary metabolite from phase I biotransformation, or a parent xenobiotic,
reacts with an endogenous substance and forms a conjugate (Figure 6.2). Included
in this process are sulfation, acetylation, methylation, glucuronidation, and conjuga-
tion with GSH or amino acids. Most phase II biotransformation results in substantial
increase in xenobiotic hydrophilicity, thus facilitating the excretion of xenobiotics.
Many xenobiotics are lipophilic and undergo phase I and phase II reactions sequen-
tially, whereas others may participate in only one phase. In the latter case, a toxi-
cant may combine directly with an endogenous substance, forming a conjugate.
Endogenous substances known to participate only in phase II reactions include gly-
cine, cysteine, GSH, glucuronic acid, sulfates, and some other water-soluble sub-
stances. Several representative phase II reactions are shown in Figure 6.3.

6.4 CHARACTERISTICS OF BIOTRANSFORMATION

The NADPH-cytochrome P450 system, commonly known as the mixed-function
oxygenase system (MFO system), is the most important enzyme system involved in
phase I biotransformation. The cytochrome P450 system, localized in the smooth
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FIGURE 6.2 Examples of phase I biotransformation reactions.
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FIGURE 6.3 Examples of phase II biotransformation reactions.

endoplasmic reticulum of cells of most mammalian tissues, is particularly abun-
dant in the liver. Contrary to most enzymes, which catalyze the metabolism of one
substrate with one mechanism, quickly and efficiently, the cytochrome P450 sys-
tem contains a number of isozymes—multiforms of an enzyme that are structurally
equivalent but catalytically distinct from one another—that can catalyze a variety
of substrates with multiple mechanisms, slowly and inefficiently (average turnover
rate is one per minute). The reactions that the isozymes catalyze include aliphatic or
aromatic hydroxylation, epoxidation of a double bond, N-oxidation, sulfoxidation,
dealkylation, deamination, dehydrogenation, dehalogenations, oxidative transfer,
and cleavage of esters (Figure 6.2) (Wislocki et al. 1980).
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During the catalytic reaction, the oxidized form of an iron atom (Fe3*) at the
active site of cytochrome P450 binds directly to the substrate (XH). Reduction of this
enzyme-substrate complex follows, with an electron being transferred from NADPH
via NADPH cytochrome P450 reductase. The reduced (Fe?*) enzyme-substrate com-
plex binds molecular oxygen (O,) and is reduced further by a second electron (pre-
sumably donated by NADH [nicotinamide adenine dinucleotide] via cytochrome
b5 reductase). The enzyme-substrate-oxygen complex splits into oxidized substrate,
water, and the oxidized form of the enzyme. The overall reaction by which a sub-
strate or an environmental chemical, XH, is oxidized by the cytochrome P450 sys-
tem is shown in Reaction 6.1:

XH (substrate) + O, + NADPH + H* — XOH (product) + H,O + NADP* (6.1)

As shown in Reaction 6.1, one atom of oxygen from the molecule of O, is reduced
to water, and the other is incorporated into the substrate, producing ROH, a hydroxy-
lated metabolite. The constituents required in this enzyme system are O,, NADPH,
and magnesium ions (Mg?*).

Carbon monoxide (CO) readily binds the reduced form of the cytochrome, form-
ing a complex with a maximum absorption at 450 nm. (This is the origin of the name
of the enzyme cytochrome P450.) Formation of the CO complex causes the inhibi-
tion of enzyme activity and thus the oxidation processes.

Unlike the cytochrome P450 system, most hepatic phase II enzymes are located
in the cytoplasmic matrix. For the biotransformations to proceed properly, each of
the participating enzymes must function efficiently. It is also obvious that sufficient
intracellular content of cofactors is required for one or more reactions. Required
cofactors include NADH, NADPH, O,, glucose l-phosphate, glucuronate, ATP,
cysteine, and GSH.

6.5 CONSEQUENCE OF BIOTRANSFORMATION

Xenobiotics in a biological system are removed primarily by biotransformation and
excretion mechanisms. Some xenobiotics, especially the lipophilic ones, are readily
reabsorbed by the kidney cells. Unless the chemicals are converted to more polar
metabolites, they will remain in the body, mostly in the fatty tissues, for a long
period. As described in Section 6.3, the resultant products from biotransformation
are usually, but not always, more hydrophilic or polar than the parent substance and
thus more readily excreted.

6.5.1 BIOTRANSFORMATION OF ENDOGENOUS SUBSTANCES

Although hepatic enzymes that catalyze biotransformation are responsible for the
conversion of xenobiotics, they also participate in the catabolism, or breakdown,
of endogenous substances. For example, the hormone testosterone is deactivated
by cytochrome P450. The S-methylases detoxify hydrogen sulfide (H,S) formed by
anaerobic bacteria in the intestinal tract. It follows that chemicals or conditions that
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influence the activity of phase I and phase Il enzymes can affect the normal metabo-
lism of endogenous substances.

6.5.2 ACTIVATION OF XENOBIOTICS

Although the biotransformation of lipophilic xenobiotics often results in the pro-
duction of a more stable, water-soluble, and more readily excretable metabolite, the
activation of xenobiotics also occurs. In other words, certain xenobiotics may be
converted through biotransformation to reactive electrophilic species that are more
potent than the parent compounds. For example, benzo[a]pyrene (BaP), which is both
mutagenic and carcinogenic, is biotransformed to BaP-epoxide and BaP-7,8-diol
before forming its final product BaP-7,8-dihydrodiole-9,10-epoxide (Figure 6.4a).
This compound is more toxic than BaP itself because it can readily combine with
guanine in DNA to form an adduct. Similarly, aflatoxin Bl is toxic because its
metabolite aflatoxin Bl epoxide can cause liver cancer (see Section 5.8.3). Another
example is carbon tetrachloride (CCl,). This substance is hepatotoxic because, after
it is metabolized, it yields trichloromethyl free radical (Reaction 4.5), which binds to
protein and initiates lipid peroxidation (Figure 6.4b).

The reactive chemical species produced during biotransformation must be metabo-
lized; otherwise, they may interact with a nucleophilic site and a vital cell constitu-
ent and induce cellular damage (Reynolds 1977). As mentioned, many of the reactive
metabolites can bind covalently to macromolecules in liver cells. For instance, the hepa-
totoxic CCl, can covalently bind to lipid components of the liver endoplasmic reticulum
(Reynolds and Moslen 1980). Some of the reactive electrophiles are also carcinogenic.

Although liver cells depend on detoxification enzymes for protection against
the reactive electrophilic species produced during biotransformation, endogenous

enzyme
- — -
OH \ HO™" 1<
W H Ho H

H
BaP BaP-7, 8-epoxide BaP-7, 8-diol BaP-7, 8-diol-9, 10-epoxide
@)
e Cl-
caly >~"1 ccly, — = CHl,

R — Lipid peroxidation

U

CCl;-0-00 ———— (Cl;-COOH
(b)

FIGURE 6.4 Activation of xenobiotics through biotransformation: (a) benzo[a]pyrene; (b)
CCl,.
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FIGURE 6.5 Examples of antioxidant chemical species.

antioxidants, such as vitamin E (o-tocopherol) and tripeptide GSH (L-y-glutamyl-
cysteinyl-glycine) (Figure 6.5), also provide protection. Vitamin E is widely known
as a free-radical scavenger. Its main role is to protect lipid material in membranes
against free-radical-initiated peroxidation reactions (see Sections 4.4 and 5.8).
Experimental evidence indicates that livers of animals fed diets deficient in vitamin
E were more vulnerable to lipid peroxidation following exposure to CCl, than those
fed diets containing supplemental vitamin E (Reynolds and Moslen 1980). GSH,
conversely, has a nucleophilic sulfhydryl (-SH) group (Figure 6.5) that can react
with, and thus detoxify, reactive electrophilic species (Van Bladeren et al. 1980).
GSH can also donate its sulfhydryl hydrogen to a reactive free radical. The resultant
GSH radical (GS-) can react with another GS-, producing a molecule of stable gluta-
thione disulfide (GSSG) (Reactions 6.2 and 6.3).

GSH+ X: - HX + GS- 6.2)
GS: + GS- - GSSG (6.3)
The resultant GSSG can be reduced back to GSH through a NADPH-dependent

reaction catalyzed by glutathione reductase (Reaction 6.4). The NADPH is derived
from reactions in the pentose phosphate pathway.

NADPH + H NADP+
GSSG 2GSH

In addition to antioxidant chemical species, such as vitamins E and C and GSH, there
are several enzymes, called antioxidant enzymes, that play a pivotal role in the defense
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FIGURE 6.6 Examples of reactions involving antioxidant enzymes.

against free-radical-mediated cellular damage. These include superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GSHPx), and glutathione reductase.
Figure 6.6 shows the interrelationship between these enzymatic components.

6.6 FACTORS AFFECTING BIOTRANSFORMATION

The activity and levels of each of the P450 enzymes have been shown to vary
between individuals, depending on environmental and genetic factors. Increased
P450 enzyme activity can result from exposure to xenobiotics or other environmental
factors that induce the synthesis of the enzyme, stimulation of preexisting enzyme
by a xenobiotic, or gene duplication leading to overexpression of a P450 enzyme.
Decreased P450 enzyme expression or a mutation leads either to blocking the syn-
thesis of a P450 enzyme or to synthesis of an enzyme with limited activity or total
inactivity (Parkinson 2001).

For example, in animals many drugs and environmental chemicals can either
stimulate or inhibit microsomal enzymes, resulting in stimulation or inhibition of
biotransformation. Chemical agents that can stimulate enzymes include haloge-
nated hydrocarbon insecticides, urea herbicides, polycyclic aromatic hydrocarbons
(PAHSs), nicotine and other alkaloids, and some food preservatives. Agents that can
inhibit the enzymes include not only CO, as mentioned, but also ozone (O;), CCl,,
and organophosphorus insecticides. The consequences of the actions of these chemi-
cals on microsomal enzymes is complex and may include normal body constituents
such as steroid hormones, thyroxin, and bilirubin or altered metabolism and action
of drugs and carcinogens.

The health status of an individual, including nutritional status, also plays an
important role in biotransformation. As noted, several endogenous substances, such
as glycine, glutamine, glucuronic acid, and GSH, are necessary for conjugation with
xenobiotics or their metabolism in phase II biotransformation (Figure 6.3). Glycine
and glutamine are both amino acids, GSH is a tripeptide derived from three amino
acids, and glucuronic acid is formed from glucose that is derived directly from a
dietary source or from liver glycogen through glycogenolysis (breakdown of glyco-
gen). It is therefore likely that the availability of proteins or liver reserves of glycogen
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may be insufficient in individuals with poor nutritional status or liver problems.
These conditions can lead to impaired biotransformation.

The importance of ethoxyresorufin O-deethylase (EROD), one of the hepatic
cytochrome P450-dependent monooxygenases, has become widely known and is
increasingly accepted as an indicator of exposure to common organic pollutants.
Various organic chemicals, including chlorinated hydrocarbons, have been shown
to adversely affect the enzymes involved in biotransformation. This was manifested
in a study summarized in Case Study 6.1. The results suggest that pollutants such as
polychlorinated biphenyls (PCBs) may activate detoxification capacity, but weaken
antioxidant status, in fish in a polluted river system (Otto and Moon 1996).

Case Study 6.1

A group of researchers collected brown bullheads (Amerurus nebutosus) from the St.
Lawrence River, a relatively polluted system, and compared various parameters in the
fish with those in fish from Lac La Peche, a relatively nonpolluted system in Canada
(used as reference) (Otto and Moon 1996). The main results obtained were as follows:

e The activities of liver EROD—a common phase I enzyme—in fish collected
from the St. Lawrence River were significantly higher (2.8-fold) than those in
fish from the reference site.

e The conjugation activity by hepatic glutathione S-transferase (GST) was three
times higher in fish from the St. Lawrence River than in fish from the refer-
ence site.

e The content of PCBs in white muscle was 22 times higher in fish from the St.
Lawrence River than in fish from the reference site.

e The activities of cytosolic SOD were significantly higher, while those of CAT
in kidney and GSHPx in red and white muscles were lower in the St. Lawrence
River fish than in the reference fish.

e The concentrations of total GSH in different tissues were significantly lower in
liver, kidney, and white muscle of fish from the St. Lawrence River compared
with those in fish from the reference site.

The important role that SOD plays in biotransformation is well recognized.
Several factors can either enhance or inhibit the enzyme, fluoride being one of them.
For example, both in vivo and in vitro studies showed that the activity of SOD from
the earthworm (Eisenia fitida) was stimulated by NaF in a concentration-dependent
manner (Lawson and Yu 2003). Other studies showed that, in laboratory animals
exposed to NaF, the activities of both SOD and GSHPx decreased significantly (Sun
et al. 1994). However, in aluminum plant workers exposed to fluoride and other air
pollutants, serum SOD activity was shown to be enhanced (Sun et al. 1997). The
reason for this discrepancy is not clear.

6.7 CHARACTERISTICS OF THE CYTOCHROME P450s

As noted, cytochrome P450s consists of a number of isozymes. Researchers have
divided the isozymes into several categories, such as CYP1, CYP2, and CYP3. These
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TABLE 6.1
Characteristics of Human Cytochrome P450 Enzymes

Cytochrome P450
(CYP) Subfamily Characteristics

CYP1 CYP1A1 Found in human lung, skin, intestine, lymphocytes, and placenta
(induced in the lungs of smokers); can activate such xynobiotics
as benzo[a]pyrene and other polycyclic aromatic hydrocarbons

CYP1A2 Found in human liver; important in drug metabolism; thought to
be responsible for metabolic activation of polycyclic aromatic
hydrocarbons, aromatic amines, and nitrosamines (e.g.,
acetaminophen, 2-acetylaminofluorene, naphthylamine)

CYP2 CYP2D6 Found in human liver; important in drug metabolism; primarily
metabolizes hydrophobic amines; possible link between rapid
metabolizers and lung cancer

CYP2El Important in metabolism of a large number of halogenated
alkanes; involved in certain carcinogenesis activities, such as
those involving nitrosamines, acrylonitrile; benzene, carbon
tetrachloride, chloroform, ethyl carbamate, trichloroethylene, and
vinyl chloride

CYP3 CYP3A4 Found in liver, small intestine, and kidney; inducible by
glucocorticoids and phenobarbitol; important in drug
metabolism; metabolizes a wide variety of hydrophobic
substances, including activation of aflatoxin B1, nitroaromatics,
cyclophosphamide, etc.

CYP3A5 Found in placenta; expressed in liver in 15% of the population, but
in 80% of all human kidneys; substrate specificity similar to
CTP3A4

CYP3A7 Found in fetal liver; not found in adults except in placenta;
metabolizes dehydroepiandrosterone sulfate

are further divided into subfamilies according to their properties. The nomenclature
and major characteristics of the cytochrome P450 isozymes are shown in Table 6.1.

