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Preface

Aging. We all do it from the moment we are born and it could be likened to the
finest wine reaching its prime. It sure looked like aging was on our side in the
beginning. We liked it. Think back to all the things you looked forward to as a
child or a teenager, like reaching ““driving age” and then “‘drinking age”. We
could not wait until we got ““old enough”. But while all that took place aging
kept plodding on in its phantom-like manner. For some, acknowledging aging
has not been easy as they sought surgical options to cover it on the surface. But
even with or without wrinkles and sags, reality soon sets in when we realize that
aging is no longer an asset. And near the end when more and more of our
diverse body systems let us down, un-relentlessly limiting our bounds, that is
when we really understand what aging is all about.

But that’s normal aging. In this book Dr. Bernard Weiss tackles a serious
health problem that has long been ignored, rapid aging, by bridging numerous
disciplines and leaning on the most eminent scientists in the field of public
health for their perspective. In so doing he opens the door for discussion on
how could this have happened? And, why, since the 1950s, accelerated aging
has become more prevalent and over the same time period many chronic
endocrine related disorders have reached pandemic level, at a tremendous cost
to society?

This book could not be more timely. Globally, over the past several decades,
hundreds of professional society and government meetings have been devoted
to rapid aging and endocrine disruption to the point where it appears that it
may be impossible to reverse the trend unless something is done immediately.
The technology that has provided this information is based on entirely new
laboratory protocols that test genes, molecules, cells, and tissue at realistic
concentrations encountered each day in the environment. You might call it a
bottom up approach. It is rich in its discoveries and the use of new words
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vi Preface

creating a whole new vocabulary and a whole new generation of multi-
disciplinary researchers. Despite this wealth of knowledge governments have
not changed how they test chemicals for their safety. Currently we are at an
impasse because the use of toxicological standards based on risk analysis is
deeply embedded in the language of federal regulations. While millions have
been increasingly succumbing to early onset of chronic disorders, and early
mortality, this new language has not been translated into policy for regulatory
purposes. For those doing the research who understand the overarching prin-
ciples of endocrinology it is as though no one has been listening.

Looking back might help understand how this could have happened. Rachel
Carson quoted in her 1962 book, Silent Spring ‘A change at one point, in one
molecule even, may reverberate throughout the entire system to initiate changes
in seemingly unrelated organs and tissues. This concept, familiar in physics, is
gaining validity in all fields of biology and medicine.” Then she went on to write
how difficult it is to demonstrate cause and effect where the ultimate effect may
not be expressed for a long time after the initial change in a molecule, or cell, or
tissue. Amazingly, she was describing endocrine disruption.

Carson’s citations in Silent Spring reveal that she had been reading about the
changes that were taking place in medical research in the 1950s. I expect that
she was looking for clues about cancer, specifically because of her own
condition and trying to determine its etiology. She read about the work that
was being done in 50s with the adrenal hormones, cortisol and aldosterone, and
the anterior pituitary and ACTH. And it was about that time that hormone
replacement therapy was being explored and estrogen had caught the interest of
the pharmaceutical industry.

I am certain that if Rachel Carson had lived only a few more years she would
have discovered the phenomenon called endocrine disruption and I’ll just bet
that she would have found a better name for it. And perhaps many of the
endocrine disorders such as diabetes, obesity, autism, ADHD, fertility
problems, Parkinsons, Alzheimers, and the cancers of the sex organs would
never have reached current epidemic proportions. There was a big push in the
50s for fundamental research to understand the living organism in order to
provide better diagnosis and treatment — and the need to expand on the
concept of medicine as a life science and to include biology (Carson’s love).
Although some advances along these lines have taken place they were not
enough to slow down rapid aging.

But there is another reason why it has taken endocrine disruption with its
proclivity for rapid aging so long to become accepted as a major threat to
humankind. The same trade associations, other industry funded institutions,
and corporations that attacked Rachel Carson are still out there 50 years later
protecting their products and padding their bottom lines using some of the
largest public relations firms in the world to marginalize the science and vilify
those doing this 21° century research. And when one takes into consideration
that practically every endocrine disrupting chemical in use today was derived
from the toxic by-products from coal, oil, and natural gas it becomes even more
evident why today, federal health regulations are still based on the odds of
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getting cancer at one in million or a thousand, not on the most unthinkable
odds like diabetes where today one out of every third child born — and if you
are among a minority group — every other child born will suffer the disease.

Humankind is in the midst of a dire health crisis that requires immediate
intensive care to survive. The paradigm upon which current government
policies and regulations have evolved has failed to protect us. A new level of
discourse is needed immediately between science and decision makers creating a
toxic chemicals platform or framework using a disease-driven approach that
employs the principles of endocrinology. This entity should over-see the
creation of an entirely new set of 21st century public health rules that would
enable governments to reverse the current crisis. This could happen by making
possible the merging of the dialogue between the most brilliant statespersons
with a record of independence and integrity and the brilliant spokes persons
within the community of scientists who understand the endocrine system. I see
this book providing the first major break through in that dialogue and
contributing to an urgently needed paradigm shift in how governments protect
public health.

Theo Colborn
The Endocrine Disruption Exchange,
Paonia, Colorado
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Introduction

BERNARD WEISS

Email: bernard_weiss@urmc.rochester.edu

Progressively aging populations introduce a situation never before encoun-
tered in human history. Of all the problems this demographic surge creates,
the foremost is declining health. As populations age, they impose rising
demands on medical care systems and facilities; at the same time, they no
longer produce the wealth required to sustain such facilities.

Aging is not a disease. We possess no therapies for it, only for its manifes-
tations. But the stresses it inflicts on society would be more manageable could
its burden of disease and disability be diminished or slowed. We have learned
during the past four decades that, in fact, it can be. The Framingham Heart
study is testimony to that possibility. It identified risk factors that led to new
strategies for the prevention and subsequent reduction of coronary heart dis-
case. We have also learned that diet, exercise, and intellectual activity also delay
or attenuate the burdens of aging and, in fact, help sustain productive lives.
These and other strategies for reducing the health risks of aging now receive
profuse publicity.

In this volume, we address another set of risks, one to which we have given
hardly more than a glance. These risks arise from the chemical revolution that
began about seventy years ago. It flooded the world with chemicals that
penetrated every aspect of our lives. Although they have brought us significant
benefits, they have also exacted a heavy price. In our ignorance and greed we
have so contaminated our environment that we are now exposed to thousands
of chemical agents that remain largely untested, despite their residence in our
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2 Introduction

bodies and surroundings. Even those that are permanent residents of our
environment, such as metals, have appeared in new guises, such as fuel addi-
tives, that spawn new questions.

Now we propose to ask how these chemical agents may alter the health status
of aging populations. It is a question currently accorded a relatively low
priority by investigators and funding agencies. Early development is the period
of the lifespan that has dominated research during the past few decades, with
occasional attempts to determine how exposures early in life play out during
late adulthood and senescence.

Early development, however, is not the only life stage during which we see
heightened responses to the adverse effects of chemicals. Vulnerability to toxic
processes climbs again late in life and in many ways recapitulates the imperfect
defenses deployed by the immature organism. Traced across the life cycle, this
progression takes the form of a U-shaped function, with the greatest potential
for damage early and late in life. One feature common to both early and late
phases is a reduced capacity to activate defenses against toxic effects. Immature
organisms do not yet possess robust defense mechanisms. In aging organisms,
they have passed into what might be called a post-mature decline. Older bodies
are already high-maintenance properties, so exposure to substances with toxic
properties may accelerate the process of decline, or exploit their dwindling
capacities to resist such effects. “Aging” is not a mechanistic explanation for
the diminished functions we suffer later in life. Sometimes, the roots of such
declines merely unfold late in life, having lain dormant for decades, much like
the herpes zoster virus. Sometimes, the waning compensatory capacities that
accompany aging magnify vulnerability to exposure, a problem with pharma-
ceuticals and one which is discussed at length in the medical literature.

This volume has assembled a group of scientists who have thought about and
investigated the environmental exposures that may imperil what might be
called the natural or optimal course of aging. As editor, what I find most
striking is how closely and unexpectedly the different chapters fit together and
how they intersect.

Six of the chapters touch on metals: lead (two chapters), mercury, cadmium,
manganese, and aluminum. Of these, only cadmium doesn’t feature brain
function directly. There, it is the kidney that receives the most attention, but
lead and mercury also affect kidney function. Kidney function, however, exerts
potent effects on brain function. For example, chronic kidney disease may
induce neurological disorders, such as ischemic brain injury, as well as cognitive
impairment. And patients with chronic kidney disease have a higher prevalence
of cardiovascular disease, another chapter topic. The liver, too, cannot be
overlooked as a source of neurotoxicity. Hepatic encephalopathy is a classic
example. The liver can also be the source of the AB-amyloid in the brain that is
associated with Alzheimer’s disease.

Other chapters also examine brain function, and the chapter on Parkinson’s
disease discusses manganese in detail, but also examines lead. The chapter on
polychlorinated biphenyls (PCBs) is focused on the brain, while the chapter on
cardiovascular function features related chemicals, the Persistent Organic
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Pollutants (POPs) and plastics, as well as PCBs. The chapter on obesity and
diabetes also takes account of brain function because food intake is governed
by hormonal processes in brain. It is centered on endocrine-disrupting chemi-
cals (EDCs) and what we have learned about their contribution to the current
surge in obesity and allied disorders. But we also know that POPs and similar
chemicals are also risk factors for diabetes, as well as for cardiovascular disease.
And it has now been established, and discussed in the chapter on air pollution,
that adverse cardiovascular effects are a major source of the association
between air pollution and mortality.

Hormonal function and EDCs are addressed in other chapters as well. One is
an extensive review of the compound bisphenol A and exemplifies the range of
questions and issues surrounding EDCs. The chapters on prostate and breast
cancer also address EDCs, as does the chapter on cardiovascular disease, and
all three point to their association with POPs such as dioxins. Like other
chapters, these also emphasize the association between exposures early in life
and the emergence of adverse effects decades later, a phenomenon termed
“silent damage’. One reason for the long latency may be the diminution of
compensatory mechanisms late in life. But another may stem from earlier, silent
damage that renders the target tissues more vulnerable to a second exposure or
“hit”. Many of the findings that first pointed us to the possibility of environ-
mental chemicals causing endocrine disruption arose from questions about
male reproductive function, the subject of one chapter. Many chemicals, we
now know, besides those directly associated with the endocrine system, also
exert endocrine-disrupting effects. Cadmium, for example, interacts with the
estrogen receptor to induce such actions.

Two organ systems in particular play a large role in how we process and
defend against environmental exposures. The liver and the immune system
carry out these functions, but both suffer diminished efficiency as we age.
Chemicals are processed by the liver to detoxify them, but the products (i.e.
their metabolites) are sometimes the entities carrying the toxic message. The
immune system is also a defense system that may respond in such a fashion that
the protective response itself inflicts harm on the individual.

Although lead is the focus of the chapter on osteoporosis, cadmium is also
stored in bone, and both have a half-life measured in decades. Cadmium, too, is
toxic to bone. And both may contribute to osteotoxicity, not only through their
effects on calcium but via endocrine-disrupting properties acting on estrogenic
receptors. Osteoporosis, in effect, also releases lead stored in bone, raising
blood lead levels, and in this way contributes to the neurotoxic effects observed
in older populations and described in one chapter.

Figure 1 is a schematic depiction of how the course of aging might be
influenced by environmental chemical exposures and other factors. The base-
line age is taken as 20 years, a time that health statistics indicate is followed by
progressively increasing rates of disabilities such as heart disease, for example.
With “normal” aging, functional capacity—the ability of the model organ or
system to perform its function—has declined to about 50% of its baseline value
(shown by the horizontal line) by age 80 years. Exposed individuals are shown
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Changes in Functional Capacity Under Three Conditions:

1. Elevated Environmental Exposure;

2. Normal Exposure;

3. Protected by Enrichment, Exercise, Diet, Exposure Prudence
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Figure 1 A model depicting changes in functional capacity during the course of aging.
Age 20 years is taken as the 100% baseline. Three different progressions are
shown: a “‘normal’ rate of decline; a rate accelerated by chemical exposure;
and a rate slowed by lower exposures and lifestyle modifications.

to have reached that value by age 60 years, while those who have been able to
avoid exposure and undertaken other positive behaviors have suffered a decline
of around only 25%. Although only a schematic, the graph emphasizes how
different rates of decline can cause the gaps between the different courses of
aging to widen with time.

I expect this volume to receive wide recognition and to serve as a foundation
for policy decisions. We are all aware of how the combination of aging popu-
lations, their health challenges, and rising medical care costs is a priority issue
for governments throughout the world. As we gain more knowledge of how our
contaminated environment contributes to these disorders and disabilities, I am
hopeful that we will act to avert further strains on our beleaguered societies.

The great baseball pitcher Satchel Paige, whose race confined him to the
“Negro” baseball leagues until late in his career, was also a philosopher of
aging. Taking a somewhat fatalistic view, he observed, “Don’t look back.
Something may be gaining on you.” But he was also sanguine about it, pointing
out that, ““Aging is a question of mind over matter. If you don’t mind, it doesn’t
matter.” This volume aligns itself with those optimists who believe that
knowledge gives us the power to make aging matter less.



CHAPTER 1

Exposure to Lead and Cognitive
Dysfunction
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1.1 Lead Exposure: Long at Hand and in Mind

Humans’ use of lead dates back at least to 7000 BC." And knowledge of
lead’s neurotoxicity has been with us since the observations of Nicander,
Vitruvius, and the ancient Greek physician, Dioscorides, who wrote that
“[llead makes the mind give way”. Nonetheless, between 1925 and 1980,
human exposure to lead in the US environment reached historically high
levels owing to the dominance of leaded gasoline for automobile fuel and the
widespread use of lead-based paint. In the present US environment, as a
result of long-sought regulations that removed lead from gasoline and
minimized the use of lead-based paint, exposure to lead happens spor-
adically, and most individuals’ exposures occur at low doses. Nonetheless,
exposure to lead remains relevant to the cognitive function of aging adults,
because exposures in the past were substantial. These exposures may
influence adult cognition either through their effects on the developing
nervous system or, because lead is stored in the skeleton for periods of years
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6 Chapter 1

and decades, through re-exposure to lead in adulthood with age-related bone
turnover.

In this chapter, we describe historical and contemporary sources of lead
exposure and scientific findings on its effects on cognitive function in adults. We
give particular consideration to the history of lead’s use in gasoline and the
incremental acknowledgement of its neurotoxicity by industrial and regulatory
stakeholders. It is this history that underlies an epidemic of elevated lead
exposure that spanned several generations and may be responsible for cognitive
decrements in many adults. This history is also instructive for how future
additives to gasoline and other widely used consumer products should be
scrutinized.

1.2 How Humans were and Continue to be Exposed to
Lead

1.2.1 Historical Exposures

1.2.1.1 Early Uses: the Emergence of Lead into the
Environment

Unlike metals such as iron, copper, and manganese, lead is not essential to
physiological function. Yet humans have been introducing lead into their
environments—and often directly into their bodies—for millennia."* In
ancient Chinese, Mediterranean, and Middle Eastern societies, lead was a key
ingredient in glassware, pots and vessels, solder, paints, cosmetics, eye
medicines, and contraceptive methods. It was also used in food and wine as a
sweetener and preservative. The Romans, taking advantage of its malleability
and availability, made lead the centerpiece of their infrastructure with their
extensive web of lead pipes, promoting lead to a quotidian status unprece-
dented in human civilizations. These uses were joined by new ones—e.g., as an
ingredient in inks, ammunitions, and even poisons—and continued throughout
the early twentieth century. Then, in the 1920s, humans in the burgeoning US
automotive industry, aided and abetted by others in the US government,
developed a use for lead that would expose much more of the population, at
much higher doses than ever before.

1.2.1.2 How Leaded Gasoline Became the Major Source of
Exposure to Lead

The market for automobiles in the US had grown increasingly competitive by
the early 1920s, and General Motors (GM) sought to distinguish its auto-
mobiles from Ford’s reliable but sedate Model T by unveiling new models every
year and, critically, improving engine power and efficiency.™® A challenge
central to this latter goal was eliminating the pinging “‘knock’ that arose when
the fuel ignited prematurely in high-performance, high-compression engines. In
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1921, Thomas Midgley, Jr., an engineer at GM, discovered that adding
tetraethyl lead (TEL) to gasoline decreased this knock. Curiously, several years
earlier, GM’s engineers had established that ethyl alcohol (grain alcohol) was
also an effective anti-knock agent. However, the competitive advantage of
having a proprietary fuel and GM’s entwinement with the production of TEL
fuel meant that the lead-based agent prevailed while the alcohol-based agent
was maligned. This occurred even though, since TEL’s first synthesis by a
German chemist in 1854, it had a “known deadliness.”’

In response to protests from industrial hygienists, physiologists, and
chemists, the Surgeon General inquired with GM and the DuPont company,
a manufacturer of TEL, who responded with evidence-free reassurances.
Nonetheless, seeking a governmental “stamp of approval” for their product,
GM and DuPont entered into an agreement to study TEL’s safety with
oversight from the Bureau of Mines.® This oversight was merely symbolic,
because GM and DuPont negotiated contractual control over all TEL data and
any communications regarding it.” The first gallon of leaded gasoline was sold
in 1923.>¢

The momentum behind the ambition of GM and its affiliates was nearly
staunched when, in October 1924, five employees at Standard Oil’s TEL facility
died violent, psychotic deaths, and 35 other workers were smitten with serious
neurologic symptoms such as hallucinations, tremors, and palsies. Even though
Standard Oil dismissed suspicions with such claims as the victims “‘had probably
worked too hard”,” officials in New Jersey, Philadelphia, New York state, and
New York City were unconvinced and officially banned the sale of leaded
gasoline for varying periods — in New York City, the ban lasted for 3 years.’

By this time, the Bureau of Mines had formally exonerated leaded gasoline,
and yet at the TEL plants, poisonings and deaths continued, many of them
closely guarded by industry. Still, the neurotoxicity of lead in these occupa-
tional settings was difficult to miss. Among workers at the Standard Oil plant,
the TEL building was known as “The Looney Gas Building,” and at the
DuPont plant, the TEL building was known as “The House of Butterflies,” in
tribute to its occupants’ tendency to have hallucinations involving insects.®
Yielding to the perception that a governmental body (the Bureau of Mines) was
in the pocket of industry, and thus any ill effects of TEL were being ignored, in
1925, the Surgeon General assembled a conference of public health and
industry scientists. The argument that prevailed was that TEL would contribute
so substantially to the progress of the US as to advance civilization itself, thus
making TEL a “gift from God.”> And although public health advocates argued
that it was incumbent on industry to demonstrate TEL’s safety, ultimately, the
Surgeon General commissioned a “‘Blue Ribbon Panel” to investigate lead’s
harm, giving this panel only seven months to do so.? It is not surprising then
that the committee concluded that ““...at present, there are no good grounds
for prohibiting the use of ethyl gasoline....”> However, the committee
recognized that seven months was insufficient for the job. Presciently, it
predicted that, given the insidious and cumulative toxicity of lead poisoning,
“[Mlonger experience may show that even such slight storage of lead [in the
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body] as was observed in these studies may lead eventually in susceptible
individuals to recognizable or to chronic degenerative diseases. . ..”>® This was
the last time for several decades that the US government would come close to
considering major regulatory action on leaded gasoline.®

1.2.1.3  Lead-Based Paints Added to the Burden of Lead Exposure

Running in parallel to the emergence of leaded gasoline was the emergence of
lead-based paint. Humans have been adding lead to paint for centuries, and the
neurologic hazards to children of exposure to lead-based paint have been
known since at least the early 1900s.'” The players in the saga of lead-based
paint were the archetypes seen in the saga of leaded gasoline. The paint saga
differed in its focus on children, both as potential victims of exposure and as
subjects in advertising for lead-based paint manufacturers.'"'? In a perverse
twist, the medical director for the Ethyl Gasoline Corporation advocated
reducing children’s exposures to lead by eliminating lead from paint, but clearly
saw no problem with lead in gas."'

1.2.1.4 Leaded Gasoline and Lead-Based Paint Were Phased out,
but Many Were Exposed

The US Environmental Protection Agency, born in 1970, instituted regulations
that initiated the gradual phase-down of lead content in gasoline for on-road
vehicles, beginning in 1976 and concluding with a complete ban in 1995.%!3!4
(Excluded from this phase-down were fuels used for off-road vehicles and
marine vessels, and in farming and aviation. In addition, it was only in 2008
that the National Association for Stock Car Racing completely switched its
racing fuels to unleaded varieties.'>'®)

In 1978, the Consumer Products Safety Commission banned the sale and use
of lead-based paint.'! By then, human exposures to lead, primarily from leaded
gasoline and paint, had reached common and chronic proportions. As of 1980,
the estimated per capita consumption of lead-based products in the US was 5.2
kilograms per American per year, around 10 times the estimated exposures of
ancient Romans.? Over the 20" century, the US had burned an estimated
7million tons of lead in its gasoline,” the source of about 90% of the lead
emitted into the environment.'”

While leaded gasoline and paint were being removed from public
consumption, interventions were occurring on other sources of exposure.
For example, in the 1970s, many US-based food can manufacturers
voluntarily ceased using leaded solder in their cans,'® which resulted in a
substantial reduction in human exposure from this source between 1979 and
1989.'7 In 1995, the US Food and Drug Administration formally banned the use
of lead-based solder in all canned food sold in the US, including imported food."®

The removal of lead from gasoline, paint, and other sources markedly
reduced Americans’ lead exposures. For example, in early 1976, at the start of
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the phase-down of lead in gasoline, the average blood lead level in the civilian,
non-institutionalized US population was 15ugdL~.'" well above what is
defined today as an elevated level for children (around 5ugdL™")." (In some
areas in the early 1970s, including rural areas, the average blood lead levels
among children exceeded 20 ugdL~'.?*2%) By 1980, the average blood lead
level had sunk to 10 pgdL™"," and it had plummeted to 2.8 pgdL™" about a
decade after that.*?® Nonetheless, millions of children and adults had been
exposed to biologically relevant doses of lead, often for many years, and
emerging evidence was suggesting that while removing the exposures had
established health benefits, the legacies of those exposures could go on to
influence myriad health risks, including risks for impaired cognition in
adulthood.

1.2.2 Contemporary Sources of Exposure

Lead exposure results from inhalation of air contaminated with lead, or
ingestion of food, water, or dust that contains lead. The highest exposures to
lead have always been occupational, where workers can experience extremely
high levels of exposure. The action level for medical removal from the
workplace in the Occupational Safety and Health Administration’s (OSHA)
standard for blood lead is 50 pg dL ™" or above for construction and 60 pg dL ™"
or above for all other occupation settings;>’ > that is, when workers are
found to have blood lead levels above these levels, they are required to be
removed from that work environment until two consecutive blood lead
measurements are below 40 ug dL ', This level is still over 10 times greater than
the current average blood lead concentration of adults in the US population
(see also Section 1.2.1.4).

In the US, while occupational lead exposure has generally been decreasing, it
remains a problem in construction,®® and this sector has become the dominant
source of lead exposure for adults (to a large extent the result of lead in paint).
Lead paint can contain up to 50% lead by weight, and workers who remove

In May 2012, the US Centers for Disease Control and Prevention altered and, in effect, lowered its
recommended pediatric threshold of concern from 10pg/dL, the level set in 1991, to any level
exceeding the current 97.5th percentile of blood lead levels for children ages 1-5. As of 2012, this
was about 5Spg/dL. Sources: [1] Centers for Disease Control. 1991. Preventing lead poisoning in
young children 1991. Centers for Disease Control and Prevention. [2] CDC Response to Advisory
Committee on Childhood Lead Poisoning Prevention Recommendations in “Low Level Lead
Exposure Harms Children: a Renewed Call of Primary Prevention.” 2012. Atlanta, GA.
fOverall, as documented by data from the National Health and Nutrition Examination Survey,
blood lead levels in the civilian, non-institutionalized U.S. population dropped from about
15pg/dL in 1976 to 10 pg/dL in 1980 and then to 2.3, 1.7, 1.5, 1.4 and 1.3 pg/dL, respectively, in the
1991-1994, 1999-2000, 2001-2002, 20032004 and 2005-2006 monitoring periods. It remained at
1.3 png/dL for 2007-2008. Sources: [1] J. L. Annest, J. L. Pirkle, D. Makuc, J. W. Neese, D. D.
Bayse, M. G. Kovar. Chronological trend in blood lead levels between 1976 and 1980. N. Engl. J.
Med., 1983; 308(23):1373-1377. [2] Update: blood lead levels—United States, 1991-1994. MMWR
Morb Mortal Wkly Rep. 1997; 46(7):141-146. [3] Centers for Disease Control and Prevention.
Fourth National Report on Human Exposure to Environmental Chemicals, Updated Tables,
February 2012, Atlanta, Georgia.
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paint are at extremely high risk of lead exposure.®' The majority of houses built
before 1978 (estimated at 42—47 million houses in the US) have lead-based paint
inside and outside,*” and lead paint was also used in commercial buildings and
other structures such as bridges. Scraping and, in particular, sanding lead paint
creates a fine lead dust that can be easily inhaled. Absorption of lead is highly
efficient following inhalation, particularly if the particles are small. Hand-
to-mouth behavior of construction workers, for example eating and smoking
cigarettes without prior hand washing, can also lead to significant absorption of
lead. Lead dust on the hands can be ingested and absorbed through the
gastrointestinal tract as can lead dust on cigarettes, which can be heated during
smoking, generating lead fumes that are especially well absorbed by the lungs.
Much more commonly in countries outside the US, Canada, and Europe,
workers in many other industries, such as battery manufacturing plants, are
also at high risk of extremely high lead exposure.

Aside from occupationally exposed individuals, people who present with
blood lead levels that exceed the Centers for Disease Control and Prevention
(CDC) current pediatric action limit of SpugdL™" were often exposed from
sources such as contaminated traditional medications and cosmetics, accidental
exposures to lead from commercial uses (e.g., leaded batteries), or use of lead-
containing materials in several common hobbies. For example, persons who
create pottery and stained glass often use materials that contain lead, which can
result in exposure, as can chewing on or making lead bullets or lead fishing line
sinkers. Current exposures can also occur as a result of past activities, unfor-
tunately sometimes unwittingly. Recent reports revealed elevated blood lead
levels among children in areas where houses were built on the site of former
lead manufacturing plants, of which the residents were unaware.*>** In other
communities, tap water has been inadvertently contaminated due to partial
replacement of service lines,*> or to water treatment processes that render the
chemistry of the water more amenable to dissolving corroded lead in water
pipes.*® Outside of the US, many more examples of very high lead exposures of
non-workers are found. A very recent and devastating example of this was the
death of an estimated 400 children, and severe lead poisoning of many more, in
Nigeria as a result of artisanal gold ore processing in their family compounds.”-**

Common current sources of environmental lead exposure in the United States
and around the world include lead in plumbing (which can contaminate
drinking water), lead paint in older housing, contaminated house dust,
contaminated soil, lead crystal, and lead-glazed pottery. However, past
exposures to lead are still an important consideration. By far the predominant
past general environmental exposure to lead was through exposure to lead in air,
which was very largely a result of lead in gasoline. Although a few countries,
including Canada and Japan, led the US in banning leaded gasoline, bans in
other parts of the world have occurred more recently or not at all, and in these
countries, past cumulative exposures are likely to have been much higher.> *

There are many reasons why—even in the US—we may still be seeing the
effects of those past high levels of environmental exposures. First, for those
who were alive during the times of leaded gasoline, toxic effects of lead
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exposure at that time may manifest as health impairments later in life. For
example, the cumulative exposure to lead in the past could have caused neuro-
toxicity at the time, which in turn may result in more rapid cognitive decline in
later years. Second, while lead initially enters the bloodstream after being
inhaled or ingested—f{rom where it is delivered to different tissues and causes
different toxicities—the major repository for lead in the body is the skeletal
system. Lead deposited in bone stays there a long time—the half life of lead in
bone is of the order of years or decades, depending on the bone type*—but it
is slowly resorbed into blood as bone turnover occurs. Thus bone turnover
leads to a remobilization of lead, from exposure potentially many years earlier,
back into the bloodstream, where it can again exert toxic effects on other
tissues.** In fact, in the present environment, in the US and many other
countries, of low levels of lead, the current major exposure to lead for many
older people may be from lead in their own bones.

1.3 Mechanisms of Neurotoxicity

Several mechanisms by which lead can cause central nervous system
dysfunction exist. These have been reviewed elsewhere in greater detail,* *’ but
we will touch on some key aspects of particular relevance to the nervous system
here. Many of the neurotoxic actions of lead relate to lead’s ability to substitute
for calcium, and to a lesser extent zinc. At a very broad view level, nerve cells
generally communicate by releasing compounds (neurotransmitters) from one
cell (the pre-synaptic neuron) to act on a neighboring cell (the post-synaptic
neuron) in some way. The release of these neurotransmitters is finely tuned to
the activity of the pre-synaptic neuron in ways that are critically dependent on
calcium-dependent mechanisms. The released neurotransmitter acts on the
post-synaptic neuron by setting off signalling systems within the neuron; these
can have a myriad effects on the intracellular state of the neuron, including
altering cytoplasmic molecules as well as intranuclear molecules. Many of these
intracellular signalling processes are also calcium-dependent. These processes
underlie basic neural communication and functioning and underlie the ability
of the nervous system to change. This includes changes that drive the estab-
lishment and refining of neural architecture during development and the
changes that occur in the adult as a result of experience, changes that are
thought to underlie learning and memory. Lead is recognized by many of these
molecules in much the same way calcium is recognized, but because lead then
either blocks or disrupts the function of the protein it interacts with, lead
disrupts communication in the nervous system, with the ultimate concern that it
thereby disrupts behaviors that are dependent on those neural processes,
behaviors such as adult cognitive function.

Many other effects of lead are relevant to adult cognitive function. Gene
expression is critical to the normal function of any cell, including neurons, and
is also thought to be critical for encoding learning in the brain. Lead can
disrupt gene expression in different ways. Many gene transcription factors
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require calcium or zinc as co-factors, therefore lead’s ability to substitute for
calcium and zinc can lead to disruption of resultant gene expression.

An exciting new direction of research related to gene expression actions of
exposure to lead and other environmental chemicals is epigenetics. Epigenetics
refers to several different ways that the read out of the underlying DNA
sequence (gene expression) can be modified without an alteration in the DNA
sequence itself. An example of this is methylation of the DNA at particular
sites. More methylation tends to be associated with less gene expression and
vice versa. Critical to the importance of epigenetics is that the epigenetic pattern
can be altered by the environment and, at the same time, epigenetic changes
can persist after the environmental modifier is gone. And in fact these
changes can be heritable, i.e. passed on to daughter cells. Lead exposure has
been found to be associated with increased concentrations of homocysteine.*®
Increased homocysteine reduces the demethylation of S-adenosylmethionine
(SAM)—which provides methyl groups for DNA methylation—thus possibly
reducing DNA methylation levels. In fact, lead exposure has been shown to
induce global hypomethylation of hepatic DNA in rats, which was associated
with an increase in cell proliferation.*” Two recent studies in humans found that
higher bone lead levels were associated with patterns of lower DNA
methylation in adults and the cord blood of newborns.’>>! Of particular note,
epigenetic effects have been proposed to potentially underlie intriguing findings
from recent animal studies that link in utero and neonatal exposure to lead to
Alzheimer’s disease neuropathology in later life.>>>* These findings are related
to amyloid beta (AP) plaques, which are the pathological hallmark of
Alzheimer’s disease.’> >’ AP is the amyloidogenic product derived from the
amyloid precursor protein (APP), with the help of the B-site APP-cleaving
enzyme, BACE]1. Early life lead exposure—but not later life exposure—in rats
has been found to be associated with increased expression of the 4PP gene,
increased activity of the Spl transcription factor that regulates the A PP gene,
and increased levels of APP and AB.>® Similar changes are seen in early life
lead-exposed monkeys, as is increased BACE] mRNA and amyloid plaques.”
Moreover, it has been suggested that age-related demethylation—perhaps
with a contribution from lead exposure—is related to AP production in
the brain.®

Lead also adversely affects the central nervous system (CNS) through the
many ways in which it causes cell damage and death. Lead causes oxidative
stress through several pathways, including: the inhibition of enzymes in the
heme synthesis pathway (3-ALA synthetase, 6-ALAD, and ferrochelatase);
stimulation of ferrous ion initiated membrane lipid peroxidation:®'*®? changes
in the fatty acid composition of membranes;*® and increased activation of
NAD(P)H oxidase.®* Lead also disrupts enzymes involved in antioxidant
defense systems. Lead has been shown to alter the function of superoxide
dismutase, catalase, glucose-6-phosphate dehydrogenase and enzymes involved
in glutathione metabolism, glutathione peroxidase, glutathione-S-transferase,
and glutathione reductase.®® Lead also accumulates in and damages the
mitochondria, causing release of calcium and apoptotic cell death.®” 7
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In addition to the actions of lead within the nervous system, lead may also
affect neural function indirectly: for example, via effects on the cardiovascular
system. There is abundant evidence of effects of lead on the cardiovascular
system, including increasing homocysteine levels, atherosclerosis, blood
pressure, and risk of hypertension.*®”! Homocysteine is toxic to the CNS by
influencing neurotransmitter synthesis, and causing excitotoxicity and cell
death.”>”® Atherosclerosis, increased blood pressure, and hypertension can all
contribute to silent (or not) cerebrovascular damage, leading to neuronal death.
These types of cardiovascular factors are suspected to result in neurobehavioral
disturbances and may play a role in other brain disorders as well.

1.4 Assessment of Lead Exposure

The primary biological assessment of exposure to lead is to measure lead in
whole blood. The half-life of lead in blood is approximately 30 days, thus a
single blood lead concentration measurement only provides a metric of recent
exposures, although if external exposures are constant over time, a single blood
lead measurement can provide an estimate of exposure to lead over longer
periods. In occupational settings where exposures are expected to be high, serial
blood lead measurements are often taken at regular intervals for surveillance.
These are measured to identify incidents of possible high level exposures (see
Sections 2.2 and 2.6), but serial measurements can also be used to construct an
index of cumulative exposure over longer work periods, which can be useful for
studies of exposures of longer or varying durations. Some epidemiological
studies evaluate the effect of lead exposure on the health of workers without
access to blood lead measurements. Instead, these studies use job exposure
matrices (JEMs), which link specific jobs and tasks to different levels of likely
exposure to lead. These exposure levels are inferred from studies in other
settings where more direct measures of exposure—e.g. workers’ blood lead
measurements or air lead measurements—are available. In these settings, the
relation of specific jobs and tasks to lead exposure levels can be determined to
construct a JEM that can then be applied in settings where actual
measurements are not available.

Determining exposure levels among those exposed non-occupationally is
much more difficult without biomarkers because exposure levels are typically
much lower and sources of exposure are more widespread and varied. Although
blood lead concentration is by far the most commonly used biomarker of lead
exposure, this measure is less useful when one wants to consider the effects of
cumulative exposure to lead over a longer time period. While serial blood lead
measurements have been used to quantify lead exposure over longer durations
in occupational settings, this practice is less commonly used in non-
occupational settings as it is time-consuming and labor intensive to implement
if not required for surveillance. This conundrum created problems for the study
of the effects of lead on cognitive function, and the literature related to blood
lead measurements was quite inconsistent.”* Great advances in these research
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endeavors came with the development of technology to non-invasively measure
lead in bone: x-ray fluorescence (XRF).**

Bone is the primary reservoir for lead in the human body, and measures of
the concentration of lead in bone provide an integrated estimate of long-term,
cumulative exposure to lead. The half-life of lead in the patella—which
comprises mainly trabecular bone—is of the order of years, while the half-life of
lead in the tibia—which comprises mainly cortical bone—is of the order of
decades.® It is important to keep in mind however, that bone lead
measurements cannot provide information on the temporal pattern of
exposures during the years over which it integrates exposure. For example, two
people may have the same bone lead concentration, but one may have had
uniformly low exposures to lead except for one or more short periods of high
exposure, while the other may have experienced a constant level of moderate
lead exposure over the same time frame. We may not know whether those
differences in exposure patterns matter for the health outcome of interest, but
we need to keep in mind that if they do, these are distinctions we cannot make
based on bone lead. Distinguishing different effects of those two patterns of
exposure would be possible however with serial blood lead measurements.

1.5 Cognitive Effects of Lead Exposures in Adults

Prior to the mid-20'" century, the prevailing view of lead poisoning was one of
an acute clinical event—involving tremors, vomiting, encephalopathy, and
anemia, among other signs—that, if treated prior to encephalopathy, would
have no enduring neurologic effects.”>’® Work in 1943 by Randolph Byers and
Elizabeth Lord contradicted both these assumptions.”” They documented 20
cases of lead exposure among children, most of whom did not exhibit the most
severe effects of lead exposure and none of whom exhibited the severe extreme
neurologic symptoms believed to be indicative of lead poisoning. However, all
of the children exhibited demonstrable neurologic problems, including
attention deficits, behavioral problems, and impaired motor function. Over the
years that they were followed by their physicians, some of the children’s
problems resolved, but most had impaired intellectual development and many
developed new behavioral problems. In most cases, these enduring effects
occurred even after the exposures, mainly from eating chips of lead-based
paints, and were removed and treatment given. Indeed, a clinical trial
conducted nearly 60 years later indicated that chelation therapy was ineffective
at reducing the neurologic effects of lead exposure.”’