6.7.1 INDUCTION

One of the characteristics of cytochrome P450s is that a number of the isozymes
are inducible on exposure to xenobiotics or some drugs (Table 6.1). For instance,
CYPIAI and CYPIA2 are induced in smokers, while CYP2EI is induced by etha-
nol, isoniazid, and so on. Studies have shown that MFO enzymes were increased
in organisms after they were exposed to xenobiotics. Such inducers of cytochrome
P450 increase the rate of xenobiotic biotransformation. As a consequence of this
phenomenon, it would be expected that there could be increases in the activation of
procarcinogens to DNA-reactive metabolites, leading to increased tumor formation.
However, it is not clear whether this is indeed the case in humans. In many instances,
P450 induction does not necessarily enhance the biotransformation of the inducer
(Parkinson 2001).
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Fish from waters that receive pulp-mill effluents have been shown to respond to the
effluents with increases in hepatic MFO activity, particularly that of EROD (Munkittrick
et al. 1994). In one study, a compound isolated from a bleached kraft mill effluent (ten-
tatively identified as a chlorinated pterostilbene) was shown to be capable of causing
MFO induction in rainbow trout and in a hepatocyte cell line (Burnison et al. 1999).

6.7.2 GENETIC POLYMORPHISMS

Another characteristic feature of cytochrome P450s is the occurrence of genetic poly-
morphism, resulting in enzyme levels and activities varying greatly between differ-
ent individuals. Genetic polymorphism includes defects in CYP2D6 and variations
in CYPIAZ2 activities. For example, three phenotypes are found in CYP1A2: slow,
medium, and rapid metabolizers. Research shows that this phenomenon is related to
susceptibility of individuals to certain types of cancer, for example, increased blad-
der and colorectal cancer susceptibility for rapid 1A2 populations. Similarly, marked
ethnic differences exist with CYP2D6, and usually 1% to 10% of the population
are poor metabolizers who may develop less-aggressive forms of bladder cancer.
Conversely, a possible link appears to exist between rapid metabolizers and lung
cancer (Korzekwa 1994). Several P450s are also involved in steroid biosynthesis
and metabolism. As mentioned, some researchers suggest that a general increase
in estrogenic activity may be responsible for the observed increase in breast and
testicular cancers.

REVIEW QUESTIONS

1. What is the significance of biotransformation in the body’s response to
environmental chemicals?
2. What are the main differences between phase I and phase II reactions?
. Give the three types of reactions in phase I biotransformation.
. List the names of functional groups that participate in phase I
biotransformation.
. List the characteristics of the mixed-function oxidase (MFO).
. What specific role does the liver play in biotransformation?
. List the endogenous substances that are associated with phase II reactions.
. What are the possible problems involved in biotransformation?
. Give an overall reaction whereby an environmental chemical, RH, is oxi-
dized by the cytochrome P450 system.
10. Name the four major antioxidant enzymes.
11. Give the names of cellular antioxidants that may prevent free-radical-medi-
ated cellular damage.
12. Explain the important role that SOD plays in the cell.
13. Which environmental chemicals can inhibit microsomal enzymes?
14. List four environmental chemicals that can stimulate microsomal enzymes.
15. What is meant by inducibility of cytochrome P450 system?
16. Briefly explain the term genetic polymorphism.
17. Explain how cytochrome P450s may be related to cancer.
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7 Responses to
Environmental Toxicants

7.1 INTRODUCTION

From our previous discussion, it is clear that living organisms are exposed to different
types of environmental toxicants. These organisms also take in a number of essen-
tial nutrients from their diet or exterior environment, and through various processes,
they store, translocate, or excrete some of these substances. On the other hand, living
organisms often possess certain defense mechanisms to cope with the actions of toxi-
cants to which they are exposed. This chapter discusses some of these processes.

7.2 RESPONSES OF PLANTS

Several physiological and biochemical mechanisms occur in plants that may protect
them against the toxic effects of pollutants absorbed into the tissue. For example,
onion has been shown to vary in sensitivity to O; depending on its cultivars. Engle
and Gabelman (1966) showed that, following exposure to Os, the stomata of the
resistant cultivar of the onion were closed with no appreciable injury, whereas the
stomata of the sensitive cultivar remained open, manifesting obvious injury.

Studies have also shown that when plants were exposed to heavy metals, par-
ticularly cadmium (Cd) or lead (Pb), they produced a kind of polypeptide called
phytochelatins. The polypeptides in phytochelatins have been shown to be rich in
sulfur. The general structure of the compounds is depicted as (Glu-Cys),-Gly, where
the three amino acids refer to glutamate, cysteine, and glycine, respectively, while n
refers to a number from 2 to 11. The SH group contained in cysteine can bind cova-
lently to heavy metals, as discussed in Chapter 4.

A variety of free radicals is produced naturally in cellular metabolism. For exam-
ple, superoxide radicals can be formed by y-ray irradiation along with their dismu-
tation products singlet oxygen and hydrogen peroxide (Van Hemmen and Meuling
1975). As discussed in Chapter 6, several cellular antioxidants occur to counteract
the action of these free radicals. In addition, endogenous antioxidants, such as vita-
mins C and E and glutathione (GSH), and antioxidant enzymes such as superoxide
dismutase (SOD), catalase, glutathione peroxidase (GSHPx), and GSH reductase all
help counteract the free radicals.

Laboratory experiments with plant tissues showed that the activity of SOD is
enhanced in tissues exposed to low concentrations (0.1 mM) of NaF, while it was
inhibited in tissues exposed to high concentrations of NaF (Wilde and Yu 1998).
Laboratory studies also showed that SOD occurred in the earthworm and that NaF
inhibited its activity (Lawson and Yu 2003).

105



106 Environmental Toxicology: Biological and Health Effects of Pollutants

7.3 RESPONSES OF HUMANS AND ANIMALS

This section focuses on responses of four body systems: the respiratory tract, mem-
branes, liver, and kidneys in humans and animals, whenever applicable.

7.3.1  THE ResPIRATORY TRACT

An adult breathes in more than 13,000 L of air a day. This is not only the body’s
largest intake of any substances but also air is the most immediately important gas
to life. Humans can go on without food for many days and without water for many
hours without causing serious health effects, but life without air will terminate
in a very few minutes. Air is inhaled through the nasal cavity, nasopharynx, and
trachea. The trachea divides into the main bronchi, which extend to the right and
left lungs (Figure 7.1). The left lung consists of two lobes, while the right lung has
three. The bronchi divide into finer and finer tubes, called bronchioles. Located
at the ends of the bronchioles are many tiny air sacs called alveoli, where the gas
exchange takes place. At the alveoli, a thin sheet of moving blood picks up molecu-
lar oxygen (O,) from the inhaled air and unloads CO, for exhalation. The respira-
tory tract is one of the principal ports of entry for air pollutants and is remarkably
well equipped to cope with harmful invaders. There are three main processes that
operate in their defense against the invasion of foreign agents: filtration, inactiva-
tion, and removal.

7.3.1.1 Nasopharynx

Air that is drawn in through the nose and the upper throat is warmed and moistened
as it moves to the lungs. Particulate matter is likewise moistened as it enters the nose.
Large particles are filtered and removed by the hair at the entrance of the nose, while
larger-size particles such as dust, carbon, and pollen spores are washed out with the
aid of mucus.

7.3.1.2 Tracheobronchial Areas

The response of the tracheobronchial area to the large particulates is contraction of
the muscles, causing the lumen of the bronchi to narrow. This results in removal of
solid particulate matter with a diameter above 5 mm, permitting less of the particu-
late matter to enter the lower portion of bronchial tubes. The mucus that is secreted
moistens the particulates, and as they accumulate, they are removed through the
cough reflex. Spasm—involuntary muscular contraction—of the bronchi may be
induced, and this tends to prevent invading agents from reaching the air sacs, but
this can also lead to respiratory distress. An important feature of the trachea is the
action of cilia, the hairlike structures that beat rhythmically back and forth in the air
passage (Figure 7.1a). With a speed of 1,300 beats per minute, billions of these cilia
function like a broom to sweep noxious foreign agents out of the system.

The condition commonly called bronchitis is due to infection of the air passages
beginning with the nose and extending through the bronchioles. Acute bronchitis
may result from inhaled irritants such as smoke, dust, and chemicals. It can also be
due to allergy. Chronic bronchitis usually develops slowly and appears in people past
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Pulmonary
capillary

FIGURE 7.1 Generalized structure of human lungs: (a) the tracheobronchial area, with
microscopic view showing a section of the ciliated epithelium that lines the passages (inset),
and (b) alveoli.

life’s midway point. It occurs about four times more often in men than women and
more often among city dwellers than rural residents. The most significant symptom
is cough, which may be constant or intermittent. Mucus is almost always coughed
up, which may be clear or may contain pus or streaks of blood. Since the patient is
not severely ill or incapacitated, in many cases medical help is not sought, and cough
and expectoration persist.

7.3.1.3 Alveoli

Particulate matter that reaches the alveoli (Figure 7.1(b)) and is deposited there is
usually I pm in diameter or less. Particulates with a diameter less than 0.5 mm are
small enough to behave like gases. There are about 400 million air sacs in the lungs
of a healthy adult. The inner surfaces of the alveoli, continuous with the bronchioles,
bronchi, and trachea, are technically outside the body since they are in contact with
the atmosphere. If the walls of all the air cells were spread out as one continuous
area, they would cover a surface the size of a tennis court. Because this immense
surface is compacted into the small space of our two lungs, the walls of the air cells
are extremely thin. This is essential to allow absorption of O, from air and dispersal
of CO, waste gas (Figure 7.1(b)). Particulate matter that reaches the alveoli and is
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deposited is usually 1 um or less in diameter. Particulates with a diameter less than
0.5 um are small enough to behave like gases.

There are four types of cells in the alveoli: alveolar epithelial cells, endothelial
cells, large alveolar epithelial cells, and alveolar macrophages. Alveolar epithelial
cells are responsible for the exchange of CO, and O,; alveolar endothelial cells are
endowed with various protective properties; and large alveolar cells and alveolar
macrophages carry out oxidative and synthetic processes that defend the lungs
against invading organic and inorganic materials.

Macrophages play a well-known phagocytic role in the lungs and other tissues.
They engulf an organism or a particle by membrane invagination and pouch for-
mation and are one of the most important components of the immune response. A
number of environmental agents, such as silica, asbestos, cigarette smoke, carbon
monoxide (CO), sulfur dioxide (SO,), nitrogen dioxide (NO,), formaldehyde, and
aflatoxin and other mycotoxins, can either depress or enhance the phagocytic func-
tion of macrophages.

The term emphysema, derived from Greek words meaning “overinflated,” refers
to a condition in which the structures of the alveoli are overinflated. Tiny bronchioles
through which air flows to and from the air sacs have muscle fibers in their walls. In
an emphysematous patient, the structures of bronchioles and air sacs may become
hypertrophied and lose elasticity. Air will flow into the air sacs easily but cannot
flow out easily because of the narrowed diameter of the bronchioles. The patient can
breathe in but cannot breathe out efficiently, resulting in too much stale air in the
lungs. As pressure builds up in the air cells, their thin walls are stretched to the point
of rupture, so several air spaces communicate and the area of the surfaces where gas
exchange takes place is decreased. Figure 7.2 illustrates the comparison between
a healthy person and an emphysematous patient in their alveoli and the volume of
exhaled air.

Smog, smoke, and inhaled irritants may increase mucus secretion in the air pas-
sages and cause obstruction of bronchioles, with entrapment of air beyond obstruc-
tion. The result is shortness of breath, overwork of the heart, and sometimes death.
Some studies associate emphysema with smog, particularly NO,, O,, SO,, and heavy
cigarette smoking.

7.3.2 MEMBRANES

Both the plasma and intracellular membranes of mammalian cells have similar over-
all compositions: about 60% protein and 40% lipid by weight. In addition, some
membranes contain small amounts of carbohydrates as glycoproteins or glycolipids.
The human erythrocyte membrane, for example, contains about 10% carbohydrates,
which appear to be localized on the outer surface of the membranes.

The basic chemical components of the membrane are phospholipid bilayer
and protein. Phospholipids are the major structural components of lipid bilayers.
Structurally, the phospholipid bilayer is embedded with protein complexes, and it is
this characteristic that provides the permeability barrier of the cell. The phospho-
lipid bilayer consists mainly of phosphatidyl choline, phosphatidyl ethanolamine,
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FIGURE 7.2  Effects of emphysema on lung function. Normal: Lung surface area is normal;
volume of exhaled air is normal. Emphysema: Decrease in lung surface area due to overex-
pansion of alveoli and reduction in exhaled air volume.

sphingomyelin, and phosphatidyl serine. The other major lipid is cholesterol. All
phospholipids are composed of two hydrophobic hydrocarbon chains linked to a
charged polar head group via the glycerol backbone. Phospholipid bilayer mem-
branes thus consist of a hydrophobic core, largely impermeable to water and other
hydrophilic solutes, with polar surfaces that may or may not bear a net surface
charge depending on the particular phospholipids. Membrane proteins are grouped
into two categories: extrinsic and intrinsic proteins. Some of the membrane proteins
are structural, but others are enzyme proteins such as ATPase (adenosine triphos-
phatase) and cytochrome oxidase.

The cell membranes serve as the major barrier to the absorption of foreign toxic
compounds. The membranes may be those surrounding the cells of the skin or lining
the gastrointestinal tract or those of the alveoli in the lung. The passage of a com-
pound across the membranes is therefore an important factor contributing to absorp-
tion. In addition, membranous barriers influence translocation of any chemical from
the exterior of a cell to the intracellular fluid of a cell within the animal. As mentioned
in Chapter 4, a toxicant that gains entry by the mouth must pass from the gastrointes-
tinal tract to the circulation and then to the cell. Such a process involves a series of
translocation steps and increases the possibility of chemical exposure to large endog-
enous molecules, such as proteins, which may effectively bind and therefore function-
ally change and remove the offending chemical from the animal or humans.
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On the other hand, certain chemicals may react with membrane material such as pro-
teins and alter the structure of the membrane. For instance, heavy metals such as lead,
cadmium, and mercury (Hg) may react with the —SH groups on the protein molecules in
the membrane. Similarly, O, may induce peroxidation, thus altering the lipid constituent
of the membrane, as mentioned previously. Furthermore, the free radicals formed in the
reaction can attack not only lipids but also proteins and disrupt the membrane.

7.3.3 Liver

The liver (Figure 7.3) is the largest solid organ of the body and is an incomparable
chemical plant. As noted, the liver plays a foremost role in detoxifying xenobiotics. In
addition, it is a blood reservoir and a storage organ for some vitamins and for digested
carbohydrates as glycogen, which is broken down to release glucose to sustain blood
sugar levels. The liver is also a manufacturing site for enzymes, cholesterol, proteins,
vitamin A (from carotenoids), blood coagulation factors, and other elements.
Although the liver is noted for its ability to regenerate under different conditions,
it can nevertheless be severely damaged. For example, cirrhosis (a chronic progres-
sive disease of the liver that is characterized by an excessive formation of connec-
tive tissue followed by hardening and contraction, widely known to be related to
alcoholism and poor nutrition) may be caused by chronic exposure to chemicals such
as CCl,. Another liver disease is fibrosis, which is characterized by the deposition
of excessive amounts of collagen such that the features of the lobules are accented.
Hepatic fibrosis can result from repeated exposure or continuous injury following
prolonged low-level exposure to environmental chemicals. Portal fibrosis with portal
hypertension has also been reported in humans exposed to arsenic (As) (Eisler 1994)
compounds or vinyl chloride (Gedigk et al. 1975; Thomas and Popper 1975).
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FIGURE 7.3 Human digestive system.
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7.3.4 KIDNEYS

The kidneys are the principal organs for excretion of both endogenous and exog-
enous toxins. About one-fourth of the blood pumped by each stroke of the heart
passes through the kidneys. Our kidneys incessantly filter various substances from
the blood, reabsorb some of them, and concentrate wastes created by the chemical
processes of living into urine to be excreted from the body. Optimal mechanisms for
excretions depend on selective conservation of essential nutrients and their metabo-
lites as well as on transport of toxins, thus reducing the potential for cell injury.