In this section, we describe research on the relation of lead exposure to
cognitive function in adulthood. The studies discussed document effects on
cognition and subserving brain structures resulting from lead exposure at levels
far lower than the doses associated with acute lead poisoning. This body of
evidence also extends the pioneering work of Byers and Lord by showing that
the cognitive effects of lead exposure may continue well past the point at which
the exposure has ended.
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1.5.1 Effects of High-Dose, Occupational Exposure

1.5.1.1 Evidence from Studies of Cognition and Cognitive
Decline

With the accrual of several decades of research, it is clear that exposure to lead
exerts adverse cognitive effects on cognitive functioning in adulthood. The TEL-
related events of the 1920s and beyond were sentinels that eventually led to
studies focused on adults who experiences high-doses and/or frequent exposures
as part of their occupations. The most rigorous early meta-analysis of these study
findings included 12 studies, published between 1977 and 1997, that reported
quantitative information about the exposed participants’ levels of exposure and
the cognitive scores, in addition to accounting for age and “premorbid intel-
ligence.” Participants’ blood lead levels were relatively high by today’s standards;
among the occupationally exposed participants, study cohort averages exceeded
30pugdL™", and in over half of the “‘unexposed” participant groups, the averages
exceeded 10 ugdL ™", Overall, higher blood lead levels corresponded to worse
performance on tests of visuospatial ability, memory, and motor function.”®
Although these conclusions were contested,”” the findings were consonant with
a subsequent review,** as well as several studies that have confirmed and
extended these findings by distinguishing the acute effects of exposure from the
effects that remain after exposure has ceased and by exploring the realms of
cognitive decline over time, cerebral vascular ischemia, and brain volumes.

Since 1997, 16 new studies emerged that, in addition to measuring exposures
using blood lead, also measured cumulative exposures.®® All of these studies
were adjusted for several potential sources of confounding, including age (and,
unless otherwise specified, this is true of all the other studies that we will discuss
in the remainder of this section). In some of the 16 studies, the cumulative
exposure estimates came from integrating serial blood lead concentrations.
Other studies measured lead concentrations at specific bone sites, taking
advantage of in vivo K-x-ray fluorescent (KXRF) spectroscopic methods that
had been refined for use in research settings (see Section 1.4). As described in a
review of these studies,® higher blood lead concentration—a measure of recent
exposure—predicted worse performance on tests of cognition among workers
currently exposed in their occupations. Measures of cumulative exposure were
not as strongly associated, a finding that the reviewers attributed to acute
effects masking the effects of chronic or past exposures. By contrast, among
workers whose occupational exposures had ended, measures of cumulative
exposure were more strongly associated with poor performance on cognitive
tests than were measures of current exposure (e.g. blood lead level). Lead
exposure appeared to adversely affect a wide range of cognitive functions, most
notably visuospatial ability, executive function, and verbal memory. Higher
exposures were also associated with worse performance on tests of motor
ability, including dexterity.

Among these studies were two investigations of change in cognition over
time. This outcome is of interest because it distinguishes effects of lead that
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persist over time—i.e. cognitive function remains diminished but does not
continue to worsen after the exposure ends—from effects that worsen over
time.®' Moreover, decline in cognitive function is more directly related than
poor cognition to the pathogenesis and progression of dementia. In these
studies, higher cumulative exposure, indicated by tibia bone lead concentration,
corresponded to greater decline in several cognitive functions, even after the
occupational exposure had ended.®® These findings were consistent with a
subsequent study of 83 previously exposed workers in lead battery plants and
51 unexposed workers.® In spite of this study’s small size—and even after
accounting for factors such as current blood lead level, years of employment
with lead, age, education, income, alcohol intake, smoking history, and blood
pressure—exposed workers with higher peak tibia lead levels (current tibia
bone lead concentration corrected for time since last occupational exposure)
experienced significantly faster declines over 22 years on measures of visuos-
patial ability, general intelligence, and memory ability, as well as overall
cognition. Higher peak tibia lead level was also associated with more rapid
cognitive decline among the “unexposed’ workers, but these findings were not
statistically significant.

1.5.1.2 Evidence from Brain Imaging Studies

To further explore the mechanisms by which lead exposure may influence
cognitive function and decline in occupationally exposed adults, several
researchers have examined findings on brain imaging. A study of 536 men who
previously had worked in organolead (e.g. tetraethyl lead) manufacturing
plants found that higher cumulative exposure to lead, indicated by peak tibia
lead level, was associated with significantly elevated cerebral ischemic burden,
as assessed by white matter lesion score on magnetic resonance images.®® This
observation provides support for a vascular mechanism underlying at least
some of lead’s cognitive effects.

In this same study, higher cumulative exposure also appeared to be linked to
structural differences in the brain, including reduced total brain volume and
total grey matter volume. In addition, frontal, cingulate gyrus and insula
volumes were smaller with higher cumulative lead exposure, but cerebellar and
occipital volumes were not, consistent with the observed associations of lead
exposure with decline in cognitive functions, such as learning and executive
abilities, that are subserved by these affected regions.®* Indeed, a subsequent
study found evidence that reduced volumes in brain regions specified a priori
seemed to explain the association between lead exposure and impaired visuo-
construction ability. Similar but weaker evidence was found for eye-hand
coordination and executive function.®* By contrast, when the investigators
examined changes in these imaging indices over a five year interval among 362
of the original 536 participants, they found little association with cumulative
lead exposure.® It is possible that lead exposure has progressive effects on
cerebral ischemia and brain structure but that these effects are too modest to be
observed in a study of this size that is reliant on these measures of exposure and
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outcomes. It is also possible that lead’s effects on these outcomes are merely
persistent rather than progressive and that the progressive effects seen on
cognitive function are attributable to other mechanisms, such as effects on
microstructure and neural function.

Magnetic resonance spectroscopy (MRS) is another brain imaging
technique that integrates data on brain metabolites and structural features of
an imaged brain. Because MRS can assess brain metabolites, it can potentially
detect changes in brain metabolism that occur before changes in the volume of
brain structures can be seen. Using this technique in a study of 71 year old
identical twin brothers, Weisskopf and colleagues found additional evidence
for the neurotoxic effects of lead.®® Both twins were retired painters but
differed in the extent to which they were involved in paint removal, a task that
involves high levels of exposure to lead via inhaled leaded paint dust. Despite
the twins’ many similarities, the MRS results showed lower levels of
N-acetylaspartate (NAA)—a brain metabolite indicative of neuronal
density—in frontal and hippocampal regions in the more highly lead-exposed
twin, as well as greater dysfunction on learning, memory, and executive
function tasks, which are dependent on frontal and hippocampal regions.
A subsequent study of 22 workers at a lead paint factory in Taiwan, along
with 18 controls, found similar results, with higher levels of blood and patella
lead concentrations exhibiting associations with decreased NAA, particularly
in the frontal lobe.®’

1.5.2 Effects of Low-Dose, Non-Occupational Exposure

Against the backdrop of evidence suggesting that the cognitive effects of earlier
occupational exposures linger well into middle and old age, the hypothesis that
protracted non-occupational (“‘community-level”), and therefore lower-level,
exposure might also influence cognitive function and cognitive decline in
adulthood emerged. This hypothesis is particularly important in light of two
demographic phenomena. The first is that an enormous number of individuals
experienced relatively high levels of these types of exposures between the 1920s
and 1980s, merely by virtue of being exposed to emissions from leaded fuel, lead-
based paint, or both. The second demographic feature is the impending surge,
fuelled by the aging of the post-war ““baby boom” population, in the number of
adults expected to develop dementia over the coming decades.*®® Impaired
cognition and, to a greater extent, cognitive decline in adulthood both signal
future dementia risk.”>>® Thus understanding the relation of community-level
lead exposure to impaired cognition and cognitive decline may offer direction
toward ameliorating lead’s effects among those already exposed and impetus
toward continuing to minimize exposures among future generations.

Evidence that the effects of long-term, “low-level” exposure to lead early in
life may reverberate to impaired cognition later in life has begun to emerge in
studies of animals®>>* and humans.”* Additionally, in a recent follow-up study
of adults who had participated in a study of prenatal lead exposure, blood
plasma indices of AP production and deposition were higher among those who
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had elevated early life blood levels.”> One mechanism underlying these obser-
vations is irreversible change to neural structures and function caused by early
exposure. This mechanism may be especially relevant in situations in which
exposures have ceased. A second mechanism may involve the cumulative
burden of long-term exposure. Such exposure may be exogenous, as for an
individual who endured decades of exposure to ambient lead from leaded
gasoline. Exposure may also be endogenous, because about 95% of lead in the
body is stored in the skeleton (see Section 1.4). The duration of its storage there
is a function of the bone characteristics and other metabolic factors that
influence the rate of bone turnover. However, when lead-containing bone is
resorbed, that lead re-enters the circulation, from where it may access the brain
and other susceptible organs and tissues (see Section 1.2.2).

1.5.2.1 Evidence from Studies of Cognition and Cognitive
Decline

In comparison with studies of occupational lead exposure, studies of
community-level lead exposure and cognitive outcomes in adults are relatively
few. However, aided by KXRF technology, their numbers have been
increasing. Blood lead levels of most participants in these studies were less than
10 pgdL ™", much lower than those in the occupational studies. A review of 6
such studies, published between 1998 and 2007, in which researchers assessed
participants’ recent and cumulative exposures to lead, found that higher
levels of cumulative exposure—as assessed by KXRF-based bone lead
measurements—were associated with worse performance on tests of a variety
of cognitive functions, including visuospatial abilities, verbal learning and
memory, executive functioning, eye-hand coordination, and overall cognitive
ability.’® Blood lead levels were associated with significantly worse
performance on some cognitive tests in some studies, but, overall, these findings
were less consistent than those for bone lead.

Since this review, several other studies of community-level exposure to lead
and adult cognition have been conducted. In a study of 1812 adults, aged 65
and over and living in rural China, concentration of lead in blood plasma was
associated with worse combined performance on 6 cognitive tests, but this
result was not statistically significant.’® Similarly, a study of older adults,
aged 60 and over, participating in the US-based National Health and
Nutrition Examination Survey (NHANES) found that blood lead levels were
associated with increased likelihood of self-reported confusion and problems
with memory (N=7277) and worse performance on a test of working memory
and attention (N=2299), but neither of these findings was statistically
significant.”” In spite of the large study populations, the findings from these
studies are not necessarily surprising. The study in China relied on plasma lead
concentrations. Although it is thought that the fraction of lead in plasma
represents the most bioavailable lead in blood,”® levels are typically very low,
and this concentration is notoriously difficult to measure.”®?® Indeed, a large
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proportion of participants had plasma lead levels that were effectively zero. In
the NHANES study, concentrations of lead in whole blood ranged between
0.18 and 54pugdL™", but average (2.45ugdL™") and median (2.00 pgdL ")
concentrations indicate low levels of recent exposure in most of the study
population. More importantly, neither of these studies employed indices of
cumulative exposure to lead. These measures would likely have revealed past
exposures to leaded gasoline, a major source of community-based exposure in
both study’s countries, and which had been officially banned by the time these
studies were conducted.

Measures of cumulative exposure were available in 3 other studies of
community-exposed adults. In a pilot study of 47 adults, aged 55 to 67 years,
investigators gauged participants’ cumulative exposure to lead by using
KXRF-based measurements of lead concentrations in sites representative of
both cortical (tibia) and trabecular (calcaneus) bone.'” They administered a
battery of cognitive tests assessing visual memory, as well as the Montreal
Cognitive Assessment (MoCA), a separate battery assessing cognitive functions
such as visuospatial ability, attention, executive function, and language.
Participants with higher calcaneus lead concentrations performed worse on all
of the visual memory tests, two of which were borderline significant (P <0.10).
Findings for the tibia were somewhat similar but less consistent and not stat-
istically significant. In unadjusted analyses, neither bone lead concentration
was significantly associated with MoCA score.

A larger study of 587 women, aged 47 to 74, participating in the Nurses’
Health Study measured lead concentrations in tibia and patella (representative
of trabecular) bone as well as in whole blood.'®" In general, higher levels of all
three exposure biomarkers were associated with worse performance on the 6
individual cognitive metrics assessed, which included tests of verbal memory,
attention, and executive function. Curiously, the only result that was stat-
istically significant was the single association indicating better performance (on
a test of phonemic fluency) with higher exposure (as measured by patellar lead).
The investigators also evaluated associations between the lead biomarkers and
global cognition, accounting for scores on all cognitive tests completed. They
repeated these analyses without the aforementioned fluency test, which was
supported by a significant formal test of heterogeneity. Higher levels of all three
exposure biomarkers was associated with worse global cognition. In particular,
although the women’s current exposures to lead were quite low (as indicated by
an average blood lead level of 2.9 ug dL™") higher tibia lead level corresponded
to significantly worse global cognition when the fluency test was excluded.
(Preliminary data from a subsequent cycle of cognitive testing have failed to
confirm the patella lead-fluency association.)

The third study—the Baltimore Memory Study, a population-based cohort of
men and women living in a racially diverse collection of neighbourhoods in
Baltimore, Maryland—involved 1140 participants, aged from 50 to 70.'%
Investigators measured participants’ tibia bone lead concentrations and
assessed their cognitive functioning at three study cycles approximately 14
months apart, allowing them to evaluate cumulative exposure to lead in relation
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to cognitive decline. Decline in all six cognitive domains tested was generally
worse with higher levels of tibia lead, although only the association with decline
in eye-hand coordination was statistically significant. However, higher tibia lead
levels were significantly associated with persistently worse performance on the
tests over time (i.e., worse performance but not greater declines in performance).
With further adjustment for socioeconomic status, the associations corre-
sponding to executive function, verbal memory, and visual memory remained
significant. Nonetheless, in analyses stratified by race, the deleterious association
between tibia lead and cognitive function was present only among white
participants (and statistically significant only for eye-hand coordination and
executive function) and not among African-American participants.

1.5.2.2 Evidence from Brain Imaging Studies

In contrast to the brain imaging research conducted among occupationally
exposed individuals, brain imaging research has been scarce among
community-exposed individuals. To date, the only such study conducted
examined the associations of both patella and tibia bone lead concentration to
brain metabolites measured with MRS in 31 older men, none of whom
had dementia, participating in the Normative Aging Study.'®® Higher
concentrations of lead in both bone sites corresponded to higher levels of
hippocampal myoinositol, a metabolite believed to be related to glia
(non-neuronal cells in the brain that fill roles including immune function and
structural and biochemical support). By contrast, bone lead levels were not
associated with neuronal density, as indicated by levels of NAA. While one
might expect a reduction in NAA with increasing lead exposure if lead exposure
ultimately results in neuronal loss, it is intriguing that others have suggested
that one of the earliest spectroscopic signs of Alzheimer’s disease is an increase
in myoinositol without a change in NAA.'%

1.5.3 Modification by Psychosocial Factors

An emerging body of animal data suggests that early life exposure to psychological
stress may further exacerbate lead exposure’s effects on cognitive outcomes.'®> 17
This interaction is potentially important because psychological stress and lead
exposure frequently occur together in community settings. The mechanism
underlying this enhanced susceptibility may involve actions by both factors on the
hypothalamic—pituitary—adrenal (HPA) axis, which, via the alteration in cortisol
homeostasis'® and other pathways, is linked to cognitive functioning.'® Exposure
to lead and psychological stress may amplify each other’s effects on the HPA axis:
lead exposure may alter reactivity to psychological stressors,''® % and psycho-
logical stress may promote the mobilization of lead from bone into the blood,'"?
thus making more lead available to act on the HPA axis and other systems. Both
lead and psychological stress also act on the dopaminergic and glutamatergic
systems in the brain’s mesocorticolimbic regions, which encompass key structures
and functions involved in cognition.'*>!%
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Because lead exposure and psychological stress may both occur repeatedly
over different stages of the lifespan, evaluating their joint effect on cognitive
outcomes in adulthood is enormously challenging. Nonetheless, two studies in
community-exposed populations offer a start—importantly, using measures of
cumulative lead exposure. Their results provide evidence to suggest that adverse
effects of lead on cognitive function are worse among persons exposed to greater
psychological stress. In a study of 1001 participants, ages 50 to 70 years, of the
Baltimore Memory Study, the associations of tibia lead level with poor
performance on tests of language, processing speed, and executive function were
significantly stronger among those living in neighbourhoods characterized by
greater psychosocial hazards (e.g. 9-1-1 emergency calls, violent crime).'™ A
study of 811 men (mean age, 68 years) participating in the Normative Aging
Study found associations between lead exposure biomarkers and performance on
a test of global cognition that were more deleterious among men who had
experienced greater levels of perceived stress than among men with lower levels
of perceived stress.'"” These differences in association were significant or,
borderline significant, for both patella bone lead level and blood lead level.

1.5.4 Modification by Genes

Identifying genetic variants that modify the health effects of lead can, in theory,
define sub-populations with elevated susceptibility to lead’s effects. For
example, in the previously discussed cohort of former organolead workers, the
adverse association between tibia lead concentration and several cognitive
abilities was heightened among men carrying at least one €4 variant— a variant
whose association with increased risk of late-onset alzheimer disease has been
well-documented—of the apolipoprotein E gene.''®!”

Genetic studies may also provide insights into the molecular mechanisms by
which cumulative exposure to lead may affect adult cognition. A particularly
clear example of this type of inquiry was in a study of variants of the
hemochromatosis (HFE) gene.''"® Two HFE variants are associated with
hemochromatosis, a disease of iron overload and consequently excess oxidative
stress. Among a group of 358 men in the Normative Aging Study, those who
carried at least one of these alleles experienced significantly faster rates of
decline in global cognition, compared with non-carriers, for a given increase in
bone lead (tibia or patella). These findings provide support for the role of
oxidative stress and, potentially, iron—lead interactions in lead’s relation to
cognition.

These two sets of findings have not, however, been replicated in other settings
thus far. And, on the whole, reports on lead—gene interactions have either been
isolated, as for the aforementioned interactions, or shown inconsistent results.
A well-characterized variant in the gene encoding 6-aminolevulinic acid (ALAD)
has received the most attention. This variant, known as ALAD-2, produces an
enzyme sub-unit that is more electronegative than that produced by the wild type
ALAD-1 variant.'" Thus lead may have greater affinity for the isozyme
composed of a greater number of ALAD-2 sub-units.'*® Whether 4LAD-2
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carriers are more susceptible to lead’s cognitive effects is unclear. The more
electronegative ALAD-2 isozyme could more effectively distribute lead
throughout the body or, conversely, bind lead so tightly as to reduce its bioa-
vailability."*' In addition, lead inhibits ALAD, resulting in an increase in the
neurotoxic substrate, S-aminolevulic acid (ALA). The lead-induced increase in
plasma ALA is more pronounced in ALAD-I homozygotes,'*>'** implying
decreased cognitive susceptibility in ALAD-2 in carriers. For a given increment in
lead exposure biomarker, one study of older adult men found more deleterious
associations with cognitive function among 4LAD-2 carriers, although none of
these lead exposure-ALAD genotype interactions was statistically significant.'*
Findings in two other studies were mixed.'”*'?” A fourth study of occupationally
exposed and unexposed middle-aged adults found greater susceptibility to lead’s
effects on motor function among ALAD-1 homozygotes.'*

An emerging area of inquiry, that may produce more promising findings,
is how lead exposure affects cognitive function through its effects on
the epigenome. Specifically, lead may influence when and how much a particular
gene is expressed,’®*! providing a potentially powerful way, above and beyond
lead’s interaction with traits of the static genome, for understanding lead’s effects
on neurodevelopment and cognitive function over the lifespan. (For further
discussion on the epigenetic effects of lead, see Section 1.3.)

1.5.5 Does Exposure to Lead Contribute to Dementia Risk?

Taken as a whole, in combination with new findings on childhood lead
exposure and adult cognitive functioning, the findings on cumulative exposure
to lead among both occupationally and non-occupationally exposed indi-
viduals suggest that lead exposure earlier in life has residual neurocognitive
ramifications many years later. A mechanistically logical extension of lead
exposure’s associations with impaired cognition and accelerated cognitive
decline is that lead may be associated with increased risk of dementia. Because
studies with high-quality assessments of lead exposure rarely also entail high-
quality assessments of dementia, and vice versa, the data required to answer this
important public health question is essentially absent. A few studies have
attempted to evaluate this association, but the exposure assessments in these
studies were poor, and the studies were underpowered to detect subtle effects,
which are common in the study of environmental toxicants on health. With
increased interest in the late life effects of early and mid life exposures, more
opportunities should arise for addressing the effect of lead exposure on
dementia risk.

1.6 Closing Remarks: Shifting Exposures, Continuing
Risks

The removal of lead from gasoline and the prohibition of lead-based paint use
resulted in substantially reduced exposures for millions of children and adults.
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While this achievement has been hailed as a public health victory, the excru-
ciatingly slow pace at which it came about has incurred great costs to the
intellectual capacity and economic productivity of the United States,'?® and
likely other countries as well, prompting one observer to bemoan the victory as
a pyrrhic one.'*°

A surprising dimension of this success is that as average exposure levels have
fallen over time, researchers have continued to identify adverse cognitive effects on
children at progressively lower levels of exposure.”® In a recent pooled analysis,
adverse effects on children were detectable at levels below 30ugdL ™" (the
screening threshold from 1975-1985), and in fact, the steepest interval of the dose-
response curve appeared at the lowest levels of exposure, below 10 ug dL."*! With
these discoveries of cognitive effects at lower blood lead levels, the CDC has
lowered its pediatric screening threshold repeatedly over time.?* 27 Following
advocacy for lowering the threshold even further,'** the CDC recently changed
its recommendations to intervene on children whose levels fall in the 97.5th
percentile, effectively reducing the threshold in 2012 to around 5pgdL~'.2%2?

In contrast, in occupational settings in the US, the blood lead level thresholds
that trigger various actions (e.g. removal from the workplace) were last prom-
ulgated in an era in which addressing acute toxicity was the primary goal as far as
adult health was concerned. The Occupational Health and Safety Adminis-
tration (OSHA) last set these standards in 1978 and 1993 respectively for
construction and general industry. But, as argued by Schwartz and Hu, as well as
the American College of Occupational and Environmental Medicine, these
current standards may still permit too much risk, especially in light of data that
has emerged in the past 15 years.'**!3 For example, a worker with a single blood
lead level exceeding 60 pgdL ™" must be removed from further exposure; this
level is far in excess of the level at which lead exposure exerts its cognitive effects.
In 1978, the average blood lead level in the population exceeded 10 pgdL™","
and even though it had dropped substantially by 1993,'* most workers who
were covered by these standards had started working when average blood lead
levels were what are now considered elevated.'**!?*

All told, while lead exposures in the US have been decreasing, they remain
relevant to the cognitive well-being of several generations of adults who have
sustained substantial exposures during at least parts of their lives. Nearly 90%
of US children in 1976 had blood lead levels exceeding 10 pgdL~'."*® And by
the time the most recent OSHA standards for lead exposure came into effect, in
1978 and 1993, most adults had already accrued substantial exposures.
Moreover, progress in preventing exposures and their cognitive aftermath will
likely not occur at the same pace in all population sectors. Within the US,
historic exposures to lead followed marked racial and socioeconomic gradients,
with higher exposures more common among individuals of minority race or
ethnicity and/or who were economically disadvantaged.'*®'* These gradients
have lessened over time, but to a modest degree still remain.!* ! Progress
outside of the US is likely to be uneven as well (see Section 1.2.2). Clearly, the
cognitive legacy of lead exposure will likely be a protracted one, as sources of
exposure persist or new sources emerge over time.
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2.1 Introduction

Some records are available that reliably describe the health of older humans in
the early industrial era. A monograph entitled Old Age, published in
Cambridge in 1889, and papers published in the British Medical Journal
between 1886 and 1889 describe results of a health survey carried out by the
British Medical Council,! where British general practitioners systematically
assessed the health of their oldest patients during the mid-1880s. The study
group consisted of almost 900 subjects, aged 80 years and older, including 74
centenarians.
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The author states: “[Dementia, the] saddest state of all, was witnessed only in
two of our centenarians. . . Indeed, the brain in many held out as well or better
than other organs — which may be regarded one of the bright rays, if not the
brightest, in the centenarian landscape™. In contrast, a study conducted at the
beginning of the 21st century found that 88%, of all centenarians, or 15 out of
the 17, living in three Dutch towns with populations of at least 250000 had
dementia and the other two could not be examined.? This dementia increase
could relate to living conditions that changed during the 20th century.

Before the industrial era, most humans lived in villages, towns and
developing cities, where they consumed food produced from their own gardens
or market gardens, and from local or traded farm crops. They drank water
from naturally-occurring sources (rivers, springs and ground water from wells)
and without chemical treatment. Urban life today has changed again with the
increasing consolidation of industrialized products and practices, including
drinking water treatment, industrialized food production and marketing,
pharmaceutical treatments (as opposed to herbal treatments), and greater
reliance on vaccinations and topical applications to treat or prevent medical
problems.

Such change in human behaviors can significantly alter the prevalence of a
disease in a relatively short time span, such as one to three decades. Between
1997 and 2010, health behaviors, such as dietary choices and rates of physical
exercise, increased the number of overweight or obese adults from 42% to 54%
in the Australian state of New South Wales. The number of overweight or
obese adults correlates with a greater prevalence of self-reported diabetes,
which rose from 4.7% to 7.4% over the same 13 year time period in this largely
urban population.’

In 1907, Alzheimer described a 51-year old woman as the first known case of
the disease that now bears his name as a new phenomenon, stating, ““The case
presented even in the clinic such a different picture, that it could not be
categorised under known disease headings, and also anatomically it provided a
result which departed from all previously known disease pathology.”* Several
years later, Alzheimer realized that Alzheimer’s Disease (AD) also affects older
patients, writing, “Similar cases of disease appear in advanced age”.” Over the
20th century, the prevalence of AD markedly increased in industrialized
countries with little if any prevalence in rural regions of some developing
countries.®” Estimates indicate that 35.6 million people throughout the world
are currently living with dementia.® Around 75% of this population,’ or
27 million people, are currently affected by AD.

Epidemiological studies based on identical and fraternal twin pairs have
consistently shown that AD causality has both environmental and genetic
components.'®!? The vast majority of AD patients have late-onset ““sporadic
AD”, lacking the mutations found in familial AD, a minority subgroup with
autosomal dominant inheritance and early-onset AD. The observation that old
age is a main risk factor for AD has prompted the suggestion that AD involves
accrual of a toxic substance that produces biological insult on brain tissue over
time.'* Aluminium (Al) is a candidate for that role.
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2.2 The Context for Aluminium in AD Causality

Aluminium, an element that is non-essential to cell metabolism, is classified as
definitely neurotoxic to humans.'* Al salts have been linked to AD causality
since 1973,"° and they remain the most likely candidate for AD’s environmental
component. The genetic component may represent how well the individual’s
body is able to absorb, exclude or chelate Al and limit its effects therein. Al salts
are now available for many applications in everyday life.

In 1906, the US Congress passed the Food and Drugs Act, which prohibits
the use of poisonous agents in confectionery and for coloring food. Respon-
sibility for enforcing this act was given to the United States Food and Drug
Administration (FDA), established in 1927.'¢

There were warnings against Al usage both well before and around that
time.'”'® For example, a Columbia University biochemist wrote: “During a
period of about seven years I have occasionally conducted experiments on the
effects of aluminium salts. These studies have convinced me that the use in food
of alum or any other aluminium compound is a dangerous practice. That the
aluminium ion is very toxic is well known. That ‘aluminized’ food yields soluble
aluminium compounds to gastric juice (and stomach contents) has been
demonstrated. That such soluble aluminium is in part absorbed and carried to
all parts of the body by the blood can no longer be doubted. That the organism
can ‘tolerate’ such treatment without suffering harmful consequences has not
been shown. It is believed that the facts in this paper will give emphasis to my
conviction that aluminium should be excluded from food”."” The US FDA
rates Al as “GRAS” (Generally Recognized As Safe), despite the early
warnings about Al and subsequent publications on Al neurotoxicity.

Government regulatory agencies currently allow various Al compounds to be
included in store-bought and take-away foods, bottled waters and urban
drinking water supplies. Al compounds have versatile properties and serve
many useful functions in these applications: as anti-caking agents in salt, coffee
whitener, pancake mix and other powdered foods, emulsifiers and melting
agents in cheeses, clarifying agents in water, puddings and other processed
foods where precipitates may form, pickling agents, meat binders for sausages
and luncheon meats, hardening agents for candied fruits, gravy and sauce
thickeners, rising agents in baking powder, self-raising flour and baked goods,
as buffering and neutralizing agents and as an agent that binds food dyes to
confectionaries to make them colorful.

Americans, representative of humans living in a contemporary westernized
society, consume 1-10 mg Al each day from natural sources such as fresh fruits,
vegetables and meat.”® In addition, 50% of Americans are now estimated to
consume up to 25mg per day, 45% between 25 and 95 mg per day, and 5%
more than 95 mg per day in the form of additives.?**! For an average-sized (70
kg) human, these amounts involve up to 0.4 mgkg ™' bodyweight (bw) per day,
between 0.4 and 1.5mgkg ™' bw per day, and more than 1.5mgkg ™' bw per day
or more, respectively. Higher and lower estimates of total dietary Al ingestion
have been reported. The described figures are more accurate since these
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estimates consider survey data from food manufacturers listing Al quantity
added.”

Other significant sources of Al exposure are Al-based pharmaceuticals,
topical applications, Al-adjuvanted vaccines and certain other medical
treatments, including some that have caused fatal encephalopathies.****

2.2.1 Some Ingested Al is Absorbed into Blood and Taken up by
the Brain

2.2.1.1 Al Absorption into Plasma

The body’s first and main line of defence against dietary Al is the mucus layer
that lines the gastrointestinal tract (GIT). GIT mucus traps most ingested Al,
including precipitates of larger Al complexes® that are excreted together with
enterocyes that have sloughed from the GIT lining and undigested food.*®

Soluble Al salts (e.g. Al sulfate, or “alum”, and Al chloride) more readily
traverse the mucus layer and are more easily absorbed than poorly soluble salts
(e.g. Al phosphate). Salts of Al with food acids, in particular Al citrate, Al
lactate and Al maltolate, remain soluble over a relatively wide pH range,
including neutrality. Some Al-food acid salts, previously available only in
minute amounts, are now synthesized for use as food additives. Even poorly
soluble forms can raise plasma Al levels in normal humans.?’” As we shall see,
routine Al exposure, particularly at the high end of the human dietary Al range,
can overwhelm the protective barrier of the GIT mucus layer.

Normally, 0.1% to 0.3% of ingested Al passes through the mucus layer and
enterocyte lining of the GIT to reach the circulation.”®?° Some plasma Al is
available for uptake into the brain and other tissues. Al values in the plasma or
serum of typical humans are usually 6 pg L™ or less.*® Around 80-85% of
absorbed Al binds to transferrin (Al-transferrin), an iron transport protein,
about 10% to albumin and 5% to low molecular weight species, mainly citrate,
that are excretable by the kidneys.?'*

Many experiments have shown that some asymptomatic humans and
laboratory animals have plasma or serum Al levels that are 2- to 3-fold higher
than others after ingesting a standardized amount of Al (for an example, see
Figure 2.1%%). Efficient Al absorption may increase an individual’s susceptibility
to chronic Al neurotoxicity and/or AD.

2.2.1.2 Al Uptake into the Brain

Approximately 0.01% of plasma Al passes through the blood-brain barrier into
the brain.** Al uptake into the human brain from drinking a single glass of alum-
treated water was simulated by gavaging rats with nanomolar quantities of
aqueous “°Al, a synthetic radioactive tracer.>® Measurable *°Al levels were detected
in the rat brains two weeks later. The presence of *°Al in brain tissue can only be
explained by *°Al exposure, since it is virtually absent in nature. Other laboratories
have confirmed brain 2°Al uptake following oral *°Al consumption.*®’
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Figure 2.1 Plasma 2°Al levels in humans who drank “®alum-treated water and then
263lum-treated water supplemented by silica. Silica lowers the amount of
Al absorbed. Note the spread of values from A to E. Notice that the
ranking of subjects’ absorption values is almost in the same order under
both conditions.
Reproduced from reference 33 with permission from Elsevier.

Al exposure occurs continuously throughout life. Many newborn humans,
with their immature blood-brain barriers, are exposed to Al. Sucklings take up
Al from their mothers’ milk®® and from soy-based infant formulae that have Al
levels of up to 700 ug L'.* Infants are injected with a course of Al-adjuvanted
diphtheria-pertussis-tetanus (DPT) vaccines.*’ Injections bypass the mucus and
enterocyte barriers of the intestine, increasing the exposure level to a given dose
of bioavailable Al up to 1000 fold. Intraperitoneal injection of a simulated Al
hydroxide-adjuvanted DPT vaccine into mice produces a surge in their brain Al
level that peaks at 2-3 days post-injection.*!

Each individual exposure, from one vaccine with an Al adjuvant, or one meal
containing Al-rich foods, might produce an insignificant effect with respect to
the risk of developing dementia; but above all, cumulative exposure from
multiple sources,—such as decades of exposure to alum-treated drinking
water—Ileads to slow but progressive Al increase in the brain. Brain Al
measurements confirm that more Al enters the brain than exits, resulting in a
gradual net Al accumulation in the hippocampus and cortex with advancing age,
even in the brains of non-demented controls.'>**** Brain concentrations of the
essential metals remain stable or decrease with age.*> The significant age-related
increase in brain Al that occurs reflects accumulation from the environment.
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Al is already the recognized cause of another dementia, dialysis encepha-
lopathy, or dialysis dementia.*® It is also a contributing factor to other
dementias, including amyotrophic lateral sclerosis/parkinsonism-dementia
(ALS/PD) of Guam*”* and Balint’s syndrome, which results from occupa-
tional Al exposure.™

2.2.1.3 Al accumulates in Aged Pyramidal Neurons either
Without or With Neurofibrillary Tangles (NFTs)

Al can be visualized in most large pyramidal cells, particularly in the cortex and
hippocampus of aged humans and laboratory animals, processed either with
the Walton histological stain for Al or a monoclonal antibody stain for Al.>">*
Al is first recognizable in the nucleolus and later in the condensed chromatin of
post-mortem human pyramidal cells. As Al continues to accumulate, it
distributes throughout the nucleoplasm of cells without NFTs.>>>* Eighty-nine
percent of 2°Al in rat neurons was observed to be chromatin-bound following
subcutaneous injection of °A1.°> Rat and human hippocampal and cortical
pyramidal neurons without NFTs show the same stages of nuclear Al
accumulation (Figure 2.2).%*
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Figure 2.2 Stages of Al accumulation in rat and human hippocampal neurons. Stage
I: All sections of hippocampal pyramidal neurons from older human
brain, that contained a visible nucleolus, exhibited at least stage I Al
accumulation (staining only the nucleolus). Neuronal shape appears
normal in stage I cells. Stages II and III: The nucleoplasm progressively
deepens in hue, appearing pink at stage II and purple at stage III. The
nucleus and overall cell shape show subtle shrinkage and dendritic changes
at these stages. Stages [V and V: By stage IV, the nuclear Al appears bright
magenta. The cell is obviously shrunken and its neurites appear tortuous
and retracted. At stage V, Al is distributed throughout the nucleus plus
cytoplasm. These deformed cells are still viable (exhibiting neither necrosis
nor apoptosis) but are apparently dysfunctional as they no longer immu-
nostain for neuron-specific proteins. Magnification bar =5 pM.
Reproduced from reference 54 with permission from Elsevier.
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Al also appears in the cytoplasm of cells able to form NFTs, specifically
staining these fibrillar structures.’® NFT formation affects only a portion of the
pyramidal cells in the AD hippocampal CAl field and cortex. Pyramidal cells
that either exhibit Al in the form of NFTs or throughout the nucleus (stages IV
and V) first appear sporadically, then in clusters and eventually as large bands
of cells.’*>7% Al-affected cell bands are referred to here as “lesions”. Before
exploring potential consequences of these lesions it is useful to review the
nature of Al toxicity.

2.3 Al Neurotoxicity

Tonic Al (AI’") is regarded as the most toxic form of Al. A’ has unique
physical properties. Neurotoxicity of Al>" usually requires chronic exposure as
most Al activity depends on its accumulation in brain cells, unlike many other
toxicants and toxins that produce acute systemic effects.*’

2.3.1 Al Disrupts Cell Metabolism by Substituting for Essential
Metal Ions in Key Regulatory Proteins

AI** is a small ion with a high (3+) fixed charge.®' Picomolar quantities of Al
can successfully compete with the mM quantities of Mg”* that occur in cells.®?
The small size of Al allows it to substitute for essential metal ions such as Mg>"
in active sites of proteins and protein co-factors such as ATP and GTP.%**

Mg>" regulates over 300 proteins, giving AI’* many opportunities to disrupt
cellular metabolism. The larger electrochemical charge of AI** results in a much
higher association constant than that of Mg>" for Mg>" binding sites. The
association constant of Al for GTP and transducin is approximately 107 times
higher than that for Mg>", the physiological regulator of microtubules within
neurons. This allows A" to substitute for Mg®* in the Mg**/GTP/tubulin
complex,®* with damaging consequences for microtubule function.