The urine-forming unit of the kidney is called the nephron. It is a microscopic fil-
tration plant of exquisite design, consisting of several intricate structures, including
the Bowman’s capsule and the glomerulus. The glomerulus (“little ball”), a tufted
network of intricately laced capillaries, is nested in the capsule and ends in a collect-
ing tubule located toward central part of the kidney. Practically all the constituents
of blood, except blood cells and most proteins, can pass from the capillaries into the
space between the double walls of the capsule. The resulting filtrate contains many
dissolved materials, some of which are indispensable for the body’s welfare, while
some others may be harmful.

The filtering process of the glomeruli is physical, not chemical. The area of the
filtering surface of glomeruli of a single kidney is as large as the surface of the entire
body, and the glomerular capillaries of both kidneys would stretch more than 35
m if laid end to end. The filtrate is very dilute and is mostly water. Of some 200 L
of filtrate a day, an average adult concentrates about 1.5 L of urine. It is obviously
essential that most of the filtrate and many of its dissolved materials be reabsorbed,
while only harmful materials are excreted. This is a function of the kidney tubules
(Figure 7.4), in which residues are gradually concentrated into urine.

Generally, the filtration of macromolecules through the glomerular capillary wall
is inversely proportional to the molecular weight of a substance: Small molecules
are freely filtered, while large molecules, such as certain proteins, are restricted.
Filtration of anionic molecules is more restricted than neutral or cationic molecules
of the same size. Toxicants that neutralize or decrease the number of fixed anionic
charges on glomerular structural elements will impair the charge- or size-selective
properties of the glomerulus, leading to urinary excretion of polyanionic or high
molecular weight proteins (Schnellmann 2001).

Environmental chemicals, including metals and drugs, may be transported across
proximal tubular cells (i.e., from renal capillaries across tubular cells to be excreted
in tubular lumen or vice versa). Many cationic substances are excreted against con-
centration gradients at rates greater than the glomerular filtration rate. This indicates
an active transport process. Such a process requires expenditure of energy derived
from oxidative metabolism carried out in mitochondria. However, active transport
with the capability of concentrating absorbed material may concentrate potential
nephrotoxins as well as essential substances in the renal cortex. The same toxins that
cause adverse effects on energy metabolism will impede the cellular transport of
essential solutes. Other toxic substances may also be concentrated in the medulla.

As noted previously, metabolism of chemicals within the kidney may result in
substances that are either more or less toxic than the parent chemicals. For instance,
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FIGURE 7.4  Structure of human kidney.

CHCI; and CCl, may be biotransformed into reactive, toxic products (Chapter 4)
that bind covalently to renal tissue, leading to membrane injury. Exposure to certain
other substances may result in activation or enhancement of enzyme systems such as
the mixed-function oxidase (MFO). The toxicity of methoxyfluorane, for example,
may be enhanced as a result of increased metabolism as the metabolic products (i.e.,
fluoride and oxalate) are both known to be potentially toxic to the kidney. Fluoride
ions are toxic to cell membranes, whereas oxalate may accumulate within the lumen
of nephrons.

Heavy metals such as lead, cadmium, and mercury are known also to cause renal
disease. The adverse effects of lead may be both acute and chronic. Cells of the
proximal tubules are most severely affected, as shown by reduction in resorptive
function of nutrients such as glucose and amino acids. On the other hand, the effect
of inorganic cadmium salts on the kidney is largely chronic. The characteristics of
cadmium nephropathy include increased cadmium in the urine, proteinuria, amino-
aciduria, glucosuria, and decreased renal reabsorption of phosphate. With chronic
exposure to toxic levels, renal tubular acidosis, hypercalciuria, and calculi forma-
tion occur (Goyer 1985). Mercury is known to produce different effects on kidneys,
depending on the biochemical form of the metal and nature of exposure. Inorganic
mercury compounds can cause acute tubular necrosis, whereas chronic low-dose
exposure to mercuric salts or elemental mercury vapor may induce an immunologic
glomerular disease. The presence of proteins rich in cysteine may be able to allevi-
ate mercury toxicity. As noted, selenium is known to antagonize mercury, reducing
its toxicity.



Responses to Environmental Toxicants 113

An interesting phenomenon concerning the toxicity of cadmium is the role that
metallothionein (MT) plays. MTs are low molecular weight, nonenzymatic proteins
and are ubiquitous in the animal kingdom. They have unique amino acid composi-
tion as they do not contain aromatic amino acids but are rich in cysteine (which
consists of one-third of the amino acid residues), and thus are capable of binding
metals such as zinc and cadmium. Various physiologic stimuli can induce MT genes.
The formation of MTs following exposure to cadmium appears to protect the body
against its toxicity (Klassen et al. 1999).

The mammalian kidney is unusually susceptible to the toxic effects of various
noxious chemicals. This is attributed partly to the unique physiologic and anatomi-
cal features of the kidney. Although the kidneys receive 20% to 25% of the rest-
ing cardiac output, they only make up about 0.5% of the total body mass. Thus,
relatively high amounts of any chemical or drug in the systemic circulation will be
delivered to the kidneys. Since kidneys are the organs involved in forming concen-
trated urine, they tend to concentrate potential toxicants in the tubular fluid as well.
Therefore, a nontoxic level of toxicants in the plasma may reach toxic levels in the
kidney. Moreover, as noted, kidneys are involved in renal transport, accumulation,
and metabolism of xenobiotics. As kidneys participate in these processes, they will
clearly increase their susceptibility to toxic injury (Schnellmann 2001).

REVIEW QUESTIONS

. Briefly explain what metallothionein (MT) is.
. What is unique about the amino acid composition of MT?
. What are phytochelatins?
. What is the function of phytochelatins?
. What are the compositional characteristics of phytochelatins?
. What is chronic bronchitis?
. What is the function of alveoli?
. Which of the following types of cells are responsible for the exchange of O,
and CO,? (a) trachea; (b) bronchi; (c) alveoli; (d) respiratory capillary
9. What is emphysema? Briefly explain how it may occur.
10. What is the function of a macrophage? And how does it perform its
function?
11. Which environmental agents can affect the function of macrophages?
12. What is the composition of the membranes of mammalian cells?
13. Explain the characteristics of the phospholipid bilayer in membranes.
14. What is the reason for the kidneys to be susceptible to toxic injury?
15. Explain how heavy metals such as lead and cadmium may damage
membranes.
16. What substances in plant tissues may cope with cellular free radicals?
17. What enzymes in plant cells can inhibit the action of oxidants? Explain how
they perform such functions.

09O B W=
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8 Air Pollution

Inorganic Gases

8.1 INTRODUCTION

This chapter discusses four of the major gaseous air pollutants: sulfur dioxide (SO,),
nitrogen dioxide (NO,), ozone (O;) (ground-level), and carbon monoxide (CO). The
importance of these gaseous air pollutants is clear from the fact that they are four
of the six “Criteria Air Pollutants” regulated by the U.S. Environmental Protection
Agency (EPA). The other two criteria air pollutants are particulate matter and lead
(Pb), which are discussed in Chapter 9.

8.2 SULFUR DIOXIDE

SO, and sulfur trioxide (SO,) are the two sulfur oxides (SO,) that are important air
pollutants. This chapter focuses on SO, because it is far more important than SO, as
an air pollutant. In fact, based on the quantities emitted into the atmosphere, SO, is
considered the most damaging gaseous pollutant.

8.2.1 Sources of SO,

Atmospheric SO, arises from both natural and anthropogenic sources. Sulfur
(S) compounds are emitted naturally through volcanic actions, sea salt over the
oceans, and decomposition of organic matter (mostly as hydrogen sulfide, H,S).
About 95% of the anthropogenic emissions of sulfur to the atmosphere are in the
form of SO,. The main human activities that cause its emission include combus-
tion of coal and petroleum products, petroleum refining, and nonferrous smelting.
In the United States, about 95% of the total SO, emission is from industry and
stationary sources.

The sulfur content of coal ranges from 0.3% to 7%, and it is present in both
organic and inorganic forms. In oil, the sulfur content ranges from 0.2% to 1.7%, and
it is in organic form. The most important sulfur-containing compound in coal is iron
disulfide or pyrite (FeS,). When heated to high temperatures, pyrite is oxidized to
FeSO, or Fe,0; and SO, through the following reactions:

FeS, + 30, — FeSO, + SO, 8.1)

4FeS, + 110, — 2Fe,0; + 850, (8.2)
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In the smelting process, sulfide ores of copper (Cu), lead, and zinc (Zn) are oxi-
dized (roasted), forming metallic oxides. For example, zinc sulfide (ZnS) is con-
verted in a smelter to zinc oxide (ZnO), releasing SO,:

27ZnS + 30, = 2Zn0O + 2SO0, (8.3)

8.2.2 CHARACTERISTICS OF SO,

SO, is highly soluble in water, with a solubility of 11.3 g/100 mL. Once emitted
into the atmosphere, it can dissolve in fog or cloud droplets, forming sulfurous
acid (H,SO;), which is readily oxidized by molecular oxygen (O,) to sulfuric acid
(H,SO,). The formation of H,SO, by this process is greatly facilitated by some metal
salts, which are also dissolved in the droplets. Any ammonia (NH;) present in the
atmosphere will rapidly react with H,SO; or H,SO, droplets to form ammonium
sulfate (NH,),SO, or ammonium bisulfate (NH,)HSO, (Kellogg et al. 1972).

Atmospheric SO, may be removed by several competing processes: direct removal
by deposition as bisulfate in precipitation; incorporation into fog and cloud droplets
(where it is oxidized catalytically and photochemically to sulfate); or diffusion to
plant surfaces, where it is adsorbed and reacts chemically. Gaseous SO, may also be
dissolved in water droplets and oxidized, forming H,SO, aerosol droplets. According
to Fox (1986), both dry and wet forms of H,SO, produced in the atmosphere may be
removed by deposition to the earth’s surface (Figure 8.1).

8.2.3 ErrecTts ON PLANTS

SO, enters plant leaves predominantly by gaseous diffusion through stomatal pores, as
do other atmospheric pollutants. The number of stomata and the size of aperture are
important factors affecting SO, uptake. Other factors, such as light, humidity, tem-
perature, and wind velocity, are also important because they influence the turgidity of
guard cells. At low concentrations, SO, can injure epidermal and guard cells, induc-
ing elevated stomatal conductance and greater entry of the gas into plant tissues.

Following uptake by plant leaves, SO, is rapidly translocated through the plant. It
can then affect photosynthesis, transpiration, and respiration—the three major func-
tions of plant leaves. A slight increase in both net photosynthesis and transpiration
may occur at low SO, concentrations for short periods, followed by a decrease in
both processes. At higher SO, concentrations, both these processes decrease. Plant
injuries may be manifested by leaf chlorosis and spotty necrotic lesions (Figure 8.3).
As noted previously, a synergistic effect on leaf damage occurs when plants are
exposed to SO, and O, simultaneously. Damage to mesophyll cells commonly occurs,
which is the main cause of observed changes in photosynthesis. Exposure of Chinese
guger-tree seedlings grown in field chambers to 325 ppb of SO, for 4 weeks showed
rapid decreases in photosynthetic rate, root weight, and total seedling weight (Sheu
1994). A simultaneous increase (75%) in —SH groups in leaves also occurred.

Once absorbed into a leaf, SO, readily dissolves in the intercellular water to form
bisulfite (HSO;"), sulfite (SO427), and other ionic species (Figure 8.4). Both HSO,~and
SO, have a lone pair of electrons on the sulfur atom that strongly favors reactions
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(V) Wet reaction cloud

H,O

H
50,(aq) — 22~ H250s

(IV) Attachment Droplet

~~

SO, (g) ]_?41_(1)412504 (aerosol)
(I) Mixing 2

(IT) Dry reaction

(I1I) Dry deposition (VI) Wet deposition

FIGURE 8.1 SO, transport, transformation, and deposition processes. Initially, SO, is
mixed into the atmosphere (I). Gaseous SO, may undergo oxidation in the gaseous phase with
subsequent formation of H,SO, aerosol (II). Both gaseous SO, and H,SO, aerosol may be
deposited at the earth’s surface (III). Gaseous SO, may become dissolved in a water droplet
(IV). The dissolved SO, can be oxidized in solution to form H,SO, aerosol droplets (V). The
H,SO, aerosol and the H,SO, droplets may be removed to the earth’s surface by wet deposi-
tion (VI). (Adapted and redrawn from Fox, D.L. In Air pollution, 3rd ed., Vol. 6, A.C. Stern,
Ed. Academic Press, New York, 1986, 86—87.)

with electron-deficient sites in other molecules. They are both phytotoxic and can
affect several physiological and biochemical processes in plants (Plesnicar 1983).
The phytotoxicity of SO,>~ and HSO,~ is diminished when these ions are converted
to less-toxic forms, such as sulfate (SO,>°). For instance, oxidation of HSO,~ to SO,*
can occur both enzymatically and nonenzymatically. Several factors, including cel-
lular enzymes such as peroxidase and cytochrome oxidase, metals, UV (ultraviolet)
light, and O,, stimulate the oxidation of SO,. In the presence of SO,>~ and HSO;",
more O, is formed by free-radical chain oxidation. Other free radicals may also be
formed. These oxidizing radicals can have detrimental effects on leaf cells. On the
other hand, SO;>~ and SO,?- formed may be reduced and assimilated with a carbon
skeleton to cysteine (an amino acid) (Carsed 1985).

Plant metabolism is affected by SO, in a variety of ways: stimulation of phos-
phorus metabolism and reduction in foliar chlorophyll concentration (Lauenroth
and Dodd 1981), increase or decrease in carbohydrate concentrations in red kidney
bean plants exposed to low or high levels of SO, (Koziol and Jordon 1978), and inhi-
bition of lipid biosynthesis in pine needles treated with SO, (Malhotra and Khan
1978). According to Malhotra and Khan (1978), pine needle tissues, particularly the
developing tissues, actively incorporate acetate [1-*C] into phosphogalacto- and
neutral lipids. The major incorporation of the label among these lipids was always
in the phosphatidyl choline fraction. Treatment of needle tissues with gaseous or
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FIGURE 8.2 Photochemistry of OH-: radical controls trace gas concentration. The photo-
chemistry of the free hydroxyl radical controls the rate at which many trace gases are oxidized
and removed from the atmosphere. Processes that are of primary importance in controlling
the concentration of OH- in the troposphere are indicated in a solid line in the schematic dia-
gram; those that have a negligible effect on OH- levels but are important because they control
the concentrations of associated reactions and products are indicated in a broken line. Circles
indicate reservoirs of species in the atmosphere; arrows indicate reactions that convert one
species to another, with the reactant or photon needed for each reaction indicated along each
arrow. Multistep reactions actually consist of two or more sequential elementary reactions.
HX = HCI, HBr, HI, or HF. C,H, denotes hydrocarbons. (Adapted from Chameides, W.L.,
and D.D. Davis. Chemistry in the troposphere. C&EN, 1982. With permission from American
Chemical Society.)
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FIGURE 8.3 Leaf necrosis (spotty lesions) induced by SO,.
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FIGURE 8.4 Fate of SO, present in tissues. Note: Arrows crossing liquid cloud drop bar-
rier signify heterogeneous reactions that transfer a species from the gas phase to the aque-
ous phase. (Adapted from Chameides, W.L., and D.D. Davis. Chemistry in the troposphere.
C&EN, 1982. With permission from American Chemical Society.)

aqueous SO, markedly inhibited lipid biosynthesis. A partial or complete recovery
in lipid biosynthesis capacity in plants occurred when they were removed from the
SO, environment.

SO, affects a number of enzymes in different plant species. Examples include
alanine and aspartate aminotransferases, glutamate dehydrogenase, malate dehydro-
genase, glycolate oxidase, glyceraldehyde-3-phosphate dehydrogenase, glucose-6-
phosphate dehydrogenase, fructose-1,6-bisphosphatase, ribulose-5-phosphate kinase,
peroxidase, and SOD. Enzyme activity may be enhanced or inhibited by exposure to
SO, at different concentrations. With Chinese Guger-tree seedlings exposed to 325
ppb of SO,, for example, their peroxidase activity increased significantly, while SOD
activity was unaffected (Sheu 1994).
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The tolerance of plants to SO, depends on plant species under similar biophysical
conditions. This suggests that delicate biochemical and physiological differences in
plants could affect the sensitivity of a particular plant species to SO,.

8.2.4 EFFECTS ON ANIMALS

Although SO, is an irritating gas for the eyes and upper respiratory tract, no major
injury from exposure to any reasonable concentrations of the gas in the atmosphere
has been demonstrated in experimental animals. Even exposure to pure gaseous SO,
at concentrations 50 or more times ambient values produced little distress (Alarie
etal. 1970, 1973). Concentrations 100 or more times the ambient value are required
to kill small animals. Mortality is associated with lung congestion and hemorrhage,
pulmonary edema, thickening of the interalveolar septa, and other relatively non-
specific changes of the lungs, such as pulmonary hemorrhage and hyperinflation.
These changes were associated with salivation, lacrimation, and rapid shallow
ventilation. In mice exposed to 10 ppm SO, for 72 hours, necrosis and sloughing
of the nasal epithelium were observed (Giddens and Fairchild 1972). The lesions
were more severe in animals with preexisting infection. Other symptoms include
decreased weight gains, loss of hair, nephrosis in kidneys, myocardial degeneration,
and accelerated aging.

The health effects of acidic aerosols on experimental animals have been studied
extensively. Changes in pulmonary function, particularly increases in pulmonary
flow resistance, occur after acute exposure. H,SO, is shown to be more irritating than
any of the sulfate salts in this regard. The irritant effect of the acid depends in part
on the size of the droplets, with smaller droplets being more irritating (Amdur et al.
1978). Animals exposed to 0.3 to 0.6 pm H,SO, droplets at various concentrations,
for example, showed either slowed or accelerated bronchial mucociliary clearance
function depending on the concentration of the aerosol. Studies on the comparative
effects of exposure to H,SO, and ammonium bisulfate (NH,HSO,) showed alteration
of phagocytic activity, with more pronounced effect exhibited by H,SO,. Repeated
exposures to H,SO, caused the production of hyperresponsive airways in previ-
ously healthy animals. Such exposure also resulted in histological changes, such as
increased numbers of secretory cells in distal airways and thickened epithelium in
airways of midsize bronchi and terminal bronchioles (Schlesinger et al. 1983).

8.2.5 HeAltH ErrecTs

Epidemiological evidence from studies during the London episodes (Chapter 3) sug-
gests that effects of SO, may be manifested at or above 0.19 ppm (24-hour aver-
age) in combination with elevated particle levels. Short-term, reversible declines in
lung function at SO, levels above 0.10 to 0.18 ppm may occur. These effects may be
caused by SO, alone or by H,SO, or other irritant aerosols. The role of SO, appears
more likely to involve transformation products such as acidic fine particles. H,SO,
and sulfates have been shown to influence both sensory and respiratory function,
such as increased respiratory rates and tidal volumes, and slowing of mucus clear-
ance in humans (Horstman et al. 1988).
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The effect of SO, on human health varies markedly with the health status and
physical activity of the individuals. For example, in asthmatics and others with hyper-
reactive airways exposed to SO, at 0.25 to 0.50 ppm and higher while exercising, the
most striking response was rapid bronchoconstriction (airway narrowing). This is
usually demonstrated by elevated airway resistance, lowered expiratory flow rates,
and the manifestation of symptoms such as wheezing and shortness of breath. The
time required for significant bronchoconstriction to occur in exercising asthmatics
is brief. Exposure durations as short as 2 minutes at 1.0 ppm have produced signifi-
cant responses (Horstman et al. 1988). The combined effect of SO, and cold, dry air
exacerbates the asthmatic response (Sheppard et al. 1984). The bronchoconstrictive
effects of SO, are reduced under warm, humid conditions (Linn et al. 1985).

Exposure to submicrometer-size H,SO, aerosols increases tracheobronchial and
alveolar rates of clearance in humans. Although the altered clearance rates may be
an adaptive response of the mucociliary system to acid exposures, they may also be
early stages in the progression toward more serious dysfunctions, such as chronic
bronchitis. Many researchers consider that chronic bronchitis in all exposed per-
sons may result from continued irritant exposures. In asthmatics, inhalation of acidic
aerosols may lead to bronchospasm.

Certain morphological changes are associated with the observed clinical symp-
toms in human chronic bronchitis. The changes include an increase in the number
or size of epithelial mucous secretory cells in both proximal bronchi and peripheral
airways. The changes are accompanied by an increase in the volume of secretion
(Reid 1963). These changes are followed by an increase in epithelial thickness and a
decrease in airway diameter, similar to those observed in experimental animals.

Synergism may be observed in elevated airway resistance induced by SO, in com-
bination with certain other air pollutants. For example, the response to inhaled SO,
can be exacerbated by prior exposure to O,. Also, the presence of H,SO, on ultrafine
ZnO particles (simulating coal combustion effluent) in a mixture with SO, has been
shown to increase lung reactivity responses by 10-fold over those produced by pure
droplets of H,SO, of comparable size (Amdur and Chen 1989).

Published reports supported the hypothesis that acidic pollutants contribute to car-
cinogenesis in humans. Researchers have also examined possible biological mecha-
nisms for such contribution. They include pH modulation of toxicity of xenobiotics
and pH-dependent alteration of cells involving mitotic and enzyme regulation. Based
on review of the mortality data from London in the period 1958 to 1972, the EPA
(1986) concluded that marked increases in mortality occurred, mainly among the
elderly and chronically ill, and that the increases were associated with black smoke
and SO, concentrations above 1,000 ug/m3. The conclusion was especially favored
when such an elevation of pollutants occurred for several consecutive days.

It is widely known that China’s steady increase in coal burning in recent decades
has resulted in an explosive increase in sulfur pollution. Based on studies of some
scientists at the National Oceanic and Atmospheric Administration in Boulder,
Colorado, Chinese coal burning appears to have contributed to a steady increase
since 2000 of the sulfurous haze 20 to 30 km above ground levels. According to
the scientists, the global annual sulfur emissions of 50 million tons or so had not
made a noticeable health impact until China’s economy took off, increasing its sulfur
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emissions more than 60% between 2000 and 2005. They pointed out that these
increased emissions would account for the observed 4% to 7% per year thickening of
stratospheric haze (Science 2009).

8.3 NITROGEN DIOXIDE

8.3.1 Forms AND FORMATION OF NITROGEN OXIDES

There are six forms of nitrogen oxides (NO,) that occur in the atmosphere: nitrous
oxide (N,0), nitric oxide (NO), nitrogen dioxide (NO,), nitrogen trioxide (N,0O,),
nitrogen tetroxide (N,0O,), and nitrogen pentoxide (N,Os). Of these, NO, is the most
important air pollutant because of its relatively high toxicity and its ubiquity in ambi-
ent air, while N,O, N,O, and N,O, have been considered to have relatively low tox-
icity and significance as air pollutants. However, recent studies showed that N,O is
an extremely important gas contributing to ozone depletion in the stratosphere (see
Section 8.3.6).
Basic chemical reactions involving NO, formation are as follows:

1,210°C
N, + 0, — 2NO (8.4)
2NO + 0, — 2NO, (8.5)

The NO formed in Equation 8.4 persists when the temperature is cooled rapidly,
as is the case in ambient air. The reaction shown in Equation 8.5 is one of the few
reactions that are slowed with an increase in temperature.

8.3.2 MaAjor ReAcTIVE NITROGEN SPECIES IN THE TROPOSPHERE

Several reactive nitrogen species, including NO, NO,, and HNO;, occur in the tropo-
sphere. Among these, NO, is of particular environmental concern because it plays a
complex and important role in the production of photochemical oxidants and acidic
deposition. NO, is a unique air pollutant because it absorbs UV light energy and is
then broken down to NO and atomic oxygen. The energetic oxygen atom reacts with
molecular oxygen to form Os. The resultant O, then reacts with NO to form molecu-
lar oxygen and NO,, thus terminating the photolytic cycle of NO, (Figure 8.5). It is
clear from the equation that, as far as the cycle is concerned, there is no net gain or
loss of chemical substances. However, accumulation of O, does occur, for reasons
that are discussed in the following section. With numerous photochemical reactions
occurring in the troposphere, production of photochemical smog ensues.

In addition to NO and NO,, nitric acid (HNOj) is also an important nitrogen com-
pound in the troposphere. Although HNO, is produced mainly from the reaction
between NO, and OH,, it is formed through a secondary reactive pathway as well. In
this case, NO, is first oxidized to NO, by O,. The resultant NO, reacts with a molecule
of NO,, producing N,Os. The N,O5combines with a molecule of water, yielding HNO;.
HNO,, in turn, may be precipitated through rainout or dry deposition (Figure 8.6).
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FIGURE 8.5 The photolytic cycle of NO,.
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FIGURE 8.6 Major reactive nitrogen species in troposphere. (Adapted from Chameides,
W.L., and D.D. Davis. Chemistry in the troposphere. C&EN, 1982. With permission from
American Chemical Society.)

8.3.3 ErrecTs ON PLANTS

Plant absorbs gaseous NO, through stomata. NO, is more rapidly absorbed than
NO, mainly because of its rapid reaction with water. NO is almost insoluble in
an aqueous medium. The absorbed NO, is converted to nitrate (NO5~) and nitrite
(NO,") ions before the plant can metabolize it. NO,-induced plant injury may be
due to either acidification or a photooxidation process (Zeevaart 1976). Symptoms
exhibited by plants exposed to NO, are similar to those observed in plants exposed
to SO,, but much higher concentrations are required to cause acute injury. However,
decreased photosynthesis has been demonstrated even at concentrations that do
not produce visible injury. The combined effect of NO and NO, gases appears to
be additive.
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Photosynthetic inhibition caused by NO, may be due to competition for NADPH
(nicotinamide adenine dinucleotide phosphate) between the processes of nitrite
reduction and carbon assimilation in chloroplasts. NO, has been shown to cause
swelling of chloroplast membranes (Zeevaart 1976). Biochemical and membrane
injuries may be caused by NH; produced from NO;~ if NH;is not utilized soon after
its formation. Plants can metabolize the dissolved NO, through their NO, assimila-
tion pathway as shown below:

NO, — NO;~ — NO,” = NH; — Amino acids — Proteins

Other biochemical pathways affected by NO, include inhibition of lipid biosynthesis,
oxidation of unsaturated fatty acids in vivo, and stimulation of peroxidase activity.

8.3.4 HeawtH ErFrecTs

Studies of the pathological and physiological effects of NO, on animals have been
conducted at concentrations much higher than those found in ambient air. The toxic
action of NO, is mainly on the deep lung and peripheral airway. In various species of
animals studied, exposure to NO, at 10 to 25 ppm for 24 hours was shown to induce
the formation of fibrin in the airway, an increased number of macrophages, and altered
appearance of the cells in the distal airway and adjacent pulmonary alveoli. Terminal
bronchioles showed hyperplasia and hypertrophy, loss of cilia, and disturbed ciliagen-
esis. Large crystalloid depositions also occurred in the cuboidal cells. Continuous
exposure for several months produced thickening of the basement membranes, result-
ing in narrowing and fibrosis of the bronchioles. Emphysema-like alterations of the
lungs developed, followed by death of the animals (Wellburn 1972).

As mentioned, although almost all the studies reported were conducted using
much higher concentrations of NO, than are found in ambient air, a few studies have
dealt with low NO, concentrations. Orehek et al. (1976) showed that asthmatic sub-
jects exposed to 0.1 ppm of NO, developed significantly aggravated hyperreactivity
in the airway. While the health effects of prevailing concentrations of NO, are gen-
erally considered insignificant, NO, pollution may be an important aspect of indoor
pollution. Evidence suggests that gas cooking and heating of homes, when not well
vented, can increase NO, exposure, and that such exposure may cause increased
respiratory problems among individuals, particularly young children.

NO, is highly reactive and has been reported to cause bronchitis and pneumonia,
as well as to increase susceptibility to respiratory infections (Table 8.1) (Romieu
1999) Epidemiological studies suggested that children exposed to NO, are at a higher
risk of respiratory illness. NO, exposure has been shown to impair immune responses
and has been associated with daily mortality in children less than 5 years old, as well
as increased intrauterine mortality levels in Sdo Paulo, Brazil (Pereira et al. 1998).

8.3.5 BioLocicaL ErFrecTs

Inhaled NO, is rapidly converted to NO,~ and NO;~ ions in the lungs, and these ions
will be found in the blood and urine shortly after exposure to 24 ppm of NO, (Freeman
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TABLE 8.1
Health Effects Associated with NO, Exposure in Epidemiological Studies
Health Effect Mechanism
Increased incidence and severity of respiratory infections Reduced efficacy of lung defenses
Reduced lung function Airway and alveolar injuries
Respiratory symptom Airway injury
Worsening clinical status of persons with asthma, chronic Airway injury

obstructive pulmonary disease, or other chronic respiratory

conditions

Source: Adapted from Romieu, 1. In Urban traffic pollution. Ecotox/WHO/E&FN Spon, London,
1999, 9.

and Haydon 1964). Increased respiration was shown in some studies. Other physio-
logical alterations include a slowing of weight gain and decreased swimming ability
in rats, alteration in blood cellular constituents such as polycythemia, lowered hemo-
globin content, thinner erythrocytes, leukocytosis (an increase in the number of leu-
kocytes in the circulating blood), and depressed phagocytic activity. Methemoglobin
formation occurred only at high concentrations. Methemoglobinemia is a disorder
manifested by high concentrations of methemoglobin in the blood. Under this condi-
tion, the hemoglobin contains an Fe3* ion and is thus unable to reversibly combine
with molecular oxygen. The lipid material extracted from the lung of rats exposed
to NO, has revealed that oxidation had occurred. Also, lipid peroxidation was more
severe in animals fed a diet deficient in vitamin E (Pereira et al. 1998). In contrast to
0,, reaction of NO, with fatty acids appears to be incomplete, and phenolic antioxi-
dants can retard the oxidation from NO,.

Exposure to NO, may cause changes in the molecular structure of lung collagen.
In a series of studies, Buckley and Balchum (1967a) showed that exposure to 10 ppm
NO, for 10 weeks or longer or exposure to 50 ppm NO, for 2 hours increased both
tissue oxygen consumption and the activities of lactate dehydrogenase and aldolase.
Stimulation of glycolysis has also been reported.