APP* dissociates from biological ligands 10° times more slowly than Mg**
and 10% times more slowly than Ca®*.®" Rapid dissociation is required for
biological reactions, and the slow dissociation of AI’* from its biological
ligands precludes AI’" from being useful in cellular metabolism.

2.3.2 Al Produces Oxidative Damage in Cells

AP is a highly reactive ion. The nearly maximal charge density of ionic Al
promotes its binding to almost any oxygen or nitrogen atom.®® Al generates
reactive oxygen species (ROS) despite its non-redox status.®> AI** acts as a
strong Lewis acid, attracting pairs of electrons from oxygen in phosphates and
other small ligand groups. Al is thus a pro-oxidant, both on its own and
synergistically with iron.®>%” In view of its Lewis acidity, AlO,*>" is expected
to be a stronger oxidant than either HO, * or 0,7 .7 Al facilitates the
production of the superoxide ion (O, ) in biological oxidations that can be
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photochemical, enzymatic, chemical or biomolecular.’”® Al oxidative
reactions are countered by superoxide dismutase and vitamin E.”-7%7!

AP" cross-links proteins with proteins, proteins with nucleic acids, and
nucleic acids with each other.”” Al has polymerizing properties, e.g. as a
Ziegler-Natta catalyst. Al has a particularly high affinity for myelin
membranes’® and Al incorporation in membranes changes their fluidity. AI**
can thus a substitute for essential metals in important regulatory reactions in
cells and cause oxidative damage.

2.3.3 All Epidemiological Studies Evaluating the Al
Exposure-AD Link have been Based on Crude Estimates
of Single Sources of Al Exposure and are Rife with
Confounders

The highest standard of proof is generally considered to be a prospective,
well-designed, randomly-controlled study, based on a large number of
participants. We need to consider whether this standard is reasonable and
necessary for assessing the toxicity of neurotoxicants, particularly those with a
long prodromal phase.

Many epidemiological studies have already investigated the putative rela-
tionship between Al ingestion and an increased risk for AD (reviewed
by Flaten).”* Most of these studies have shown an increased risk of AD in people
who have routinely consumed water containing more than 0.1 mg L™~ 'Al.

To date, the most rigorous of these studies was conducted by Rondeau and
her colleagues’> and consisted of a prospective trial carried out on a sample of
1925 normal subjects at baseline, with 15 years of follow-up. The study showed
that the risk for cognitive decline was significantly greater in subjects that lived
in districts supplied by water with an Al content greater than 0.1 mgL™" and/or
drank bottled waters clarified by alum, compared to those living in a region
supplied by water with a lower Al content (p =0.005).”> Food Al was not taken
into account.

A single study has investigated AD risk in subjects who routinely consumed
processed foods with high levels of Al additives. In this case, water Al levels
were not taken into account. The crude odds ratio of this small case-control
study was equal to 8.6 when adjusted for covariates.’®

Most routine exposure to Al is from the diet: from food, water and Al
additives. Each of the epidemiological studies performed to date has inves-
tigated a single source of Al exposure, usually Al levels in drinking water. While
their almost-consistent results suggest a relationship between chronic Al
exposure and AD, all are plagued by confounding factors that make the
relationship appear considerably weaker than it probably is.

Epidemiological studies that take into account human exposure to total
dietary AI** from both food and drinking water have yet to be carried out.
Such studies are necessary to control for confounding. Otherwise, studies based
on people who live in a region with low Al content in their municipal drinking
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water supply (the low Al group) may consume a fast food diet with Al-rich
foods and drink alum-treated bottled water; this would elevate their plasma
Al levels and cancel out the potentially beneficial effect of low Al content in
the public drinking water supply. Thus, unless total Al ingestion from
all dietary Al sources is taken into consideration, the results are severely
confounded.

2.3.4 A Randomly Controlled Human Study of Total Chronic Al
Exposure would be Impractical to Perform and Most
Likely be Unethical

Information as to whether or not the total diectary amounts of Al that
contemporary humans routinely ingest can be safely tolerated over the life span
could theoretically be obtained in a human study that requires the participants
to measure and record the total amount of Al they consume each day from their
food and beverages, including water and Al additives. An accurate study would
take five to eight decades to complete. This should be sufficient to learn
whether, and how, people are affected in old age from continuous Al exposure
over the life span.

Such studies would be made more difficult by dietary products that are
constantly entering and leaving the marketplace. Humans have very different
lifestyles and are exposed to Al in many different forms, some without their
knowledge. Current labeling laws do not require the Al content of packaged
foods to be revealed in milligram quantities. Al additives on food packaging are
only identified by code numbers in some countries. Thus, the task of deter-
mining how much Al one routinely consumes from their foods and beverages
would be close to insurmountable.

The second approach would require groups of blinded human subjects to
adhere to one of several prescribed diets that provide specific amounts of low,
medium and high levels of Al additives, contained in measured amounts of food
and drinking water, throughout their youth, middle age and old age. If true that
AD is a form of human aluminum neurotoxicity, a dose-dependent effect
should occur with more subjects in the high Al group developing AD. This
approach would obviously be impractical to administer and unethical to
perform. Nevertheless, that is what would be needed for a human study to
convincingly prove that aluminum causes AD.

Participants of the study would have to restrict their caloric intake to the
prescribed dietary regimen over the five or more decades of the study and would
also have to measure and record the amounts of food and water they consume.

Ganrot® notes the difficulty in performing such a study, of a disease with
insidious onset that requires decades of exposure to an ectiological agent
(to which most humans are abundantly exposed) and to then link the disease to
that agent.

It is therefore necessary, and much more convenient, to rely on long-term
studies involving surrogate animals given known amounts of Al at equivalent
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levels and duration to those experienced by humans, thus mimicking human Al
exposure conditions.

2.3.5 Surrogate Animals are Required to Investigate the Effects
of Chronic Exposure to the Al Neurotoxicant

Towards this end we carried out two animal studies: a pilot study’’ with two rat
groups, and a main study’® with three rat groups. Both were designed as
randomly-controlled longitudinal studies to learn whether outbred Wistar rats
could age successfully while ingesting known quantities of Al—at equivalent
levels to those routinely ingested by humans from their foods and beverages,
including alum-treated drinking water—throughout much of their lives. Al
treatment was postponed until early middle age in order to ensure normal brain
development. Inclusion criteria included: (1) survival till at least age 28 months
and (2) ability to complete the 1l-choice rewarded continuous alternation
T-maze task within five minutes. The experimental design and timeline for
treatment of rats in the main study are shown in Figure 2.3.

At age 6 months, the rats were trained to perform the continuous alternation
T-maze task,’® which is commonly used to assess memory performance.”” They
were fed twice weekly from this age onwards, with their diet consisting of
measured amounts of a feed formulated for mature animals, in quantities just
sufficient to maintain their bodies at a healthy weight of 500 +50g. The Al
content of their feed was 9 ppm. With this protocol the rats drank some water
on an empty stomach’”’® to simulate its consumption by humans, who often
drink water on a fasted stomach. The low pH of the empty stomach increases
the ionic AI’* level of ingested alum-treated drinking water and facilitates AI**
absorption.*®®! Some rats on this protocol developed cognitive deterioration in
old age after chronic Al exposure; this is described in more detail in the next
section.

| Group 3 - High end of human dietary Al range (1.7 mg Al/(kg bw day))
[ Group 2 - Intermediate Al dose level (0.5 mg Al/(kg bw day))

Group 1-- Low Al dose level (0.4 mg Al/(kg bw day))
L

'5wk '8 mo 12 mo 24 mo '28 mo

Purchase Maintenance diet, Middle age, onset Old age, onset 30 rats survive
of 45 purified water &  Aluminum added to water for Grps 2,3 to the age at
weanlings T-maze training 37 rats satisfy training threshold which functional
begin Weekly T-maze testing begins impairment is
recognizable

0 Testing of T-maze performance |

I Middle age scores Old age scores !

Figure 2.3 Experimental design and timeline for treatment of the three rat groups.
Reproduced from reference 78 with permission from Elsevier.
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2.4 Evidence that Supports Al Causality of AD

2.4.1 Cognitive Deterioration in Animals with Chronic Al
Neurotoxicity and Humans with AD is Associated with More
Efficient Al Absorption and Higher Serum/Plasma Al Levels

2.4.1.1 Al Absorption in Humans with AD

26 Al absorption measurements showed that AD-affected humans absorbed 1.4
times as much “°Al from a standardized *°Al dose contained in an orange drink
than age-matched non-demented controls.*® Plasma and serum Al levels of
AD-affected humans were also reported to be higher than in those without
AD %8184 Moreover, serum Al levels were higher in patients with AD than in
controls with vascular dementia.®® Only one small study was unable to find
such difference. This study has very low statistical power so it is susceptible to a
type 1I error, i.e. a false negative error.®®

Subjects with Down’s syndrome (DS) absorbed 6 times more 2°Al than age-
matched controls from a dietary Al dose (140 ng) added to a citric drink. The
DS group also absorbed four times more Al than age-matched controls from a
pharmacological (antacid-sized) dose equating to 280 mg of Al with citrate.®’
DS is commonly regarded as a human model for AD in that DS is associated
with an unusually high rate of dementia.®® DS brains exhibit AD neuro-
pathology prematurely, by 50 years of age.®

2.4.1.2 Al Absorption in Rats that Develop Cognitive
Deterioration

The serum Al values of the three rat groups’® in the main study were measured
and found to be proportional to the rats’ Al dose levels. The high Al group had
serum levels that were significantly higher than those of the low Al group
(p<0.05). The latter remained cognitively intact. The range of serum Al values
for rats in the high Al group was much larger than those of the two lower dose
groups. Rats that developed cognitive deterioration also had significantly
higher serum Al levels than the low Al rats (p<0.01). Moreover, the rats that
developed cognitive deterioration in the intermediate and high Al groups were
those with the highest serum Al levels in their treatment group, implying more
efficient Al absorption than the others.”

2.4.2 Certain Brain Regions Show More Damage than Others in
AD and Chronic Al Neurotoxicity

2.4.2.1 Damaged Cell Types and Brain Regions in AD

Pyramidal cells that project over great distances—especially those located in the
transentorhinal and entorhinal cortex, hippocampus, subiculum, temporal,
parietal and frontal cortices, amygdala, olfactory bulb, nucleus basalis, locus
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coeruleus and the dorsal raphe nucleus—are particularly damaged in AD.%*"!
These are the regions in humans that show NFT damage.”®*>°® These brain
regions are connected by cortico-cortical projections, implying that pathology
in AD brains may spread across synaptic connections.’®

2.4.2.2  Pyramidal Cells and Stellate Cells in Brain Regions
Preferentially Damaged in Humans and Rats with
Chronic Al Neurotoxicity and Humans with Renal
Failure Associated with High Serum Al Levels are the

Same or Equivalent to those Preferentially Damaged
in AD

Al is most prone to concentrate in large pyramidal cells, that project over great
distances, in the entorhinal cortex, hippocampus, subiculum, temporal, parietal
and frontal cortices, amygdala, nucleus basalis, olfactory lobe and other AD-
vulnerable brain regions of experimental animals subjected to chronic Al
exposure.”*** Al also deposits in these brain regions of humans with renal
failure, and who have had high serum Al levels arising from their use of Al-
based phosphate binders and/or dialysis with Al-contaminated water, despite
their limited renal capacity for efficient Al removal.”>%¢

Fe-transferrin and Al-transferrin complexes circulating in the plasma attach
to transferrin receptors located on the surface of blood-brain barrier
capillaries.”” The transferrin complexes transcytose the endothelium and enter
the neuropil, where they can attach to, and become internalized by, transferrin
receptors on large pyramidal cells.”®

Elevated Al levels in AD cortex and hippocampus have been demonstrated
by instrumental Al measurements,'>*% as well as staining techniques.> >*

2.4.2.3 Al Levels are Higher in AD-Vulnerable Regions of
AD-Affected Brains than in Age-Matched Controls

At least seven laboratories have reported that AD neocortex has higher Al
levels than the neocortex of non-demented age-matched controls.”” % AD-
vulnerable brain regions in AD cases contain mean Al values of approximately
4ugg™" brain tissue (dry weight), whereas the same regions in age-matched
non-demented cases average<2 pgg ' brain tissue.'>*%'° Approximately 1/4
of the AD samples contain Al levels up to 11 pgg ™' brain tissue.'”

Thus AD hippocampus and cortex generally contain 1.4 to 4 times more Al
than the same regions of controls.””!°> By comparison, brain Al levels in
subjects with dialysis encephalopathy, a condition that develops in renal failure
patients over months or 1-2 years, are 1015 times higher than in controls.*®
The cytotoxic concentration for Al in human neurons is unknown, but in cat
cerebral neurons this concentration lies between 4 and 6 ug Alg™" brain (dry
weight).'?



Life-Long Exposure to Aluminium Compounds may Cause Alzheimer’s Disease 43

Two studies have reported that AD brains show no more Al than
controls.*** Ganrot®® has described methodological flaws in both studies.

2.4.3 Cognitive Deterioration in AD and Chronic Al
Neurotoxicity

2.4.3.1 Cognitive Deterioration in AD

AD is the most common dementia. Neuropathological change in the cerebral
cortex and limbic system leads to deficits in learning, memory processing,
visuospatial and language skills. The first sign of AD cognitive deterioration is
often recognized as short-term memory impairment involving, for example,
forgetfulness of recent events. The patient may exhibit confusion, perseverative
behaviors and incontinence. At a later stage of the disease, a person with AD
may no longer recognize their own image in a mirror. The progression of AD
symptoms varies from person to person.

2.4.3.2 Rats that Mimic the Long-Term Total Dietary Al Levels
Ingested by Americans can Develop Cognitive
Deterioration in Old Age

By the time the rats in our longitudinal study were 12 months of age, they were
skillful in their T-maze task performance. At this age they were randomly
assigned to three Al treatment groups (low, intermediate and high).”® The only
treatment difference between the animals concerned the quantities of Al they
ingested in the form of drinking water. The quantities of water consumed were
also measured.

Rat middle age is, by convention, between their 12th and 24th months.
Wistar rats age approximately 35 times faster than humans,'’ so middle age
for rats is considered to extend from 35 years to 70 years in human
age-equivalence. The mean T-maze performance score for all rats was 78%
during middle age, indicating that they made almost 8 out of 10 correct choices
on each weekly test. During old age, the low Al dose rats exceeded this
standard, obtaining a mean score of 82%. None of the rats in the low Al dose
group, two (20%) in the intermediate Al dose group and seven (70%) in the
group that consumed Al at the high end of the human range for total dietary Al
exhibited significantly lower mean scores on their T-maze task in old age than
in middle age, as well as showing dementia-like behaviors such as confusion,
inability to focus attention on the task, perseverative activities and incontinence
while in the T-maze.! These are the rats described as having cognitive
deterioration.>*"778

T-maze performance scores of the rats that developed cognitive deterioration
in old age decreased to 45.5%, indicating that the choice accuracy of these aged

"Videos attached to the electronic version of reference 77 show a rat from the high Al group in the
T-maze in middle age, then old age, with firstly normal, and subsequently abnormal behaviors.
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rats was no better than random. Results from the main study’® were consistent
with, and validated, those of the pilot study.”” The rats were euthanized when
they showed indications of a terminal condition and their brains were examined
for evidence of neuropathology.>*!'07-1%%

These studies concluded that most rats that consumed Al at the high end of
the human total dietary Al range developed cognitive deterioration in old age,
accompanied by AD-relevant neuropathology. Interestingly, the rats developed
cognitive deterioration without developing fully-formed plaques and tangles.
Nevertheless, stages that lead to plaque and tangle formation in humans were
observed in their brains. The rats with Al-induced cognitive deterioration
exhibited additional neuropathological changes known to occur in AD that
have received less attention than amyloid. These additional neuropathological
changes explain cognitive deterioration more readily than the amyloid
hypothesis.

2.4.4 Cognitive Deterioration in AD and Chronic Al
Neurotoxicity Occur from the Same Mechanism of
Damage

The entorhinal cortex (Brodmann’s area 28) occupies the anterior part of the
parahippocampal gyrus in humans.'” Large stellate and pyramidal cells in
superficial layers of the entorhinal cortex receive projections from many
neocortical regions, including the olfactory, auditory, visual and somato-
sensory cortices, as well as multimodal areas and the amygdala.''® The stellate
and pyramidal cells are the cells of origin for the perforant path of the
entorhinal cortex. Their axons collect in an angular bundle (Figure 2.4) and
then project massively to the hippocampal formation in the form of distinct
fascicles that perforate grey matter of the subicular cortex on their way to the
hippocampal formation.''”

Most fascicles project to the dentate gyrus, where they terminate on distal
dendrites of granule cells in the outer two thirds of the molecular layer. Others
terminate on distal dendrites of pyramidal cells in the CAl/subiculum zone.
The perforant path thereby activates a sequence of intrinsic connections within
the hippocampal formation, allowing the hippocampus to remain informed of
ongoing cortical sensory activity.''*!!!

Stimulation of this circuitry culminates in hippocampal and subicular
output, and reciprocates the perforant path, by projecting back to the deeper
part of the entorhinal cortex.''>'"® The entorhinal cortex thus serves as a
pivotal two-way station with the dual roles of: (1) funneling input from the
neocortex and amygdala via the perforant path into the hippocampal
formation, and (2) funneling reciprocal output from the CA1 and subiculum
of the hippocampal formation back to the neocortex via layer IV.''® This
activity of the entorhinal cortex is crucial for acquisition into long-term

memory.'"?
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Figure 2.4 Schematic representation of the perforant path. The perforant path is
similar for humans and rats, except for minor variations. (1) The cells of
origin (CO) for the perforant path (PP) reside in layer II (shown as cell
islands) and in the superficial part of layer III of the entorhinal cortex
(EC). The cells of origin receive information from many cortical regions.
(2) Axons of the cells of origin converge in the angular bundle (AB) from
which the perforant path emerges. (3) Upon leaving the angular bundle,
the axons (4) diverge into fascicles known as the perforant path (PP),
perforating the subicular cortex (SC) on their way to the hippocampal
formation. (5) A contingent of fascicles enters the stratum lacunosum
moleculare (SLM) of the CAl/subicular zone (CAl). (6) More fascicles
cross the hippocampal fissure (HF) (7) to enter the molecular layer (ML)
of the dentate gyrus (DG).

Reproduced from reference 117 with permission from the Hindawi
Publishing Corporation.

2.4.4.1 Disruption of the Perforant Path in Humans with AD
Isolates the Hippocampal Formation from the Neocortex

The entorhinal cortex is the most affected region of the AD brain. It has by far
more NFTs than any other of Brodmann’s areas.''* By the time AD is evident,
many NFTs in the cells of origin for the perforant path have become extra-
cellular “ghost” NFTs that have outlived their host cells."'® Such damage
destroys the perforant path. AD hippocampal sections also reveal discrete
lesions of NFT-containing cells in the hippocampal subiculum/CAl zone.>*
Intraneuronal Al is involved in the formation and growth of human NFTs that
capture and sequester Al in the cell cytoplasm, thereby slowing its accumu-
lation in the nucleus.”® Instrumental techniques have also shown high Al
content in NFTs.!''>!"® For these reasons, NFTs can be regarded as a
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marker for human pyramidal cells that contain considerable amounts of
accumulated Al.

These pathological changes effectively disconnect the hippocampal
formation from the limbic and association cortices.''® Cortical regions depend
upon the hippocampal formation for memory consolidation. The structural
changes that occur with AD in these brain regions preclude the normal
acquisition of episodic or contextual knowledge.'"?

Severe damage to the perforant path thus provides a structural basis for the
learning and memory changes that occur in AD. Confusion and inability to recall
new episodes occurs relatively early in the course of AD and directly affects
cognition."'® As perforant path terminals deteriorate, a layer of neuritic plaques
forms in the center of the dentate gyrus molecular layer, precisely where the
glutamatergic terminals of the perforant path were previously located.''?

2.4.4.2 Disruption of the Perforant Path in Rats with
Al-Induced Cognitive Deterioration Isolates the
Hippocampal Formation from the Neocortex

Two conditions have been recognized as necessary for cognitive deterioration
in the Al-inducible rat model that mimicked consumption of human dietary Al
levels over most of the life span. The first condition is that large numbers of
pyramidal cells in the rats’ entorhinal cortex showed high-stage (IV) Al
accumulation. Pyramidal cells with stage IV Al accumulation exhibit micro-
tubule depletion, dendritic dieback and loss of synapse density.>*

The cells of origin for the perforant path in the entorhinal cortex stain for
Al to a greater extent than for cells in any other brain region. Computer-
assisted cell counts showed that, on average, 60 = 7% of the cells of origin for
the perforant path of the entorhinal cortex exhibited stage VI Al accumulation
in the brains of rats with cognitive deterioration compared to 23 +7% in the
low Al controls (p<0.001)>* (Figure 2.5, A&B).

Association area 3 of the temporal cortex is another AD-vulnerable brain
region. In the rats with cognitive deterioration, 40 7% of pyramidal cells
exhibited stage IV Al accumulation compared to 13+3% in the low Al
controls (p<0.01). The percentages of entorhinal cortical cells with stage IV Al
accumulation correlated with the extent of change in the animals’ T-maze
performance scores between middle age and old age (r=0.76; p <0.0005).>*

The second condition for cognitive deterioration in this rat model is the
presence of at least one substantial lesion consisting of cells with high stage (IV)
Al accumulation in the subiculum/CA1 zone of the hippocampal formation
(Figure 2.5, C). Equivalent damage in the hippocampal formation of humans
results in hippocampal failure to reciprocate output back to deeper layers of the
entorhinal cortex, and from there to the neocortex.''”

The presence of the two conditions in the brains of rats results in cognitive
deterioration. The two conditions are analogous to those that result in
disconnection of the hippocampal formation from the neocortex in humans,
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Figure 2.5 Al staining of cells of origin for the perforant pathway in the entorhinal
cortex and in a lesion consisting of hippocampal CA1 cells that coincides
with microtubule depletion in the brain of an aged rat with cognitive
deterioration. A — Al stains large pyramidal and stellate cells of the
entorhinal cortex magenta to purple in a rat with cognitive deterioration;
B — Al staining is primarily localized in glial cells in superficial layers of the
entorhinal cortex of a low Al rat control. Cells with low Al stain blue; C —
Stage IV pyramidal cells stain magenta for nuclear Al within a hippocampal
CALl lesion of an aged rat with cognitive deterioration. The lesion is situated
in the center of this micrograph. Pyramidal cells with a more normal
appearance (e.g., arrow) occur along the edges of the lesion; and D — An
adjacent immunostained section shows that cells within the same lesion fail to
immunostain for microtubules, whereas microtubules can be clearly seen in the
more normal cells along the edges of the lesion (e.g., arrow). Magnification
bar =50 uM for A and B, and 10 pM for C and D.

Reproduced from reference 54 with permission from Elsevier.

thereby isolating the hippocampus, as occurs in AD.''? Thus the Al-inducible
model is a translational animal model that replicates the process by which
cognitive deterioration develops in AD.""” Conversely, all low Al rats retained
normal cognition. Low Al rats (1) had smaller percentages of stage IV Al
accumulation in their cells of origin for the perforant path and (2) lacked any
sign of a lesion in the CA1 field or subiculum.>*

Previously, the seclective vulnerability of entorhinal, hippocampal and
cortical cells in AD was described as a mystery.''® This Al-inducible rat model
for chronic Al neurotoxicity and AD demonstrates that Al derived from dietary
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exposure at human-relevant levels preferentially accumulates in these and other
AD-vulnerable brain regions and can accumulate to the point of interference
with cognition.>*!!"

More widespread changes take place in the human brain as AD continues to
progress. This is consistent with Al levels increasing over time to neurotoxic
thresholds in additional AD-vulnerable brain regions—as evidenced by the
spread of NFT damage—as a result of continuing human exposure to Al in
foods, water and other sources. Chronic Al neurotoxicity also involves changes
in calcium and iron metabolism and in neurotransmission.

2.4.5 Calcium (Ca*") Metabolism is Disrupted in AD and
Chronic Al Neurotoxicity

2.4.5.1 Disruption of Ca’* Metabolism in AD

Many reports describe significantly higher Ca®>" levels in fresh hippocampal
and cortical brain cell samples obtained from aged rats, rabbits and monkeys
compared to those of younger animals.''® Actual intraneuronal Ca*" levels,
and Ca®* movement into and out of neurons, of aged non-demented humans
and humans with AD are resistant to analysis, owing to post-mortem change.'"”
However, it is known that Ca’>* metabolism is disturbed on several levels in
AD. The amount of **Ca that is absorbed across the GIT of humans with AD is
significantly lower than that of age-matched controls in the presence of normal
plasma concentrations of vitamin D metabolites, parathyroid hormone and
serum Ca®".'?* Also, Ca®" extrusion by plasma membrane Ca’"-ATPase is
impaired in AD neurons relative to that of non-demented controls.'?!

Ca”" /phosphoinositide signalling pathways are also impaired in AD
pyramidal cells. These pathways depend on G-proteins. G-proteins and their
activation by GDP/GTP exchange exhibit general dysfunction in AD brain
cells.'?*> 1>* Protein kinase C (PKC) is normally activated by Ca>" /phosphoinositide
signaling pathways, the impairment of which may in part explain why PKC shows
reduced activation in AD-affected cortical regions.'*>!%¢

Calmodulin (CaM) activity, essential for Ca>" signaling, is also impaired in
AD.? Immunostaining techniques show that monoclonal antibodies raised
against CaM have a poor ability to recognize CaM protein in AD brain tissue.
Ca”" influx through activated NMDA receptors and heightened activities of CaM
and PKC are all essential for long-term potentiation (LTP), a Ca’>"-dependent
process involving sustained synaptic activity that underlies certain types of
memory formation.'?” Changes in the levels of any of these proteins and/or
their activities could contribute to the LTP deficit observed in AD.'?" 13

2.4.5.2  Disruption of Ca’* Metabolism in Chronic Al
Neurotoxicity is Comparable with that which Occurs in AD

Al inhibits calbindin and thereby impairs transcellular absorption of Ca®>" in
the intestine.'*"'*? Al also competes with Ca®" for Ca®"-binding sites on
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proteins, membranes and in Ca®" channels, disrupting Ca®" metabolism in the
same ways that are altered with aging and AD.'®

Al blocks voltage-gated Ca®* channels, N-methyl-D-aspartate (NMDA),
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and glutamate-
mediated currents in isolated hippocampal and dorsal ganglion neurons'3*!3*
and irreversibly blocks Ca’>* channels formed in bilayer membrane by high
levels of B-amyloid.'??

Al elevates Ca*>* levels in resting neurons.'*® ¥ Al interference occurs at
several stages of the Ca”" /phosphoinositide signaling pathways, inhibiting: (1)
G protein activation®**; (2) hydrolysis of PIP, by PI-PLC'*; (3) phosphoi-
nositide accumulation'’; and, consequently, (4) PKC activation by diacyl-
glycerol, a product of PIP; hydrolysis. Exposure to nanomolar quantities of Al
also inhibits 90% of PKC activity in rat brain extracts.'*!

Al binds to CaM, forming an Al-CaM complex that has reduced ability to
interact with CaM-dependent proteins needed for translating Ca* signals into
cellular activities.'**'* Monoclonal antibodies raised against normal CaM have
poor recognition of the Al-CaM complex.'*'** Thus efficacy of CaM for acti-
vating CaM kinase in the brains of Al-treated rats and phosphodiesterase in the
brains of Al-treated rabbits declines progressively to approximately 50% and
30%, respectively, of their control values.'**'*> In vitro exposure of synap-
tosomes to 100 uM Al reduces their CaM activity to 40% of control value.'*

AP** substitutes for Mg”" in the ATP co-factor of Mg”>"-ATPase.®® Chronic
Al exposure also alters plasma membrane Ca®*-ATPase activity in a way that
depresses Ca®" extrusion from neurons.'*® These results are completely
reversible by desferrioxamine, an Al (and iron) chelator. Al accumulation in AD
neurons and its ability to inhibit Ca**-ATPase activity, which normally plays a
large role in extruding excess Ca®" from cells, may explain why Ca’" levels are
generally elevated in neurons isolated from Al-exposed and older animal brains.

Al inhibits, in a dose-dependent manner, the activity of several enzymes
important to Ca** metabolism: PKC, G proteins, CaM, and plasma membrane
Ca’*-ATPase 02 641360.141.195.146 Ty erference with either Ca?* uptake through
NMDA receptors, PKC or CaM activities on their own would disrupt LTP. LTP
and long-term depression (LTD), an activity-dependent reduction in the synapse
efficacy, were strongly disrupted in the brains of rats subjected to daily intra-
cerebral Al injection over a 5—day period, which elevated the brain Al content to a
local concentration estimated at 2.7 pgmL~".'"*" Oral Al exposure since weaning
has also produced LTP and LTD deficits in the brains of young rats.'*31%

2.4.6 Iron Metabolism is Disrupted in AD and in Chronic Al
Neurotoxicity

Iron is essential for energy production and cell health. Intracellular iron must
be rigorously regulated to limit the amount of iron that would otherwise be
freely available in cells. Free iron is a major source of oxidative damage.

The highest concentrations of (non-heme) iron in the adult human brain are
normally found in ferritin deposits of oligodendrocytes and microglial cells in
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the globus pallidus and substantia nigra, followed by the red nucleus, putamen,
caudate nucleus, dentate nucleus and subthalamic body. The cerebral and
cerebellar cortex, anterior nucleus of the thalamus, mammillary body, tectum
of the midbrain and the central grey matter of the third ventricle have
considerably less iron. The medulla oblongata, spinal cord grey matter, spinal
and sympathetic ganglia and white matter of the brain and spinal cord fail to
stain for iron altogether.'>® Neurons of most brain regions contain granular
iron deposits that increase with age.

The main usage of iron in neurons is for the synthesis of heme-containing
enzymes, namely cytochrome oxidase and succinate dehydrogenase in mito-
chondrial respiratory chains, and iron-sulfur proteins such as iron regulatory
protein 1 (IRP1).">' Brain regions that contain neurons with high energy needs
have large demands for heme iron and they also have a high density of transferrin
receptors on their surface. High levels of transferrin receptors are found in the
cortex, hippocampus, amygdala, dorsal raphe nucleus and cerebellar Purkinje
cells."”! High transferrin receptor levels show an almost identical distribution to
that of cytochrome oxidase, which is an indicator of high energy needs."”!

IRP1 and IRP2 are iron sensor proteins that normally govern intracellular
iron homeostasis by controlling iron-transferrin uptake via transferrin
receptors and storage of free iron in cytoplasmic ferritin deposits.'>> When
intracellular iron is deficient, IRP2 avidly binds to iron responsive elements
(IREs) in the 3’-untranslated region (UTR) of transferrin receptor mRNA,
stimulating the formation of transferrin receptors. Transferrin receptors
promote cellular iron uptake and restore the deficient intracellular iron levels.
When iron levels are adequate, IRP2 normally dissociates from IREs and is
rapidly degraded. IRP1 binds to IREs in the UTR of ferritin receptor mRNA
and stimulates ferritin formation as IRP2 degrades.'*?

2.4.6.1 Disruption of Iron Metabolism in AD

In AD, iron levels increase in all AD-vulnerable brain regions, particularly in
the hippocampus and amygdale, and to a lesser extent in temporal and parietal
cortical regions.'>® IRP2 is stabilized in AD hippocampal neurons.'* AD
pyramidal cells with IRP2 stabilization behave as if they are in a permanent
state of iron deficiency. These pyramidal cells continue to synthesize transferrin
receptors, leading to abnormally high levels of intracellular free iron ions and
oxidative damage, while ferritin synthesis is inhibited. Intraneuronal iron
causes oxidative stress by its redox reactions, particularly those that involve the
highly reactive Fenton reaction.'”> IRPI is apparently unchanged in AD
hippocampal pyramidal cells.'>*

2.4.6.2 Disruption of Iron Metabolism in Chronic Al
Neurotoxicity is Comparable to that which Occurs in AD

Al-loading of laboratory rats concurrently induces significant increases in iron,
proportional to Al increase, in pyramidal cells of the cortex, amygdala and
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hippocampus.”! Al stimulates the uptake of both transferrin-bound iron and
non-transferrin-bound iron in human cells.'*® Intraneuronal Al disrupts iron
metabolism in neurons by interacting with IRP2.'%’

Al pre-treatment of cultured neural cells also increases their free iron
uptake,'>!%? disrupts their iron homeostasis by inducing IRE binding activity
of IRP2, and stabilises IRP2 by interfering with iron-catalysed oxidation in a
way that prevents IRP2 breakdown.'>’ IRP1 shows no change in Al-exposed
neural cells,'” just as IRP1 is unchanged in AD."** Immunostaining shows that
IRP2 is abnormally localised in AD-affected hippocampal cells, with strong
IRP2 immunoreactivity appearing on NFTs'>? where Al is particularly
concentrated,>?->¢-11>-116

Al and iron both generate oxidative stress in the brain.®> 7 Oxidative stress is
one of the earliest changes observed in AD.'®® Al enhances iron-initiated lipid
peroxidation several-fold.®”'®" Al also stabilises iron in its ferrous form
(Fe*™),'%% thereby increasing lipid peroxidation. The ferrous iron ion drives the
Fenton reaction in cells. Individual contributions to oxidative stress from Al
and iron in AD cells are probably indissociable, owing to the multiple syner-
gistic interactions that occur between Al and iron ions.

2.4.7 Neurotransmitter Levels are Diminished in AD and Al
Neurotoxicity

2.4.7.1 Neurotransmitter Levels are Diminished in AD

In AD, acetylcholine, glutamate, dopamine, norepinephrine and serotonin
levels are diminished in cortical, hippocampal and striatal regions of the
brain.'®*'% The main neurotransmitter-related change in AD brains is a
40-90% decrease in choline acetyltransferase (ChAT) in the hippocampus and
cerebral cortex.'® The ChAT decrease is already noticeable in the first year that
symptoms appear'®” and is accompanied by a large (e.g., 45%) loss of choli-
nergic activation of phosphoinositide signaling.'

The ChAT enzyme catalyses the synthesis of acetylcholine from its choline
and acetyl coenzyme A precursors.'® Normally, ChAT is functionally
regulated by PKC phosphorylation on serine-440.'7%!7" However, PKC levels
are abnormally low in AD.'** The reduced ChAT levels can explain the lowered
acetylcholine availability for attaching to acetylcholine receptors and stimu-
lating Ca”* /phosphoinositide signaling pathways in AD.'*

Noradrenergic and serotonergic neurotransmitters also show reductions in
AD but are less than those of the cholinergic system.'®® Tetrahydrobiopterin
(BHy) is a co-factor required for the hydroxylation of phenylalanine and
tyrosine in the synthesis of the monoaminergic neurotransmitters dopamine
and noradrenaline, and for the hydroxylation of tryptophan in the case of
serotonin.'”® BH, synthesis is significantly reduced in the temporal lobe of post-
mortem AD brain samples'”® and BH, deficiency is regarded as a characteristic
of late-stage AD.'"™
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2.4.7.2 Neurotransmitter Levels are Diminished in Chronic Al
Neurotoxicity as in AD

Acetylcholine, glutamate, dopamine, noradrenaline and serotonin levels are
significantly diminished in cortical, hippocampal and striatal brain regions of
Al-exposed animals as in AD."”>'77 Al accumulates in cholinergic neurons’®*
and interferes with several aspects of acetylcholine metabolism.'” Brains of Al-
exposed rabbits show significant reductions in ChAT activity in the entorhinal
cortex (27%), hippocampus (36%-40%), and striatum (53%) after CNS Al
injection.