8.3.6  N,O AND STRATOSPHERIC O; LAYER DEPLETION

Concerns about the stratospheric ozone layer have largely focused on reactions of O,
with CI~ and Br~ atoms released from the atmospheric dissociation of chlorofluoro-
carbons and other anthropogenic halocarbons. Meanwhile, concerns about human-
induced effects on global climate have concentrated on CO, and CH, emissions from
fossil fuels and other sources. However, rising atmospheric concentrations of nitrous
oxide (N,O) are contributing to global warming and stratospheric ozone destruction
(NAS/NRC 1977). Studies by Ravishankara et al. (2009) have shown that future
changes in climate and in the destruction of stratospheric O; depend on the emis-
sions and changing atmospheric concentration of N,O. Their report not only adds
to the scientific understanding of this important gas but also is a strong reminder
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that N,O deserves much more attention. According to their studies, the atmospheric
N,O concentration has been increasing at roughly 0.25% per year, and this trend is
set to continue. N,O is mainly removed from the atmosphere through photolysis and
reaction with excited oxygen atoms in the middle to upper stratosphere, resulting in
a long atmospheric lifetime, which is roughly 120 years.

About 70% of atmospheric N,O emissions are natural, mostly from bacterial
breakdown of N, in soils and in the oceans. Human activities are responsible for
the remaining 30% of N,O emissions. The largest human-related source of the gas
comes from agricultural practices and activities, including the use of synthetic and
organic fertilizers, production of nitrogen-fixing crops, and application of livestock
manure to croplands and pasture. N,O can also be produced during fossil fuel com-
bustion. The vast majority of the reactive NO, in the stratosphere results from the
dissociation of N,O (through its reaction with electronically excited oxygen atoms).
As a result of the high reactivity of NO, with O;, N,O levels in the preindustrial
atmosphere were sufficient to account for the majority of the natural destruction of
O, in the atmosphere. With increasing atmospheric concentration of N,O, the con-
centrations of NO, in the stratosphere are also rising. Ravishankara et al. (2009) have
shown that NO, and, as a result, N,O destroy more Oj; in the current stratosphere than
does any other reactive chemical family.

The execution of the Montreal Protocol effectively controls the emission of some
major O,-depletion gases, particularly gases containing CI- and Br~. If one assumes
that only halocarbons from human activities affect ozone and that there is full global
compliance with the Montreal Protocol, the O, layer outside the polar region is
largely expected to recover from existing human effects on the stratosphere by the
middle of the twenty-first century.

The increasing concentration of CO, in Earth’s atmosphere not only warms the
troposphere but also cools the stratosphere, with a tendency to increase the amount of
stratospheric O,. As a result, there is a possibility of a “superrecovery,” in which the
total amount of atmospheric O, will exceed that found before 1980, before the major
O; losses due to halocarbons occurred. Furthermore, changes in climate are altering
the strength of circulation patterns in the stratosphere, thus affecting the distribution
of O;. Potentially even more important is the continuing increase in atmospheric con-
centrations of N,O and CH,. Methane affects the amount of hydrogen oxides in both
the troposphere and stratosphere, which in turn affects the chemistry of O;. Whereas
increasing N,O will tend to destroy more O, increasing CH, would tend to produce O,
but each has its largest effects at different locations in the stratosphere (Figure 8.7).

In addition to its effects on O;, N,O is the third-most-important gas directly affect-
ing climate as a result of human activities. Although the increases in concentrations

1
N,0 — NOx — Ozone effects ~ STRATOSPHERE
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T TROPOSPHERE

N,O + infrared — Climate effects

FIGURE 8.7 Effects of N,O on stratospheric ozone and climate.
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of CO, and CH, have been larger, N,O is also a greenhouse gas, and its changing
concentrations are important to climate change. However, even if the combustion-
related sources prove to be relatively easy to control, the agricultural sources may
present a large challenge. Greater demand for food may affect the ability to reduce
emissions from livestock and the use of fertilizers.

By comparing the weighted ozone depletion potential (ODP) of anthropogenic
emissions of N,O with those of other O,-depleting substances, NO, emission is
expected to remain the largest throughout the twenty-first century. N,O is unregu-
lated by the Montreal Protocol. It is suggested that limiting future N,O emissions
would enhance the recovery of the O, layer from its depleted state and would reduce
the anthropogenic forcing of the climate system.

The depletion of the stratospheric O layer by human-made chemicals, referred to
as ozone-depleting substances (ODSs), was one of the major environmental issues of
the twentieth century. The Montreal Protocol on Substances that Deplete the Ozone
has been highly successful in reducing the emissions, growth rates, and concentra-
tions of chlorine- and bromine-containing halocarbons, the historically dominant
ODSs, and has limited O, depletion and initiated the recovery of the O; layer.

Nitrogen oxides (NO, = NO + NO,) are also known to catalytically destroy O, via
the following reactions:

NO + O;— NO, + O, (8.6)
O +NO, - NO + 0, 8.7)
Net: O + O;— 20, (8.8)

The primary source of stratospheric NO, is surface N,O emissions. N,O has been
thought of as primarily a natural atmospheric constituent, but the influence of its
changes on long-term changes in O; concentrations has recently been investigated.

N,O shares many similarities with the chlorofluorocarbons (CFCs), historically
the dominant ODSs. The CFCs and N,O are very stable in the troposphere, where
they are emitted, and are transported in the stratosphere, where they release active
chemicals that destroy stratospheric O, through chlorine- or nitrogen oxide-catalyzed
processes. They both have substantial anthropogenic sources. Unlike CFC, N,O also
has natural sources, such as methyl bromide, which is another important ODS.

In spite of these similarities between N,O and previously recognized ODSs and
in spite of the recognition of the impact of N,O on stratospheric ozone, N,O has not
been considered to be an ODS in the same sense as chlorine- and bromine-containing
source gases. N,O is an ODS on the basis of the extent of O; depletion it causes.
Indeed, current anthropogenic ODP-weighted N,O emissions are the largest of all the
ODSs and are projected to remain the largest for the rest for the twenty-first century.

Some important factors that influence the ODP of N,O have been examined. At
midlatitudes, chlorine-catalyzed ozone destruction contributes most to depletion in
the lowest and upper stratospheres, that is, below and above the ozone maximum.
N,O contributes most to ozone depletion just above where ozone concentrations are
the largest. This leads to efficient ozone destruction from NO,. The ODP of N,O is
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lower than that of CFCs primarily because only about 10% of N,O is converted to
NO,, whereas the CFCs potentially contribute all their chlorine.

Anthropogenic N,O emissions are considered the single most important of the
anthropogenic ODS emissions today. For example, the global anthropogenic emission
of N,O now (produced mainly as a by-product of fertilization, fossil fuel combustion
and industrial processes, biomass and biofuel burning, and a few other processes) is
roughly 10 million metric tons per year compared with slightly more than a million
metric tons from all CFCs at the peak of their emissions. Currently, anthropogenic
N,O emissions represent the largest contribution to Os-depleting gas emissions.

8.4 OZONE

8.4.1 Sources oF OzONE

By far the most important source of O contributing to atmospheric pollution is that
found in photochemical smog. As discussed in the section on NO,, disruption of the
photolytic cycle of NO, (Equations 8.6 to 8.8) by atmospheric hydrocarbons is the
principal cause of photochemical smog,

NO, <3 NO + 0 (8.9)
0 +0,¢> 0, (8.10)
Net: NO, + O, <> NO + O, 8.11)

In Equations 8.9 to 8.11, theoretically the back reaction proceeds faster than the
forward reaction, so that the resulting O, should be removed from the atmosphere.
However, free radicals formed from hydrocarbons (e.g., RO,) and other species
occurring in the urban atmosphere react with and remove NO, thus stopping the
back reaction. Consequently, O, builds up. A large number of free radicals occur in
the atmosphere, such as hydroxy radical (OH:), hydroperoxy radical (HO,:), atomic
oxygen [O('D)], and higher homologs RO- and RO,-, where R represents a hydrocar-
bon group. Free radicals participate in chain reactions, including initiation, branch-
ing, propagation, and termination reactions in the atmosphere. The OH-HO, chain is
particularly effective in oxidizing hydrocarbons and NO. Some examples illustrating
these reactions are the following:

OH- +RH — R-+ H,0 8.12)
R+ 0,— RO, (8.13)

RO,- + NO — RO- + NO, (8.14)
RO: + O, —» R'CHO + HO, (8.15)

HO,- + NO — NO, + OH- (8.16)
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As shown in these equations, the process starts with an OH- radical. After one
pass through the cycle, two molecules of NO are oxidized to NO,. The OH- radi-
cal formed in the last step (Equation 8.13) can start the cycle again. O, may also be
formed from reactions between O, and hydrocarbon free radicals:

R —2 5 ROy —2 0,+RO (8.17)

8.4.2 PHOTOCHEMICAL SMOG

Hydrocarbon free radicals (e.g., RO, can react with different chemical species,
including NO, NO,, O,, O;_and a variety of hydrocarbons:

ROO: + NO — RO + NO, (8.18)

The hydrocarbon free radicals can react with O, and NO, to produce peroxyacyl
nitrate (PAN), another important air pollutant:

0
l
ROO-+NO, +0, - R-C-0-0-NO, 8.19)
PAN
or
RO, + NO, — RO,NO, (8.20)

It can be seen from these equations that a large number of chemical reactions
occur in the atmosphere, resulting in the formation of many secondary air pollut-
ants. In areas such as Los Angeles, which is characterized with unique topographical
conditions and abundant sunshine, these air pollutants accumulate, forming smog.
Principal components of photochemical smog are O, (up to 90%); NO, (mainly NO,,
about 10%); PAN (0.6%); free-radical oxygen forms; and other organic compounds,
such as aldehydes, ketones, and alkyl nitrates (Table 8.2) (NAS/NRC 1977). Air pol-
lution problems such as those found in Los Angeles and Mexico City are common
among other large cities of the world.

8.4.3 ErrecTts ON PLANTS

Extensive studies have been conducted on the effect of O, on higher plants. Some
examples include increase or decrease in plant growth; decrease in size, weight,
and number of fruits; decrease in shoot and root growth (Henderson and Reinert
1979; Grunwald and Endress 1984); decrease in seed oil (Henderson and Reinert
1979); decrease in growth ring size (Letchworth and Blum 1977); decrease in
net photosynthesis (McLaughlin et al. 1982); decrease in unsaturated fatty acids
(Blum et al. 1983); increase in membrane permeability (Perchorozicz and Ting
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TABLE 8.2
Compounds Observed in Photochemical
Smog

Typical (or Maximal)
Compound Concentration Reported (ppm)
Ozone (O5) 0.1
PAN (CH,COO,NO,) 0.004
Hydrogen peroxide (H,0,) (0.18)
Formaldehyde (CH,0) 0.04
Higher aldehydes (RCHO) 0.04
Acrolein (CH,CHCHO) 0.007
Formic acid (HCOOH) (0.05)

Source: Adapted from NAS/NRC. Ozone and other photo-
chemical oxidants. Committee on Medical and
Biologic Effects of Environmental Pollutants, National
Academy of Sciences, Washington, DC, 1977.

1974; Pauls and Thompson 1981); increase in respiration; and altered intermedi-
ary metabolism.

The effect of O; on plant metabolism is complex. However, it is well established
that photochemical oxidants such as O; and PAN can oxidize —SH groups found in
proteins, and such oxidation can inhibit enzyme activity. O,-induced inhibition of
several enzymes is involved in carbohydrate metabolism, such as phosphogluco-
mutase and glyceraldehyde-3-phosphate dehydrogenase. The hydrolysis of reserve
starch in cucumber, bean, and monkey flower was inhibited by exposure to 0.05
ppm O; for 2 to 6 hours (Pauls and Thompson 1981), suggesting an inhibitory effect
on amylase or phosphorylase. While decrease in glyceraldehydes-3-phosphate
dehydrogenase activity suggests inhibition of glycolysis, an increase in the activ-
ity of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase
reported by some workers implies elevated activity of the pentose phosphate path-
way (Tingey et al. 1975). Studies in our laboratory indicated that mung bean seed-
lings exposed to 0.25 ppm of O, for 2 hours exhibited markedly inhibited invertase
activity (M.-H. Yu, unpublished data, 2004).

O, exposure also interferes with lipid metabolism. For instance, lipid synthesis,
requiring NADPH and ATP (adenosine triphosphate), is known to proceed at a lower
rate. This may be because O, lowers the total energy of the cell. O; also causes ozo-
nization of fatty acids. When O; reacts with a polyenoic fatty acid, for example, H,0,
and malonaldyde are produced. The structures of amino acids and proteins are also
altered when these substances are exposed to O;. Amino acids such as methionine,
tyrosine, cysteine, and tryptophan are oxidized when exposed to O;. With methion-
ine, the oxidation leads to methionine sulfoxide formation in a concentration-depen-
dent manner (Mudd et al. 1969; Tingey et al. 1975).
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8.4.4 Errects ON ANIMALS AND HUMANS

Ozone is not usually emitted directly into the air, but at ground level is created by a
chemical reaction between oxides of nitrogen (NO,) and volatile organic compounds
(VOC) in the presence of sunlight. Ozone has the same chemical structure whether it
occurs miles above the earth or at ground-level and can be “good” or “bad,” depending
on its location in the atmosphere. In the earth’s lower atmosphere, ground-level ozone is
considered “bad.” It is the primary constituent of smog. Sunlight and hot weather cause
ground-level ozone to form in harmful concentrations. “Good ozone” occurs naturally
in the stratosphere approximately 10 to 30 miles (16 to 48 km) above the earth’s surface
and forms a layer that protects life on earth from the sun’s harmful rays.

Ground-level ozone and other photochemical oxidants can cause irritation of the
respiratory tract and the eye. The threshold limit value (TLV) for O; in industry is
0.1 ppm. Exposure to 0.6 to 0.8 ppm O, for 60 minutes leads to headache, nausea,
anorexia, and increased airway resistance. Exposure of laboratory animals to 0.7 to
0.9 ppm may predispose or aggravate the response to bacterial infection. Coughing,
chest pain, and a sensation of shortness of breath were shown in the exposed subjects
who exercised (Bates and Hazucha 1973). Morphological and functional changes
occur in the lung in experimental animals subjected to prolonged O, exposure. Such
changes as chronic bronchitis, bronchiolitis, and emphysematous and septal fibrosis
in lung tissues have been shown in mice, rabbits, hamsters, and guinea pigs exposed
daily to O, at concentrations slightly above 1 ppm. Thickening of terminal and respi-
ratory bronchioles was the most noticeable change. For example, in the small pulmo-
nary arteries of rabbits exposed to O,, the walls were thicker and the lumens were
narrower than those of the controls. Mean ratios of wall thickness to lumen diameter
were 1:4.9 for the control and 1:1.7 for the exposed animals (Bates and Hazucha
1973). This shows that the width of the lumen of exposed animals became about
one-third that of the control.

As noted in Chapter 7, emphysema is a disease in which the alveoli in the lungs
become damaged. The disorder causes shortness of breath and, in severe cases, can
lead to respiratory or heart failure. In humans, emphysema is caused mainly by ciga-
rette smoking, but atmospheric O; and some other pollutants are considered to be
predisposing factors. Inhaled O, is passed into the bloodstream through the thin
walls of alveoli and into the bloodstream, and CO, is removed from the capillaries
to be breathed out. Tobacco smoke and other air pollutants are believed to cause
emphysema by provoking the release of chemicals within the alveoli that damage
the alveolar walls. As the disease progresses, the alveoli burst and form fewer, larger
sacs with less surface area, so O, and CO, exchange is impaired.

Other physiological effects include dryness of upper airway passages, irritation of
mucous membranes of nose and throat, bronchial irritation, headache, fatigue, and
alterations of visual response.

Evidence suggests that O, exposure accelerates aging processes. Some investi-
gators indicated that aging is due to irreversible cross-linking between macromol-
ecules, principally proteins and nucleic acids. Animals exposed to 0.1 ppm O; may
have increased susceptibility to bacterial infections. Exposed mice may have con-
genital abnormalities and neonatal deaths.
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Development of hyperreactivity following O, exposure in humans and dogs has
been shown. The most characteristic toxic effect of exposure to relatively high levels
of Oy is pulmonary edema (P’an et al. 1972), a leakage of fluid into the gas exchange
parts of the lung. This effect was seen at concentrations only slightly above that
observed in community pollution in Los Angeles, California.

Humans and animals have been shown to develop tolerance to O;. Tolerance
refers to increased capacity of an organism that has been preexposed to a chemical
agent, such as an oxidant, to resist the effects of later exposures to ordinarily lethal,
or otherwise injurious, doses of the same agent. Rodents exposed to 0.3 ppm O,
for example, would become “tolerant” to subsequent exposures of several parts per
million O, which would produce massive pulmonary edema in animals exposed for
the first time. Some human subjects exposed to 0.3 ppm O; at intervals of a day or
so showed diminished reactivity with later exposures. This response is designated as
adaptation (Horvath et al. 1981).

8.4.5 BioLoacicaL Errects

A large volume of literature has been published describing the biochemical effects
of O;. Some examples include (a) reactions with proteins and amino acids; (b) reac-
tions with lipids; (c) formation of free radicals; (d) oxidation of sulfhydryl (-SH)
compounds and pyridine nucleotides; and (e) production of more or less nonspecific
stress, with the release of histamine.

As mentioned in the previous section, O; interacts with proteins and some amino
acids, altering their characteristics. In humans, the amount of lysozyme in tears of
individuals exposed to smog was shown to be 60% less than normal. The concentra-
tions of protein and nonprotein sulfhydryls in the lungs of rats exposed to 2 ppm O,
for 4 to 8 hours were shown to be decreased. A number of investigators have shown
that O, could cause the oxidation of the —SH group, and that addition of SH com-
pounds was protective.

The activities of several enzymes are either enhanced or depressed in animals
exposed to O,. Reports on decreases in enzyme activities include glucose-6-phos-
phate dehydrogenase, glutathione reductase, and succinate-cytochrome c reductase
in the lungs of rats exposed to 2 ppm O, for 4 to 8 hours, whereas increased activities
were shown with glucose-6-phosphate dehyrogenase, 6-phosphogluconate dehydro-
genase, and isocitrate dehydrogenase.

Balchum et al. (1971) have provided evidence to support the concept that the per-
oxidation or ozonization of unsaturated fatty acids in biological membranes is a pri-
mary mechanism of the deleterious effects of O;. The hypothesis was based on the
tendency of O; to react with the ethylene groups of unsaturated fatty acids, resulting
in the formation of free radicals. The free radicals can, in the presence of molecular
oxygen, cause peroxidation of unsaturated fatty acids. It has been observed that
lipid material subjected to O, exposure showed a relative decrease in unsaturated
fatty acids as compared to saturated fatty acids, and the more unsaturated the fatty
acids were, the greater was the decrease that occurred. In addition, a deficiency of
vitamin E increases the toxicity of O, for the rat (Goldstein et al. 1970). Possible
mechanisms for O, toxicity involving peroxidation of membrane unsaturated fatty
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FIGURE 8.8 Ozonization of membrane lipids.

acids include (a) the ability of O; to react with polyunsaturated fatty acids (PUFAs),
causing lipid breakdown, and some of the breakdown products can include H,0,,
carbonyl compounds, and various free radicals that are detrimental to cells; and
(b) the resultant free radicals may react with protein—SH groups, leading to inac-
tivation of enzymes; mitochondrial PUFA, causing the swelling of mitochondria
and impaired or loss of energy metabolism; lysosomal PUFA, with the release of
lysosomal hydrolases; and nuclear PUFA, leading to carcinogenesis (Mueller and
Hitchcock 1969).

Another chemical pathway that can induce O;-dependent oxidation of unsaturated
fatty acids is through incorporation of O, into the fatty acid double bond, resulting
in ozonide formation (Zeevaart 1976). This process is generally known as ozonoly-
sis (Figure 8.8). O, is also known to oxidize the tripeptide glutathione (GSH) and
pyridine nucleotides NADH (nicotinamide adenine dinucleotide) and NADPH. The
ozonization of the nicotinamide ring of NADPH may proceed in such a way as that
shown in Figure 8.9.

Since the intracellular ratios of NADH/NAD*, NADPH/NADP*, and ATP/adeny-
lates are carefully regulated by the cell, loss of the reduced nucleotide can be com-
pensated by faster operation of the TCA (tricarboxylic acid) cycle. However, the cell
can only make up for a net loss of all nucleotides by an increase in synthesis. The
oxidation of NADH or NADPH results in elevated enzyme activity, and this per-
mits the cell to restore the initial ratio of the nucleotides. With NADPH, oxidation
increases the activity of the pentose phosphate pathway. Such increase also occurs
following the oxidation of GSH (Reaction 8.21). Oxidation of either NADPH or GSH
therefore may be responsible for the apparent increase in enzymes in the pentose
phosphate pathway after repeated exposure to O;.

2GSH +[0] —Stperoxidze , 365G + H,0 (8.21)
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FIGURE 8.9 Ozonization of the nicotinamide ring in NADPH.

2SSG + 2NADPH —S3eduetze 9 GSH + 2NADP* (8.22)
G-6-P + NADP+ G-6-P dehydrogenase 6-PG + NADPH (823)

8.5 CARBON MONOXIDE

8.5.1 INTRODUCTION

Carbon monoxide (CO) is an odorless, colorless, and tasteless gas found in high
concentrations in the urban atmosphere. No other gaseous air pollutants with such a
toxic potential exist at such high concentrations in urban environments. Historically,
early exposures began with the use of wood fires and then coal for domestic heating.
Combustion of fossil fuel associated with developing industry, explosions, fires in
mines, and illumination gas prepared from coal all have been reported as sources of
exposure. The migration of agricultural populations to cities increased the propor-
tion of exposed population, as well as the number of persons generating CO. With
the emergence of automobiles propelled by the internal combustion engine, the CO
emitted from the exhaust pipe has become the major source for human exposure.
Serious problems exist with occupational exposure to increased ambient CO for vari-
ous occupations.

8.5.2 FORMATION

Carbon monoxide is usually formed through one of the following three processes:

1. Incomplete combustion of carbon or carbon-containing compounds. This
occurs when the available oxygen is less than the amount required for com-
plete combustion in which CO, is the product or when there is poor mixing
of fuel and air, as shown in Equations 8.24 and 8.25:
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2C + 0, - 2C0 (8.24)
2C0 + 0, — 2CO, (8.25)

2. Reactions between CO, and carbon-containing materials at high tempera-
ture. Carbon monoxide is also produced when CO, reacts with carbon at
an elevated temperature. Such reactions are common in many industrial
devices, including blast furnaces:

CO, + C — 2CO (8.23)

The CO produced in this way is utilized in a variety of industrial facilities,
such as the blast furnace of a smelter, where CO acts as a reducing agent
in the production of iron from Fe,O; ores. Some CO may escape into the
atmosphere, however.

3CO + Fe,0; — 2Fe + 3CO, (8.26)

3. Dissociation of CO, at high temperatures. Carbon dioxide dissociates into
CO and O at high temperatures, as shown in Equation 8.27:

CO, fehemp:_, 604+ Q (8.27)

8.5.3 HumaN ExPOSURE

CO is a poisonous and odorless gas that cannot be seen or smelled and that can kill
a person in minutes if the concentration of the gas is high enough. CO is produced
whenever any combustible fuel (e.g., gas, oil, kerosene, wood, or charcoal) is burned.
Health effects are headache, nausea, and drowsiness that make you think you should
just rest and “take it easy for a day or two.” But, if the CO exposure continues, one
can go into a coma and die.

A family unintentionally endangered family members and neighbors by burning
charcoal briquettes indoors to keep their apartment warm (www.edmondsbeacon.
com, December 17, 2009). Backdrafts, plugged flues and vents, faulty appliances,
and unsafe use of outdoor grills can lead to similar poisoning accidents during cold
weather and power outages.

The following are several examples showing the danger of CO poisoning: In the
state of Washington in 2008, CO gas killed 64 people; 46 people were hospitalized.
Nine people were taken to the hospital early Sunday, December 13, 2009, after a
charcoal grill was used to heat an apartment unit in Lynnwood, Washington. Fire
and aid units were called to the 59 block of 204th Street SW early that Sunday after
a 3-year-old boy woke up making noises and struggling to breathe.

8.5.4 HeALtH ErFrecTts

A constant supply of O, is needed for physiological functions to proceed normally in
the body. Oxygen is carried to body tissue by hemoglobin (Hb), a complex component
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of the blood that consists of two pairs (o0 and B chains) of proteins, which themselves
are bonded around an iron. Hemoglobin picks up O, in the lungs, forming a complex
called oxyhemoglobin (HbO,) as follows:

Hb + O, —» HbO, (8.28)
Once it reaches the body tissues, HbO, releases the bound O, to be used:
HbO, — Hb + O, (8.29)

The Hb then returns to the lungs for a new supply of O,.

Carbon monoxide is toxic because it enters the bloodstream and reduces the deliv-
ery of oxygen to the body’s organs and tissues. The toxic action of CO involves the
formation of carboxyhemoglobin (COHb or HbCO):

CO + Hb — COHb (8.30)

The chemical affinity of CO for Hb is more than 200 times greater than that of O,.
Furthermore, in the presence of CO, HbO, readily releases the bound O, and picks
up CO to form HbCO:

HbO, + CO — COHb + O, (8.31)

Since the hemoglobin molecule cannot be occupied by O, and CO at the same
time, it is apparent that CO can tie up a substantial quantity of Hb in the blood when
HbCO is formed. Consequently, Hb will not be able to transport O, to the tissues,
thus severely impairing bodily functions, especially of the heart and O, to the central
nervous system (CNS).

Although increase in the Hb oxygen concentrations can shift the equilibrium in
Equation 8.29 to the left, recovery of Hb is slow, while the asphyxiating effect of put-
ting Hb out of business is rapid. People with cardiovascular disease, particularly those
with angina or peripheral vascular disease, are much more susceptible to the health
effects of CO. Furthermore, research showed that the fetus is particularly susceptible
to lack of O, supply. Thus, maternal CO poisoning during pregnancy can lead to fetal
death. Animal studies showed that the offspring of pregnant female rats exposed to CO
had lower birth weights and significant learning deficit (Mactutus and Flechter 1984).

The normal or background level of blood COHb is about 0.5%. Part of the CO in
HbCO is derived from the ambient air, while the rest originates from the body as a
result of heme catabolism. The equilibrium percentage of COHDb in the bloodstream
of a person continually exposed to an ambient air CO concentration of less than 100
ppm can be calculated from the following equation:

COHD in blood (%) = 0.16 x (CO concentration, in the air in ppm) + 0.5 (8.32)

According to available data (Table 8.3), the concentration of COHb in the blood
required to induce a decreased O, uptake capacity is approximately 5%. Impairment
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TABLE 8.3
Hunan Health Effects Associated with Carboxyhemoglobin (HbCO) Levels
HbCO Levels (%) Health Effects
<1.0 No apparent effect
2-4 Impairment of visual function; decreases in the relation between work time and
exhaustion in exercising young healthy adults
2.0-4.5 Decrease in exercise capacity in patients with angina
<5 Vigilance decrement
5-5.5 Decrease in maximum oxygen consumption and exercise in young healthy men
during strenuous exercise
5-17 Impairment of visual perception, of manual dexterity, of learning ability or
performance of certain intellectual tasks
20-25 Nausea, weakness (particularly in the legs), occasional vomiting

Source: Pereira, L.A., D. Loomis, G.M.S. Conceijo, A.L.F. Braga, R.M. Arcas, H.S. Kishi, J.M. Singer,
G.M. Bohm, and P.H.N. Saldiva. Association between air pollution and intrauterine mortality in
Sao Paulo, Brazil. Environ. Health Perspect. 106, 325, 1998.

in the ability to correctly judge slight differences in successive short time intervals
has been observed at lower COHD levels of 3.2% to 4.2%. The well-known symptoms
of CO poisoning are headache and dizziness at COHb levels between 10 and 3,094.
At levels above 30%, the symptoms are severe headache, cardiovascular symptoms,
and malaise. Above COHD levels of about 40%, there is considerable risk of coma
and death. In case of acute CO poisoning, 100% oxygen is commonly used to rescue
the victim. The half-life of COHb is estimated to be 4 hours at rest in room air, and it
is shortened to 60 to 90 minutes if 100% oxygen is given using a face mask.

In addition to binding Hb in circulating blood, CO binds other proteins in the body,
including myoglobin, cytochrome c oxidase, and cytochrome P450. By binding these
substances, CO impairs their action. Furthermore, CO also inhibits alveolar mac-
rophage function, thus weakening tissue defenses against airborne bacterial infection.

Poisoning by CO is the most common form of gaseous poisoning. The poisoning
occurs as a result of CO combining with Hb to form a stable COHb. This leads to
reduction of the oxygen-carrying capacity of the blood, leading to tissue hypoxia.
CO asphyxiation has been documented from the the time of ancient Rome. CO was
discovered scientifically in 1799, and the first CO poisoning was reported in 1842.
Once, accidental acute poisoning in coal mines was the main cause of illness and
death among mine workers. It occurs widely among workers in a smelting furnace or
boiler room and those working in a garage with its doors closed.

Despite the declines in the death rate from unintentional CO poisoning in the
United States in the 1980s, CO intoxication is still common. According to the Centers
for Disease Control and Prevention (CDC 2011), an estimated 10,000 persons seek
medical attention or miss at least 1 day of normal activity annually because of the
syndrome. In addition, 800 to 1,000 deaths occur each year, making it the most com-
mon cause of unintentional poisoning death in the United States.
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Hampson et al. (1994) studied the characteristics of a series of patients poisoned
with CO resulting from indoor burning of charcoal briquettes. They reported that,
of 509 patients treated for acute unintentional CO poisoning, 79 cases occurred in
32 incidents as a result of indoor burning of charcoal briquettes for the purpose of
either home heating or cooking. The authors suggested that all cases are avoidable,
and public awareness of the risk should be enhanced.

Human exposure to CO occurs mainly from such sources as (a) CO in the sur-
rounding ambient environment emitted from exhaust gases such as those from auto-
mobiles and industrial machinery; (b) accidental intoxication through house fires,
which may contain more than 50,000 ppm CO, and environmental problems in the
house, such as defective furnaces, charcoal burning in poorly vented houses, or
garages connected to living quarters; (c) occupational exposure such as of firefight-
ers (>10,000 ppm CO), traffic police, coal miners, coke oven and smelter workers,
toll booth attendants, and transportation mechanics; and (d) cigarette smoking.

Precaution measures are as follows:

e Install a CO detector near all sleeping areas in your home. If the alarm
sounds, leave your home immediately and call 911.

* Do not use a generator, charcoal grill, camp stove, or other gasoline- or
charcoal-burning device inside your home, basement, or garage. If you are
outside, do not use any of these near a home window or under a tent.

e Do not use a gas range or oven to heat a home.