A possible explanation for ChAT inhibition by Al and low acetylcholine
levels in AD is that nanomolar amounts of Al inhibit 90% of PKC activity'*!
and PKC activity is needed for ChAT phosphorylation.'”" Al also inhibits
acetylcholine synthesis by interfering with choline uptake, lowering the content
of acetyl-coenzyme A'”® and inhibiting acetylcholine release.'”*'8® Al produces
a biphasic effect on acetylcholinesterase levels in experimental animals, initially
stimulating, and then depressing its rate of synthesis.'®! Al inhibition of ChAT
activity and acetylcholine synthesis has flow-on effects, reducing acetylcholine
receptor-stimulated Ca®*/phosphoinositide signaling pathways in Al-affected
neurons.'?%-146

Al also reduces the levels of glutamatergic and monoaminergic neurotrans-
mitters but to a lesser extent than ChAT.'”>!'7” Rats that drank water
containing Al acetate had reduced total brain biopterins and less BH,4 synthesis
than controls,'®? and low BH, levels could help to explain the monoaminergic
neurotransmitter deficit. It is currently unknown whether Al directly inhibits
BH, synthesis or indirectly inhibits its synthesis by interfering with BHy4
phosphorylation. The terminal enzyme in the biosynthetic pathway for BH4
is normally phosphorylated by PKC and/or CaM kinase 11.'** Both enzymes
are inhibited by Al at low concentrations.'*!!4

2.4.8 AD and Chronic Al Neurotoxicity are Inflammatory
Conditions

2.4.8.1 Inflammatory Effects are Observed in AD

AD is a mildly inflammatory condition."® Gene microarray experiments
analyzed for 12 633 gene, and expressed sequence, expression levels and
indicated a generalized down-regulation of normal gene expression in the AD
hippocampus. Specifically, AD hippocampal tissue exhibited statistically-
significant decreases in reporter signal intensity mainly for genes that encode
transcription and neurotrophic factors, signal transduction elements and metal
ion-sensitive factors. AD hippocampal tissue showed increased expression
levels of 24 genes. In both cases (increase and decrease), the differences were
altered by a factor equal to or greater than three-fold compared to controls
(p<0.04)."*'8% Greater increases in gene expression were found for inflam-
matory transcription factors and their subunits (NFxBp52/p100, HIF-1,

185
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hypoxia-inducible factor-1) and inflammatory proteins [B-amyloid precursor
protein (B-APP), NF-IL6, IL precursor, cytochrome oxidase-2 (COX-2),
interleukin 1L-1B (IL-1B), tumor necrosis factor (TNFa) and death-associated
protein 6 (DAXX), a regulatory protein that represses transcription and
induces apoptosis].'® Reactive astrocytes and activated microglial cells are
abundant in AD brain tissue and T-cells marginate along post-capillary venules
of inflamed areas.'®*

2.4.8.2 Inflammatory Effects are Observed in Chronic Al
Neurotoxicity

Al-generated ROS initiate an inflammatory cascade in brain tissue.'®®'®®

Chronic Al exposure up-regulates the expression of the NFxB transduction
factor as well as IL-B and TNFo cytokines in brains of laboratory mice.'””'®®
High density gene microarrays have revealed that cultured human neural cells
exposed to 100nM Al emulate many stress response gene expression changes
previously reported in late-stage AD brain tissue at, or more than three times,
the gene expression of control cultures. Specifically, 7 out of 8 genes (87.5%)
significantly up-regulated in AD are up-regulated by Al exposure. Similarly, 17
out of the 24 (71%) genes that are significantly down-regulated in AD are
down-regulated by Al.'* Pro-inflammatory and pro-apoptotic genes are over
expressed in these Al-exposed human neural cells, including subunits for
nuclear factor kappa B (NFxB) and HIF-1 transduction factors, IL-1f
precursor, B-APP, COX-2 and DAXX."* Co-exposure of human neural cells to
Al and iron produces a synergistic effect on the expression of the same up-
regulated and down-regulated genes.'® Hence Al accumulation in the AD
brain could account for observations that AD involves inflammation.

Al activates astrocytes and microglial cells in studies performed in vivo and
in vitro."”% 1% Cultured rat astrocytes exposed to Al for up to 41 days have
interrupted gap junctions that interfere with their intercellular communication
and ability to buffer ions and transmitters in the extracellular environment of

neurons. 192

2.5 Al and Neuropathological Hallmarks of AD

Neuropathological features of AD include microtubule depletion, dendritic
dieback, loss of synapse density, cortical atrophy, hyperphosphorylated tau
and NFTs, hippocampal granulovacuolar degeneration, and changes in the
metabolism of amyloid protein precursor and presenilins that lead to the
formation of amyloid plaques.

2.5.1 Microtubules

Neurons require microtubules, to maintain the structure and shape of the cell
body and its dendritic/axonal processes. Microtubules provide the infrastructure
for fast axonal flow and transport of nutrients, neurotransmitters, and organelles
between the cell body and its distant synaptic terminals.'®?
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2.5.1.1 Microtubule Depletion and its Consequences in AD

Microtubule depletion is a neuropathological hallmark of AD that results in
dendritic dieback, loss of synapse density and cortical atrophy. Microtubule
depletion is much less conspicuous than the formation of plaques and tangles,
yet is potentially more important to AD-type dementia than any other AD
hallmark. Microtubule depletion has long been known to occur in NFT-
containing pyramidal cells of the AD cortex and hippocampus,'**'7 but its
significance has been under-estimated. Microtubule depletion also occurs in
certain pyramidal cells of AD-vulnerable brain regions without NFTs.>* Direct
morphological consequences of microtubule depletion are dendritic dieback
and loss of synapse density.>* Dendritic dieback is revealed by Golgi staining in
pyramidal cells of the AD hippocampus (Figure 2.6) and entorhinal cortex.'”®

Dendritic branches are the main target for synaptic input to neurons,
accounting for 95% of a neuron’s surface area.'”” Pyramidal neurons from the
parahippocampal gyrus of non-demented older humans (mean age, 79.6 years)
have more extensive dendritic trees than those of normal middle-aged humans
(mean age, 51.2 years). The greatest increase is in the number of terminal
segments of the dendritic tree and their average length.'®”

The hippocampal CAl field shows dendritic stability in normal old age,**
whereas the dentate gyrus shows regressive dendritic change, particularly in the
oldest-old.**' Neocortical synapse loss is normally confined to certain regions,
these being the regions where compensatory re-innervation occurs in response
to cellular injury.?°%23

A final surge in compensatory neuroplasticity occurs in intermediate stage
AD in response to the increasing cell damage.”®* After this surge, many more
pyramidal cells are incapable of forming new dendritic branches, spines and
synapses. By way of example, pyramidal neurons in the anterior part of the
parahippocampal gyrus (i.e., the entorhinal cortex) of humans with AD are no
longer able to mount a compensatory response.’”> This inability results in

LYy

Figure 2.6 Camera lucida drawings of AD Golgi-stained pyramidal cells, illustrating
the process of dendritic dieback (left to right). The deteriorated cell on the
right resembles the Al-rich cells in the lesion of Figure 8.5.
Redrawn from reference 198 with permission from Elsevier.
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progressive, marked atrophy of dendrites with loss of spines and synapses. The
apical dendrites are shorter and less branched than in controls. All brains with
dementia contain cells with shrunken dendritic trees.’®> Progressive reduction
in the dendritic tree involves sequential loss in distoproximal synapses.?’® AD-
altered pyramidal cells occur in groups, forming expanding lesions surrounded
by other pyramidal cells with a more normal appearance.* Loss of synapse
density is regarded as a better diagnostic feature of AD than either plaques or
tangles.>’

2.5.1.2 Microtubule Depletion and its Consequences in Chronic
Al Neurotoxicity

Al produces a biphasic toxic effect on microtubules. /n vitro Al exposure at
picomolar concentrations results in Al binding to the site on tubulin-GTP
(normally occupied by Mg>", the physiological mediator of microtubule
assembly) and stimulates tubulin polymerization. Al-induced microtubules
appear identical to normal microtubules, even at the ultrastructural level.®*
However, Al-induced microtubules are physiologically abnormal. They fail to
disassemble under normal conditions, being resistant to PP2B-induced
depolymerization.®*

Al is a microtubule disruptor at the pM concentrations that typically occur in
aged pyramidal cells. Microtubule density is reduced as NFTs form in pyramidal
cells of the entorhinal cortex, hippocampus and neocortex of cats in response to
intraventricular Al injection.””® Microtubule counts in TEM micrographs of
NFT-containing cat pyramidal cells showed they contained 0-3 microtubules
per um? compared to pyramidal cells of sham-operated cats, which contained a
mean count of 71426 microtubules per pm?. Microtubule depletion in the
hippocampus of the Al-exposed cats correlates with impairments in learning and
retention.””® Other animal species given intracerebral, intracisternal or intra-
peritoneal Al injections also experience performance difficulties on behavioral
tests for memory and learning. 2620821

Intracerebral Al injection into rabbit brains results in a sharp and progressive
reduction in the length and number of apical and basal dendritic branches,
beginning with those furthest from the cell body, and progressing towards the
cell body.?°® This dendritic change is indicative of the dieback process and
resembles that which occurs in AD.'® Al-induced dendritic dieback also
resembles dendritic dieback induced by colchicine, another microtubule
disruptor.?!" Dendritic dieback is a slow process that continues for 200300
days after animals have experienced acute Al exposure.>'*> Dendritic changes
are accompanied by significant loss of synapse density over the same time
frame.?'* Dendritic change induced in brains of rabbits injected intracerebrally
with Al also coincides with impairment in memory and learning activities.?*®

Microtubule depletion and dendritic dieback also occur with high stage Al
accumulation in hippocampal pyramidal cells of rats that developed cognitive
deterioration after chronically consuming Al at human-relevant levels. Aged
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pyramidal cells that stain for stage IV Al accumulation (Figure 2.5, C) fail to
immunostain for microtubules (Figure 2.5, D).>* In contrast, microtubules are
clearly demonstrable in aged pyramidal cells where Al staining is at lower stages
of Al accumulation.™

Examination of brain sections in the hippocampal stratum radiatum of rats
with Al-induced cognitive deterioration showed glial cells in the course of
pruning dendritic processes.* High stage Al accumulation causes the cell
structure to collapse so the cell bodies appear shrunken with a serpentine-
shaped apical dendrite, as described by Simchowicz>'* for AD pyramidal cells.
Neurites shrivel, synapses break down and neuronal connectivity is lost. Cells
with high stage Al accumulation are sufficiently structurally compromised that
they hardly resemble neurons.>*

Substantial lesions consisting of Al-rich microtubule-depleted cells are
observed in brains of humans with AD and in rats with cognitive deterioration.
The lesion illustrated in Figure 2.5 was from a serially-sectioned rat cerebrum
that showed this lesion extended along the entire anteroposterior axis of the rat
hippocampus. Extensive Al damage to the cells of origin for the perforant path
and one substantial hippocampal lesion consisting of cells with high stage Al
accumulation are sufficient to distinguish the brains of rats with cognitive
deterioration from those of rats that remain cognitively-intact. Loss of synapse
density is another consequence of the high stage Al accumulation and dendritic
dieback that feature in the brains of rats with cognitive deterioration.>**!

2.5.2 Cortical Atrophy in AD

Localized cell loss occurs in AD, particularly affecting the hippocampal CA1
field, where cell counts indicated an average loss of 68%.%'® Several earlier
reports®!” indicated more widespread neuronal loss, relative to age-matched
controls, in cortical regions of AD-affected brains and was suggested as a cause
for the cortical atrophy that accompanies AD. Other reports indicated that
neuronal densities in AD brains and brains of age-matched controls were
similar.>'® Stereological counting techniques that allow more precise
estimates of neuron numbers have since developed. These techniques provide
evidence that any observed difference between cortical neuron density in AD
and age-matched controls is insufficient to account for cortical atrophy.
Instead, degenerative reduction occurs in the axon/dendritic/synapse
compartment of these neurons, resulting in dieback that diminishes the cortical
volume and increases ventricular size.>'” Change in the axon/dendritic/synapse
compartment can significantly increase or decrease cortical thickness.?*°

2.5.3 Hyperphosphorylated Tau and NFTs

NFTs, originally described by Alzheimer,* represent an AD hallmark that
parallels the duration and severity of AD.??! NFTs primarily develop in large
pyramidal cells. They are resistant to degradation and can outlast the cells in
which they form.?*
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2.5.3.1 Hyperphosphorylated Tau and NFTs in AD

Protein phosphatase 2A (PP2A), the main phosphatase that dephosphorylates
tau, is inhibited by approximately 30% in AD brain tissue.”*>*** This
inhibition of phosphatase activity upsets the normal balance between tau
phosphorylation by kinases and tau dephosphorylation by protein phos-
phatases. Such imbalance leads to the hyperphosphorylation of tau.***
Consequently, a massive increase occurs in the hyperphosphorylated tau:
normal tau ratio of the brain as AD develops.**

Human hyperphosphorylated tau is truncated by caspase.’*® The truncated
hyperphosphorylated tau aggregates and initially precipitates in the cytoplasm
of pyramidal cells in the form of granules.”?” Eventually, in some cells, the
granules give rise to polymerized filaments>>® that are now recognized to have
the form of twisted ribbons®* rather than paired helical filaments as originally
described.”*® Some NFT filaments are straight, and others are half-straight and
half-twisted. Masses of these filaments constitute NFTs. Cortical NFTs appear
as tangles, whereas hippocampal NFTs appear flame-shaped.

NFT-containing cells are recognized as having down-regulated oxidative
phosphorylation and low respiration.>*"**> They can survive in certain brain
regions for decades without contributing to neural function.”*? Extracellular
tangles known as “‘ghost tangles” result when NFTs become sufficiently large
to enucleate the pyramidal cells that contain them.’® Cell death follows
enucleation.

Alzheimer observed, ““As these fibrils stain with dyes differently from normal
neurofibrils, a chemical change to the fibril substance must have taken place.
This may well be the reason why the fibrils outlive the destruction of the cell.”*

2.5.3.2 Hyperphosphorylated Tau and NFTs in Brains of
Al-Exposed Experimental Animals and Humans with AD

Al inhibits the activity of protein phosphatases (PP1, PP2A and PP2B) that
normally remove phosphate from tau in brain tissue.”**?* The massive
increase in the hyperphosphorylated tau: normal tau ratio that occurs in AD
also occurs in the brains of dialysis patients that have had high Al exposure.**¢

Al exposure causes tau hyperphosphorylation in: (1) solutions of isolated
tau;>’ (2) cultured human neuroblastoma cells;**® and (3) brains of rats
chronically-exposed to dietary Al at human-relevant levels.'”® Al aggregates
hyperphosphorylated tau in vitro, while sparing normal tau.?*> The fact that
hyperphosphorylated tau can be aggregated by Al in vitro suggests that
intracytoplasmic Al can also aggregate hyperphosphorylated tau in human cells
where NFTs form.

An observed sequence of events can provide a reasonable explanation for the
development of NFTs in human brain.>® The Al/hyperphosphorylated tau
granules fuse and grow (Figure 2.7, A&B) in human pyramidal cells of the CA1
hippocampal field and cortex of AD brains. Granule fusion results in a
homogeneous-textured Al/hyperphosphorylated tau complex in the form of
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pools that occupy much of the cytoplasm. These pools stain for both Al and
hyperphosphorylated tau (Figure 2.7, C&D). Nascent NFT filaments poly-
merize within the Al-hyperphosphorylated tau complex of the cytoplasmic
pools (Figure 2.7, E&F). The NFTs grow and mature, consuming the
surrounding Al-hyperphosphorylated tau complex (Figure 2.7, G-I). The
implication is that NFTs are a protective neuronal response that sequesters Al
in the cytoplasm, thereby slowing Al uptake into the nucleus.>®

The Al in AD NFTs was originally described by scanning electron
microscopy with X-ray spectroscopy.''> NFTs also form in the brains of
patients with Down’s syndrome.®® The NFTs of ALS/PD contain both Al
and Ca®".%*? Al content in human NFTs has been measured at 250 ppm.>*°

NFT formation is species-specific and rat neurons are unable to form
NFTs.>*! Brains of rats that develop cognitive deterioration from chronic Al
ingestion have abundant amounts of hyperphosphorylated tau yet they lack
NFTs.'% Intracerebral Al injection can induce NFT formation in rabbit and
cat brain within 96 hours.?*> NFTs form much more slowly in monkey brain.?*’
Al-induced NFTs form in rabbits in brain regions equivalent to those where
NFTs form in humans with AD.****} Al-induced NFTs in animals are
neurofilament-based rather than tau-based. The neurofilament/tau difference
could represent species difference and/or temporal difference. It is possible that
neurofilament-based NFTs serve as a scaffold for the formation of tau-based
NFTs. For example, rabbit NFTs are reported to change within days of their
formation as they acquire tau and other proteins that increase their similarity to
human NFTs, 24243

2.5.4 Hippocampal Granulovacuolar Degeneration (GVD)

Granulovacuolar degeneration (GVD) has been recognized as an AD hallmark
since 1914, when first described by one of Alzheimer’s students.>*®

2.5.4.1 Hippocampal GVD in AD

GVD affects many hippocampal pyramidal neurons, appearing in the
cytoplasm either as several large vacuoles or, more commonly, as numerous

Figure 2.7 Development of NFTs in AD hippocampal neurons. A&B — Pre-tangle
pyramidal cells stained for hyperphosphorylated tau show small and
larger (fused) granules (arrows); C&D — Cytoplasmic pools form via
granule fusion and stain for (C) Al and (D) hyperphosphorylated tau.
Arrows denote the thinner margins of the pools consisting of an
Al/hyperphosphorylated tau complex; E&F — Thin filamentous structures,
just visible in the cytoplasmic pools, stained for (E) Al and (F) hyper-
phosphorylated tau, represent nascent filaments that develop into NFTs;
G&H — Mature NFTs continue to stain for (G) Al and (H) hyperphos-
phorylated tau; and I — A large NFT stained to show Al (pale purple
filaments) has consumed the cytoplasmic pool so individual filaments are
more clearly seen (arrow). Magnification bars =2.5 uM for A-F, 2 uM for
G and H, 1 uM for I.

Reproduced from reference 56 with permission from IOS Press.
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Figure 2.8 Granules stain for Al in vacuoles of a GVD-affected AD hippocampal
neuron. Magnification Bar =2.5uM.
Reproduced from reference 53 with permission from Elsevier.

small vacuoles. Each of the vacuoles contains a single dense granule
(Figure 2.8). The granules stain for Al and for abnormal forms of tau, caspase-
cleaved APP, activated caspase-3 and amyloid.****’*® Figure 2.8 shows the
appearance of large GVD vacuoles, stained for Al, in a hippocampal pyramidal
cell from an AD brain.

2.54.2 Hippocampal GVD in Chronic Al Neurotoxicity

GVD develops in the brains of rats chronically exposed to dietary Al at human-
relevant dietary levels.'® GVD formation can also be induced in the rat
hippocampus by repeated intraperitoneal injections.*'*?** Al is the only agent
that has, to date, been reported to induce hippocampal GVD in experimental
animals. Hippocampal GVD also occurs in the brains of humans affected by
Down’s syndrome,® and in those with ALS/PD**° which, as previously noted,
is an Al-associated dementia.

2.5.5 p-Amyloid and Presenilins in AD and Al Neurotoxicity

Amyloid is a congo red-staining waxy material that occurs in blood vessels and
in plaques located in the extracellular matrix of aged brains, particularly those
with AD. The main sequence of events that lead to amyloid plaque formation is
reasonably well-understood.

2.55.1 APP, p-Amyloid and Presenilins in Neurons

The inflammatory transduction factors NFkB and HIF-1 up-regulate the
synthesis of amyloid precursor protein (APP) in the human brain.”>' APP is
normally cleaved by a-secretase to form secreted APP (sAPPa). sAPPa is a
non-amyloidogenic product that regulates APP participation in neurite
budding and branching for neurodevelopment and repair.>>> sAPPa formation
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from APP requires phosphorylation by PKC.?**** Low PKC phosphorylation
in AD'® results in APP cleavage at alternate sites, mediated by B- and
y-secretases and giving rise to p-amyloid and cytoplasmic fragments.>>

Monomeric B-amyloid peptide is soluble. However, amino acid oxidation
and protein cross-linking reactions convert this soluble peptide into oligomers
and fibrils that aggregate”® and give rise to amyloid plaques in the extracellular
matrix, particularly in the hippocampus and cortex. AD patients generally have
significantly larger amounts of B-amyloid plaque in AD-vulnerable brain
regions than non-demented controls, although some mentally-alert humans
have a considerable volume of B-amyloid in their brains.>’

The wild-type rat/mouse sequence for B-amyloid differs from the human
B-amyloid sequence by three amino acid residues.”® This species-specific
difference is sufficient to block B-amyloid fibrillization and amyloid plaque
formation in aged wild-type rats and mice.>®*® Rodent brains can form
human-like amyloid plaques only if they have been genetically altered to over-
express human mutant APP genes. Some animal models have been engineered
to express human mutant genes for both APP and presenilin. Such gene change
enables mouse brains to produce large amounts of human B-amyloid, which
can fibrillize and form amyloid plaques similar to those that occur in brains of
aged humans.>>->¢°

Presenilins normally control APP maturation, and mutant forms of
presenilin can block this maturational process. A variant form of the presenilin-
2 gene is diagnostic for sporadic AD, being found in 100% (10/10) of brains
tested from sporadic AD cases and only in 1/10 of those from elderly, non-
demented controls.”®' This aberrantly-spliced variant of the presenilin-2 gene
gives rise to mRNA lacking the exon 5 sequence which produces a presenilin-2
variant-encoding protein (PS2V), truncated at its N-terminus. PS2V resembles
normal presenilin proteins in that PS2V localizes in membranes of the endo-
plasmic reticulum and Golgi complex of pyramidal neurons, particularly in the
temporal cortex and the CA1 hippocampal field.?**> However, PS2V prevents
the correct folding and maturation of APP and causes significant increases in
both B-amyloid; 4o and P-amyloid; 4,.>> CA1 pyramidal neurons that are
highly immunoreactive for PS2V exhibit shrinkage and dendritic dieback.
PS2V expression can be blocked by antioxidants, suggesting that PS2V
formation is induced by a metal that produces oxidative damage.*®!

2.5.5.2 Al Induces the Formation of the Presenilin-2 Variant of
Sporadic AD and [3-Amyloid in Laboratory Animals and
Other Experimental Systems

Several ROS-producing metals were tested to determine whether they might be
involved in PS2V formation.?®®> Neuroblastoma cells were exposed to CuCl,,
CuSOQy4, ZnCl,, FeCl,, FeCl;, AICl; and Al-maltol. Al (both AICIl; and
Al-maltol) was the only metal that consistently induced the PS2V isoform and
did so at a low concentration (25 uM Al).?** The shrinkage of hippocampal
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CA1l neurons and dieback described in human neural cells highly immuno-
reactive for PS2V are consistent with indications of chronic Al neurotoxicity.>*
Al plays significant roles in amyloidogenesis, contributing to the formation
of B-amyloid peptides, amyloid oligomers and amyloid plaques. In vitro and
in vivo experiments have shown that Al affects every major stage of human
amyloidogenesis,'*7?**2%7 giving rise to the likelihood that B-amyloid is a by-
product of Al activity in the brain. Al is also associated with another type of
amyloid that deposits in the joints of long-term renal dialysis patients.?*®

Al accumulation in cells generates ROS that stimulate the activity of the
transduction factors, NFkB and HIF-1. Al-induced up-regulation of these
transduction factors in turn up-regulates gene expression for APP and other
inflammatory response proteins in gene microarrays of Al-exposed cultured
human neural cells.'*'® APP mRNA and protein are elevated in the brains of
rats that develop cognitive deterioration after chronic exposure to Al under
conditions that mimic human Al exposure.'®” Hippocampal and cortical
sections immunostained for APP, from brains of these Al-exposed rats, exhibit
neurites of irregular caliber that stain strongly for APP, indicating impaired
axoplasmic flow. The neurites appear tortuous, with constrictions in some
places and varicosities in others. A similar neuritic phenomenon has been
observed in APP-immunostained brain sections of rats four days after they
received an intrastriatal Al injection.”®® Al also suppresses transport of newly
synthesized RNA in dendrites of cultured hippocampal neurons.>’® Swollen
neurites and suppression of RNA transport were not observed in controls for
these experiments.'%’>7°

Al inhibits the phosphorylation by PKC'!' necessary for normal APP
cleavage by a-secretase.”**>* Consequently, APP metabolism is redirected
from its non-amyloidogenic soluble APP (s-APPa) form to its amyloidogenic
form in the presence of Al, becoming cleaved by § and y secretases to produce
B-amyloid. Al stabilises p-amyloid oligomers.?”" Al or iron addition to human
B-amyloid;_4, both convert B-amyloid;_4, from a soluble peptide with random
structure to a fibrillar beta-pleated precipitate that forms [-amyloid
sheets.?** 2% The fact that this reaction can be reversed by Al/iron chelators
confirms that amyloid fibrillization is Al- and iron-induced.?®® Zinc inhibits the
formation of B-amyloid;_4> sheets, whereas copper prevents their formation. Al
also aggregates human B-amyloid;_4 fibrils, causing them to form deposits that
stain for thioflavin S as do amyloid plaques in AD brain tissue.*®’

Exposure of APP-transgenic mice to a diet supplemented by Al for 12
months significantly augments oxidative reactions and increases the volume of
B-amyloid that forms in their brains, compared to oxidative reactions and
B-amyloid volume in brains from a transgenic control group without Al
supplementation.’® The plaques that form in response to Al exposure are both
more numerous and larger in size. A third transgenic mouse cohort, supple-
mented with both vitamin E and Al, showed less oxidative stress with smaller
and fewer amyloid plaques comparable to the amyloid plaques that form in
brains of APP-transgenic mice without any Al supplementation.”” This
indicates that Al-generated ROS, and the oxidative stress that up-regulates
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APP and increases amyloidogenesis were ameliorated by the vitamin E
anti-oxidant.

In experimental animals, Al exposure also induces an amyloid condition that
is homologous to congophilic p-amyloid angiopathy in humans,>’* being a
specialized type of sporadic AD shown to coincide with very high brain Al
levels.””* Al forms a complex with plasma B-amyloid; 4, increasing amyloid
transport across the blood-brain barrier and causing the formation of
B-amyloid deposits in brain tissue.?’*

2.5.6 APOE-Dependent Neuroplasticity

Neuroplasticity is the brain’s potential to reorganize itself by creating new
neural pathways to compensate for cell dysfunction, cell death and dener-
vation, such as that which occurs in the AD brain. Astrocytes enable neuro-
plasticity by synthesizing and secreting APOE,?*”* the main lipid carrier in the
mammalian brain.’’® Astrocyte-secreted APOE stimulates compensatory
neuroplasticity by recycling cholesterol and cholesterol esters from neurons
with deteriorating synapses and delivering them to other neurons that can use
this cholesterol to sprout buds, grow new axonal branches, undergo synapto-
genesis and re-inervate deafferented neurons.>’®

Humans express three forms of this protein: APOE2, APOE3 and APOE4.%"’
APOE2 and APOES3 are capable of stimulating neuroplasticity in response to
injury-induced denervation. The molecular structure of APOE4 impairs its
ability to transport cholesterol. This impairs APOE4’s ability to promote
sprouting and re-innervation.>’®

AD progresses with severe loss of entorhinal cortical cells and cells in the
subiculum/CA1 zone. Perforant path fibers, emanating from damaged cells of
origin, shrivel and withdraw from the cells to which they were formerly
connected. Consequently, other afferent fibers to the dentate gyrus vigourously
sprout to form new synapses with deafferented target cells in the dentate gyrus.
Commissural and associational fibres from less affected perforant path neurons
can re-innervate and temporarily restore original connections between the
neocortex and dentate gyrus.?”’

2.5.6.1 Failure of APOE-Dependent Neuroplasticity in AD

As AD continues to progress, damage to the entorhinal cortex and its cells of
origin for the perforant pathway becomes too extensive to be effectively
countered by compensatory neuroplasticity. APOE-dependent neuroplasticity
continues for some time, but with diminishing returns. For example, AD
patients with intact septal cholinergic input to the hippocampus show inten-
sified acetylcholinesterase activity in an expanded region of the dentate gyrus
molecular layer previously occupied by perforant path glutamateric
terminals.’** This inappropriate reinnervation is incapable of restoring
connections between the hippocampal formation and neocortex because
neurons from the septum connect the hippocampus to brain structures other
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than the entorhinal cortex. The sprouting/re-innervation response to dendritic
dieback and cell death eventually exhausts,'®*?% resulting in re-innervation
failure.

The effectiveness of APOE-dependent neuroplasticity, when operating
correctly, is to postpone overt AD. This is indicated by the mean (& SEM) age
of AD onset in humans with APOE2 and/or APOE3 alleles; i.e., without any
APOE4 allele (84.3 £ 1.3 years), in those with one APOE2 or APOES3 allele and
one APOE4 allele (75.54+1.0 years) and in those with two APOE4 alleles
(68.4 + 1.2 years).>”” The earlier age at which AD occurs in individuals with
APOEA4 alleles most likely results from APOE4’s inability to hold and transport
the cholesterol and cholesterol esters needed for neuroplasticity and
re-innervation.

2.5.6.2 ApoE-dependent Neuroplasticity in Animal Models for
AD with Perforant Path Lesions or Chronic Al
Neurotoxicity

Rats with unilateral lesions of the entorhinal cortex temporarily lose their
ability to perform continuous alternation in the T-maze immediately after
surgery.”’ Compensatory sprouting from the contralateral entorhinal cortex
offsets perforant path damage by re-innervating the deafferented hippocampal
formation. If tested three days after lesioning the rat cannot perform, but if
allowed to recover for ten days, their T-maze performance is restored to the
pre-lesion level.”” Acetylcholinesterase staining, indicative of re-innervation by
cholinergic fibers, is also faintly detectable in the brains of rats with unilateral
lesions of the perforant path at 15 days post-lesioning.®° At 30 days, the
molecular layer of the dentate gyrus shows a strong acetylcholinesterase
staining pattern. Cholinergic re-innervation is completely inhibited if a
secondary lesion is made in the medial septal nucleus 30 days after the original
lesioning of the entorhinal cortex.?*"

However, rats that receive bilateral lesions of the entorhinal cortex, thereby
destroying the perforant path on both sides of the brain, develop neuro-
pathology and behaviors similar to those observed in humans with AD.*®! Re-
innervation is restricted to septal and other afferents that have no obvious
relationship with the glutamatergic perforant path innervation destroyed by the
lesions. This attempt at compensatory neuroplasticity is unable to restore the
rat brains’ original connections and hence their T-maze performance. Instead,
the rats are left with severe memory deficits as in AD.*®!

In our longitudinal study, the rats that developed cognitive deterioration
from chronic Al neurotoxicity showed remarkable similarities in neuro-
pathology and T-maze performance to rats with bilateral lesions. They also
shared striking similarities to humans with AD in relation to their neuro-
pathology and some abnormal behaviours. Chronic Al exposure produces
damage to the entorhinal cortex over a much longer prodromal period than in
lesioned animals that develop equivalent damage. Thus chronic Al
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Figure 2.9 RT-PCR analysis for ApoE mRNA in rat brain. Lane 1, pUCI19; lane 2,
negative control (macrophage cell line RAW 264); lanes 3 and 4, brain
tissue from cognitively-intact rats; lanes 5 and 6, brain tissue from rats
that exhibited cognitive deterioration. Beta-actin bands are shown as
controls.

neurotoxicity shows closer resemblance to the slowly developing process of
cognitive deterioration than occurs in AD.

Most rats that develop chronic Al neurotoxicity from Al supplementation in
their diet began to show evidence of cognitive deterioration around age 27
months, equivalent to about 79 years in humans.”® ApoE mRNA was
significantly higher in their cortical/hippocampal tissue than for the same brain
regions of low-Al controls, suggesting that ApoE-dependent neuroplasticity
was stimulated in the brains of rats with cognitive deterioration (Figure 2.9).
However, sprouting, re-innervation and synaptogenesis were eventually unable
to compensate for the continuous Al insult that causes microtubule depletion
and dieback in pyramidal cells of the entorhinal cortex, neocortex,
hippocampal formation and other AD-vulnerable brain regions.>*

2.6 Aging Increases Human Vulnerability to AD and
Chronic Al Neurotoxicity

During aging, certain physical changes occur that could contribute to the risk
of developing AD in humans and chronic Al neurotoxicity in experimental
animals. The passage of time allows more Al accumulation in the brain.
However, additional changes also occur in aging that probably contribute to
the relentless process of high stage Al accumulation in increasing numbers of
neurons throughout the brain.

2.6.1 Kidney Aging and Functional Loss

Humans are estimated to lose approximately 50% of their kidney function
between the ages of 45 and 80 years as nephrons are progressively lost.?*?
In general, the rate of decline in kidney function increases as subjects age.*®?
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This was shown in 254 normal volunteers who prospectively participated in
the Baltimore Longitudinal Study of Aging with 23 years of follow-up
(1958-1981).2%3 However, a significant proportion of the subjects showed no
absolute decrease in kidney function in old age.

Age-related decline in kidney function may impact on Al removal from
blood, elevating the plasma Al level, with more Al bioavailable for uptake into
brain. Al nephrotoxicity research should determine whether age-related decline
in kidney function results in less efficient Al removal from plasma.
The continuing need for kidney tubule cells to remove plasma Al from
the blood may inflict damage on those same cells and contribute to the age-
related decline in kidney function seen in most older humans and to kidney
dysfunction in renal failure patients.”®* At least one large prospective study has
shown that poor kidney function correlates with cognitive decline in elderly
humans.?’

2.6.2 Bone Aging and Osteoporosis

The periosteum consists primarily of osteogenic cells and osteoblasts, which
normally cover the bone surface. This cellular layer controls Ca*>" and PO4_
fluxes into and out of bone.”®® As age advances, the periosteum thins and the
osteogenic layer has fewer cells, giving less coverage of the bone surface.
Eventually, osteoblasts are almost absent and there is poor control of ion flux
both into and out of bone.?*

Bone serves as a repository for excess plasma Al in humans. Al that deposits
in the skeleton has a long half-life in human bone, possibly lasting for
decades.”” Histological stains show that most bone Al deposits at the interface
between the osteoid (unmineralized matrix) and the mineralized zone. Al is the
recognized cause of several types of bone disease in renal failure patients,
including vitamin D-resistant osteomalacia and aplastic bone disease, where
little if any osteoblast activity is evident.

Idiopathic osteoporosis is an age-related disease of unknown origin that
occurs when the rate of bone breakdown by osteoclasts outpaces the rate of
bone building by osteoblasts. This involves dissolution of the mineralized bone
matrix with loss of bone density and increased risk for fracture.

Experimental Al exposure produces a biphasic effect on osteoblasts. Very
low Al concentrations (107°M to 1.5x10"°M) are mitogenic. Al concen-
trations above 1.5x107®M inhibit the replication of osteoblasts and their
specialized activities.”®® Bone Al delays the formation of amorphous calcium
phosphate by osteoblasts, its transformation into calcium hydroxyapatite
crystals and subsequent crystal growth.®

Al also affects osteoclast activity. Al adsorbs to the surface of hydroxyapatite
crystals in the osteoid/mineralized bone interface and slows their rate of
dissolution by osteoclast-generated acid.”*® Some acid diffuses below the Al-
protected crystals into calcified bone, leading to crystal dissolution relatively
deep in calcified bone and to a weakening of bone strength. In effect, Al
disrupts the balance between osteoblast and osteoclast activities, causing
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osteoporosis-like bone change. Only a small portion of bone crystals have to be
protected by Al before giving rise to a pathological state.?*°

Some reports have noted an association between osteoporosis and
Alzheimer’s disease.””’ > AD often co-occurs with osteoporosis in clinical
practices.’”® Trabecular bone biopsies from AD patients with hip fracture
generally reveal high bone Al content.”®* However, not all humans who have high
Al content in their bone biopsy samples have AD, suggesting that Al uptake rates,
into different tissues that tend to store Al, vary from one individual to another.

The past 50 years has seen an epidemic of hip fractures in the older popu-
lation.””* The association between Al and fractures has received little research
attention. Al content in trabecular bone biopsies from osteoporosis patients is
intermediate between those with renal failure and healthy controls.*”> Osteo-
porosis can, in principle, accelerate the release of stores of Al, Ca** and
phosphate from bone into the blood of aged, osteoporotic humans. This would
result in higher levels of Al available for uptake into the brain.

2.6.3 Brain Aging and Loss of Neuroplasticity

As mentioned previously, Al measurements using spectroscopic techniques
have shown a net Al increase in brain tissue as humans age.'>*** Cumulative
damage to CNS neurons is to some extent offset by (1) neuron redundancy; (2)
compensatory neuroplasticity involving axonal and dendritic sprouting; and (3)
synaptogenesis. Here, we examine some possible reasons that, in view of these
resources, older brains are more vulnerable to Al neurotoxicity and AD than
younger brains.

Firstly, some age-related attrition of pyramidal cells occurs, reducing
neuronal redundancy.?’® On average, cortical neurons show a 9.5% decrease in
their numbers between ages 20 and 90 years.?”” Around 85000 neurons are lost
each day of the life span, equivalent to approximately one per second.?*® Also,
40-50% of the length of the myelinated nerve fiber is lost in advanced old age.
Some brain regions, such as the entorhinal cortex and the subiculum/CA1 zone,
have precise requirements for their connections and relatively low redundancy.
Modest cell losses in these brain regions may produce dramatic deficits.>*®
Exhaustion of compensatory neuroplasticity leads to continuing damage in
these brain regions and loss of cognition.'?%200-202

Secondly, the vast majority of neurons are established during fetal growt
and survive into old age. Neurons are very long-lived cells that show structural
and functional differences as they age. Older neurons have lower rates of
RNA and protein synthesis than younger neurons.?**% Older cells have less
capacity for RNA and DNA repair.*"!

Thirdly, neural plasticity has reduced efficacy with increasing age. Older
neurons have less ability than young neurons for sprouting and re-innervation
of damaged brain areas. For example, sprouting in the rat olfactory bulb
increases during the growth phase and up to the onset of old age (i.e., between 3
and 24 months). Sprouting decreases slightly between 24 and 27 months and
then decreases sharply after 27 months.*> This age-related decrease in neural

h298
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sprouting and re-innervation may explain why most rats that developed
cognitive deterioration after chronic Al exposure showed decline in their
T-maze performance scores from 27 months of age onwards, and why AD
incidence increases exponentially after age 65.

2.6.4 Al-Containing Dietary Supplements Specifically Marketed
for Older Individuals

Most very old people who are still alive at time of writing (2012) were born and
raised in an era before the currently available array of Al-containing
supplements gained popularity, and have had relatively low Al exposure for at
least part of their lives. However, certain of these supplements have high Al
content and are currently being marketed specifically for the older consumer.