* Do notrun a car or truck inside a garage attached to your house, even if you
leave the door open.

* Do not burn anything in a stove or fireplace that is not vented or may be
clogged.

* Do notrun a generator, pressure washer, or any gasoline-powered engine inside
a basement, garage, or other enclosed structure, even if the doors or windows
are open, unless the equipment is professionally installed and vented.

e Do call 911 if you suspect CO poisoning and are feeling dizzy, light-headed,
Or nauseous.

* Do have your heating system, water heater, and any other gas, oil, or coal-
burning appliances checked by a qualified technician every year.

* Do keep vents and flues free of debris, especially if winds are high; flying
debris can block ventilation lines.

REVIEW QUESTIONS

1. Explain the chemical changes that occur once SO, is absorbed into a plant
leaf.

2. What could be the basis for different plant species to exhibit different sensitivity
to SO,?

3. How is SO, exposure related to the respiratory system in animals and
humans?

4. Briefly explain the role that the free hydroxyl radical (OH) plays in the
atmosphere.
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. Describe the photolytic cycle of NO,.

. Explain the way in which plants may make use of dissolved NO,.

. Describe how N,O may be formed.

. Explain the importance of N,O in relation to stratospheric O; layer

depletion.
9. Explain how O; may accumulate in the troposphere.

10. What is photochemical smog? What are the main components?

11. Explain how O; may injure membrane structure.

12. What is PAN? Explain how it may be formed.

13. What is the most noticeable change in the bronchioles of animals exposed
to O5?

14. What is pulmonary edema? Which air pollutant(s) can cause it? SO,; NO,;
F; O,.

15. Complete the following reaction: 2GSH + [O] (from O;) —.

16. What is ozonolysis?

17. Explain how CO may be formed from CO,.

18. What is carboxyhemoglobin? Write a chemical equation to show its
formation.

19. What is the physiological basis for the toxicity of CO?

20. Explain how CO may be related to macrophage function.

o0 g9 N
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Air Pollution
Particulate Matter

9.1 INTRODUCTION

This chapter discusses two of the six common air pollutants—particulate matter and
lead. Particulate matter is examined in Section 9.1 through Section 9.7, whereas lead
is presented in Section 9.8. Particle pollution, also called particulate matter or PM,
refers to a mixture of solid particles and liquid droplets found in the air. The physical
dimensions and chemical properties of these aerosols vary greatly. Their size may
vary from 0.5 to 107 mm, and they are composed of a large number of inorganic
and organic materials, including metals and nonmetal elements (and their oxides,
nitrates, and sulfates). Although it is often convenient to group them as particulates,
their sources, distribution, and effects can be highly variable. Because of the large
quantities of particulates emitted into the atmosphere from different sources, and the
potential adverse effects they can cause, the U.S. Environmental Protection Agency
(EPA) has designated particulate matter (PM) as one of the six criteria air pollutants
to be regulated. In 1987, the agency added a new standard for particulates called
PM,, (referring to PM with diameter less than 10 pm), based on the evidence that the
smaller PM has the greatest impact on health because of its capacity to be inhaled.
This chapter presents an overview of this class of air pollutants, followed by discus-
sion of three specific examples of PM: silica, beryllium, and asbestos.

9.2 CHARACTERISTICS OF PARTICULATE MATTER

Particulates are usually classified into primary or secondary. Primary particulates
are larger (usually 1 to 20 um in diameter) and are emitted directly into the atmo-
sphere by a variety of chemical and physical processes. Secondary particulates are
relatively smaller and are formed through chemical reactions that occur in the atmo-
sphere (Fennelly 1976). The composition of particulates varies from place to place
and includes thousands of entities that differ in size, surfaces, and toxicity (Abelson
1998). Particles in most urban aerosols have been shown to contain a number of
potentially toxic trace chemical species, such as lead (Pb), cadmium (Cd), nickel
(Ni), selenium (Se), vanadium (V), zinc (Zn), cobalt (Co), manganese (Mn), bromine
(Br), sulfate, and benzo[a]pyrene (Natusch and Wallace 1974).

Evidence from recent studies strongly suggests the importance of the primary
urban aerosols. It is considered that, although these primary aerosols contribute
minor amounts of the whole aerosol mass, they serve as condensation nuclei on
which the secondary aerosol mass resides, and they carry the bulk of the particulate
toxin and aerosol particles (Ondov and Wexer 1998).

143
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9.3 FORMATION OF PARTICULATES

Particulates (PM) are formed from both natural and anthropogenic sources. Natural
sources include volcanic ash, wildfire particles, fine soil particles, fine marine salts
from ocean sprays, and biological particles such as pollen, fungal spores, and oth-
ers. Fine particulates are also produced in air as a result of atmospheric reactions,
such as through photochemical reactions. Anthropogenic sources include a variety
of industrial combustion processes, mining, vehicle emissions, domestic heating and
cooking, pottery making, metalworking, and many other manufacturing processes.
In addition, cultivation of agricultural lands also contributes significant amounts of
PM through land clearance and fire control activities.

9.3.1 PHysicAL PROCESSES

Participate matter can be formed through both physical and chemical processes.
Particles above approximately 1 mm in size are generally formed by the disintegration
of larger particles. This is called a dispersion process, and the product is known as a
dispersion aerosol. Dusts are solid dispersion aerosols, which may be formed through
a variety of natural and human activities. Some examples include volcanic eruption,
windblown dust from dry soil, ocean spray, coal grinding, rock crushing, stonecutting
and polishing, high-power drilling of tunnel rocks, and manufacture of pottery.

9.3.2 CHeMicAL PROCESSES

Both inorganic and organic particles are produced through various chemical pro-
cesses. Metal oxides make up a major class of inorganic particles in the atmosphere.
They are produced whenever fuels containing metals are burned. For instance, par-
ticulate iron oxide is produced in the combustion of coal, which contains iron sulfide
(FeS,) as a contaminant:

3FeS, + 80, — Fe,0, + 650, ©.1)

As noted in Section 8.2, sulfuric acid mists are formed from the oxidation of
atmospheric SO,:

250, + 0, + 2H,0 — 2H,S0, (liquid droplets) 9.2)

The sulfuric acid thus formed can react with basic air pollutants such as ammonia
(NH;), CaO, PbO, or Al,0;, forming various sulfates:

H,SO, (droplet) + 2 NH; (gas) — (NH,),SO, (droplet) 9.3)
H,SO,(droplet) + PbO (particle) — PbSO, (droplet) + H,O 9.4)

Combustion of leaded gasoline results in the formation of several kinds of lead
halides, among other substances. Tetraethyl lead [Pb(C,Hs),] in leaded gasoline
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reacts with molecular oxygen (O,) and halogenated scavengers, such as dichloro-
ethane and dibromoethane, producing various forms of lead halide particles that are
emitted into the atmosphere:

Pb(C,Hs), + O, + (Halogenated scavengers) —

9.5
CO,; + H,0 + PbCl, + PbBrCl + PbBr, ©.3)

In addition, whole gasoline vapor alone has been shown to contribute signifi-
cantly to atmospheric aerosol formation (Odum et al. 1997).

9.4 HEALTH EFFECTS

Fly ash particles are generally composed of stable elements or compounds that
are usually not considered directly toxic in concentrations found in ambient air.
However, subtle toxicity has been recognized under different conditions. In par-
ticular, many trace elements have important biological activity and are therefore
potential health hazards.

The toxicity of PM generally arises from any of the following factors: The par-
ticles may themselves be toxic, such as particles containing toxic metals such as lead,
cadmium, nickel, and mercury (Hg) and nonmetals such as arsenic (As) and radionu-
clides (Costa and Mollenhauer 1980; Hauser et al. 1995). Alternatively, the particles
may adsorb toxic chemicals such as carcinogens (Schwartz 1994) and enhance their
effect by increasing their penetration into the lungs or by prolonging their residence
time in the respiratory tract. Particles may also serve as condensation nuclei for
water and other vapors, producing droplets and enhancing biological effects. Finally,
if there are large quantities present in the respired air, particles may overtax the
mucociliary apparatus, thus decreasing the rate of removal of toxic chemicals from
the lung.

Many occupational activities cause the formation of dust. Mining, metal grind-
ing, and sandblasting activities for varying periods of time have been shown to
cause pneumoconiosis, a disease of the lung caused by habitual inhalation of
irritant mineral or metallic particles. The disease is characterized by fibrous
degeneration known as fibrosis. Among the several factors that contribute to the
development of pneumoconiosis, those related to workers and dust are particularly
important. The factors pertaining to workers include duration of exposure to dust
and the workers’ susceptibility.

Concerning dust, the size of particles, their chemical composition, and their con-
centrations are important. Researchers have identified various diseases based on the
chemical elements involved in fibrosis formation. For example, silicosis results from
inhalation of silicon oxide (SiO,); silicatosis, from silicate; siderosis, from hematite,
F,0;; talcosis, from talc; and bariosis, from barium (Ba).

The size of particles is important in the pathogenesis of pneumoconiosis. This is
because the size affects the concentration of particles that may be suspended in the
air, or it may determine the depth to which these particles penetrate into the lung and
the amounts in which they may be deposited and retained.
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In addition to widely recognized occupational health effects of PM, numerous
epidemiological studies have confirmed that total suspended particles (TSP) pres-
ent in urban areas, especially those less than 2.5 um in diameter, were associated
with increased risk of mortality in pneumonia and cardiovascular disease. The
risk is particularly elevated in the elderly (Costa and Mollenhauer 1980). Available
information indicated widespread acute impacts on the health of a large number
of populations in Indonesia during the rain forest fire episode in the summer of
1997. According to the Singapore Ministry of Health, there was a 13% increase in
visits to government clinics for acute respiratory infections and a 19% increase in
asthma visits during the last week of September when PM levels peaked (Brauer
and Hishum-Hashim 1998).

China has achieved marked economic growth since 1980. The growth has been
followed by rapid industrialization, accelerated urbanization, and greatly increased
energy consumption (He et al., 2002). The accelerated urbanization is evidenced by
steady increases in the proportion of urban population to the total population, from
18% in 1978 to 31% in 1999, a growth rate three times the world average during this
period. The explosive economic growth also made China the world’s second-largest
energy consumer after the United States. Energy consumption, especially coal con-
sumption, is the main source of anthropogenic air pollution emissions in Chinese cit-
ies. Between 1978 and 1999, China’s energy consumption more than doubled. Coal,
the primary energy source in China, accounted for about 74% of the total energy
consumption during this period. The increased use of coal is considered the origin
of many air pollution problems, including SO, pollution, participate matter, and acid
rain (He et al. 2002).

Xu et al. (1995) reported that coherent evidence was present that the existing air
pollution levels in Beijing were associated with adverse health outcomes. The sci-
entists studied the data on the average number of daily hospital outpatient visits at a
community-based hospital in Beijing and compared the data with the levels of SO,
and TSP in the atmosphere. They found that increases in the levels of the two types of
pollutants were significantly correlated with the increases in internal medicine visits.

A similar observation was made in Seoul, South Korea, where several scientists
investigated the impact of air pollution on human health. For example, Ha et al.
(2003) studied the effect of air pollution on mortality among postneonates, those
aged 2 to 64 years, and those over 65 years of age. The study included daily counts
of total and respiratory death along with analyses of daily levels of PM,,. The results
showed that, in terms of mortality, infants were most susceptible to PM,,, especially
if deaths were related to respiratory system.

On August 10, 2010, the U.S. EPA finalized a regulation limiting the release of
mercury and other toxic air pollutants from cement plants to save lives. It was the
first time the federal government had restricted emissions from existing cement
kilns. The regulations aim to reduce annual emissions of mercury and PM by 92%
by 2013. EPA officials indicated that the limits would benefit children, whose brains
can be damaged by mercury that makes its way through the air to water to fish that
children eat. They also predicted that the rules would stave off thousands of prema-
ture heart and lung deaths each year attributed to particulate pollution (Bellingham
Herald August 10, 2010).
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9.5 SILICA

Silica (silicon dioxide, SiO,) and silicates constitute the major portion of all rocks
and their products such as soils, sands, and clays. Silicon (Si) itself is the second most
abundant element (after oxygen) in Earth’s crust. Silica occurs in either its free form
or a combined state called silicate. Free silica may be in crystalline form, such as
quartz, granite, flint, and diatomite or in noncrystalline form.

9.5.1 SiLicosis

Silicosis is a disease caused by breathing tiny particles of free SiO,. It is con-
sidered the most important of the pneumoconioses, or dust diseases of the lung,
not only because of its highly damaging effect on the respiratory system but also
because of the large numbers of workers throughout the world who are at risk of
contracting it. Silicosis may be acute because the disease is manifested within
8 to 18 months following the first exposure. Chronic silicosis may develop with
a latency period up to 20 years and is found among people engaged in mining
industries, pottery manufacture, stonecutting and polishing, tile and clay produc-
tion, and glass manufacture. Silicosis increases susceptibility to various respira-
tory infections, notably tuberculosis.

The size of offending silica particles is extremely important in determining the
degree of tissue reaction that will occur following the inhalation of the siliceous
dust. Particles of silica or silicate from 0.5 to 10 um are responsible for the disease
because they lead to fibrogenic reaction in alveolar tissue. Fibrous, or scar, tissue
is formed to replace the normal lung tissue. But, the fibrous tissue does not have
the elasticity of normal tissue and handicaps the lung in performing its ventilatory
function and the exchange of gases between the air and blood. As a result, the vic-
tim becomes short of breath, a principal clinical characteristic of silicosis.

9.5.2 PATHOGENESIS

Many hypotheses have been advanced to explain the mode of action of silica pertain-
ing to its fibrogenic properties. For many years, researchers thought the fibrogenic
properties were due to the action of silicic acid (H,SiO,). However, Allison et al.
(1966) suggested that the intracellular reaction to silicic acid is the first of a two-
stage process in which the major fibrogenic stimulus comes from the action of cel-
lular enzymes rather than directly from silicic acid itself.

According to their hypothesis, once a silica particle is arrested in the lungs,
it is invaginated, initiating phagocytosis. The particle is encapsulated within the
cell in a phagosome that soon becomes converted into a second type of lysosome
(digestive vacuole) through merging with primary lysosome presumably secreted
by the Golgi body. Protective substances adsorbed onto the silica particles (e.g.,
plasma proteins) are stripped off by the enzymes released from the lysosome,
exposing silicic acid. The highly reactive silicic acid acts as a hydrogen donor to
form hydrogen-bonded complexes with active groups of the lipid membrane, such
as phosphate ester groups, and with secondary amide (peptide) groups of proteins.
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This reaction causes the lysosomal membrane to become permeable, allowing its
enzymes to leak into the cytoplasm and destroy the cell. With cellular dissolution,
the cell contents, including active lysosomal enzymes, along with the ingested
silica, are released into the tissue interstices, as illustrated in Figure 9.1. Moreover,
the freed particles of silica are again phagocytosed by other macrophages, leading
to the chain of events.

9.6 BERYLLIUM

Beryllium (Be) is one of the least-known environmental pollutants, yet it is one of
the most toxic nonradioactive elements known. Its industrial threshold limit value
(TLV) is 2 mg/m3, the lowest of all particulates. (The TLV of a toxicant is defined
as the maximum concentration to which it is believed healthy workers may be
repeatedly exposed without ill effect based on an 8-hour working day.) The toxicity
of beryllium disease in humans was described in the United States in the 1940s,
when more than 500 cases were reported. Acute disease occurred in Ohio among
beryllium extraction and production workers, while chronic disease was found in
Massachusetts among workers manufacturing fluorescent lamps containing beryl-
lium phosphor. Because of the extreme toxicity of beryllium, its use in fluores-
cent lamps was discontinued in 1950. As a result, beryllium disease incidence has
decreased dramatically.

Beryllium is estimated to comprise about 0.0006% of Earth’s igneous rocks. Of
28 minerals in which beryllium is a minor accessory constituent, only beryl or beryl-
lium aluminum silicate (Be;AlLSisO4), with 14% BeO, is the chief source of beryl-
lium and as such is the most important commercially. Beryllium is also found in coal
in amounts ranging from 0.1 to 1.000 ppm.

9.6.1 SOURCES OF EXPOSURE TO BERYLLIUM

Beryllium compounds can occur within the production and manufacturing industries
as well as in housekeeping, maintenance, salvage, and solid waste areas. Individuals
working in all operations involving the production of airborne beryllium are at risk
for developing beryllium disease. Major occupations at risk for developing beryl-
lium disease have changed since the first reports of cases in the United States in the
1940s. Before 1950, common exposure occurred in fluorescent lamp manufacturing,
atomic bomb research, and beryllium extraction operations. After 1950, beryllium
was replaced by a calcium phosphor in fluorescent lamp production. However, beryl-
lium has since been used in modern technology, including nuclear reactors and elec-
tronics equipment, guidance and navigation systems, rocket parts, and heat shields. It
is employed extensively as an alloying agent for copper since it adds tensile strength,
conductivity, and corrosion resistance.

Chronic beryllium disease has been reported in people living in areas adjacent
to a plant or industry using the metal, suggesting neighborhood exposure from plant
discharges into the air. It has also been shown that families of beryllium workers may
also be exposed to the metal as a result of dust carried home on the workers’ clothes.
Between 1973 and 1980, there were 66 cases reported in the United States. Nearly
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half of these were invoked in beryllium metal production. The combustion of coal
is considered the largest source of environmental beryllium contamination. Some
coal contains about 2.5 ppm, and oil contains about 0.8 ppm beryllium. Atmospheric
emission of beryllium from these sources was estimated to be above 1,000 metric
tons annually (Goyer 1986).

9.6.2 HeALtH EFrecTs

Chronic beryllium disease, commonly known as berylliosis, is manifested by pul-
monary and systemic granulomatous disease caused by exposure to beryllium by
inhalation. The duration of exposure may be from several months to years. The inter-
val between initial exposure and clinical manifestations of disease varies with indi-
viduals. Some patients may not become symptomatic until up to 25 years after their
last exposure. The average latency is 10 to 15 years. The most common symptom of
chronic beryllium disease is dyspnea (shortness of breath). Other symptoms include
cough, fatigue, weight loss, chest pain, signs of pulmonary hypertension, nodular
skin lesions, and conjunctivitis.

In acute disease, nasopharyngitis, tracheobronchitis, or chemical pneumonitis
may occur, resulting in edema, inflammation, and necrosis. The severity of clinical
disease depends largely on the dose of beryllium exposure. Symptoms and signs are
nonspecific, identical to those found in any case of chemical pneumonitis secondary
to a lung irritant and include dyspnea, cough, chest pain, blood-tinged sputum, and
cyanosis. Acute beryllium disease is currently uncommon. Evidence from both ani-
mal experiments and human epidemiologic findings suggests a link between beryl-
lium and lung cancer in humans.

9.6.3 BioLocicaL EFrecTts

In animal studies, beryllium has been shown to cause ultrastructural changes in
liver. Alterations included vacuolization and dense deposits in lysosomes, loss of
fibrils and appearance of dense plaques in some nucleoli, and distortion of bile
canaliculi (Goldblatt 1973). Changes in lysosomal morphology were found to cor-
relate with the biochemical evidence of localization of beryllium within lysosomes.
Increases in serum A-globulins, elevated erythrocyte sedimentation rate, and eryth-
rocytosis, hyperuricemia, and transient hypercalcemia and hypercalciuria have also
been noted.

Beryllium affects the enzyme that leads to DNA synthesis and can act as a com-
petitive inhibitor of magnesium (Mg?*), a cofactor for DNA polymerase. DNA poly-
merase catalyzes the formation of a polynucleotide from a single DNA template
strand and a short complementary DNA or RNA primer. It also functions to “proof-
read” the base pairing as a new strand of DNA is formed. In this way, it can remove
an incorrectly base-paired nucleotide before the next nucleotide is added to the DNA
strand. Therefore, when beryllium competitively inhibits Mg?*, a base substitution
mutation may occur. It has been reported that the physical properties of DNA are
affected by 0.1 to 1 mM beryllium sulfate (BeSO,).
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FIGURE 9.2 (a) Chemical structure of aurintricarboxylic acid (ATA). (b) Suggested mecha-
nism by which beryllium is chelated by ATA.

9.6.4 THERAPY

One of the remedies for berylliosis is the use of chelating agents, such as antitricar-
boxylic acid (ATA) (Figure 9.2a). In an animal experiment, researchers injected mice
with enough beryllium salt to kill them within a few days. Half of the animals were
injected with a small quantity of ATA, and the other half were left untreated. The
results showed that virtually every animal treated with ATA survived and contin-
ued to live normally, whereas all the untreated animals died. The experiments were
repeated with hundreds of animals of different species, with the same high degree
of protection. Subsequent studies using radioactive beryllium and ATA showed that
the chelating agent was found in practically every cell where beryllium was present.
Previously damaged cells recovered, and within a few days, they could not be distin-
guished from the normal tissue cells. How ATA functions chemically to antagonize
beryllium is incompletely understood. A suggested mechanism involved in the che-
late is shown in Figure 9.2b.

9.7 ASBESTOS

Asbestos is the generic name of a class of natural fibrous silicates. There are four
commercially important forms: chrysotile, amosite, anthophyllite, and crocidolite
(Public Health Service 2002). Asbestos is mined primarily from open pits. The
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annual consumption of asbestos in the United States peaked at about 800,000 tons
in 1973, but by 1984 it declined to slightly above 200,000 tons, mainly because of
concerns about its toxicity (Zurer 1985).

9.7.1 CHEMICAL AND PHYSICAL PROPERTIES

Asbestos minerals have a number of desirable properties that were useful in commer-
cial applications. These include tensile strength, heat stability, thermal and electrical
insulation, wear and friction characteristics, the ability to be woven, and resistance
to chemical and biological degradation (Public Health Service 2002).

Chrysotile, the most abundant form of asbestos, occurs naturally in lengths from
1 to 20 mm. Its chemical composition is Mg;(Si,05)(OH),, and it exists as a curled
sheet that forms a spiral around a central hollow tube silicate. Small amounts of iron,
aluminum, nickel, calcium, chromium (Cr), manganese, sodium, and potassium may
be present as impurities. Chrysotile may be white, gray, green, or yellowish, with a
silky luster (Public Health Service 2002).

9.7.2 Usk

Although asbestos use dates back at least 2,000 years, modern industrial use began
around 1880. Asbestos demand peaked in the late 1960s and early 1970s when more
than 3,000 industrial applications or products were listed. It has been estimated
that in the United States more than 320,000 km of asbestos-cement pipes, carrying
drinking water and other materials, had been laid. Asbestos has been used in brake
linings, roofing, clutch facings, thermal and electrical insulation, cement pipes and
sheets, filters, gaskets, and friction materials, textiles, steam and fire hoses, plastics,
gas mask filters, paper, and other products (Public Health Service 2002).

Consumption of asbestos in the United States has been declining for three
decades. Reported consumption in 1980 was 360 million kg. By 1998 and 1999, U.S.
consumption had declined to about 16 million kg/year. Only chrysotile is presently
used for manufacturing in the United States, most of it is used in plastics (Public
Health Service 2002).

9.7.3 EXPOSURE

Asbestos is released to the environment from both natural and anthropogenic
sources and has been detected in indoor and outdoor air, soil, drinking water, food,
and medicines. Asbestos has been detected within the Greenland ice sheet. The pri-
mary routes of potential human exposure to asbestos are inhalation and ingestion.
Worker exposure is a concern in the mining and milling of asbestos, during manu-
facture of all asbestos products, and in the construction and shipbuilding industries.
It has been reported that in the United States an estimated 37,000 persons were
employed in manufacture of primary asbestos products, while 300,000 persons were
in secondary asbestos industries. In addition, workers may be exposed to asbestos
in consumer industries such as brake repair, asbestos insulation, and asbestos abate-
ment. According to a 1990 Occupational Safety and Health Administration (OSHA)
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report, approximately 568,000 production and service industry workers and 114,000
construction industry workers were potentially exposed to asbestos (Public Health
Service 2002).

Asbestos bodies were found in 48.3% of lungs of 3,000 consecutive autopsies
from three hospitals in New York. Similar observations were made in other big cit-
ies. In addition to the lungs, other organs, such as the thyroid, spleen, pancreas,
heart, adrenals, kidney, prostate, brain, and liver, have also been shown to contain
some asbestos.

9.7.4 HeAaLtH Errects

Health problems related to exposure to asbestos were first observed by the early
1900s. It was recognized in the 1950s and 1960s that asbestos was responsible for
lung and pleural tumors in asbestos miners (Mosman et al. 1989). The effects of
asbestos fibers in biological systems may result not only from the properties of the
fibers themselves but also from contamination with inorganic or organic substances
that occur naturally or are added during mining, milling, processing, or shipping.

The proven or suspected effects of asbestos minerals on human health include
nonmalignant changes, such as pulmonary and pleural fibrosis, and several types
of malignancy, especially of the lung, pleura, and peritoneum. Association between
asbestos and human disease was revealed from studies of certain occupational
groups, notably workers engaged in the mining and milling of asbestos, the manu-
facture of asbestos-containing products, and the application and removal of asbes-
tos-containing insulating materials.

Asbestosis (or asbestotic pneumoconiosis) may develop after years of intense
exposure and was the first clearly demonstrated adverse effect of asbestos in humans.
The condition is characterized by pulmonary fibrosis (scarring of the lungs). Victims
become increasingly short of breath and in extreme cases may die of heart fail-
ure. Some researchers suggested that between 1950 and1975, approximately 10%
of the deaths among New York City insulation workers were caused by asbestosis.
Pulmonary fibrosis sufficient to interfere with respiratory or cardiovascular function
can be prevented by reducing the asbestos dust concentration to levels that are still
far above any likely to be encountered in community air. Calcified pleural plaques
occur frequently in workers exposed to asbestos.

On the basis of sufficient evidence of carcinogenicity in humans, asbestos and all
commercial forms of asbestos are now recognized as “known to be human carcino-
gens” (Goldblatt 1973). Occupational exposure to chrysotile, arnosite, anthophyl-
lite, and mixtures containing crocidolite has resulted in a high incidence of lung
cancer. Mesotheliomas (a neoplasm derived from cells lining the chest or abdominal
cavities) have been observed after occupational exposure to crocidolite, amosite, and
chrysotile asbestos. Gastrointestinal cancers occurred at an increased incidence in
groups occupationally exposed to several types of asbestos. An excess of laryngeal
cancer has also been observed in some groups of exposed workers. No clear excess
of cancer has been associated with the presence of asbestos fibers in drinking water.
Mesotheliomas have occurred in individuals living in the neighborhood of asbestos
factories and mines and in people living with asbestos workers (Goldblatt 1973). As
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mentioned in Chapter 5, there is synergism between cigarette smoking and asbestos
exposure in relation to lung cancer development.

In March 2008, the Justice Department and EPA announced that chemical maker
W.R. Grace had agreed to pay $250 million to reimburse the federal government for
investigation and cleanup costs of asbestos contamination in Libby, Montana. The
settlement is the largest in the history of the Superfund program. W.R. Grace owned
and operated a vermiculite mine in Libby from 1963 to 1990, and the vermiculite ore
was contaminated with asbestos. The contamination resulted in many cases of lung
disease in and around the Libby area. In addition to the cleanup lawsuit, officials of
the company also face a multiple-charge federal criminal indictment filed in 2006
(www.cen.online.org 2008).

The health problems associated with asbestos exposure have been widely recog-
nized. In the United States, occupational standards have become more stringent and
testing methods more sophisticated. With improvement in remediation methods and
the availability of more information about how asbestos fibers cause health problems
in humans, it is hoped the threat of asbestos to humans will continue to diminish.

As is widely known, tens of thousands of firefighters and medics rushed to New
York City for rescue work following the disastrous attacks on the World Trade Center
on September 11, 2001. Recent studies showed that most of the rescuers whose lungs
were damaged by breathing pulverized masonry and glass from the terrifying attacks
are not improving. The results are based on breathing tests from nearly 13,000 rescue
workers who were at Ground Zero in the first 2 weeks after the attacks, when the
dust cloud was thickest. It was found that of the firefighters who did not smoke, 13%
were still scoring below normal up to 7 years later. According to the report from the
fire department and the Albert Einstein College of Medicine, that was down from
18% who initially tested below normal after the attacks. The firefighters were exposed
to “unprecedented density of dust, smoke, all kinds of materials,” according to Dr.
Thomas Aldrich, professor of medicine at Albert Einstein College (USA Today 2010).

9.8 LEAD

9.8.1 SoOURCES OF LEAD

Lead (Pb) is a metal found naturally in the environment as well as in manufactured
products. The major sources of lead emissions have historically been motor vehicles
and industrial sources. As a result of EPA’s regulatory efforts to remove lead from
motor vehicle gasoline, emissions of lead from the transportation sector have greatly
declined over the last three decades. Major sources of Pb emissions to the air today
are ore and metals processing and leaded aviation gasoline. The highest air con-
centrations of Pb are usually found near lead smelters. Other stationary sources are
waste incinerators, utilities, and lead-acid battery manufacturers.

9.8.2 NATIONAL LEAD EMIsSIONS

According to EPA’s 2005 report on national lead emissions, the two largest lead emis-
sion sources are non-road equipment (495 tons/year), and industrial processes (486
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tons/year). These are followed by fossil fuel combustion, waste disposal, electric-
ity generation, and solvent use. A later report showed great improvement observed
in lead air quality between 1980 and 2009, accounting for a 93% decrease in the
national average.

9.8.3 Leap AR QUALITY STANDARDS

The Clean Air Act established two types of national air quality standards for Pb.
They are Primary standards and Secondary standards. Primary standards set limits
to protect public health, including the health of “sensitive” populations such as asth-
matics, children, and the elderly. The Primary standard is 0.15 ug/m3, on a rolling
3-month average. Secondary standards set limits to protect public welfare, including
protection against visibility impairment, and damage to animals, crops, vegetation,
and buildings. It is the same as with the Primary standard.

The Clean Air Act requires the EPA to review the latest scientific information
and standards every 5 years. Before new standards are established, policy decisions
undergo rigorous review by the scientific community, industry, public interest groups,
the general public, and the Clean Air Scientific Advisory Committee (CASAC).

9.8.4 Errect OF LEAD ON HEALTH

In addition to exposure to Pb in air, other major exposure pathways include ingestion
of Pb in drinking water and Pb-contaminated food as well as incidental ingestion of
Pb-contaminated soil and dust. Lead-based paint remains a major exposure pathway
in older homes.

Once taken into the body, Pb distributes throughout the body in the blood and
is accumulated in the bones. Depending on the level of exposure, Pb can adversely
affect the nervous system, kidney function, immune system