Digestive disorders are common in elderly people, and many routinely
consume Al hydroxide- or Al phosphate-based antacids, even though
magnesium-based antacids are also effective and potentially less toxic. Some
people consume between 840 and 5000 mg Al per day from antacids.*®® These
Al salts are poorly soluble and are largely trapped by intestinal mucus, so the
ingested amount is disproportional to the amount absorbed. Nevertheless, a
study involving healthy human volunteers has shown some Al absorption
occurs from antacid ingestion.?’

Supplemental calcium is often recommended for older people, especially for
post-menopausal women. Calcium supplements are typically contaminated
with Al; for example, supplements derived from oyster shells provide a source
of Ca®*, but they also provide about 12 mg Al per day.>** Influenza vaccines,
recommended annually for older people, are Al-adjuvanted in the UK and
some other British Commonwealth countries. As mentioned, Al adjuvant in
vaccines delivers at least 100 times more Al than a comparable oral Al dose
because injections bypass the gastrointestinal mucosal barrier.

2.7 Conclusions

Alzheimer’s disease is a relatively new form of dementia. The history of AD is
associated with increasing urbanization, changes in diet and other health
practices such as immunization rates. The author has reviewed evidence that
routine and chronic exposure to relatively low Al doses from the diet produces
a slow but progressive increase in Al content throughout life in the brains of
laboratory rats and humans. Susceptible individuals that develop chronic Al
neurotoxicity show neuropathological characteristics essentially the same as
those observed in AD, apart from species-specific differences, and share some
behavioral characteristics. Dietary Al doses, delivered to animals over a
prolonged time period, faithfully replicate the progression of AD and reveal its
potential consequences in human brains.

Modern evidence reveals that the most salient pathological features in the
AD brain are high stage Al accumulation in pyramidal cells, accompanied by
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microtubule depletion. A cascade of effects follows. Al-induced microtubule
depletion results in dieback of the axon and dendrites, and loss of synapse
density, accounting for the loss of connectivity between affected neurons and
the cortical atrophy that eventually occurs. These characteristics affect sporadic
pyramid cells as well as groups of adjacent cells with high-stage aluminum
accumulation that constitute expanding lesions in AD-vulnerable brain regions.

All brains of rats with cognitive deterioration were distinguished by extensive
damage to the cells of origin for the perforant path in the entorhinal cortex and
the presence of at least one substantial lesion in the subiculum/CAl zone,
consisting of pyramidal cells with high stage nuclear Al staining, microtubule
depletion and dendritic dieback. Taken together, these lesions cause cognitive
deterioration by effectively isolating the hippocampal formation from the
neocortex.

NFTs in AD-affected human brains have been shown to involve Al
accumulation in their formation and growth. NFTs apparently form as a
protective mechanism, binding neurotoxic Al in the cytoplasm and slowing Al
accumulation in the nucleus. Granulovacuolar degeneration is another char-
acteristic shared between Al neurotoxicity and AD.

Al-exposed animal brains reproduce all major stages of amyloid formation,
from up-regulation of APP to the laying down of neuritic plaques in the
neuropil. On a biochemical level, Al competes with essential metal ions,
disrupting calcium and iron metabolism. Al also produces ROS that oxidize cell
proteins and membranes and provoke an inflammatory response in the brain.
These pathological features are all characteristic of AD.

Age-related changes in the kidneys, bone and brain increase the amount of
bioavailable Al in circulation and contribute to the development of AD. The
slow but relentless net accumulation of Al in neurons over decades produces a
continuous insult on large pyramidal neurons in certain AD-vulnerable brain
regions. Eventually, APOE-dependent neuroplasticity is up-regulated,
requiring other neurons to compensate for Al damage by re-innervation. Cells
have finite repair capacities which eventually exhaust, thereby leading to re-
innervation failure. The number of decades required to reach this stage explains
why old age has been recognized as the main risk factor for AD.

Chronic Al neurotoxicity is virtually the same as AD when species-specific
differences are taken into account. Chronic Al neurotoxicity is the only
proposed cause of AD that shows so many consistent characteristics. Apparent
inconsistencies between chronic Al neurotoxicity and AD have now been
explained.

Some people, including scientists, may challenge the link between Al and
AD, despite the extensive data that support the link. Consensus on industry-
sensitive subjects may be hard to reach, just as some continue to question the
evidence for smoking as a cause of lung cancer.

However, regulatory agencies such as the US FDA should now consider
whether Al deserves to retain its GRAS rating, and whether to place strict
limitations on its inclusion in products that can contribute to the Al burden of
the brain in AD-vulnerable regions.
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3.1 Introduction

Age-related declines in health, including increased incidence of neuro-
degenerative disorders (e.g., Parkinson’s disease, Alzheimer’s disease), reductions
in cognitive function, cardiac disease, diabetes and an increased incidence of
cancer are inevitable.!> Exacerbation of these changes (i.e., observation of
deleterious changes in younger populations or increased incidence and severity in
aging populations) following exposure to environmental contaminants, including
polychlorinated biphenyls (PCBs), however, should not be.

This review differs from previous ones I have written, because the primary
focus will be on the neurological (neurocognitive and neurodegenerative)
health consequences to aged individuals of adul/t human exposure to PCBs,
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rather than the much larger literature describing the developmental conse-
quences of exposure of infants, children or experimental animals to PCBs or
contaminated foods containing PCBs. Reference will be made to laboratory
studies only when deemed necessary to clarify findings from studies of adult
and aging human populations.

This review also differs in that I will discuss not only the ‘direct’ effects
of PCBs on the adult human nervous system, but also epidemiological and, to
a lesser extent, laboratory studies that describe the consequences of adult
human exposure to PCBs on non-nervous system disorders, particularly the
relationship between PCBs, diabetes and obesity that can negatively impact
the quality of life and lead to disabilities or death occurring at an age earlier
than might otherwise occur. This approach is justified not only because the
concept of the brain as a ‘privileged’ organ, insensitive to contaminant-induced
or age-related changes in other organ systems, is no longer valid, but also
because of accumulating evidence that adult human exposure to PCBs is
associated with increased obesity,3 diabetes and insulin resistance,*® cancer’®
and cardiac disease.” These contaminant-associated diseases not only decrease
quality of life in their own right, but also play important roles in reducing
cognitive function and increasing the incidence of neurodegenerative
disorders.'* 3

As T questioned in a previous review,'* “Have we not devoted sufficient
resources and time to the study of the developmental consequences of these
toxicants (i.e., PCBs)? Aging ‘baby-boomers’ constitute a large and rapidly
growing portion of the adult population of the United States and many
European countries. The consequences of either current or prior exposure to
PCBs, and their putative interactions with aging processes, demand further
investigation’. 1 also wish to emphasize that the ‘obesity epidemic’ and
associated increases in Type 2 diabetes is a risk factor for central nervous
system (CNS) function/dysfunction that has only recently been recognized as a
risk factor for CNS dysfunction, particularly in adults and in the aged
(Figure 3.1).

3.2 What are PCBs?

PCBs are members of a large class of organic compounds known collectively as
halogenated aromatic hydrocarbons (HAHs).'® This class includes not only PCBs,
but also structurally related compounds, including 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) and 2,3,7,8-tetrachlorodibenzofuran (TCDF). PCBs were used
as non-flammable dielectric fluids in power capacitors and transformers, in die and
machine cutting oils, as heat exchange fluids in preparation of edible oils, in paints
and plastics, in fluorescent ballasts, in carbon-free copy paper and as weather
proof sealants in many buildings.'®

The molecular structures of PCBs are illustrated in Figure 3.2. PCBs can
theoretically be chlorinated in any of ten positions on the biphenyl structure,
resulting in isomers or congeners ranging from mono- to decachlorinated
biphenyls. Thus there are a possible 209 congeners;'” commercial synthesis,
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Figure 3.1 Age and diabetes.
(Source: National Institutes of Health).

however, yields approximately 135 congeners.'® In addition to the number of
chlorines, the location of the chlorines on the biphenyl moiety plays an
important role in influencing their potential toxicity. Based on the location of
chlorines on the biphenyl moiety, there are two major classes of PCB congeners.
One class, known as coplanar, has only laterally substituted chlorines and shares
many of its mechanisms of action (and toxicity)—including the ability to bind to
the aryl hydrocarbon (Ah) receptor—with TCDDs and TCDFs." In turn,
binding to the Ah receptor is associated with alterations in endocrine function
and an increased risk of developing cancer.”® Coplanar PCB congeners, also
bind to the Ah receptor, albeit at significantly lower affinities than either TCDDs
or TCDFs.'?! Because all coplanar halogenated aromatic hydrocarbons bind to
this receptor, it was possible to develop a means of summing the activities of
mixtures of coplanar contaminants known as toxic equivalent factors, or TEFs,
as first described by Safe.!”*?

In contrast, the second major class of PCB congeners, ortho-substituted or
non-coplanar, have chlorine substitutions adjacent to the biphenyl bond, thus
inhibiting the planar confirmation required for binding to or activation of the
Ah receptor.'” Indeed, until the early 1990’s, it was thought that ortho-
substituted PCB congeners were not a significant health concern. Initial studies
conducted by Seegal and colleagues at the Wadsworth Center of the New York
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Figure 3.2 Chemical structures of representative compounds from different classes of
halogenated aromatic hydrocarbons.
(Reproduced with permission from ref. 15).

State Department of Health, however, demonstrated that ortho-substituted
congeners were particularly active in reducing neurotransmitter [dopamine
(DA)] concentration in cells in culture® and in experimental animals®*** while,
in contrast, coplanar congeners and TCDD were inactive. An abbreviated table
(Table 3.1) describing this structure—activity relationship is presented below.
Nevertheless, despite what, at the time, were considered ‘revolutionary’
findings, I would, after presenting these findings at national and international
meetings, often listen to other speakers discussing the role(s) of the ‘toxic PCBs’
i.e., coplanar PCBs. Indeed it took many years, and confirmation by other
investigators of the nervous system activity of ortho-substituted congeners, for
the PCB community to accept the notion that ortho-substituted PCBs may pose
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Table 3.1 PCB Structure Activity Relationships: Three Approaches. EC50
values for PCB congeners determined by PC12 cellular dopamine
content’, cerebellar granule cell PH]phorbol ester binding” and brain
or muscle sarcoplasmic/endoplasmic reticulum RyR/Ca®"-Release
Channel [*H]ryanodine binding.¢

EC50 (uM)
PCB Congener PCI2 Cerebellar RyR/Ca“”-Release Channel
BZ # Structure Cells Granule Cells Brain Skeletal
4 2,2 64 43 34.3
11 3.3/ 195 60
14 3.5 =201 74
15 4.4 NEO? NEO®
28 2,44 196 >100
47 2,42 4' 115 89
50 2,4,6,2 71 41
52 2,5,2'.5' 86 28 52.1
54 2,6,2'.6' NEO NEO¢
66 2,43 4' >201 Inactive”
70 2,5,3".4' 166
77 3,43 4 NEO? NEO®
82 2,3,42'3 1.2
88 2,3,4,6,2' 89.3
95 2,3,6,2,5' 17.1 0.33
103 2,4,6,2,5 157 50.8
104 2,4,6,2',6' 93 38 157 0.57
105 2,3,4,3'.4' 95 , 0.3
126 3,4,53' 4/ NEO! NEO¢ Inactive’ Inactive®
153 2,452 4'5 >100 178

“Adapted from ref. 23.

®Adapted from ref. 26.

“Adapted from refs. 28 and 29.
“No effect observed up to 200 uM.
“No effect observed up to 100 uM.
/Tnactive up to 200 uM.

¢Inactive up to 10 uM.

a health risk. Important additional studies were conducted at the United States
Environmental Protection Agency by Kodavanti and colleagues, who demon-
strated that non-dioxin-like PCB congeners increased phorbol ester binding to
protein kinase C (PKC)?® and elevated cytosolic calcium concentration in rat
cerebellar granule cells.”” This SAR fully recapitulated the SAR for non-
dioxin-like reductions in neuronal DA concentrations, as seen by Seegal and
colleagues. Additional important work by Pessah and colleagues provided an
explanation for the observed elevations in cytosolic calcium by determining the
mechanism by which ortho-substituted PCBs clevated intra-cellular calcium
concentrations, i.e., ryanodine receptor activation and a resulting increase in
the open probability of its channel.?®2° Given the disparity in the measures
examined, it is surprising (and somewhat satisfying) that the SARs
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demonstrating the activity of ortho-substituted PCB congeners are so
remarkably similar.

Although information on the toxicity of the two major classes of congeners
has increased our understanding of the potential mechanisms by which PCBs
alter brain, immune and endocrine function, the composition of PCB congeners
in the environment—and consequently both the body burdens of congeners and
their potential toxicity—are influenced by a number of factors that complicate
the ability, particularly in epidemiological studies, to determine which
congeners, or mixture of congeners and/or their metabolites, contribute to these
untoward changes.

Firstly, commercial mixtures of PCBs, known in the US as Aroclors, differ in
their congener composition,'® and differences in the physical properties of these
congeners (e.g., their partition coefficients and rates of degradation, including
photodegradation) make it unlikely that contaminated foodstuffs (the major
route of exposure of humans to PCBs) contain the same congener patterns
found in the original Aroclor mixtures. Hence laboratory studies (including
those of the author) using either Aroclor mixtures or individual PCB congeners
only partially recapitulate human non-occupational exposure due to
consumption of PCB-contaminated food products.

Secondly, PCB body burdens, most often measured in serum, contain a large
number of congeners, making it difficult to statistically determine which indi-
vidual congeners are causally associated with changes in nervous and endocrine
function.

Thirdly, because of genetic differences in ability to metabolize PCBs, as
well as coexposure to other halogenated aromatic hydrocarbons that may
enhance metabolism, PCB body burdens vary dramatically between exposed
individuals. Finally, despite the fact that serum PCB levels are often measured,
PCB-contaminated foods often contain additional contaminants, includ-
ing methyl mercury and pesticides,'”* that we and others have shown®'
enhance the toxicity associated with exposure to complex mixtures of
contaminants.

3.3 Why are PCBs Still of Concern in the 21° Century?

PCBs have, on occasion, been described as a toxicant most relevant to the 20™
Century (Wollff, personal communication), since manufacture and use of PCBs
ceased in the mid to late 1970’s.'® Hence it is necessary to explain why a review
of the health consequences of exposure of adults and aging individuals to PCBs
is still important in 2012. There are, however, several reasons for continued
interest in the roles of PCBs in altering CNS and endocrine changes in adults
and the elderly.

Firstly, there has been widespread use of PCBs. Indeed it has been estimated
that, in the period between 1930 and 1970, approximately 30000 tons were
released into the air, 60000 tons into fresh and coastal waters and more than
300 000 tons into dumps and landfills.** Given their persistence and widespread
distribution, in both the environment and in foodstuffs including fish and dairy
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products, exposure to PCBs still remains a valid concern. Indeed levels of PCBs
in fish from contaminated sites, including the Hudson River in New York State,
still require fish consumption advisories.>”

Secondly, since this review focuses on aging and vulnerability to environ-
mental chemicals, levels of PCBs in the environment were dramatically higher
in the past;*®*’ hence the elderly were more likely than younger individuals of
today to have been exposed to higher levels of PCBs. In support of this
statement, it is widely recognized that body burdens of PCBs (as well as other
environmental contaminants) are positively associated with the age of the
individual.*® Furthermore, Seegal and colleagues recently described the half-
lives of individual PCB congeners in a subset of former capacitor workers who
had been exposed more than 28 years ago to extraordinarily high levels of
PCBs.*” Despite the passage of almost three decades, serum PCB levels in these
former workers were more than twice those seen in individuals of similar age
who were living in the same area but had not been occupationally-exposed to
PCBs. Half-lives of PCB congeners were dependent on two factors: the degree
of chlorination of the congener (more highly chlorinated congeners had longer
half-lives than did lightly chlorinated congeners) and the initial levels of PCBs
(the greater the initial PCB body burden, the shorter the half-lives of the
congeners). Thus, persistent, relatively low body burdens of PCBs may either
continue to contribute to dysfunctions of the nervous and endocrine systems in
elderly populations or provide a biomarker of prior exposure to much higher
PCB levels that may have contributed to the observed reductions in the health
of elderly individuals.

This latter point is supported by results from a study in which adult non-
human primates (NHPs) were exposed to either Aroclor 1016 (a mixture
consisting primarily of lightly chlorinated ortho-substituted congeners) or
Aroclor 1260 (a mixture of more highly chlorinated congeners) (0.8, 1.6 or 3.2
mg/kg/day) on a daily basis for 20 weeks. This exposure paradigm significantly
reduced basal ganglia (nigral and striatal) DA concentrations® and resulted in
serum PCB concentration near the upper level reported in capacitor workers.*
In order to determine whether these reductions in central DA concentrations
were permanent, an additional cohort of NHP was exposed to the same
concentrations of Aroclors 1260 or 1016 for the same duration, but maintained
for an additional 20 weeks following PCB exposure prior to sacrifice.*! Despite
significant reductions in serum PCB concentrations during this ‘wash-out’
period, basal ganglia DA concentrations failed to return to levels seen in
control animals. Because the serum (and brain) concentrations of PCBs
following the wash-out were similar to those seen in animals exposed to lower
levels of PCBs for 20 weeks and then immediately sacrificed, but failed to show
significant reductions in basal ganglia DA concentrations, these findings
strongly suggest that the high levels of PCBs seen during exposure, rather than
residual levels following removal from PCBs, were responsible for the
reductions in central DA. Thus, although current PCB body burdens may
provide an estimate of prior exposure, it is most likely that any deleterious
consequences are the result of prior, higher level exposure, further supporting



90 Chapter 3

the hypothesis that any PCB-induced deficits in aged or elderly humans were
likely due to prior exposure.

3.4 Neurological Sequelae of High Level Occupational
Exposure to PCBs in Adults

I have chosen to first discuss the neurological consequences of occupational
exposure to PCBs for two reasons. Firstly, levels of exposure (and resulting
body burdens of PCBs) were dramatically higher those than seen in non-
occupationally exposed individuals. Secondly, exposures to other putative
neurotoxicants were either absent or at lower levels (on a percentage basis) than
environmental exposures.

Occupational exposure to PCBs, which occurred primarily in factories that
manufactured power capacitors that used PCBs as dielectric fluids, resulted in
extraordinarily high serum levels of PCBs measured shortly after the use of
PCBs was banned in the late 1970’s.'® Serum levels were approximately 100-
fold higher in the serum of these workers (approximate geometric mean of 363
ppb for lower PCBs and 30 ppb for higher PCBs)*® compared to those seen in
non-occupationally-exposed individuals in the same geographical region (3.6
ppb for total PCBs)."

Steenland er al.,** in a retrospective mortality study of male and female
former capacitor workers whose average birth date was 1934, found an excess
mortality associated with amyotrophic lateral sclerosis and, in the most highly
exposed women, an excess mortality associated with Parkinson’s disease.
Although these findings were based on mortality, rather than incidence, the
authors suggest that, particularly for aging women, exposure to PCBs is
associated with increased mortality due to neurological disorders.

Seegal and colleagues, because of the previously mentioned studies in
NHPs—which demonstrated that exposure to PCBs resulted in long-term if not
permanent reductions in basal ganglia DA concentrations—undertook a study,
using a cohort nearly identical to that used by Steenland et al, to determine if
prior occupational exposure to PCBs would also result in a decrease in
measures of central DA. To test that hypothesis, we used single positron
emission computerized tomography (SPECT) imaging with the DA transporter
ligand, ['*I] Beta CIT to determine changes in the density of DA terminals in
the striatum of male and female former capacitor workers whose median age at
the time these measures were collected was 63.5 years. Reductions in striatal
DA terminals are seen in PD, and these decreases become greater during
disease progression.*® Women, but not men, showed an inverse relationship
between lipid-adjusted total serum PCB concentrations and the density of DA
terminals, even though serum PCB concentrations did not differ significantly
between them. Most importantly, these findings were still significant after
controlling for a number of potential confounders that have been shown
to influence the rate and severity of PD progression. These include the age
of the individual, their body mass index, their level of education, the number
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Figure 3.3 Dopamine transporter density, as measured by 3-CIT SPECT imaging, as
a function of the log of current serum PCB concentrations (expressed on a
lipid-adjusted basis, ppm) by sex, prior to adjusting for potential
confounders, in former capacitor factory workers.

(Reproduced with permission from ref. 53).

of caffeinated beverages consumed and the number of cigarettes smoked
(Figure 3.3).

Although the Steenland et al. and the Seegal et al. studies were conducted at
different times—Steenland er al. published their findings in 2006 while Seegal
et al. published their findings in 2010—both studies reached similar
conclusions, i.e., only women who were highly exposed to PCBs demonstrated
increased PD associated mortality** and a decrease in the number of striatal
DA terminals indicative of PD."" It is tempting to conclude that the sex-specific
reductions in DA terminal densities serve as an early biomarker of PD.

3.5 Sequelae of High Level Non-Occupational Exposure
to PCBs on Cognitive Function

Unfortunately, high level exposure to PCBs and related HAHs, including
dibenzofurans, has not been limited to occupational settings. First in Japan,
noted in 1968 (Yusho),** and then, approximately ten years later, in Taiwan
(YuCheng),* adults, children, infants and fetuses were exposed to rice oil that
had been contaminated with PCBs and dibenzofurans. Existing literature*® *®
describes the devastating neurological and morphological changes that resulted
in children and infants that had been exposed due to maternal consumption of
the contaminated rice oil. The effects of exposure to the contaminated rice oil
were, however, not limited to those individuals exposed during development.
Lin ez al.'** describe the neurocognitive changes seen in adults who were more
than 60 years of age at the time of assessment. These changes included reduced
attention during performance of a digit span test, visual memory span and
verbal memory recall. Most importantly, these changes were significant only in
exposed women. In the later study, Lin ez a/. noted deficits in the Mini-Mental
Status examination that were negatively associated with the subjects’ body
burden of PCBs.
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Thus in at least three epidemiological studies,'""'*** associations were seen

between body burdens of PCBs and related HAHs and deficits in neurological
and neurocognitive performance in women but not in men, despite the fact that
the age of the men and women did not differ significantly. Why are aging
women more susceptible to the neurotoxic effects of PCBs than men?

We suggest that a highly relevant factor, common to these studies, is the age
of the subjects and their consequent reproductive status. For example, in the
Seegal et al. study, the median age of the subjects was 65 years, hence both men
and women had either segued into, or had begun the process of reproductive
senescence associated with, a decrease in gonadal hormones.”® We further
suggest that age-related decline in central gonadal hormones, either of ovarian
origin or conversion of testosterone to estrogen in the brain,”' has different
consequences in men and women following exposure to known DA neur-
otoxicants. This suggestion is supported by data from Murray et al.>? and
Tamas ef al.,>> who have shown that, following administration of 6-OHDA, a
potent DA neurotoxicant, (1) ovariectomy increases the loss of basal ganglia
DA, compared to that seen in the intact female; (2) castration reduces the loss
of basal ganglia DA, compared to that seen in the intact male; (3) estrogen
supplementation in the ovariectomized rat restores DA to levels seen in the
intact female and (4) estrogen supplementation in the castrated male reduces
the protection following castration to levels seen in the intact male rat. These
findings strongly suggest that estrogen is neuroprotective in the female, while
estrogen (from aromatization of testosterone) may be a risk factor in the male
brain. Thus reductions in ovarian hormones following menopause (all women
in the above described epidemiological studies were postmenopausal) are
posited to result in the loss of known neuroprotective factor(s), while
reductions in circulating testosterone and central aromatase activity in the
aging male may result in the loss of a neuro-risk factor (i.e., central estrogen
due to enzymatic conversion of testosterone to estrogen).

In order to test that hypothesis in a laboratory setting, we recently conducted
studies using intact, gonadectomized and sham-gonadectomized adult male
and female mice exposed to PCBs and determined changes in striatal DA
concentrations. Although experimental gonadectomy only partially recap-
itulates the hormonal and neurological changes associated with natural
menopause, this approach best models the changes seen in reproductively
senescent women and men. As seen in Figure 3.4, PCBs significantly reduced
striatal DA concentrations in intact, reproductively competent male mice, but
not in intact reproductively competent female mice. These findings closely
approximate the observations reported by DiPaolo and colleagues,>*>> Murray
et al.>* and Gillies ez al.*® following exposure of in intact male and female mice
or rats to either MPTP or 6-OHDA. Furthermore, in our study, ovariectomized
mice exposed to PCBs showed significant reductions in striatal DA following
exposure to PCBs compared to levels seen in intact PCB-exposed mice, findings
similar to those seen by Morissette er al.>* These findings further support the
hypothesis that ovarian hormones are neuroprotective and that the loss of
ovarian hormones (due to ovariectomy) increases susceptibility to DA
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Figure 3.4 Dopamine levels in the striatum of control and PCB exposed (70-day
subchronic exposure to food containing 500 ppm of Aroclor 1254) adult
intact male and female mice or mice that had undergone gonadectomy or
sham gonadectomy surgery.

neurotoxicants. However, unlike other studies that have used ovariectomized
rodents to examine the role of estrogen as a neuroprotective factor, we chose to
compare the neurochemical consequences of exposure to PCBs in gonadec-
tomized mice against those seen in sham-gonadectomized mice (i.e., mice that
were exposed to the same anesthetics and analgesics and who had been
surgically manipulated but did not have their gonads removed). Surprisingly,
PCB-exposed, sham-ovariectomized mice showed the same reductions in
striatal DA as seen in ovariectomized mice, despite no significant changes in
circulating ovarian hormones.

Why have I spent so much effort describing these results, particularly since
the focus of this review is concerned with aging and increased vulnerability to
environmental contaminants? Firstly, these unexpected findings suggest that
surgical trauma, and by analogy, significant psychological trauma, may interact
with environmental contaminants to induce changes in the CNS, thereby
increasing the likelihood of developing PD or associated movement disorders.
Thus trauma, including the death of a spouse or a loved one, in combination
with prior exposure to environmental contaminants, may trigger Parkinson’s
disease or other neurological or neurocognitive disorders. Obviously, this novel
hypothesis requires additional research. Furthermore, there is evidence, both
epidemiological’”*® and laboratory-based>”*° demonstrating that PCB exposure
leads to menopause at an earlier age.

3.6 Effects of Environmental Exposure to PCBs on
Motor and Cognitive Function in Adults

A number of studies have examined the behavioral consequences of devel-
opmental exposure to PCBs®'® and have noted long-lasting deficits in
cognition and behavior in infants and children born to mothers who consumed
contaminated fish from the Great Lakes. A much smaller series of studies,
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however, have examined the behavioral consequences of exposure of adults to
environmental levels of PCBs.

An early study by Schantz e al.®® examined the effects of exposure to PCBs
and DDE on motor function in 50-90 year old Michigan residents who
reported that they had eaten more than 24 pounds of contaminated fish per
year. Higher fish consumption, and by inference, elevations in PCB body
burdens, was associated with significantly poorer performance on tests of
motor function, including the Grooved Peg Board and the Static Motor
Steadiness Test. However, when statistically correcting for relevant
confounders, including age and gender, the associations between exposure to
PCBs and/or DDE became only marginally significant.

These largely negative results have been, in part, obviated by findings from
the same cohort when measures of neurocognitive were obtained. Schantz
et al.'® found significant associations between consumption of contaminated
fish and impairments of memory and learning. Furthermore, these authors
noted that PCBs, but not DDE, were statistically and negatively associated
with lower scores on several measures of memory and learning, including the
Weschler Memory Scale and the California Verbal Learning test (CVLT).

A similar study was more recently conducted by Fitzgerald er al.,'* who
determined the neuropsychological status among older residents of Upper
Hudson River communities. The subjects were of similar age to those examined
by Schantz et al. (55-74 years of age), although information on consumption of
contaminated fish was not included. Furthermore, serum PCB levels (lipid-
adjusted) were less than half the levels reported in the studies by Schantz et al.
(3.2 ppb versus 7.9 ppb). Nevertheless, negative associations between serum
PCB levels and decrements in the CVLT, as well as increased depression,
measured by the Beck Depression Index, were seen in the Fitzgerald study.
Thus even at lower PCB body burdens, residents of the upper Hudson River
demonstrated deficits in the CVLT, thereby partially recapitulating the earlier
findings of Schantz er al. The findings of both authors are of particular
importance because they suggest that either current or prior exposure to
contaminated fish (Schantz) or living adjacent to PCB contaminated sites
(Fitzgerald) is associated with decrements in neurocognitive function in adults,
even after controlling for age.

Somewhat similar findings were reported by Haase et al.,°® from a study
supported by the NIEHS Superfund. They examined the relationship between
exposure to PCBs and neuropsychological function in a Native American
population of Mohawk people who were residing in upstate New York and
who had been environmentally exposed to PCBs and pesticides. Interestingly,
the age of the subject significantly affected the relationships between PCBs, but
not pesticides, and cognitive function; only individuals who were more than 49
years of age demonstrated deficits on the Trail Making Test, the Stroop test, the
Wisconsin Card Sorting Test and Visual memory performance.

Finally, Kilburn ez al. published a series of manuscripts describing the
behavioral consequences of adult exposure to PCBs and related contaminants.
In a 1989 publication,®’ the author described neurobehavioral dysfunctions in



Do PCBs Exacerbate Aging? 95

firemen exposed to PCBs and their by-products in a transformer fire. Beha-
vioral deficits included memory impairments for story recalls, visual images and
number recall. Improvement in some of their behaviors following an experi-
mental detoxification program consisting of a medically supervised diet,
exercise and sauna, was also reported. There was, however, no relationship
between reported deficits in behavior and serum measures of PCBs raising
concerns since exposure to combustion products of PCBs, including dioxins,
may have contributed to the reported neurocognitive deficits. Furthermore,
McCaffrey and Westervelt®® criticized the purported improvements following
detoxification, since many of the tests were subject to practice effects, i.e.,
performance on these tests would have shown an increase regardless of inter-
vention simply because the tests were repeated. Kilburn®® also described visual
and neurobehavioral impairment in residents living near a natural gas pipeline
pumping station (the pumps were lubricated with a compound that consisted of
50-80% PCBs) that resulted in dispersion of PCBs from compressed air used to
start the pumps. Exposed subjects were reported to have slower simple and
choice reaction times, increased body sway and deficits in performance of the
grooved peg board test and the Trail Making Test. Concerns have been raised,
however, because many of the exposed subjects were involved in a lawsuit
against the gas pipeline company. Hence these subjects would, perhaps, be
motivated to show deficits in neurocognitive function. However, in a later
publication, Kilburn’® stated that being involved in a lawsuit against a company
that owned an electronic manufacturing plant that resulted in exposure of
residents to tricholoroethylene did not affect performance. These issues would
have been cither partially or fully negated if the author had administered the
Test of Memory Malingering, which is designed to help psychologists and
psychiatrists distinguish between malingered and true memory deficits.”!

Nevertheless, the concerns raised about the aforementioned studies illustrate
the complexity, and the necessity for extreme care, in conducting epidemi-
ological studies. These concerns include: controlling for potential confounders,
determining, using power analyses, whether the cohort is sufficiently large to
allow appropriate conclusions to be drawn, whether other known or putative
environmental agents may contribute to deficits in central function and if the
subjects have or have had a vested interest in the outcome of the neurocognitive
or neurological measures.

3.7 Are PCBs the only ‘Bad Actors’?

It is appropriate at this time to discuss concerns that I and others have
that environmental exposure to PCBs rarely, if ever, occurs in the absence
of coexposure to other neurotoxicants. This statement is particularly true
in the case of consumption of contaminated fish and other foodstuffs
(Figure 3.5).'%3772 Indeed, in a 1999 publication entitled ‘Are PCBs the Major
Neurotoxicant in Great Lakes Salmon?’,** I demonstrated that, in rats exposed
to diets adulterated with lyophilized salmon (from either Lake Huron or Lake
Ontario) that resulted in daily exposure of as little as 13.9 pg/kg/day of PCBs,
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Figure 3.5 Relative contribution of food groups to the intake of total PCBs,
determined from a Swedish market basket in 2005.
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Figure 3.6 Relative proportion of the major organic contaminants found in Lake
Ontario salmon fillets.
(Reproduced with permission from ref. 78).

reductions in striatal DA were similar to those seen following exposure to 10
mg/kg/day of an ortho-substituted congener (2,4,2’,4'-tetrachlorinated PCB).
However, the concentration of this congener required to yield changes in
striatal DA similar to those following consumption of diets containing
lyophilized Great Lakes salmon were approximately 100-fold higher!

What other contaminants found in salmon from the Great Lakes may
contribute to this much greater activity? As shown in Figure 3.6, contaminated
salmon from the Great Lakes contains many other known neurotoxicants,
including methyl mercury and pesticides.'®">7* To reinforce this point, we later
examined, using an in vitro tissue model and measuring DA content, whether
PCBs would interact with methylmercury.>' This study clearly demonstrated
that coexposure to two recognized environmental neurotoxicants resulted
in greater decreases in DA than did exposure to either contaminant alone.
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These studies also serve as a caveat for epidemiological studies that examine the
relationships between consumption of contaminated foods and neurocognitive
deficits, since many studies examine only the statistical relationships between
serum PCB levels and behavioral deficits. This is because techniques for their
quantification are readily available and are used as a biomarker of exposure,
leading perhaps to the fallacious conclusion that it is only the PCBs that
contribute to the behavioral/cognitive deficits.

3.8 PCBs as Etiologic Factors in Diabetes/Insulin
Resistance

Major non-neurological health consequences of both occupational and envi-
ronmental exposure to PCBs include evidence for increased risk of cancer,® as
well as diabetes/insulin resistance.”> Although the mechanisms responsible for
the relationship between obesity and cancer are not fully understood, there is
compelling evidence that elevations in circulating levels of insulin, and
associated increases in cellular insulin-like growth factor, are associated with
obesity and increase the availability of glucose to cells within the body.”® In
turn, because cancer cells require large amounts of glucose, the obesity/
diabetes-induced elevations in insulin are thought to play an important role in
tumorigenesis.

Because the major focus of this review is on the neurological/neurocognitive
effects of PCBs in adults and the elderly, I will focus, in this section, on the role
that PCB-induced diabetes/insulin resistance plays in altering CNS function,
including neurodegenerative disorders. Before that discussion, however, it is
necessary to review research that demonstrates that PCBs lead to an increase in
either diabetes or insulin resistance.

Persky ez al.”® examined the associations between PCB exposure, determined
by measuring serum PCB levels, and diabetes in post-menopausal women who
had been previously employed at a capacitor manufacturing plant. All PCB-
exposed women demonstrated an increase in self-reported diabetes, but not in
insulin resistance, after controlling for relevant confounders, e.g., body mass
index, triglycerides and alcohol consumption. This relationship was seen only
for dioxin-like and not ortho-substituted PCB congeners. However, for those
women who did not report having diabetes, a measure of insulin resistance
(homeostatic model of insulin resistance) was significantly associated with total
PCB body burden. Potential mechanisms for the association between dioxin-
like PCB congeners and self-reports of diabetes may involve autoimmune
effects associated with increased glutamic acid decarboxylase, which is often
seen in individuals diagnosed with either Type I or Type II diabetes.”’

Environmental exposure to PCBs has also been associated with an increase in
diabetes. A 2009 study from Persky’s group’® determined that organochlorine
exposure in Great Lakes sport fish consumers was associated with increased
risk of diabetes. However, in a cohort of individuals originally studied because
of widespread polybrominated biphenyl (PBB) exposure due to accidental



98 Chapter 3

contamination of feed for dairy cows, Vasiliu et al.® demonstrated, for women,
but not men, that PCBs, but not PBBs, were associated with a 2.3-fold increased
risk for diabetes. In both the Persky and the Vasiliu et al. study, the concept of
‘reverse causation’ i.e., either increased body mass index or serum lipid levels,
that may have confounded the relationship between elevated halogenated
aromatic hydrocarbon levels and diabetes, was shown not to influence the
observed relationship between exposure and diabetes.

Finally, in a series of studies, Lee et al*>" demonstrated, using results
obtained from the National Health and Nutrition Examination Survey
(NHANES), an association between serum concentrations of persistent organic
pollutants and diabetes in non-diabetic adults. In the first publication,* the
authors reported a strong dose-response relationship between serum concen-
trations of persistent organic pollutants, including an ortho-substituted PCB
congener (2,4,5,2',4',5-hexachlorobiphenyl), as well as hepta- and octa-
chlorodibenzo-p-dioxin, oxychlordane, p,p’-dichlorodiphenyltrichloroethane,
trans-nonachlor) and incidence of diabetes. The authors caution, however,
that, particularly for cross-sectional studies, it is not possible to determine
whether those individuals who had diabetes metabolized the halogenated
aromatic hydrocarbons at a lower rate than individuals who did not have
diabetes, which could result in a confounding of the causal relationship between
these contaminants and diabetes. In a follow-up report, again using data from
NHANES, Lee et al.” found that both ortho-substituted PCB congeners and
organochlorine pesticides were associated with increased incidence of diabetes.
Finally, the same authors’® concluded that dioxin-like and not ortho-
substituted PCB congeners were associated with increased risk of diabetes.

The lack of agreement between the aforementioned studies highlights the
difficulties in carrying out retrospective epidemiological studies, including
sample selection, measurement of body burdens of relevant contaminants and
determining the relationships between various classes of halogenated aromatic
hydrocarbons, including whether the dose responses for these contaminants are
linear. Nevertheless, in total, the studies suggest that halogenated aromatic
hydrocarbons, including PCBs, are associated with an increased risk of diabetes
and that this risk may initially be independent of the body mass index of the
subject.

Why have I spent so much of this chapter describing the relationships
between occupational and environmental exposures to PCBs and related
contaminants and diabetes/insulin resistance if the goal of this review is to
highlight the role of PCBs in the etiology of disorders of the central nervous
system in adults? The perhaps less than obvious reason is that diabetes is often
associated with elevated circulating levels of insulin resulting in a clinical
insulin resistance.*® Furthermore, these elevations can influence the CNS by
reducing the activity of growth factors essential for the maintenance of
neuronal viability and synaptic connectivity.®' These changes are associated
with decreased cognitive function,® as well as an increased risk for developing
Parkinson’s and Alzheimer’s disease.®®* Potential mechanisms by which
alterations in circulating (and brain) levels of insulin and increased cognitive
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dysfunctions are associated with age, as well as Alzheimer’ disease, have been
reviewed by Bosco er al.®* These authors suggest that hyperglycemia, associated
with diabetes, increases peripheral usage of insulin, resulting in decreased
insulin transport into the brain. In turn, alterations in central insulin and
insulin-like growth factors influence neuronal survival, longevity and learning
and memory. Hence reductions in brain insulin, combined with an age-related
decrease in central insulin receptor densities, may interact to increase the
likelihood of both mild cognitive deficits and Alzheimer’s disease, most likely
by increasing inflammation, oxidative stress and levels of B-amyloid and tau.

Similar to Alzheimer’s disease, clinical studies®>*® have demonstrated an
association between obesity, diabetes/insulin resistance and Parkinson’s
disease.®® Potential mechanisms include, as with Alzheimer’s disease, reduced
central energy balance, increased oxidative stress and—in an animal model of
diabetes, induced by placing rats on a high-fat diet—increased nigral iron
levels, which has been associated with a significant reduction in nigral
dopaminergic neurons®” due to Fenton reaction-induced increases in oxidative
stress.

I began this review by stating that declines in cognitive function, as well
as an increased risk for developing neurodegenerative disorders, including
Parkinson’s disease and Alzheimer’s disease, are an inevitable consequence of
aging. I have hopefully presented sufficient data to indicate that exposure to
ortho-substituted PCBs and related coplanar halogenated aromatic hydro-
carbons, including dioxin, may exacerbate these deficits in brain function,
particularly in adults and the elderly. I do not, however, wish to leave the reader
with the impression that prior or current exposure to these and other
contaminants represents a ‘death sentence’, resulting in contaminant-accelerated
decline in cognitive function and an increase in aging-related neurodegenerative
diseases. Because of the strong associations between obesity, diabetes/insulin
resistance and neurocognitive and neurodegenerative disorders, it has been
suggested—and seconded by this author—that regulating obesity at both the
national and personal level must be made an extremely high priority, since
reductions in Type 2 diabetes is likely to decrease diabetes-associated deficits in
CNS function in adults and the aged. Furthermore, as is well known, regular
exercise reduces body weight and diabetes, as well as increasing a process of cell
death known as apoptosis.®® Although this may appear to be ominous and
counter-intuitive, recent studies have suggested that the positive association
between exercise and health is likely to include death/removal of cells that have
been injured or damaged, for example by contaminants or the aging process
itself. Thus, as our mothers were wont to say (or at least mine was!), ‘eat
healthy and exercise (both your body and your brain)!’.
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CHAPTER 4

Parkinson Disease

G. NELSON AND B. A. RACETTE*

University of the Witwatersrand, Division of Biostatistics and
Epidemiology, School of Public Health, Faculty of Health Sciences,
7 York Rd, Parktown, 2193 South Africa

4.1 Introduction

Parkinsonism is a clinical syndrome characterized by bradykinesia, postural
instability, rest tremor, and rigidity. The most common degenerative parkin-
sonism is Parkinson disecase (PD), a progressive condition that affects
approximately 2% of people over the age of 65." PD is associated with
degeneration of substantia nigra and intraneuronal deposition of alpha
synuclein (either Lewy bodies or Lewy neurites), and clinical improvement of
symptoms with the dopamine precursor, levodopa. Parkinsonism is also
commonly seen with aging.? Age-related parkinsonism is associated with
functional disability> and may serve as a marker for degenerative brain
pathologies.*

Patients with PD display resting tremor, bradykinesia, a paucity of spon-
taneous movement, rigidity, and postural instability. Disease progression is
gradual but relentless, and eventually leads to substantial disability for most of
those afflicted. Pathologically, there is selective neuronal loss in the substantia
nigra with the presence of cytoplasmic inclusions (Lewy bodies) in remaining
cells, reduced nigrostriatal neuronal projection, and subsequent striatal
dopamine deficiency.” Although symptomatic treatment with levodopa focuses
on replacing striatal dopamine, the progression of the disease cannot be slowed
or halted.®’
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PD is primarily viewed as a disease of aging. The average age of onset is
around 60 years, with only 5-10% of cases occurring before the age of 50.*
However, it is widely believed that PD develops from multiple risk factors,
including aging, genetic predisposition, and environmental exposure. Several
gene mutations have been identified as risk factors for PD, but these account
for only 5-10% of cases of PD.’ This suggests that exogenous or environmental
factors influence the risk of development of PD, either independently or in
conjunction with genetic predisposition.®

PD has been linked to exposure to a number of toxins, including metals,
such as manganese, lead, and copper; pesticides, often associated with farming
and gardening activities; and solvents, such as trichloroethylene. The source
of these exposures can be occupational or community/residential, including
rural pesticide application or urban industrial emissions. Although there
are numerous studies implicating specific occupations in the actiology of PD,
the majority of PD cases do not have clear occupational exposure,
suggesting that residential/community exposures may be critical in PD
pathogenesis.

Many studies have compared PD incidence and/or prevalence amongst rural
and urban populations in attempts to compare the relative roles of residential
and industrial exposures in the actiology of PD. Some have shown a higher risk
of PD in individuals living in rural areas of Europe and North America,'*"?
which would potentially link PD to exposure to pesticides and herbicides used
in farming, in addition to well water; however, the results are inconsistent.'*
The largest population-based study of the relationship between residence and
PD—which used Medicare ICD-9 diagnosed cases and the US Department of
Agriculture rural-urban continuum classification (United States Department
of Agriculture Economic Research Service, 2008) to classify ‘rurality’—found
no dose-dependent relationship between PD and rural living but a higher PD
prevalence and incidence in the most urban counties as compared to the most
rural counties.! This study suggests that urban living may be an important risk
factor for PD. Most studies investigate only current residence, and not lifetime
residence, and risk of PD.

Studies suggesting that industrialization may increase the risk of PD include
a comparison between similar populations in the USA and Nigeria;'’ a
population-based study in Michigan, USA, which showed higher mortality
rates in counties with higher concentrations of industries with potential heavy
metal emissions;'® and comparisons of urban and rural populations in Italy,"”
Bulgaria,'® and Taiwan'® (Table 4.1). Although figures were not estimated, a
Swedish study suggested that there was an increased prevalence of PD in a
county where the economy was predominated by steel and wood manu-
facturing industries, in comparison to three other less-industrialized counties,
based on levodopa prescription records, a common method for identifying
cases given the almost universal treatment of patients with levodopa during the
course of their disease.”® A mortality study of World War II veterans found
higher PD death rates in the more industrialized Northern states than in the less
industrialized Southern states.”!



106

Table 4.1 Studies comparing PD in different populations.

Chapter 4

PD prevalence (x1077)

Non|less
Industrialized industrialized
Authors Measurement Country(ies) region region
Schoenberg Age-adjusted USA and 341 (rural USA) 67 (rural
et al., 1988"° prevalence ratio Nigeria Nigeria)
(>39 years)
Rybicki et al.,  Mortality rate USA 27 16

199316

Taba and Age-adjusted Estonia 159 (urban) 139 (rural)
Asser, 20022 prevalence rate

Taba and Age-adjusted Estonia 19 (urban) 14 (rural)
Asser, 2003% incidence rate

Totaro et al., Age- and Italy 245 (urban) 215 (rural)
2005"7 sex-adjusted

prevalence rate

Peters et al., Prevalence rate Australia 130 (urban) 164 (rural)
2006% (unadjusted)

Chen et al., Age-standardized Taiwan 939 (urban) 544 (rural)
2009 prevalence rate (>50 years)

Hristova et al., Age-adjusted Bulgaria 13 (urban) 10 (rural)
2010'® incidence rate

Walker et al.,  Age-adjusted England 139 (urban) 142 (rural)
2010% prevalence rate

Willis et al., Age-adjusted USA 1706 (pop. >1 m) 1 371 (pop.
2010" prevalence rate <2500)

However, differences in rural-urban PD prevalence have not been found
consistently worldwide. Similar PD prevalence and incidence rates were found
amongst residents in urban and rural areas in Estonia,”** and in England,**
and an Australian study reported lower prevalence rates of PD in urban areas®
(Table 4.1). A case-control study in Serbia did not find any difference in the
odds ratio (OR) for PD between rural and urban areas,”® and a case-control
study in Quebec, Canada, reported a lower adjusted OR of 0.15 (95% CI
0.04-0.55) for PD associated with living in industrial or mining areas.'*

Different study designs, case-finding methods, and definitions of PD, as well as
the difficulty in classifying rural and urban living, prevent direct comparison of the
above studies. In many of the studies, small sample size also affects the validity of
the findings. A recent study investigated rural-urban risk for PD using standard,
population density-based definitions for rural living.! More than 500 000 prevalent
PD cases older than 65 years were identified from USA population-based
Medicare data. The authors found a significantly higher prevalence of PD in the
most urban USA counties compared to the most rural (Table 4.1 and Figure 4.1).

Studies analyzing PD incidence trends potentially test the hypothesis that
industrialization is a risk factor for PD. A study investigating the longitudinal
risk of PD in a small, relatively rural region in Minnesota, USA, from 1967 to
1979, found no change in the annual incidence of PD during that time period.



Figure 4.1 County level age- and race-standardized prevalence (per 100 000) of Parkinson disease among Medicare beneficiaries in the
USA (year = 2003)."
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It is also unlikely that there was a substantial change in industrialization in that
rural region of the USA over the 12-year period. Similarly, a more recent
population-based study of USA Medicare beneficiaries, reporting PD incidence
rates for a 4-year period from 2002 to 2005, also showed no change.' This same
study also found a stable PD prevalence rate from 1995 to 2005. A population
prevalence study in the English Midlands did show an increase in PD from 1982
to 1992,°® but this may have been due to increased medical and public
awareness, rather than industrialization.

4.2 Environmental Toxins

Risk factors for PD include modifiable and non-modifiable factors. Non-
modifiable factors include increasing age, male gender, and White race.!**-*°
Modifiable risk factors, such as environment or occupation, have been
relatively under-studied, especially in urban areas where the overwhelming
majority of PD patients reside. Understanding community level exposures to
environmental toxins is critical in determining the causes of most cases of PD
and in developing strategies to reduce the burden of the disease in the future.

4.2.1 Metals

There are a number of studies that suggest that heavy metals are associated
with PD,'®3!"3* and that exposure may accelerate some of the pathologic
findings characteristic of PD. The metal for which the most evidence exists for
an association with PD is manganese, but lead, copper, and mercury have also
been implicated.***® Most studies have been conducted on occupationally
exposed populations; very little research has been conducted on the effects of
community exposure.

4.2.1.1 Manganese

Manganese is a known neurotoxin that has been associated with damage to
some of the same structures in the brain that are affected in PD.>”** Exposure
to acute, high levels of manganese is clearly associated with parkinsonism, and
lower-level exposure is associated with parkinsonian motor abnormalities.
Evidence implicating manganese in the aetiology of PD is contradictory.
There is strong evidence for an association of parkinsonism and occupational
exposure to manganese. In 1837, the first case series of parkinsonism in
manganese miners was published. The necurological effects of manganese
exposure in four ore crushers were described as lower extremity predominant
muscular weakness, festination, postural instability, facial masking, hypo-
phonia, and sialorrhea.*® More than 100 years later, in 1955, Rodier described
similar neurological symptoms in a group of 150 Moroccan underground
manganese miners,*’ with latency from exposure ranging from one month to
more than 10 years. He described a syndrome characterized by typical park-
insonian findings (rigidity, bradykinesia, tremor, flexed posture, shuffling gait,
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postural instability) and atypical findings (psychosis, personality change,
dystonic ‘cock’ gait, emotional lability). In most cases, the disease progressed to
total disability, despite discontinuing exposure.

There are a number of clinical reports of atypical parkinsonism in similar and
other manganese-exposed workers. Two case series in the 1960s described
manganese poisoning: one in 13 Chilean miners,*> and the other in seven
workers from various industries in Pennsylvania, USA.** Another report of
six men who developed manganese poisoning in a manganese ore crushing
plant where reported levels were as high as 21.9 mg m~® was published
in 1974.%

Manganese is the primary exposure in the steel industry and there is some
evidence that workers with acute exposures to fumes present with an atypical
parkinsonian syndrome. In 1966, Whitlock et al. reported two cases of
manganese poisoning in a manganese steel plant.*’ Both men were exposed to
manganese levels of 2.3-4.7 mg m ™ during the process of cleaning manganese
steel castings. In 1989, Wang ez al. described parkinsonism in six of eight
workers, exposed to even higher concentrations of manganese (>28.8 mg m°)
in a Taiwanese ferromanganese smelter,*® one of whom later developed a ‘cock’
gait. ¥

While it is clear that manganese causes an atypical parkinsonian disorder,
evidence implicating manganese in the aetiology of PD is contradictory.
Although one population-based case-control study showed an OR of 10.6 for
PD with occupational exposure to manganese for more than 20 years, the
findings were based on three cases and one control.>>*® A Canadian study
found an increased risk of PD in a small case-control study of 42 PD patients
exposed to a combination of metals, including manganese, but did not calculate
risks for exposure to individual metals.'* Conversely, two other case-control
studies, in Germany and Canada, found no association between exposure to
heavy metals, including manganese, and PD.*** Contradictory findings were
likely due to differences in study design and study population exposures, and
small sample sizes.

There are many clinical reports on the effects of exposure to manganese
fumes in welders.*>** > Manganese is commonly found in welding fumes, and
many welders are regularly overexposed to the American Conference of
Governmental Industrial Hygienists threshold limit value of 0.2 mg m 3, which
was primarily set in regard to neurological effects.>*>* Although the
dose—response relationship between welding exposures and motor function
remain to be established, one small study suggested that performance on peg-
board and timed motor tasks might be slower in 12 manganese-exposed welders
when compared to a control group of 39 railway track welders who had welded
for less than 25 hours in total.” A large study of 1423 Alabama welders found
a substantially higher prevalence of parkinsonism compared with the general
population of Copiah County, Mississippi, USA. The estimated prevalence of
parkinsonism among active male welders aged 40-69 years was 9771336 per
100 000, and was higher among welders when compared to age-standardized
data for the general population (prevalence ratio 10.19; 95% CI 4.43-23.43).%°
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Table 4.2 Parkinsonian motor abnormalities in workers exposed to low levels
of manganese.

Mean ambient
manganese level

Authors Country Study population — (mg m_‘?) Clinical signs
Roels et al., Belgium 141 manganese 0.94 (0.07-8.61) Slowed simple
1987'"3 oxide and salt reaction times,
producing plant increased hand
workers tremor
Iregren, 1990''®  Sweden 30 steel smelting  0.18—1.41 Slower reaction
Wennberg et al., workers; 60 times, reduced
19917 controls finger tapping
Wennberg et al., speeds, reduced
1992118 tapping endurance,
diadochokinesis
Mergler et al.,  Canada 115 ferro- 0.89 Slower computerized
1994119 manganese and finger tapping
silicomanganese scores, less hand
alloy workers; steadiness
145 controls
Lucchini et al., Italy 61 ferroalloy 0.07 Tremor,
1999120 plant workers; coordination,
87 controls bradykinesia

This study specifically addressed parkinsonism, not PD. Several cross-sectional
studies have shown that occupational exposure to manganese at low levels, viz.
below the Occupational Safety and Health Administration’s permissible
exposure limit of 5mgm >, may be associated with parkinsonian motor
abnormalities (Table 4.2), with the most consistent symptom being slowed
finger tapping. Such studies have been conducted primarily in workers
employed in the metal industry and in welders.

These findings are supported by a number of studies in manganese-exposed
communities (Table 4.3). One such study on 273 people in Quebec, Canada,
showed an association of raised blood manganese levels with slowing of motor
tasks and difficulty with pointing tasks consistent with tremor.>® Two more
recent Italian studies have also suggested that residential exposure to
manganese 1is associated with an increased prevalence of parkinsonian
disturbances.””>®

Although there is some evidence that welders may have a higher risk of
parkinsonism, findings of epidemiologic studies, including large welder cohorts,
provide contradictory results regarding the relationship between welding and
PD. A survey of three specialty-based practices found only three welders
among 2249 consecutive patients with PD.> However, it is possible that
welders were underrepresented in these relatively white collar communities. In a
death certificate study of neurodegenerative disease and PD, welding-related
occupations were not among the highest ranked occupations in PD-related
deaths.®



Table 4.3 Studies of community manganese exposure and parkinsonism or PD.
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Authors Country Study design Study population Findings
Mergler et al., Canada Cross-sectional 273 residents exposed to Slowing of motor tasks; difficulty with
19993 manganese pointing tasks consistent with tremor
Lucchini et al., Italy Cross-sectional 903997 residents in 206 Prevalence in municipalities in vicinities of
2007%7 municipalities ferromanganese plants 492/100 000 vs
321/100 000 in others
Lucchini et al., Italy Cross-sectional 154 adolescents in vicinity Historical manganese exposure from

20128

Dick et al., 2007%

Finkelstein and
Jerrett, 2007%7

Willis ez al., 20108
Willis et al., 2012%3

Scotland, Italy,
Sweden,
Romania,
Malta

Canada

USA
USA

Case-control

Nested case
control

Cross-sectional
Cohort

of ferroalloy plants
157 controls

767 PD patients
1989 controls

509 PD patients
52477 controls

34 584 PD patients
138 000 Medicare
beneficiaries with PD

ferroalloy emission reflected by the
concentration in soil and biomarkers as
associated with sub-clinical deficits in
olfactory and motor function

No association of manganese exposure
with PD

OR 1.03 (95% CI 1.00-1.07)
per 10ngm ™~ increase in particulate
manganese; exposure to ambient
manganese advances the age of diagnosis
of PD

RR 1.78 (95% CI 1.54-2.07)

Adjusted HR 1.19 (95% CI 1.10-1.29)

I
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However, death certificates may underestimate the prevalence of parkin-
sonism or PD, given the long clinical course and rarity of death due to PD-
related morbidity. Two studies in Sweden and Denmark, using hospitalization
for PD to identify cases, found no increased risk of PD in welders.®"®?
However, a recent survival study in PD patients found that only 1% of
patients with PD are ever hospitalized for PD, making this a very insensitive
method of case identification.®® Finally, there is some evidence that welding
exposure may accelerate the age of onset of,** and death due to, PD.%

There is also a growing body of evidence implicating community level
exposures to manganese as a risk factor for PD (Table 4.3). Although a
European study did not demonstrate an association with manganese exposure,
based on occupation, hobbies, and water supply,*® three subsequent large
studies, using GIS (geographic information system) coding, did report
increased risks. The first, using markers of exposure to ambient manganese,
found no association with markers for traffic-generated air pollution, but
reported an increased OR for markers for industrial emissions containing
manganese.’’ Using Medicare data for PD case identification and exposure
lagging, a second study reported a higher incidence of neurologist-diagnosed PD
in urban USA counties with high manganese release compared to those with
none®® (Figure 4.2). This was specific to manganese as there was no increased
incidence in counties with high industrial lead or zinc emissions. While these two
studies suggest that community manganese exposures may be a risk factor for
PD, the third, more recent GIS study suggests that manganese may modulate
PD progression. This large retrospective cohort study of Medicare beneficiaries
with incident PD demonstrated higher risk of death in patients living in urban
areas with high industrial manganese emissions than in those in areas with low
emissions.®® This finding was specific to manganese as PD patients living in
regions with high copper emissions had no elevated risk of PD.

The pathophysiology of manganese-associated neurotoxicity has been studied
using molecular imaging in manganese-exposed welders. The same technology
provides an opportunity to understand the relationship between manganese
exposure and PD. ['®F]Fluorodopa (['*FJFDOPA) Positron Emission
Tomography imaging in two welders with PD demonstrated reduced ['*FJFDOPA
uptake to be more prominent in the posterior putamen contralateral to the most
affected side.®* A recent study of asymptomatic, active welders found reductions in
["®FIJFDOPA uptake preferentially involving the caudate, with relative preser-
vation of the posterior putamen.®” Workers imaged in this study had only mild
abnormalities on a quantified motor exam for parkinsonism (Unified Parkinson
Discase Rating Scale motor scale). However, further work to investigate the
spectrum of dopaminergic dysfunction in manganese-exposed workers is needed in
order to understand the toxic effects of manganese on the substantia nigra.

4.2.1.2 Lead

Long-term exposure to lead has been suggested as a possible risk factor for PD.
Parkinsonism has been reported in workers exposed to lead-sulfate



Figure 4.2 Map of USA showing heavy metal emitting facilities (manganese, copper, or lead).
Produced by A. Wright Willis, using Environmental Protection Agency Toxic Release Inventory Facility data, 1988-2005, using

ESRI ARC MAP, version 9 software.
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batteries.”” 7> A USA case-control study, published in 2006, reported a two-
fold increase in the risk of PD with occupational lead exposure, measured as
cumulative lead in bone tissue.”* While lead in blood is a good biomarker for
recent exposure, cumulative exposure, which can be measured in bone where
the half-life for lead is decades, is more relevant when studying PD. A second,
much larger case-control study, carried out in the USA and published in 2010,
confirmed a role for lead in the development of PD.”* However, Willis ez al.
found no relationship between industrial lead emissions and the incidence of
PD in the USA in a cross-sectional GIS study, using Medicare data.®® Resi-
dential lead exposure differs from manganese in that it has many potential
sources. The role of environmental lead exposure in PD thus needs to be
investigated more thoroughly.

4.2.1.3 Copper

As for lead, the evidence for an association between residential exposure to
copper and PD is tenuous. While occupational exposure to copper was
associated with a two-fold increased risk for PD in a population-based case-
control study in the USA,*® no association was found in a case-control study
conducted in Germany.**

An earlier population-based mortality study showed that USA counties with
a higher concentration of paper-, chemical-, iron- or copper-related industries
had statistically significantly higher PD death rates than counties without these
industries,'® suggesting a geographic association between PD mortality and the
industrial use of heavy metals. Using GIS, Willis et al. analyzed Medicare data
for the risk of PD in counties with high emissions of copper and found no
relationship between industrial copper emissions and the incidence of PD.%

4.2.1.4 Combinations of Metals

Studies suggest that exposures to combinations of metals present a higher risk
for PD than exposures to single metals. Gorell et al. calculated increased risks
for PD with occupational exposures to lead and copper (OR 5.24), lead and
iron (OR 2.83), and iron and copper (OR 3.69) over more than 20 years.>
Another study demonstrated an increased risk for PD in those occupationally
exposed to a combination of manganese, iron, and aluminium (OR 2.28), which
increased when exposure was longer than 30 years (OR 13.64).'* However, the
number of subjects was small in both studies.

4.2.1.5 Other Metals

Other metals that have been studied include iron, zinc, cadmium, aluminium,
and nickel. Although more central nervous system symptoms and decreased
motor function were reported in 38 aluminium exposed welders compared to 39
controls,** a small case-control study of 130 patients with PD, compared to sex-
and age-matched community controls selected by random-digit dialing, showed
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no difference in work-related contact with aluminium.*’ One case-control study
of only 54 patients in the 1980s demonstrated an association between blood
mercury levels and PD.3® All subsequent studies on mercury have shown no
association.***>73 There is no other evidence of an association of exposure to
any of these metals with PD’® (when not combined with exposure to other
metals, as discussed in Section 4.2.1.4).

4.2.2 Pesticides

Numerous studies have investigated the association between exposure to
pesticides and the risk of PD. Products most consistently implicated as risk
factors for PD are the widely-used broad-spectrum herbicide, paraquat
(1,1’-dimethyl-4,4'-bipyridylium dichloride), and the manganese-containing
fungicide, maneb (manganese ethylene bisdithiocarbamate), although neur-
ological effects of other pesticides have also been reported.

There are reports of the development of parkinsonism after acute exposure to
diquat,” paraquat,” and glyphosate.” In addition, a study comparing 50
maneb-exposed, with 19 non-exposed, agricultural workers found that the
exposed group was significantly more likely to have rigidity than the non-
exposed group.®® A case-control study conducted in eight movement disorders
centers in North America compared lifelong occupational and job task histories
to determine associations with parkinsonism and certain clinical subtypes in
519 cases and 511 controls.®' Risk of parkinsonism increased with pesticide use
(OR 1.90; 95% CI 1.12-3.21), use of any of eight pesticides mechanistically
associated with experimental parkinsonism (OR 2.20; 95% CI 1.02-4.75), and
use of the herbicide 2,4-dichlorophenoxyacetic acid (OR 2.59; 95% CI
1.03-6.48).

Studies investigating risk of PD associated with pesticides are conflicting.
There are several case-control studies demonstrating increased risk of PD
associated with occupational exposure to pesticides, herbicides, fungicides,
and/or insecticides.''***7 Many of these studies were based on small numbers
of PD cases. On the other hand, a large cross-sectional study found a
dose-response relationship between self-reported incident, but not prevalent,
PD and pesticide use in more than 52 000 pesticide applicators.®® However,
there was no association with specific pesticides. In a cohort study, a relative
risk of 1.7 (95% CI 1.2-2.3) was calculated for PD and pesticide use.®

A recently published Finnish nested case-control study, using serum
biomarkers of organochlorine pesticides collected from 101 cases and 349
matched controls from 1968 to 1972, demonstrated weak evidence for an
association between PD and pesticide exposure.”® A dose-dependent increased
risk of PD was found for only one of the five pesticides tested (dieldrin) and
only among non-smokers.

Fewer studies have looked at associations of PD with community exposure
to pesticides. A case-control study in California, using death certificates to
identify PD cases, found that PD mortality was higher in counties using agri-
cultural pesticides than in those where pesticides were not used (ORs ranged
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from 1.19 to 1.45).°' However, studies that use GIS methodologies to estimate
exposure, rather than relying on subjective self-reported exposure data, provide
the most convincing evidence of the link between pesticides and PD. GIS
modeling was used in a second case-control study to calculate residential
exposure to maneb and paraquat in more than 300 cases and controls over 10
years.”>%3 High residential exposures to these pesticides significantly increased
the risk of PD.

Other studies have attempted to estimate the risk of PD from community
exposure to pesticides by using well water consumption as a surrogate measure
of pesticide or herbicide exposure. Only one study, however, has measured
pesticide contamination of well water and attempted to correlate these levels
with PD risk. Gatto et al. used a case-control GIS model to investigate whether
drinking water from wells in areas with documented historical agricultural
pesticide use was associated with an increased risk of PD among residents in a
farming-intensive area of California.’* A comparison of 368 PD cases,
diagnosed by movement disorder specialists, with 341 non-PD controls, was
made. The risk of PD increased for consumption of well water contaminated
with methomyl (OR 1.67; 95% CI 1.00-2.78), chlorpyrifos (OR 1.87; 95% CI
1.05-3.31), and propargite (OR 1.92; 95% CI 1.15-3.20) and also increased as
the number of pesticides in the water increased. The authors concluded that
consuming well water, presumably contaminated with pesticides, may play a
role in the aetiology of PD.

4.2.3 Solvents

Parkinsonism has been reported in patients following exposure to solvents,
including lacquer thinner,” n-hexane,”® carbon tetrachloride,”” and mixed
solvent exposures from petroleum waste.”® Parkinsonian features have also
been described in painters exposed to various solvents, including toluene,
xylene, carbon disulfide, thinner, methanol, and methylethylketone.”®-'®
Parkinsonism has been described in a number of case reports as a conse-
quence of a methanol poisoning,'°’'% but no studies have shown an
association with PD for this or any other solvent, other than trichloroethylene.

Although a case-control study in Italy identified occupational exposure to
organic solvents as the only significant risk factor for PD among several
industrial chemicals investigated (OR 2.78; 95% CI 1.23-6.26),"" the numbers
of cases and controls were small (86 of each) and no specific solvents were
identified. Epidemiological studies have only been conducted to test
associations of parkinsonism and/or PD with trichloroethylene and carbon
disulfide. However, all studies have been performed in occupationally exposed
individuals, and no data are available for residential exposures.

4.2.3.1 Trichloroethylene

Trichloroethylene (TCE) is a chlorinated hydrocarbon commonly used as a
solvent in the industrial degreasing of metals. It is also used in adhesive paint
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and polyvinyl chloride production, in the textile industry, and in the manu-
facturing of pesticides and other chemicals. TCE is also the most common
organic contaminant of groundwater.'®

There have been several case reports of PD associated with occupational
exposure to TCE. A 47-year old women developed PD after exposure to TCE,
first as a house cleaner, and then in the plastics industry.'” Three cases were
also reported by Kochen et al. in 2003."'° In a report published in 2008, Gash
et al. described three factory workers, using TCE as a degreasing agent, who
developed PD."'! An additional 24 workers demonstrated parkinsonian motor
features.

More recently, Goldman et al. tested the hypothesis that exposure to specific
solvents is associated with PD risk. They interviewed 99 twin pairs discordant
for PD and estimated exposures to six different solvents. Only exposure to TCE
was associated with a significantly increased risk of PD (OR 6.1; 95% CI
1.2-33).'% However, the number of subjects was small and exposure assessments
were based on jobs that may have involved exposure to multiple agents.
Studies with more detailed dose reconstruction and larger numbers are necessary
to confirm these findings, as solvents are common environmental toxins.

Hydrocarbon exposure has also been investigated as a risk factor for PD in
other epidemiological studies. A nested case-control study of 188 patients with
PD found that those occupationally exposed to hydrocarbons were significantly
younger at onset of disease (p =0.014), suggesting that hydrocarbons may be
an environmental accelerant for PD.!"?

4.2.3.2 Carbon Disulfide

Carbon disulfide is used primarily in the manufacture of regenerated cellulose
rayon but is also used in many other industries. Atypical parkinsonism in 21
grain workers (grain inspectors, malt laboratory workers, and grain elevator
workers) was attributed to exposure to carbon disulfide in the 1980s.''?
Symptoms included bradykinesia, rest tremor, cerebellar signs, and sensory
neuropathy. In a more recent cross-sectional study of 85 viscose rayon plant
workers and 66 unexposed controls, exposed workers performed more poorly
on finger tapping tests, and displayed postural tremor and peripheral poly-
neuropathy, even at exposure levels below the threshold limit value.''* No
associations with typical PD have been demonstrated.

4.3 Conclusion

This chapter identifies several common environmental chemicals as risk factors
for PD. The metals for which most evidence exists for an association with
parkinsonism and/or PD are manganese, lead, and copper. The products in the
agricultural industry that are most consistently implicated as risk factors for
PD and/or parkinsonism are paraquat and maneb. There is some evidence for
an association of parkinsonism with carbon disulfide, but TCE is the only
solvent for which there is modest evidence for a risk of PD. Future studies,
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providing converging evidence for the aetiologic role of these environmental
chemicals are needed in order to demonstrate dose-response and to establish
critical thresholds of exposure to inform environmental regulation. Despite
some contradictory findings, reducing environmental exposures may well result
in a substantial reduction in the number of new cases of PD.
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5.1 Mercury and its Compounds
5.1.1 Classification of Mercury Compounds

Mercury (Hg) is a metal that exists in liquid form at room temperature. Metallic
mercury easily evaporates in air to become mercury vapor (elemental mercury).
Mercury creates various compounds which are classified into two general groups:
inorganic mercury compounds and organic mercury compounds. Inorganic
mercury compounds include mercurous mercury (monovalent) and mercuric
mercury (divalent) compounds. Mercurous mercury compounds are easily
broken down into mercuric mercury and elemental mercury. Organic mercury
compounds are chemicals in which mercury is covalently bound to carbon, for
example R-Hg" or R-Hg-R’, where R or R’ represent organic moieties. Three
major organic mercury compound groups are alkylmercury, arylmercury, and
alkoxyalkylmercury.

It is noteworthy that different mercury compounds have different toxico-
logical profiles, including routes of exposure, metabolism in the body, and
health effects. For metallic mercury, inhalation of mercury vapor is a significant
exposure route, while oral exposure via ingestion is not. A typical health effect
of mercuric mercury compounds is nephrotoxicity, while that of alkylmercury
compounds is neurotoxicity. It is also recognized that exposure at different
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stages of life causes different health effects. In the disasters of Minamata
Disease and Iraqi methyl mercury poisoning, infants born to mothers with
minimal signs and symptoms of methylmercury exposure showed severe
neurological damage and developmental delays. Therefore, fetuses are
considered to be more susceptible than their mothers.

5.2 Mercury Vapor (Elemental Mercury)
5.2.1 Physical and Chemical Properties

The physical and chemical properties of metallic mercury are as follows:'
atomic weight, 200.6; atomic number, 80; density, 13.6; melting point,
—38.90 °C; boiling point, 356.60 °C. Since the melting point of metallic mercury
is —38.90 °C, it exists in liquid form at room temperature. Metallic mercury
is highly volatile. A saturated atmosphere of mercury vapor contains
approximately 18 mg Hg/m?> at 24.0 °C.

5.2.2 Exposure and Metabolism
5.2.2.1 Route of Exposure and Absorption

Substantial exposure to mercury vapor occurs via inhalation. Mercury vapor is
readily absorbed through the alveolar membrane.> Approximately 80% of
mercury will be absorbed through the alveolar membrane.

Metallic mercury (in liquid form) is poorly absorbed from the gastro-
intestinal tract. Therefore, metallic mercury ingested is of no toxicological
importance. Dermal absorption is low; uptake of mercury vapor by the forearm
skin of volunteers was calculated to be approximately 1% of the uptake from
inhalation.’

5.2.2.2 Metabolism in the Body

Absorbed mercury vapor is dissolved in the blood stream where it is oxidized
mainly in red blood cells.*> While being circulated, remaining elemental
mercury is able to penetrate into brain tissue through the blood—brain barrier®
and into fetal tissues through the placental barrier.” The distribution of
mercury in neonatal guinea pigs after in utero exposure to mercury vapor was
found to be highest in the liver,® while in adult animals the kidney has the
highest distribution. The distribution in the kidney, and other organs
accumulating mercury, after exposure to mercury vapor is similar to that seen
after exposure to mercuric compounds (see section 5.3.2.).

Following exposure to mercury vapor, mercuric mercury is the main
chemical form of eliminated mercury, although exhalation of small quantities of
mercury vapor has been demonstrated.”'® The biological half-life of mercury in
the human body is considered to be approximately 60 days,'® though the data is
limited. The biological half-life of mercury accumulated in the brain is slow and
may exceed several years.'"!?
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5.2.3 Health Effects of Mercury Vapor
5.2.3.1 Acute Poisoning

Acute accidental exposure to high concentrations of mercury vapor causes
erosive bronchitis and bronchiolitis with interstitial pneumonitis. The patient
may develop severe respiratory insufficiency. Sometimes signs caused by effects
on the central nervous system (CNS), such as tremor or increased excitability,
are observed."?

5.2.3.2  Chronic Poisoning

Repeated and long-term exposure to toxic levels of mercury vapor causes signs
and symptoms of the CNS. Relatively low dose exposure produces asthenic-
vegetative syndrome, involving weakness, fatigue, anorexia, loss of weight, and
disturbance of gastrointestinal functions. This syndrome has been called
micromercurialism.'*

At higher dose exposure, the characteristic tremor appears as fine trembling of
the muscles interrupted by coarse shaking movements. This tremor is observed in
fingers, eyelids and lips. Mercurial erethism also develops; this is characterized by
behavioral and personality changes and increased excitability. Loss of memory
and insomnia are also observed. In addition to the effects on the CNS, inflam-
matory changes of the gums with ptyalism (excessive salivation) may develop.

The toxic effects of mercury vapor exposure on organs other than the CNS,
such as the kidneys, the immune system'® and the endocrine glands, have been
reported. It is, however, difficult to differentiate these from the effects of inorganic
mercury, because after inhalation, mercury vapor is oxidized in the body.

5.3 Inorganic Mercury Compounds

5.3.1 Mercuric and Mercurous Mercury Compounds

Inorganic mercury compounds consist of two classes; mercuric mercury (divalent)
compounds and mercurous (monovalent) mercury compounds. Mercuric
compounds include mercury(Il) chloride, mercury(Il) nitrate, mercury(Il) oxide
and mercury(II) sulfide. Mercurous compounds include mercury(I) chloride,
mercury(I) iodide and mercury(I) sulfate. Mercurous mercury compounds are
unstable, especially in the presence of biological molecules; they decompose into
elemental mercury and the ion of mercuric mercury. Therefore, mercuric mercury
is of toxicological significance.

5.3.2 Exposure and Metabolism
5.3.2.1 Route of Exposure and Absorption

Since mercuric mercury compounds are generally stable, inhalation exposure is not
important; ingestion (exposure via the gastrointestinal tract) is the most significant.
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Acute poisoning after accidental or intentional ingestion of mercuric
compounds has been observed, indicating absorption of such compounds by
ingestion. From experimental studies,'® approximately 2% of ingested mercuric
chloride is absorbed. It is considered that the corrosive action of mercuric
chloride may alter the permeability of the gastrointestinal tract, enhancing
absorption. In newborn rats, increased absorption of mercury has been
reported.'’

As for the skin (dermal absorption), it has been demonstrated that if
mercuric mercury applied to the human skin, penetration of mercury occurs.
In animal studies,'® up to 8% of the mercuric chloride applied to the skin was
absorbed within 5 hours.

5.3.2.2 Metabolism in the Body

After exposure to mercuric mercury, the kidneys accumulate the largest amount
of mercury, followed by the liver. Mercuric mercury does not readily cross the
blood-brain barrier or the placental barrier. However, mercuric mercury does
accumulate in the placenta.'” In placental tissue, mercury coexists with
metallothionein (MT), suggesting a defense mechanism by MT.*

Twenty-four hours after injection of mercuric chloride (1.5 or 15.0 mmol kg™
BW) to pregnant mice on day 16 of gestation, only 0.03% of the dose was
detected in an individual fetus.!” Whereas when methylmercury chloride was
injected, 1.3% of the dose was detected.”’

Mercuric mercury is excreted by the kidney and the fecal route, with small
amounts being excreted from sweat glands, lacrimal glands, mammary glands,
and salivary glands." Small amounts of mercuric mercury is exhaled after
reduction to mercury vapor.?*> Alcohol enhances exhalation by changing redox
status, which involves the inhibition of catalase activity.?

1

5.3.3 Health Effects of Mercuric Mercury Compounds
5.3.3.1 Acute Poisoning

Accidental or suicidal ingestion of mercuric chloride or other mercuric salts
induces dysfunction of the kidneys and the intestinal tract." A solution of
concentrated mercuric salt produces corrosion on the mucous membranes of
the gastrointestinal tract; gastric pain and vomiting may follow. Abdominal
pain and bloody diarrhea with necrosis of the intestinal mucosa will occur when
the solution of mercuric salts reaches the intestine. Circulatory collapse (shock)
and even death are possible. Survivors develop renal failure caused by necrosis
of proximal tubular epithelium, and accompanying anuria and uremia.

5.3.3.2  Chronic Poisoning

Chronic poisoning caused by mercuric mercury salts is not considered to exist.
Chronic exposure to a mixture of mercury vapor and mercuric mercury actually
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occurs in an occupational setting. In this case, the kidneys and CNS are target
organs. Intake of mercurous chloride (calomel) as a purgative was reported to
produce symptoms similar to those of poisoning by exposure to a mixture of
mercury vapor and mercuric mercury.”*

5.4 Organic Mercury Compounds (Methylmercury)
5.4.1 Organic Mercury Described in this Section

Among the organic mercury compounds, including alkylmercury, arylmercury,
and alkoxyalkylmercury, methylmercury compounds have toxicological
significance. Arylmercury and alkoxyalkylmercury compounds are generally
unstable in the environment and in the body of organisms. They easily break
down into mercuric mercury. Short-chain alkyl mercury compounds, such as
methyl- and ethylmercury compounds, are stable. Ethylmercury compounds
have toxicological properties similar to those of the methylmercury compounds
but are more rapidly degraded in the body.

Since methylmercury occurs naturally in the environment and is biocon-
centrated through the food web, the carnivore fish and sea mammals located at
the center of the food web contain methylmercury concentration, therefore
there may be health concerns associated with consuming these fish. Methyl-
mercury compounds are the subject of section 5.4.

5.4.2 Exposure and Metabolism
5.4.2.1 Route of Exposure and Absorption

In the occupational setting, the vapor of methylmercury can be absorbed by
inhalation. It is also possible that methylmercury salts in the form of fine
particles are inhalable. In olden times, methylmercury-related poisoning of
workers was reported.?” Dimethylmercury is liquid at room temperature and
easily evaporates. Substantial amounts of vaporized dimethylmercury can be
inhaled resulting in poisoning.*®

Although exposure through inhalation has occurred as described, ingestion
of methylmercury in food is an important route of exposure among the general
population.

Ingested methylmercury is almost completely (more than 95%) absorbed
through the intestinal tract. Absorption of alkylmercury compounds through
the skin is also likely to occur, and cases of poisoning caused by local appli-
cation of ointment containing methylmercury to the skin have been described.*’

54.2.2 Metabolism

Methylmercury absorbed into the body is distributed to tissues and organs via
the blood stream. In the blood, a large proprotion (>90%) of methylmercury
exists in red blood cells. Methylmercury crosses the blood—brain barrier and
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placental barrier. This was thought to be due to lipid solubility of methyl-
mercury, but was later attributed to formation of a methylmercury—cystine
complex that structurally resembles methionine, an essential amino acid.
The methylmercury—cystine complex is transported through the barriers.”*

After administration of tracer doses of radioactive methylmercury in man,
10% of the body burden of radioactive mercury was found in the head.*
A substantial amount of methylmercury is found in the liver and the kidneys.
Methylmercury is rather evenly distributed in the rest of the body.

Methylmercury transported through the placenta to the fetus accumulates
and concentrates, especially in the brain. Higher mercury concentrations in
fetal blood than in maternal blood are probably due to the different chemical
structures of fetal and adult hemoglobin.

Methylmercury is decomposed to inorganic mercury by demethylation
in the body. In the organs of sea mammals, extremely high concentrations
of mercury have been detected in the form of inorganic mercury.’’ The
demethylation process and formation of mercury selenide is considered a defense
mechanism against methylmercury toxicity, though apparent accumulation is
extremely large.

Methylmercury is excreted mainly (approximately 90%) through the liver
into the bile, and partly through the kidney into urine. Thus fecal excretion is
the main route, though methylmercury excreted in the bile is reabsorbed in the
intestine (an enterohepatic circulation). Methylmercury can be decomposed to
inorganic mercury by the microflora in the intestine.** Since inorganic mercury
is far less absorbed than methylmercury, the decomposition contributes to
increase fecal excretion. Methylmercury is also excreted into breast milk, the
concentration being approximately 5% of the concentration in the maternal
blood.*> A recent study analyzed, using Electron Capture Detector Gas
Chromatography, methylmercury in the breast milk of Japanese mothers living
in the ordinary environment.** An average of 54% (with the range of 17-83%)
of total mercury in the milk was identified as methylmercury. Since without
specific exposure most mercury in the human blood exists as methylmercury, it
is considered that methylmercury is excreted into breast milk less than
inorganic mercury is.

Hair has been known as a good indicator of methylmercury exposure,
because the tissue of a hair strand takes in methylmercury during hair
formation. Thus hair is a route of excretion of methylmercury. The amount
taken up is proportional to the blood concentration of mercury at the time of
incorporation. The ratio of mercury concentration between blood and hair in
man is considered to be 1/250 under steady-state conditions, although the
quotient may vary with age®> and pregnancy. In fact, 1/340 on average was
reported among Japanese adults.™

The biological half-life of methylmercury is approximately 70 days on
average. However, analyses of consecutive hair segments from the populations
in Iraq who ingested wheat contaminated with methylmercury®’ suggest that a
part of the population has longer biological half-lives, 110-190 days. An
intervention study where subjects ingested fish with high methylmercury
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concentrations revealed biological half-lives of approximately 90 days, from
analyses of both hair and blood mercury.>®

5.4.3 Health Effects of Methyl Mercury Compounds
5.4.3.1 Acute and Chronic Poisoning

In the case of methylmercury poisoning, there is no sharp difference between
acute and chronic poisoning. Once a toxic dose has been absorbed in the body,
it is retained for a long time, causing functional disturbances and damage.
A single toxic dose does not produce signs or symptoms until after a latency
period.

The CNS is the critical organ and there are two types of poisoning
depending upon timing of exposure: fetal (pre- or perinatal) exposure and adult
exposure.

5.4.3.2 Poisoning by Fetal Exposure

As was shown in the Minamata Disease disaster and Iraqi methylmercury
poisoning cases, the newborns from the mothers who ingested methylmercury
developed signs or symptoms. Severe cases showed an unspecific infantile
cerebral palsy accompanied by ataxic motor disturbances and mental retar-
dation. In mild cases, psychomotor retardation has been observed; in Iraqi
cases, delayed walking and talking and an increased incidence of seizures®® were
reported. In fish-consuming populations with increased mercury exposure,
such as 10 ppm in hair-mercury levels during pregnancy, impaired
psychomotor test performance of the child at 7 years of age®® was reported.
Poor performances associated with prenatal methylmercury exposure have
been reported among infants whose mothers were living in ordinary
environment.*>*' These reports indicate vulnerability of the fetus to methyl-
mercury. Since methylmercury is excreted through breast milk, postnatal
infants can be exposed to methylmercury. It is, however, difficult to differ-
entiate the effects of postnatal exposure from the effects of prenatal exposure.
Because mothers exposed to methylmercury during pregnancy had elevated
mercury concentrations in breast milk, fetal exposure occurred. A mouse
experiment employing a cross-fostering procedure revealed effects of prenatal
exposure were larger than those of postnatal exposure.*?

5.4.3.3 Poisoning by Adult Exposure

In severe and typical poisoning cases, ataxia, concentric constriction of the
visual field, impairment of hearing, and extrapyramidal tract symptoms appear.
Clonic seizures may be observed and some patients develop encephalitis and
can die. Less severe cases show sensitivity disturbances with paresthesia in the
distal extremities, in the tongue, and around the lips. These are early signs of
Minamata Disease.
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5.5 Developmental Toxicity of Mercury

5.5.1 Fetal Minamata Disease Patients
5.5.1.1 Discovery of Fetal Minamata Disease

Fetal Minamata Disease is caused by intrauterine exposure to methylmercury
through the ingestion of contaminated seafood by pregnant mothers. It was
first detected in 1958 in the Minamata Bay area.*’ Nine infants manifested a
severe disease resembling cerebral palsy during the epidemiologic investigation
by Kumamoto university. The incidence of the cerebral palsy-like disease was
extremely high among infants who were born in or after 1955. By 1974, 40 cases
were confirmed as fetal Minamata Disease.

Examination of these children revealed a high incidence of signs and
symptoms such as mental retardation, cerebellar ataxia, primitive reflex,
dysarthria, seizure, and pyramidal signs. Sensory disturbance, constriction of
the visual fields, and hearing impairment could not be examined because of the
serious conditions of the patients. It is noteworthy that the mothers of these
children manifested minimal signs and symptoms of Minamata Disease, such as
paresthesia of the lip and extremities. Therefore, fetuses are much more
vulnerable than mothers.

5.5.1.2 Activities of Daily Living (ADL) Scores of Fetal
Minamata Disease Patients at Middle Age

Doi** suggested an urgent follow-up study for the victims of fetal Minamata
Disease, because of his impression of rapid exacerbation of the several fetal
Minamata Disease patients of his acquaintance. In 2001, the 6th International
Conference on Mercury as a Global Pollutant was held in Minamata, Japan. At
the conference, Doi saw a fetal Minamata Disease patient in a wheelchair. Five
years previously, at the occasion of the opening of the Minamata exhibition in
Tokyo, the patient gave remarks on the stage without any help, though motion
did not appear completely smooth. Since he was still 46 years old, Doi noted the
rapid exacerbation. People who had cared for the patients told Doi that rapid
exacerbation of fetal Minamata Disease patients was observed among several
patients, but not all.

In 2002, a survey of 31 fetal Minamata Disease patients was conducted; the
survey concerned family structure, present status of care, their demand for care,
communication status, and ADL scores.*’ Changes in ADL scores during the
past 15 years were also studied among the 22 patients. Their mean ages were
45.5+ 3.5 (n=20) for males, and 46.1 1.9 (n=11) for females.

Eighteen patients lived in their home and 13 patients lived in a welfare
institute. Analysis of ADL showed that around 50% of the patients could not
walk or take a bath, and 30 to 40% of the patients could not eat, excrete,
change their clothes, or wash their face unaided. Approximately 80% of the
patients could understand daily conversation to some degree. Their ability to
express their demands and thoughts, put an idea into action, remember events,
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and live like ordinary people were significantly worse than their ability to
understand daily conversation.

The changes in the ADL scores of the 22 patients over the 15 year period
were not significant, although two patients showed a rapid decrease for ADL of
movement and two other patients died after an interview, before they reached
50 years of age.

This investigation did not involve neurological examination. But these results
indicate that the disturbances among the fetal Minamata Disease patients are
long lasting, with rapidly deteriorating ADL in some cases. Increased risk of
early death is also suggested, although the number of patients who experience
this is small.

5.5.1.3 Cardiovascular Autonomic Nervous Functions
in Fetal Minamata Disease Patients and Other
Populations

Cardiovascular autonomic nervous functions in nine fetal Minamata Disease
patients (aged 44.3+1.0 years) were compared with age matched healthy
subjects.*® Electrocardiographic data were collected for 3 min. In the time
domain analyses, average R-R interval was significantly shorter for Minamata
Disease patients than healthy subjects, while standard deviation of R-R
intervals or coefficient of variation were not. Frequency domain analysis by
fast Fourier transformation revealed the high frequency component of
Minamata Disease patients was significantly lower than that of the healthy
subjects.

In contrast, a birth cohort study on 1000 children from the Faroe Islands
revealed that prenatal exposure to methylmercury decreased heart rate varia-
bility only in boys at age 7 years. Both diastolic and systolic blood pressure
elevated with increase of cord blood mercury level. At age 14 years, it was
found that prenatal methylmercury exposure was associated with a decrease in
low frequency and high frequency powers and the coefficient of variation of the
electrocardiographic R-R interval.

Although the study subjects were healthy adults, an intervention study was
recently conducted to examine effects of methylmercury on heart rate varia-
bility;*’ in the study, healthy adults ate meat of tuna and marline with a high
concentration of methylmercury at a dose of the tolerable weekly intake
recommended by the government of Japan. After 14 weeks of ingestion, heart
rate variability was evaluated. Compared with the baseline data, increases in
“low frequency”’/*‘high frequency’ ratio and % ““low frequency” were observed
after fast Fourier transformation of collected electrocardiograms. This change
was not detected 15 weeks after stopping the ingestion.

Although details are varying among the reports above described, all the
results are involved with cardiovascular autonomic nervous functions. In the
case of fetal exposure, the changes in frequency have been long-lasting, while
adult exposure, the changes were temporary. Affected parameters were also
different.
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5.6 Behavioral Teratology Studies of Methylmercury
5.6.1 Behavioral Teratology

Behavioral teratology is a field of science that examines postnatal effects of
prenatal exposure to any foreign agent, such as chemical substances and
physical stimulants. The concept of behavioral teratology was established by
Werboff in the 1960s.*® Behavioral effects on the offspring of maternal rats
given tranquillizer during pregnancy were observed. ““The behavior, functional
adaptation of offspring to its environment, is susceptible to teratogenic effects
of drugs” was described.

The concept of behavioral teratology was expanded so that effects of
prenatal exposure to environmental pollutants have been included. Spyker and
her colleagues conducted the pioneering study on the postnatal effects of
prenatal methylmercury exposure. They revealed impaired swimming ability in
offspring mice exposed to methylmercury in utero.** The offspring mice showed
behavioral changes in the open field test. It is important to note that the
offspring mice developed apparently normally until being examined under a
stressful environment, such as being immersed in a cold water or released in a
open space with bright light.

Spyker and colleagues defined “behavioral teratology” as the overlapping
area between behavioral toxicology and teratology. The cause of this abnor-
mality occurs during pregnancy, and the effects become overt after birth and
persist over the lifetime of an individual.™

5.6.2 Postnatal Effects of Prenatal Exposure to Methylmercury
in Experimental Animals

A number of investigations on the postnatal effects of prenatal exposure to
methylmercury in experimental animals have been conducted (See reviews by
Shimai and Satoh, 1985,%! Watanabe and Satoh, 1996.%% and Satoh, 2003.)48 As
the framework of behavioral teratology has been developing, postnatal effects
have been grouped into “eight Ds”. Spyker originally showed that postnatal
effects could be categorized into: “‘birth Defects, abnormal Development,
behavioral Deviation, neurological Disorder, immunological Deficiency,
generalized Debilitation, and premature Death.” These were known as the
“seven Ds” in behavioral teratology. Later, Tanimura added reproductive
Debility and emphasized birth Defects.*® Currently, eight Ds are accepted in
behavioral teratology.It was emphasized that each D appears in sequence as the
individual ages from neonate to senescence.

Findings reported from investigations include: reflexive behavior (such as
righting reflex and walking ability) in the neonatal period, ultrasonic vocal-
ization during the lactational period, swimming ability, maze avoidance, and
operant learning at in adulthood.*® The doses administered are varying; in
some experiments, the dose corresponded to LDy5, but in the other experiments
much smaller doses were administered.”'->> The lowest dose to cause postnatal
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effects on operant learning was 0.008 mg Hg kg~' body weight (of maternal
rats), repeatedly administered during gestational days 6-9.

5.6.3 Effects of Fetal Methylmercury Exposure among Humans
Under General Environment

5.6.3.1 Risk Assessment by WHO

As mentioned previously, in the Iraqi outbreak, fetal cases were examined
closely.”*>>A group of mother and infant pairs were examined for the delay in
developmental milestones such as walking and talking, and the mothers’ exposure
to mercury. The mercury content of a hair strand of each mother was longi-
tudinally analyzed to determine the peak mercury concentration during pregnancy.
A dose-response relationship was established between the peak mercury concen-
tration during pregnancy and whether first walking or talking was delayed.*®
Based on this dose—response relationship, the World Health Organization (WHO)”’
claimed that “A prudent interpretation of the Iraqi data implies that a 5% risk
may be associated with the peak mercury level of 1020 ug g~ of maternal hair”.

5.6.3.2  Fish (or Seafood) Eating Population

Since exposure levels among the fish eating population reach the above
mentioned level, effects of fetal methylmercury exposure among this population
is of great concern. Thus epidemiological prospective studies with more
sophisticated examination methods than simple observation of developmental
milestones have been carried out since the mid 1980s.

5.6.3.3 New Zealand

In New Zealand, the development of children prenatally exposed to methyl-
mercury via their mothers’ consumption of fish meals during pregnancy was
investigated.*®*° The children were tested at the age of four, using the Denver
Developmental Screening Test (DDST), which encompasses four major function
sectors: gross motor, fine motor, language, and personal-social. The prevalence
of developmental delay was 52% in children whose mothers had been exposed to
high levels of mercury, compared to 17% in the reference group.

In a follow-up study, at the age of 6, each child was tested using the Test of
Language Development, the Wechsler Intelligence Scale for Children, and the
McCarthy Scale of Children’s Abilities.® Although high prenatal methylmercury
exposure decreased performance in these tests, it contributed little to the variation
in test results, because ethnic background and social class showed greater influence.

5.6.3.4 The Seychelles

In the Seychelles Islands, the developmental effects of in utero methylmercury
exposure from consumption of marine fish by mothers have been studied (the
pilot study).®® An association between in utero methylmercury exposure was found
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for when abnormal plus questionable scores were combined.®’ Maternal hair
mercury concentration during pregnancy was negatively associated with four
endpoints: The McCarthy General Cognitive Index, Perceptual Performance
subscale, Preschool Language Scale Total Language, and Auditory Compre-
hension subscale. When statistically determined outliers and points considered to
be influential were removed from the analyses, statistical significance of the
association remained only for Auditory Comprehension.

The main study, which was designed to be prospective and involved 779
mother—child pairs, followed the above mentioned study.®? In this study,
children were evaluated at 6.5, 19, 26, and 66 months of age. No association
between the maternal hair mercury level and the test results were found in the
children tested at 6.5 months. No effects of mercury exposure were seen at 19
months. Investigation at 66 months did not reveal the deviation typically
associated with prenatal methylmercury exposure for the following tests:
McCarthy Scales of Children’s Abilities in General Cognitive Index, Preschool
Language Scale, Letter-Word Recognition of Woodcock- Johnson (W-J) Tests
of Achievement, Applied Problems of W-J Tests of Achievement, Bender
Gestalt test, and Total T score from the Child Behavior Checklist. The analysis
was adjusted for possible confounding factors, including birth weight, the rank
of birth, sex, medical records of the infants, age of the mother, alcohol
consumption and smoking habits during pregnancy, and socioeconomic status.

The overall conclusion of the studies in the Seychelles Islands is that it is
currently unclear whether an association exists between low level prenatal
methylmercury exposure and neurologic deficits in the child.

The study in the Seychelles Islands was continued when the cohort subjects
reached 9 years old.®> Two of 21 endpoints were associated with prenatal
methylmercury exposure; one association involved diminished performance
(grooved pegboard non-dominant hand in males only), and the other an
enhancement (hyperactivity index of the Connors teacher rating scale). The
conclusion is, however, that both these outcomes are probably due to chance.

In a review of the studies in the Seychelles Islands,** the authors concluded
that “Our primary analyses have so far identified only one adverse association
with prenatal exposure”. They also pointed out consideration of the potential
for adverse effects of prenatal methylmercury exposure at maternal hair levels
above 10-12 ppm, although the numbers of observations in that exposure range
are limited. They planned continuing longitudinal data collection in the
Seychelles Islands cohort to determine whether late effects of prenatal exposure
would appear. Evaluation at age 16 years has been conducted under the
hypothesis that if prenatal exposure to low methylmercury concentrations (< 12
ppm in maternal hair) does incur adverse effects, they may be apparent only in
higher order cognitive functions that develop with maturity.

5.6.3.5 The Faroe Islands

Another large study has been conducted in the Faroe Islands since 1986.%°
Increased methylmercury exposure was largely attributed to the eating of pilot
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whale.®® The subjects consisted of a group of approximately 1000 children.
They were evaluated for their neurophysiological and neuropsychological
performances at 7 years of age. Mercury in maternal hair and cord blood was
analyzed, and a subset of cords was analyzed for PCBs.*”Although the neuro-
physiological tests showed no indication of mercury-associated dysfunction,
significant negative associations were observed in several neuropsychological
tests. Even with inclusion of covariates with uncertain influence, multiple
regression analysis indicated that 9 out of 20 measurements showed mercury
related decrements. The authors concluded that in utero exposure to methyl-
mercury affects several domains of cerebral function.

At the age of 14 years, investigations were repeated. As described in Section
5.5.1.3, a change in cardiovascular autonomic nervous functions was reported.

Brainstem auditory evoked potentials were measured. Latencies of brainstem
resulted in an increase of around 0.012 ms in peaks II and V when the cord
blood mercury concentration doubled.®® As seen at age 7 years, this effect
appeared mainly within the I-III interpeak interval. Despite lower postnatal
exposures, the child’s hair mercury level at age 14 years was associated with
prolonged III-V interpeak latencies. The authors concluded that a change in
vulnerability to methylmercury toxicity is suggested by the apparent sensitivity
of the peak III-V component to recent methylmercury exposure.

At age 14 years, indicators of prenatal methylmercury exposure were
significantly associated with deficits in finger tapping speed, reaction time on a
continued performance task, and cued naming.®” Postnatal methylmercury
exposure had no discernible effect. An analysis of the test score difference
between results at 7 and 14 years suggested that mercury-associated deficits had
not changed between the two examinations. The authors concluded that the
effects of prenatal methylmercury exposure on brain function appear to be
permanent.

The results of these studies are controversial, especially when comparing
those of the Seychelles and Faroe Islands. In both studies, doses were
principally indicated by the mothers’ hair mercury concentration and the
difference between the dose in each case is small. The study designs and test-
batteries were similar but not identical. The main difference between the two
studies was the source of methylmercury exposure, in the Seychelles by
consumption of ocean fish, and in the Faroe Islands, meat and blubber (fat) of
pilot whales. One possible explanation is that contamination by PCBs may
confound the results of the Faroe island study.

5.6.3.6 Japan

A recent study simultancously evaluated exposures to both methylmercury and
PCBs and their early postnatal effects.*' In a total of 498 mother-neonate pairs,
the total mercury level (median, 1.96 ugg™') in maternal hair at parturition
and the PCB level (45.5ng g™ lipid) in cord blood were analyzed, and maternal
seafood intake was estimated using a semi-quantitative food frequency
questionnaire. The Neonatal Behavioral Assessment Scale examination
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was conducted 3 days after birth. A negative relationship between hair mercury
level and motor cluster was observed, even after adjusting for PCBs, maternal
seafood intake, and possible confounders. The PCB level was negatively
correlated with the motor cluster, but this association was attenuated after
adjusting for mercury and the confounders. A positive association was
observed between maternal seafood intake and the motor cluster when
considering the effects of mercury and PCBs. The authors concluded that the
data suggests prenatal exposure to methylmercury adversely affects neonatal
neurobehavioral function; in contrast, maternal seafood intake appears to be
beneficial. The neurobehavioral effect of prenatal exposure to PCBs remains
unclear, perhaps because the concentration of PCBs is too low to produce
substantial effects.

It is considered that seafood intake appears to be beneficial, because fish
consumption during gestation can provide the fetus with long-chain poly-
unsaturated fatty acids (LCPUFAs) and other nutrients essential for growth
and development of the brain.®® However, fish consumption also brings about
methyl mercury exposure. In the Seychelles Child Development Nutrition
Study, Psychomotor Developmental Index (PDI) of Bayley Scales of Infant
Development II at ages 9 months was positively associated with total omega-3
LCPUFA and negatively associated with the ratio of omega-6/omega-3
LCPUFA. These associations were stronger in models adjusted for prenatal
methylmercury exposure. There were significant adverse associations between
prenatal methylmercury and the 30 month PDI when the LCPUFA measures
were included in the regression analysis. These data support the potential
importance to child development of prenatal availability of omega-3 LCPUFA
present in fish. Furthermore, they indicate that the beneficial effects of
LCPUFA can obscure the determination of adverse effects of prenatal
methylmercury exposure in longitudinal observational studies.

5.7 Aging and Toxicity of Mercury

5.7.1 Minamata Disease Patients

Kinjo et al. (1993)% surveyed 1144 Minamata Disease patients aged 40 or over,
living in the Minamata area. Fetal Minamata Disease patients were not
included. Together with the same number of neighbor(hood) controls matched
for age and sex, they were investigated by questionnaire with regard to
subjective complaints and activities of daily living (ADL). It was found that
Minamata Disease patients had significantly higher response rates of all 18
complaints than controls did. The odds ratio of weakness was highest at 29.0
(19.4-43.9; 95% confidence interval). The odds ratios of difficulty of speaking,
tremor, hypoesthesia, dysesthesia efc. were 10-20. These complaints were
related to neurological signs and symptoms of Minamata Disease. The age-
specific differences in prevalence of the complaints between Minamata Disease
patients and the control group were large in younger (4050 years) groups and
relatively small in older (70-80 years) groups. ADL analysis revealed that the
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difference in the ADL disability between Minamata Disease patients and
controls significantly increased with age and that ADL disability in Minamata
Disease patients was aggravated by aging.

The conclusion was different to that of Liu er al., mentioned previously
(section 5.5.1.2). It is noteworthy that the subjects of the study by Liu et al. was
fetal Minamata Disease patients with the average age of approximately 45 years
old and the range of the subject age was narrow. Their age might not be great
enough for aggravate ADL.

5.7.2 Residual or Remote Effects Among Workers Exposed to
Mercury Vapor

5.7.2.1 Mercury Miners

Residual effects due to previous exposure to mercury vapor have become a
concern. Among ex-mercury miners in Japan, neurobehavioral disorders
related to previous exposure that ceased more than 17 years ago have been
reported.”’

Neurobehavioral tests were carried out on ex-mercury miners around
18 years after the end of mercury exposure. Seventy-six male ex-mercury
miners who had been exposed to high concentrations of mercury vapor (over
1.0mgm*) and with a history of mercury intoxication were compared with
controls matched for age (within 3 years), sex, and education. The extent of the
symptoms, caused by mercury poisoning (erethismus merculialis) decreased
considerably after the end of exposure. But matched paired comparison showed
significantly deteriorated performances of motor coordination, simple reaction
time, and short term memory in the exposed group. The duration of exposure
correlated with poorer performance in hand-eye coordination, tapping, and a
color card reading test. Those in job categories classified as having exposure to
mercury also exhibited deteriorated performances. The length of time (years)
after the end of exposure had a significant correlation with better performance
of reaction time and digit span. On the other hand, the history of intoxication
itself had no significant association with any of the current neurobehavioral
performances. In multiple linear regression analysis, the interaction term of
age X history of mercury intoxication showed a significant correlation with
deteriorating performance of hand eye coordination (aiming), pegboard, and
block design test. The subjects 65 years of age and older showed a larger
differences between those with histories of mercury poisoning and control
subjects than younger age groups.

5.7.2.2 Mercury Workers

To identify potential exposure-related neurological abnormalities in workers,
aged 20 to 35 years, previously exposed to mercury vapor, workers completed
occupational and medical questionnaires, with the assistance of a trained
interviewer, and underwent neurological examination.”' They were exposed to
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mercury vapor in the production of the isotope lithium-6. Few significant
differences existed between exposed (n =247) and unexposed (n = 255) subjects.
However, multiple linear regression analysis demonstrated several significant
correlations between declining neurological function and increasing exposure
as determined by urine mercury measurements. Subjects who showed urine
mercury peak levels above 0.6mg L~" during the work that involved exposure
demonstrated significantly decreased strength, decreased coordination, increased
tremor, decreased sensation, and increased prevalence of Babinski and snout
reflexes when compared with those with mercury levels below 0.6mgL ™"
Although exposure was not age dependent, several neurological measures
showed significant age—mercury level interaction. Subjects 70 years of age and
older demonstrated the most significant differences in several neurological
impairments between high- and low-exposure, compared to control subjects.

5.7.2.3 Aging and Mercury Vapor Exposure

These results suggest that there are slight but persistent effects on neuro-
behavioral function, especially motor coordination, among mercury miners,
even more than 20 years after the end of exposure. At the same time age x
exposure interaction was also observed, although it is not known whether the
mercury exposure accelerated aging or the natural neuronal attrition unmasked
prior exposure-related subclinical abnormalities.

5.7.3 Age-Related Increase in Auditory Impairment

Age-related increase in auditory impairment in monkeys exposed in utero and
postnatally to methylmercury has been reported.”” Monkeys (Macaca
fascicularis) were exposed, throughout gestation and postnatally until 4 years of
age, to 0, 10, 25, or 50 pgkg ' per day mercury as methylmercuric chloride.
Pure-tone detection thresholds were determined when the subjects were 11 and
19 years of age. At 19 years of age, all five methylmercury-exposed monkeys
exhibited elevated pure-tone thresholds compared with controls. Impairment
was generally observed across the full range of frequencies. Comparisons of
performance at 11 and 19 years revealed relatively greater deterioration in
function in the treated monkeys compared with the control monkeys. Although
these results provide evidence for acceleration of impairment of auditory
function during aging as a consequence of developmental methylmercury
exposure, it is not clear from this experiment whether in utero or postnatal
exposure has a greater effect on the acceleration of impairment.

5.8 Effects of Mercury Vapor Exposure During the
Perinatal Period

Compared with methylmercury, studies concerning effects of mercury vapor
exposure during the prenatal period have been extremely scarce in both human
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cases and animal experiments.”® Since little mercury is transfered to the fetus
via the placenta after maternal exposure to mercury vapor, it is plausible that
fetuses should not been readily affected. But recently, postnatal behavioral
effects have been reported. Furthermore, effects of coexposure to mercury
vapor and methylmercury during gestation have been investigated.

5.8.1 Effects of Prenatal Mercury Vapor Exposure

Danielsson et al. (1993)7* reported the effects of inhalation of metallic mercury
vapor (Hg")— approximately at 1.8 mgm > for 1 or 3 hours during days 11-14
and 17-20 of gestation—on pregnant rats. The developmental and behavioral
effects on the offspring were studied. Maturation milestones, such as surface
righting, negative geotaxis, pinna unfolding, and tooth eruption, revealed no
differences between Hg’-treated offspring and controls. Spontaneous motor
activity showed that the Hg’-treated offspring were hypoactive at 3 months of
age but hyperactive at 14 months. The exposed offspring showed retarded
acquisition in the radial arm maze but no differences in the circular swim maze.
A simple test of habituation to a novel environment (habituation ratios were
calculated as the quotient of the second 30-min period to the first 30-min period
for locomotion, rearing, rearing time, and total activity parameters) indicated,
for the exposed offspring, a reduced ability to adapt. Mercury concentration in
the brains of offspring exposed for 1 or 3 hours was 0.005 or 0.012mg Hgkg ™'
respectively at day 2-3 postpartum. Whereas in non-exposed offspring,
0.001 mg Hgkg ™' was reported.

Since sample collection was carried out after the cessation of exposure,
and the brain, in terms of weight, rapidly develops, it is expected that
mercury concentration might decrease drastically. But considerably low
concentrations of mercury in the brain of fetuses could cause postnatal
behavioral changes.

Behavioral consequences of in utero exposure to mercury vapor were studied
in the offspring of pregnant squirrel monkeys exposed to 0.5 or 1.0mgm > of
mercury vapor during the last 2-3 month of gestation or later.”® The estimated
cumulative doses were 1304 to 4305pug. The monkeys’ lever pressing was
maintained under various Concurrent Random-Interval Random-Interval
schedules of reinforcement. No difference in sensitivity to reinforcer ratios was
identified in the steady state, but there was much more variability in the steady-
state performance of exposed monkeys, as indicated by the standard deviation
of the regression, than in controls. Exposed monkeys were found to produce
smaller or slower transitions than controls. One monkey’s exposure began
during the third week of gestation (earlier than any of the others), and the
behavior of this monkey was so erratic that some of the analyses could not be
accomplished. No data on mercury concentration in the brain was available.

Evaluation of sensory evoked potentials in Long Evans rats gestationally
exposed to 4mgm > mercury vapor revealed no changes in responses evoked
from peripheral nerves, or the somatosensory, auditory, or visual modalities
(Herr et al., 2004).”° Dams were placed in cylindrical holding tubes during
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nose-only exposure to either conditioned air or 4mgm > mercury vapor for
2 h/day for 10 consecutive days from gestational day (GD) 6 through to GD15.
No data on mercury concentration in the offspring’s brains was available in this
report. A previous report employing the same exposure protocol described
mercury concentration in the fetal brain.”” The mercury concentration in the
fetal brain on GDI15 was 49+ 5ngg~!, while in the maternal brain was
approximately 7pgg~' (by visual inspection of the figure). The observed
maternal toxicity was decrease of body weight gain during late pregnancy at
this dose.

Yoshida er al. (2005)"® compared postnatal neurobehavioral toxicity of
prenatal mercury vapor exposure between metallothionein-null (MT-null) and
wild-type mice. Pregnant mice of both strains were repeatedly exposed at
0.50mgm > for 6 h/day until GDI8. Locomotor activity in the open field,
learning ability in the passive avoidance response, and spatial learning ability in
the Morris water maze were evaluated at 12 weeks of age. The exposed MT-null
mice showed a significant decrease in total locomotor activity in males, and a
learning disability in the passive avoidance response and a retarded acquisition
in the Morris water maze in females, as compared with non-exposed controls.
In contrast, the exposed wild-type mice did not differ from controls in the three
behavioral measurements. The results indicate that MT-null mice were more
susceptible than wild-type mice to the behavioral neurotoxicity of prenatal
mercury exposure. Mercury concentrations in the brains of both strains were
slightly higher (8-11ngg~") in the exposed group than in the control group
(5-7ngg™") 12 weeks after the cessation of the exposure. Lack of MT in the
brain may increase vulnerability to mercury vapor exposure.

5.8.2 Effects of Neonatal Mercury Vapor Exposure

Fredriksson et al. (1992)”° examined the effect of neonatal exposure of rats to
mercury vapor, at the concentration of 0.05mgm > for 1 h (low dose) or 4 h
(high dose), on their behavior in adulthood. Exposure occurred on days 11-17
(the period of rapid brain growth). Tests for spontaneous motor activity were
performed at the ages of 2 and 4 months. Rats exposed to the high dose
mercury vapor showed a marked increase in locomotion and total activity but a
decrease for rearing when tested at 2 months of age. At 4 months of age, these
rats showed a marked hypoactivity with respect to all 3 variables. Rats exposed
to the low dose showed no significant differences at 2 months compared to
controls. However, at the age of 4 months, increase in locomotion and total
activity, but a decrease for rearing, already observed at 2 months in the high
dose group, was observed. In the radial arm maze and circular swim maze,
neonatally exposed pups showed a retarded acquisition to the radial arm
maze, while there was no difference compared to controls in the circular swim maze.
These data indicate that neonatal exposure to mercury vapor results in similar
behavior changes to those reported in offspring prenatally exposed to mercury
vapor or methylmercury. Brain mercury concentrations were reported as 0.017
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and 0.063mgkg ' for the low and high dose group respectively, at 25 days of age.
Whereas in the non-exposed control group, 0.002mg kg~ was reported.

5.8.3 Effects of Coexposure to Mercury Vapor and
Methylmercury During Gestation

The predominant species of mercury exposure among the general population is
methylmercury from consumption of fish and seafood. In addition, mercury
vapor generated from dental amalgam is also considered to be a significant
source in the countries where the mercury amalgam is still in use. Therefore,
animal studies to simulate coexposure to methylmercury and mercury vapor
have been conducted.

Fredriksson et al. (1996)*° conducted the following experiment: Pregnant
rats were 1) administered methylmercury (MeHg) by gavage (2mgkg ! per day
during GDs 6-9; 2) exposed by inhalation to mercury vapor (Hg’, 1.8 mgm—
in air for 1.5 h per day) during GDs 14-19; and 3) exposed to both MeHg by
gavage and mercury vapor by inhalation (MeHg+ Hg®); or 4) were given
combined vehicle administration for each of the two treatments (control).
Clinical observations and developmental markers up to weaning showed no
differences among any of the groups. Behavioral function was examined
between 4 and 5 months of age and included spontaneous motor activity,
spatial learning in a circular bath, and instrumental maze learning for food
reward. Offspring of dams exposed to Hg” showed hyperactivity in the motor
activity test chambers over all three parameters: locomotion, rearing, and total
activity; this effect was potentiated in the animals of the MeHg + Hg" group. In
the swim maze test, the MeHg + Hg” and Hg" groups evidenced longer latencies
before reaching a submerged platform compared to either the control or MeHg
groups. In the modified, enclosed radial arm maze, both the MeHg + Hg” and
Hg’ groups showed longer latencies and made more errors in acquiring all eight
pellets. The results indicate that prenatal exposure to Hg’ causes alterations to
both spontaneous and learned behaviors, suggesting some deficit in adaptive
functions. Coexposure to MeHg, which by itself did not alter these functions
at the dose given in this study, served to significantly aggravate the changes.
The mercury concentration in the brain of offspring 2-3 days post parturition
was 4, 5, and 12ngg "' for MeHg, Hg” and MeHg + Hg" respectively.

More recently, mercury vapor of a much lower concentration was applied in
a coexposure experiment. Yoshida ez al. (2011)*' exposed pregnant mice to Hg”
at a mean concentration of 0.030 mgm > for 6 h/day during gestation period.
The methylmercury was supplied with food containing 5 ppm of MeHg from
GD1 to postnatal day 10. The coexposure group was exposed to both Hg"
vapor and MeHg, according to the procedure described. The offspring reached
the age of 8 weeks and then underwent behavioral analyses. Open field tests
showed an increase and decrease in voluntary activity in male and female mice
respectively in the MeHg exposure group. The results of open field test in the
Hg”+ MeHg exposure group were similar to those in the MeHg exposure
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group in both males and females. The results in the Hg® exposure group did not
significantly differ from those in the control group. Passive avoidance tests
revealed no significant differences in avoidance latency in the retention trial
between the Hg’, MeHg, or Hg”+MeHg exposure group and the control
group in males or females. Morris water maze tests showed a delay to reach the
platform in the MeHg and Hg”+ MeHg exposure groups compared with the
control group in males but no significant differences between the Hg’, MeHg,
or Hg” + MeHg exposure group and the control group in females.

Apparently, effects of mercury vapor exposure were not observed due to the
low concentration. The brain mercury concentration at 10 days postpartum
was 3.0+0.3, 340+£91, and 6524+33ngg ' for the male Heg’, MeHg, and
MeHg + Hg’ group respectively, and 3.240.6, 380 £ 89, and 341 + 69ngg~"
for the female Hg’, MeHg or MeHg + Hg" group respectively. The control
group showed 1.74+0.4 or 2.1 +0.4ngg ' for males and females respectively.
Although the exposure to mercury vapor ceased at parturition, and the
exposure to methylmercury continued until 10 days after birth, the difference in
concentrations between the two species of mercury is two orders of magnitude.
Mercury concentration in the brain of offspring with mercury vapor exposure
was similar to that of the control group.

Animal experiments to elucidate the toxicokinetics of mercury after prenatal
mercury vapor exposure support the fact described previously (low concen-
tration of mercury in the offspring’s brain).

Morgan et al. (2006)? exposed pregnant rats to 1, 2, or 4mg Hg’m > or air
(controls) for 2 h/day from GD6 through to GD15. On the day of birth, the
brain mercury concentration, by visual inspection of the figure, was
approximately 20, 10, 8, and 1 ngg ' in the groups of 4, 2, andl mg Hg’m 7,
and air, respectively. The concentration decreased from postnatal day 1 to
postnatal day14; thereafter the decrease was slow. The amount of mercury in
the whole brain however, was rather stable between birth and weaning, indi-
cating no elimination of mercury. After weaning, the amount of mercury in the
brain of the control group abruptly increased to the levels of the mercury vapor
exposure group. This elevation was attributed to consumption of a diet
containing trace levels of mercury.

Female Long Evans hooded rats were exposed to methylmercury (0, 3, 6, or
9 ppm as a drinking solution), mercury vapor (0, 300, or 1,000 pgm > for
2 h/day), or a combination of these, from 30 days before breeding through to
GDI18.** On postnatal day 4, organic and inorganic mercury concentrations
in the offspring brain were analyzed by cold vapor atomic absorption
spectrometry. Statistical analysis using linear mixed effects models showed
that dose was the primary determinant of both organic and inorganic brain
mercury levels. Mercury concentration in the offspring brains was 20-30ng g~
for non-exposed controls and 30-50ngg~' for the 300 or 1000pgm >
exposed group.

These data indicate that after prenatal mercury vapor exposure, the brain
mercury concentration increase by up to tens of ngg ' at most. One
experiment’® described corresponding maternal brain mercury concentration
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of 7pgg ' Therefore, it is concluded that a small amount of mercury is
transfered to the fetal brain after prenatal mercury vapor exposure. It is
surprising that behavioral effects were observed in the animal with such a low
concentration of mercury in the brain.

On the contrary, methylmercury exposure employed in animal experiments
to date has caused substantial elevation of offspring brain mercury concen-
tration (of the order of pg g~ "), with the exception of the study by Fredriksson
et al. (1996).%° In their experiment, methylmercury was given by gavage during
GDs 6-9, and the brain was sampled for chemical analysis at 2-3 days after
birth. Therefore, elimination of methylmercury from the brain and dilution of
methylmercury concentration due to rapid growth in brain volume during late
gestational and early postnatal periods possibly lowered mercury concentration
in the offspring’s brain. It is surprising however, in the experiment by
Fredriksson ez al. (1996),*° that the brain mercury concentration after prenatal
methylmercury exposure showed extremely low mercury concentration, such as
4 or 12ngg ' for MeHg and MeHg + Hg", respectively. This needs to be
confirmed.

5.9 Conclusions

5.9.1 Prenatal Methylmercury Exposure in Humans

It is evident that prenatal mercury exposure causes postnatal neurobehavioral
effects in offspring. Human cases have been typically represented by fetal
Minamata Disease patients. They developed neurological disorders after birth
and the disorders have persisted until today, at their middle age. Observations
of their ADL over a 15 year period did not reveal exacerbation among fetal
Minamata Disease patients. Minamata Disease patients with adult exposure
however, showed that the difference in ADL disability between Minamata
Discase patients and controls significantly increased with age and that ADL
disability in Minamata Disease patients was aggravated by aging. It should be
considered that the ages of the two populations are different; fetal Minamata
Disease patients were at middle age when studied, but the adult Minamata
Disease patients were middle aged to elderly.

Cardiac autonomic nervous function was affected by methylmercury
exposure, during both fetal and adult periods. It seems that this consequence
has been permanent for fetal exposure, whereas the effect caused by exposure in
adulthood was temporary. It is plausible that perturbation during fetal (and/or
early postnatal) development may result in permanent (or long lasting at least)
changes, indicating vulnerability of fetuses.

5.9.2 Prenatal Methylmercury Exposure in Animal Experiments

In animal experiments studies, neurobehavioral effects of fetal methylmercury
exposure have been reported in mice, rats, and non-human primates. Maternal
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animals were not affected by methylmercury exposure; it is considered that fetal
animals are much more sensitive than maternal animals. It is also evident that
neurobehavioral effects are still observed after substantial time has passed,
indicating long-lasting effects of prenatal exposure.

It is, however, not known whether prenatal exposure to methylmercury
results in acceleration of aging. One experiment employing monkeys only
showed age-related increase in auditory impairment.

5.9.3 Mercury Vapor Exposure and Aging in Exposed Miners
and Workers

Mercury miners who experienced mercury poisoning 18 years previously
exhibited deteriorated performances of motor coordination, simple reaction
time, and short term memory compared with age matched controls. Moreover,
subjects 65 years of age and older showed larger differences between those with
histories of mercury poisoning and control subjects than did the younger age
groups. Among the workers who were exposed to mercury vapor in plants 20 to
35 years previously, subjects 70 years of age and older demonstrated the most
significant differences in several neurological impairments between high- (peak
urinary mercury concentration >0.6mgL™") and low-exposure or control
subjects. From these results, effects of mercury vapor exposure persists for a
long time, and previous exposure substantially exacerbates neurobehavioral
performance in the elderly, though such exacerbation was not obvious in
younger age. Therefore, it is possible that mercury vapor exposure
accelerates aging.

5.9.4 Prenatal Mercury Vapor Exposure in Animal Experiments

Not only methylmercury, but also mercury vapor exposures resulted in
postnatal effects without overt toxic signs and symptoms in either maternal or
offspring animals. The postnatal neurobehavioral changes last for a long time
(months or years, depending on the life span of the animals).

Of interest is the concentration of mercury in the brain of fetuses or offspring
that causes such neurobehavioral changes. In the case of methylmercury
exposure, concentration of the order of pgg™" in the brain was reported from
animal experiments. In contrast, the concentration was tens of ngg ' orngg ™',
smaller by 2 or 3 orders of the magnitude, of methylmercury. Since in these
experiments the offspring brain was sampled after parturition on various days,
depending on each experimental protocol, the peak concentration could not be
detected. Only one toxicokinetic study’’ revealed mercury concentration in
fetal brain samples collected on the same day of the last exposure. The
concentration was 49 +5ngg " after 10 consecutive exposures from GD6 to
GDI15 at 4mg Hgm  for 2 h/day. Maternal brain mercury concentration was
approximately 7pugg~"' on GDI5. Therefore, it is not likely that mercury
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concentration in fetal brain is eclevated drastically by maternal mercury
exposure to mercury vapor.

It is surprising that such low concentrations of mercury from mercury
vapor exposures during gestation or neonatal period, presumably in the
mercuric form in the brain after oxidation in the tissue, cause neurobehavioral
changes. Is mercuric mercury derived from mercury vapor so toxic to fetal or
neonatal brain tissue? Or does mercury vapor exposure have an unknown
action that causes a disturbance in brain development? It is also possible that
the toxic species of mercury is not methylmercury but inorganic mercury
derived from decomposition of methylmercury. This hypothesis should be
examined.
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6.1 Introduction

It is clear that the aged are at greater risk of and more susceptible to the
deleterious effects from exposure to environmental agents compared to younger
adults.®®!3 Moreover, there is emerging evidence that early life exposure to
environmental agents increases risk of neurologic disease and toxicity late in
life."®" In particular, there is clear evidence of health impacts of occupational
and environmental manganese (Mn) exposure in adults, with implications in
the elderly,®*>'% and evidence from animal studies that exposure to
manganese during early life stages may contribute to disease risk later in
life.®”!>* These studies build upon evidence linking transition metal
dyshomeostasis and the accumulation of transition metals, most notably
iron, in brain regions most commonly affected in neurodegenerative
diseases.'?!81%¢ Notably, the well-described interactions between manganese
and cellular iron regulation and dyshomeostasis,*>**%13%-168:169 qyooest that
manganese may contribute to neurological dysfunction in the aged via multiple
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direct and indirect mechanisms. Here, we briefly review the physiologic
and toxicologic properties of manganese, exposure sources, and evidence—
molecular, animal model, and clinical—supporting a likely role of manganese
in neurologic disease in the aged.

6.2 Environmental Occurrence of Manganese and
Exposure Sources

Manganese is the 5 most abundant metal and 12" most abundant element,
accounting for 0.1% of the earth’s crust. Natural weathering processes result in
the ubiquitous presence of manganese in soil, dust, and water, and in ambient
air containing suspended particles. Overall enrichment of manganese in soil in
developed regions is gradually increasing due to industrial emission.”® Current
estimates of world manganese reserves, including high grade ores (defined as
having more than 44% manganese content), are in the range of 680 million tons
of ore, situated in the southern hemisphere, with Australia, Brazil, Gabon, and
South Africa, supplying over 90% of the international market. Ghana and
India, both large suppliers in the past, are now exporting only limited quantities
of low or medium grade ore. The ore mined in Mexico is mostly for use within
that country. The CIS, which as the USSR was the largest supplier of
manganese ore at the beginning of the century, is now left with low grade ore
reserves. Low or medium grade manganese ore deposits are widely distributed
in China.

Anthropogenic uses of manganese are largely in metallurgical processes.
About 90% of industrially processed manganese is used in steel manufacture as
a deoxidizing and desulfurizing additive, and as an alloying constituent. Most
manganese ore is smelted in electric furnaces to produce ferromanganese,
widely used in the production of steel. Metallic manganese (ferromanganese) is
used principally in steel production to improve hardness, stiffness, and strength.
It is used in carbon steel, stainless steel, high-temperature steel, and tool steel,
along with cast iron and super alloys.”’ Manganese is also a minor but indis-
pensable component of welding consumables. Most welding consumables
contain less than 6% manganese. The chemical forms in which it is used include
ferromanganese, silico-manganese and manganese carbonate.

The most important non-metallurgical application of manganese is in the
form of manganese dioxide, which is used as a depolarizer in dry-cell batteries.
Manganese dioxide is also used in the manufacture of matches, fireworks,
porcelain, glass-bonding materials, and amethyst glass, and as the starting
material for production of many other manganese compounds. Manganese
sulfate is used primarily as a fertilizer and as a livestock supplement where soils
are deficient in manganese, as well as in some glazes, varnishes, ceramics, and
fungicides. Potassium permanganate, due to its oxidizing power, is used as a
disinfectant, an anti-algal agent, for metal cleaning, tanning and bleaching, and
as a preservative for fresh flowers and fruits, as well as in water and waste-
treatment plants for water purification purposes.”’ Other uses of manganese
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compounds are in textile bleaching, for linseed oil driers, in dyeing, in tanning
of leather, and as an oxidizing agent for electrode coating in welding roads.
Another important material is manganese ferrite, a soft ferrite widely used in
electronics. Large amounts are consumed in the manufacture of television
circuit boards.

Manganese is also used as a constituent in a number of organometallic
compounds. Perhaps most notable is the organic manganese compound
MMT (methylcyclo-pentadienyl manganese tricarbonyl), which has received
considerable attention as a potential airborne exposure source of manganese.'®
MMT is an octane booster or anti-knock additive in gasoline. It was introduced
in Canada in 1976 and had completely replaced tetraethyl lead in gasoline by
1990. In 1977, MMT was banned by the Environmental Protection Agency
(EPA) as an additive in unleaded gasoline in the US.** In 1995, the ban was
lifted, and a court decision ordered the EPA to register the product for use as a
fuel additive again, although testing for health effects continues. The Afton
(former Ethyl) Corporation, the manufacturer of MMT, has been marketing
MMT since late 1995. Nevertheless, MMT is currently used only sparsely in the
developed world.'®> The major refiners in Canada have voluntarily stopped
using MMT, out of concern for the impact of MMT on advanced vehicles, and
as a result, as much as 95% of Canadian gasoline is now MMT-free.** In
Europe, MMT is used in Greece,””' in a couple of the Eastern countries, and
perhaps by one small refiner in Belgium.'! The EU Fuel Quality legislation in
April 2012 set a limit of 6 mg L' manganese in gasoline, falling to 2 mg L™
from 2014, based on a risk assessment that is due to the EU Commission by the
end of 2012. China is following the same requirements as Europe (Michael
Walsh, personal communication).

Another potentially important class of organomanganese compounds is the
fungicides, including maneb (ethylene-bisdithiocarbonate) and mancozeb
(a polymeric mixture of maneb and a zinc salt); both contain ~20% manganese
by weight.”® There is limited evidence that use of these fungicides contributes to
increased environmental manganese loading, though a recent study in the
agricultural Salinas Valley (California, USA), where maneb and mancozeb are
regularly applied, reported an association between manganese floor dust
loadings in the homes of agricultural workers and manganese levels in shed
deciduous teeth in resident children® (see section 6.3).

6.3 Essential and Toxicological Roles of Manganese in
Humans

Manganese is an essential element for humans and animals and is needed for
normal prenatal and neonatal bone mineralization, protein and energy meta-
bolism, metabolic regulation, cellular protection from damaging free radical
species, and the formation of glycosaminoglycans, among other things. Mito-
chondrial superoxide-dismutase (Mn-SOD), pyruvate carboxylase, and liver
arginase are some of the known manganese metalloenzymes. In astrocytes, a
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large portion of intracellular manganese occurs as a cofactor in the enzyme
glutamine synthetase.® Manganese has also been shown to stimulate the
synthesis of chondroitin sulfate, an important constituent of the cartilage and
connective tissue.'*

As an essential element, manganese exhibits a classic inverted ‘U’ shaped
dose—optimum heath response curve, with deleterious health impacts from
physiologic deficiency as well as over exposure when the homeostatic range is
exceeded. Oral intake via the normal diet is the physiological absorption route
for manganese, and inhalation is the typical route for occupational and envi-
ronmental exposure. In healthy adults, tight homeostatic control regulates
gastrointestinal absorption and systemic uptake to about 3% of ingested
manganese. The US Food and Nutrition Board of the National Research
Council established Estimated Safe and Adequate Daily Dietary Intake
(ESADDI) levels as follows: 0.3-0.6 mg per day for infants from birth to
6 months; 0.6-1.0 mg per day for infants from 6 months to 1 year; 1.0-1.5 mg per
day for children from 1 to 3 years; 1.0-2.0 mg per day for children from 4 to
10 years; and 2.0-5.0 mg per day for adolescents (>11 years) and adults.'*°
We are not aware of any comparable estimates specific to the elderly, though it
is reasonable to consider that ESADDI values would differ from those of
younger adults.

Emerging literature shows neurotoxic effects from airborne particles,
especially of ultrafine dimension, carried through the olfactory tract. Therefore
the role of olfactory transport and brain deposition of manganese mandates
further research to assess the impacts on brain functions like olfaction.'”® Once
absorbed in the body, manganese is rapidly distributed to various organs and
tissues, including the bone and the brain.'”' In the circulation, manganese
binding to blood proteins, such as ay-macroglobulin and transferrin, is
important in mediating the distribution within the body and target organs such
as the brain.>**%8%!"% In the brain, manganese accumulates in the caudate-
putamen, globus pallidus, substantia nigra, and subthalamic nuclei,” though
recent studies have suggested that following occupational exposures, manganese
may accumulate more broadly across the brain than previously believed.*

6.4 Manganese Toxicity in Adults and the Elderly

Studies have shown clear health impacts of elevated manganese in occupa-
tionally exposed adults.**'** Prolonged occupational exposure to manganese,
such as may occur in welders, miners, smelters, and other industrial workers
that are exposed to high levels of manganese in fumes, may lead to irreversible
neurological damage resulting in the disorder of manganism. Initially,
manganism presents with psychiatric disturbances that are later followed by
ataxia and an extrapyramidal syndrome. These symptoms resemble somewhat
the progression of Parkinson’s disease.® However, recent studies have indicated
important differences in the signatures of brain dysfunction in occupational
manganese neurotoxicity versus Parkinson’s disease. For example, in asymp-
tomatic welders at risk for developing manganism, positron emission
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tomography (PET) imaging has shown reduced FDOPA uptake in the
nigrostriatal pathway, with the pattern of affected brain areas as the
caudate > anterior putamen > posterior putamen, which is the exact opposite
brain regional pattern of dysfunction in symptomatic idiopathic Parkinson’s
disease.*”

Neuromotor, neurosensory and cognitive effects have been observed in
welders with relatively low manganese exposures.'>*! These findings are similar
to those observed in other manganese-exposed populations, such as workers in
battery production,'*>'%¢ ferroalloy production,'*®!!” and ore-processing.'*"-'*?
Early evidence of pre-clinical neuropsychological alteration includes reduced
performance on neuropsychological testing, poor eye-hand coordination
and hand steadiness, reduced reaction time, reduced cognitive flexibility,
and poor postural stability.”” Other symptoms commonly reported include:
headache, weakness, memory loss, sleep disturbance, irritability, anxiety
disorders, and gait disturbance. These effects have been associated with
manganese deposition in the brain, as measured with magnetic resonance
imaging in otherwise normal (i.e., asymptomatic) occupational populations.”®
Recent literature also indicates the impairment of cognitive abilities in
adults with occupational and environmental exposure to manganese.'*’
Chronic manganese exposure in non-human primates has been shown to
produce neurodegenerative changes, diffuse A-beta plaques and alpha-
synuclein aggregation in the frontal cortex. These changes support the
observation of cognitive and working memory deficits observed in these
animals.®?

While there is compelling justification for special consideration of the
elderly as a population particularly susceptible to the deleterious effects
of environmental exposures,'*? few studies have investigated manganese
pathophysiology in the elderly as a specific sensitive population. Elevated
environmental manganese exposure may also affect non-occupational
populations living in the vicinities of elevated manganese emissions. Studies
have shown increased risk for Parkinson disease or parkinsonian disturbances
in older adults living in areas with elevated environmental manganese.'?%107:164
Indeed, manganese exposure may play a role in the development of
idiopathic Parkinson’s disease by acting as an environmental trigger, able to
accelerate the onset of neurodegenerative damage.''> Welders have been
studied for a possible increase of Parkinsonism due to manganese exposure.
An increased frequency of parkinsonian disturbances has been shown in case
control studies on large groups of welders in the US. The parkinsonian
features in welders do not appear to be different from idiopathic Parkinson’s
disease (PD), except for a younger age of onset and a tendency to familiarity.
Epidemiological studies conducted in Norway, Italy, and Canada have
shown increased prevalence of Parkinson’s disease and Parkinsonism in the
vicinity of industrial sites causing emission of manganese dust.'®® The
differences between manganism and manganese-induced parkinsonism may
be interpreted. Relatively short term exposure to high concentrations of
manganese appear to target the globus pallidus, sparing the substantia nigra



156 Chapter 6

pars compacta and resulting in the typical features of classical manganism,
as described by Couper in 1837,%° only 20 years after sir James Parkinson’s
description of the ‘‘shaking palsy”. Prolonged and lifetime exposure to
much lower levels of manganese, that may still exceed the homeostatic
range, can target the entire area of the basal ganglia. This may explain the
increased frequency of parkinsonism among elderly people with prolonged
environmental exposure to manganese.'’”'®* Welders may represent a
particular at-risk group, where a combination of both manganism and
manganese-induced parkinsonism takes place, according to the
different levels of interaction between intensity and duration of manganese
exposure.

6.5 Early Life Exposure to Manganese and Adult
Disease

There is a compelling need to understand the extent to which early life exposure
to elevated manganese may contribute to increased risk of disease in the elderly.
Emerging evidence from studies of other environmental agents, such as air
pollution and lead, support the concept of health effects in adults who suffered
exposures as children.'®’! However, currently, there are no comparable human
data we are aware of linking early life manganese exposure with adult disease.
Notably, the developing brain is more sensitive to manganese than the adult
brain, due to enhanced absorption of the metal, relatively lower biliary
excretion, and the continued development of synapses throughout childhood
until adolescence, particularly in the prefrontal cortex. All of these factors
increase the potential for neurological injury from excessive exposures.®'?°
During development, manganese readily crosses the placenta and can
accumulate in the brain, and neonates receiving total parental nutrition (TPN)
can accumulate over 200% more manganese in the brain compared to children
not receiving TPN.>® However, information addressing toxicity from oral
exposure in children has only recently emerged. Except for recent reports of
impairment in motor skills and odor identification,''* health effects associated
with elevated manganese exposure in children have been impairment of
cognitive functions, with decrements in memory, verbal learning, and
intelligence, 14115:141.157.163.165

These studies reported that neurotoxicity occurs in children drinking water
with high (>1000 pg L") concentrations of manganese,’**® and a potential
association has been reported between ingestion of elevated levels of
manganese and learning problems, based upon data indicating that manganese
levels in hair are higher in learning-disabled and hyperactive children than in
normal functioning children.”'*> Several epidemiological studies have
examined the relationship between elevated manganese levels in water and toxic
effects in children. A study conducted in the Chinese province of Shanxi
compared 92 children aged 11 to 13 whose drinking water was contaminated
with elevated levels of manganese (241-346 pug L") to children whose drinking
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water had low levels of manganese (30-40 pg L™").”> The exposed children
performed more poorly in school and on neurobehavioral exams than
control students (p<0.01), with deficits noted in manual dexterity and rapidity,
short-term memory, and visual identification. A second study, conducted in
Bangladesh, showed that manganese may affect intellectual function, resulting
in lower 1Q.'® This study examined a cross-section of 142 10-year old children
whose well water supply was contaminated with a mean concentration of
793 pg Mn L', The data indicated that manganese exposure was significantly
associated with reduced Full-Scale, Performance and Verbal raw scores on
the Wechsler Intelligence Scale for Children in a dose-response fashion.
Additionally, a study conducted in Quebec, Canada, examined the relationship
between exposure to chronic levels of manganese and hyperactive behavior in
children.'® Hair manganese concentration was correlated with hyperactive and
oppositional behaviors, with the high exposure group having significantly
greater levels of manganese in hair and a stronger association with hyperactive
behaviors. Likewise, inhaled manganese was negatively associated with intel-
lectual function in school aged children living near a manganese mining and
processing facility."*' Collectively, these data suggest that high levels of
manganese in drinking water directly affect neurobehavioral function in
children. Considered alongside recent findings that mice exposed to manganese
during juvenile development experience greater neuroinflammatory injury and
behavioral dysfunction upon exposure to manganese as adults than mice
without juvenile exposure,'”>'* a background of manganese exposure,
particularly during critical developmental years, could render individuals more
susceptible, later in life, to neurotoxic insults which may predispose them to
neurological disease.

6.6 Biological Markers of Manganese Exposure in
Humans

While elevated manganese exposures are clearly associated with neurological
deficits in humans, details of the exposure—effect relationships across occupa-
tional and environmental exposures are still being .5*1!%152 In part, this may be
due to the challenges of accurately characterizing exposure over the lifetime or
life stage of susceptibility, and to the fact that there are no well-recognized and
validated biological markers of manganese exposure to better define dose—effect
relationships, as there are for some other well-studied metal toxicants such as
lead.’*! The identification and validation of exposure biomarkers is funda-
mental to human toxicology and risk assessment, and the assessment of a
dose—response relationship is essential for the demonstration of cause and effect
relationships, according to Hill’s criteria of causation.”’

Ideally, biological markers of exposure should reflect an integration of the
internalized dose over time. Studies in occupationally-exposed adults have
reported that blood manganese was associated with exposure and neurotoxic
outcomes,>! 104105 116.H7.I27.128.144 white studies in environmentally-exposed
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children have reported that hair manganese,'*'® manganese in the exposure

medium (e.g., water'®), or tooth manganese levels,*** but not blood manganese,
were predictors of exposure and/or neurotoxic outcomes. The reasons for these
discrepancies in the predictive value of various manganese exposure biomarkers
across pediatric environmental and adult occupational exposure studies are not
known. The toxicokinetics of manganese suggests that exposure biomarkers such
as blood and urine may best at best reflect recent exposure (i.e., days), while hair
and teeth may integrate or reflect longer-term exposure (e.g., weeks —_months or
Jonger) 118152

These studies evidence the challenges associated with the identification and
validation of biomarkers for manganese exposure and effect. Contributing to
this challenge is the fact that manganese is an essential element; normally,
concentrations in the body are controlled by homeostatic mechanisms regu-
lating absorption, disposition, and excretion. These processes also play an
important role in manganese toxicokinetics, different from many other non-
essential toxic metals like mercury and lead. In the latter case, the relationship
between lead exposures from environmental and occupational sources and
biological indicators of exposure and effect, such as the significant associations
between blood lead levels and toxic outcomes, have been well established over
years of study.”>!?!

Analytical challenges associated with the accurate and precise measurement
of manganese concentrations in various biological media (e.g., blood, plasma,
hair, urine) may confound assessment of suitable biomarkers of exposure.
The existing literature suggests substantial variability in blood and hair
manganese levels in environmentally or occupationally exposed
subjects, 41210415 17128144 154 the role of analytical variability in these
differences has not been addressed. Unlike the significant efforts devoted to
improving blood lead measurements,”'*! there has been little recognition of
potential sample contamination during collection, processing, and analyses of
biological samples for manganese concentrations, even though manganese is a
relatively common constituent of environmental media, such as soil and
dust.'*

To date, only a few studies have measured manganese in cross sections of
shed deciduous teecth as a means of assessing prenatal and early postnatal
exposure.*** Ericson and colleagues reported a significant association between
tooth manganese and hyperactivity/behavioral outcomes.*> Arora and
colleagues found a significant association between manganese in prenatally
formed tooth dentine and floor dust manganese loadings in the homes of
agricultural workers in regions where the manganese-containing fungicides
maneb and mancozeb are routinely applied.* Measurement of manganese in
teeth may offer several strengths as an exposure biomarker and predictor of
adverse health effects. As a biologic analog to calcium, manganese [as Mn(II)] is
incorporated directly into developing dentine. And, modern analytical
methods, such as laser ablation ICP-mass spectrometry, allow detailed
manganese measurements along histological transects contemporaneous with
fetal and neonatal development.
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6.7 Animal Studies - Dosimetry

Animal model studies have been crucial for elucidating the relationship
between manganese dose, resultant target tissue manganese levels, and the
resultant functional, cellular and sub-cellular effects of elevated exposure.®®
As an essential element, manganese homeostasis is physiologically regulated
in adults, though regulatory processes may be overwhelmed with excessive
exposure, depending on the exposure magnitude and frequency. This is well
illustrated with data from a rodent study we conducted to determine whether
manganese exposure and resultant toxic outcomes are a function of the
magnitude of the nominal dose, the duration of the treatment, or a combi-
nation of both. Adult female Sprague-Dawley rats (age 9 months) were
treated with nominal manganese doses of 0, 1.6, 4.8 and 9.6 mg kg~ ' via
intraperitoneal (IP) injection three times per week for either 5 weeks or
15 weeks (the latter dose for only 5 weeks; n=10-14 per treatment). Blood,
plasma, and brain manganese concentrations were significantly associated
with the nominal dose, but not the cumulative dose of exposure (Figure 6.1),
indicating there was no substantial accumulation of manganese with time in
the circulation or the brain beyond the 5 week exposure duration, within a
nominal dose treatment. This is best illustrated by the essentially identical
blood manganese levels in animals who received the relatively modest nominal
dose of 1.6 mg kg~ ' for 5 weeks (blood Mn=53.0 ng mL~") or 15 weeks
(blood Mn=53.2 ng mL™"), even though the total cumulative manganese
doses for these two groups differed by three-fold (24 and 72 mg kg '
respectively). In contrast, animals who received the same cumulative dose of
72 mg kg~ over a total exposure duration of either 5 weeks (4.8 mg kg~
nominal dose) or 15 weeks (1.6 mg kg~ ' nominal dose) exhibited blood
manganese levels that differed by more than four-fold [i.e., 236 ng mL ™" versus
53.2 ng mL~", Figure 6.1(a)], consistent with the difference in nominal dose
between these treatment groups.

More recently, a study by Schroeter et a reported the use of a multi-
route physiologically-based pharmacokinetic model for manganese to
evaluate dose-dependent neurological effects, drawing exclusively on data
from non-human primate studies. Applying the model across studies that used
a variety of exposure routes (inhalation, oral, intravenous, intraperitoneal,
and subcutaneous) and exposure durations (several weeks to over two years),
their results support the hypothesis that the dose-response relationship for
the neurotoxic effects of manganese is independent of exposure route. Their
results also support the use of target tissue manganese concentration or
cumulative target tissue manganese levels as an internal exposure measure
predictive of neurological effects. This is consistent with the suggestion of
Gwiazda er al. ®® that cumulative manganese dose is a predictor of significant
health effects. This underscores the importance of understanding both the
frequency and magnitude of exposure relative to the rate of body manganese
elimi6nation, a suggestion that has clear implications for human exposures as
well.

1.151
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Figure 6.1 (a) Blood, (b) plasma, and (c) brain manganese concentrations in adult
Sprague-Dawley rats (mean + SE, n =8 — 14/bar) exposed to manganese
via IP injection (3 injections/week) for 5 weeks (grey) or 15 weeks (black).
The x-axis shows nominal dose for each IP injection in mg Kg~' body
weight, or the total cumulative dose of manganese administered over the
entire 5 or 15 week exposure period. Within a tissue, bars with different
superscript letters were statistically different (p<0.05), based on Tukey
post hoc analyses.



Manganese 161

6.8 Animal Studies - Early Life Manganese Exposure as
a Determinant of Late Onset Disease

Animal model studies have also proven invaluable in specifically evaluating the
impacts of exposure to agents suffered during discrete life stages, including the
extent that insults suffered during early life may increase the risk of dysfunction
and disease late in life. While studies have shown that increased iron intake in
neonatal mice resulted in a Parkinson-like neurodegeneration as aged adults,®
few studies have specifically evaluated the persistence of functional defects into
adulthood as a result of early life exposure to manganese.®”!13:12%123:190 11y gpe
study, Kern and Smith®” showed that rats exposed to manganese in early
life showed an increased spontaneous motor activity response as adults
(postnatal day, PND ~100) to a p-amphetamine challenge (p-amphetamine is
a catacholamine agonist that produces increased levels of dopamine in the
synaptic cleft). Consistent with this, dopamine D2 receptor levels were
increased to a significant ~500-800% of controls in the prefrontal cortex,
while D1 receptor levels were increased to ~160% of control in the nucleus
accumbens of these adult rats exposed to manganese in early life. These data
provide evidence of lasting alteration of the dopamine synaptic environment in
adults following early life manganese exposure. Moreover, Moreno and
colleagues recently reported that mice exposed to manganese during juvenile
development experienced greater neuroinflammatory injury and behavioral
dysfunction upon exposure to manganese as adults than mice without juvenile
exposure.'?>!'?*  Collectively, these animal studies further support the
hypothesis that early life manganese exposures in humans may increase
susceptibility to dysfunction in aged individuals.

6.9 Mechanisms of Manganese Toxicity

The dominant mechanisms of manganese toxicity are believed to include:
mitochondrial dysfunction,’®*® free radical production and oxidative stress,*
disruption of cellular antioxidant defense mechanisms (such as glutathione,
catalase, and glutathione peroxidase), manganese-mediated disruptions to
intracellular calcium and Fe metabolism,>>?19%167:1 and activation of
proinflammatory pathways.”"!?%1%

Manganese is a redox-active transition metal and a biologic analogue to
iron(I1I), as Mn(IIl), and Ca(ll), as Mn(II).*” Within eukaryotic cells,
manganese is predominantly in the Mn(II) oxidation state.®®®”!37 though is
believed to undergo rapid redox activity in oxidizing environments or if not
suitably stabilized by coordination with molecular ligands.’”*® As such,
manganese may exhibit both prooxidant and antioxidant properties, depending
upon the local environment. Manganese is taken up into cells via a number of
mechanisms, including the divalent metal transporter 1 (DMT1), transferrin
receptor, and Ca®" uniporter.”®> In contrast, comparatively little is known
about cellular manganese efflux mechanisms, though recent studies have
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suggested that the golgi transmembrane proteins SPCA-1 and golgi phospho-
protein IV play important roles in cellular manganese homeostatsis and
efflux.'> DMT1 is highly expressed in the basal ganglia, which is a target area
for both Parkinsonism and manganese toxicity,*® and certain DMTI poly-
morphisms have been related to Parkinson’s disease’* and neurodegeneration
in animals models."*® Additionally, rats exposed to manganese welding fumes
mimicking occupational exposure have shown increased DMT1 mRNA
expression related to neurodegeneration.'>> A role for DMT-1 in enhanced
manganese olfactory transport, especially in anemic animals,'*® has also been
observed.

6.9.1 Manganese Induces Oxidative Stress and Mitochondrial
Dysfunction

Manganese is widely regarded as a prooxidant that contributes to heightened
oxidative stress within cells.">*113%13% Experimental evidence suggests that
prooxidant activity of Mn>" is dependent on trace amounts of Mn’".
Superoxide produced in the mitochondrial electron transport chain may
catalyze this transition through a set of reactions similar to those mediated by
superoxide dismutase and thus lead to the increased oxidant capacity of the
metal. Manganese may enhance the auto oxidation or turnover of various
intracellular catecholamines, such as dopamine, leading to an increased
production of free radicals, reactive oxygen species, and other cytotoxic
metabolites.**'% It has also been shown to impair cellular antioxidant defense
mechanisms. Oxidative stress generated through mitochondrial dysfunction
due to manganese may be a key event in the injury of targeted central nervous
system cells.

The mitochondrion is an important intracellular target of elevated
manganese, with numerous studies demonstrating impaired function of the
mitochondria or mitochondrial components with elevated exposures.
Numerous studies have shown that elevated manganese exposure impairs
mitochondrial function and energy production,” %7172 and specifically
targets mitochondrial enzymes, including aconitase,>*'®” and components of
the electron transport chain.®* As manganese alters ATP production and
glutamate uptake in astrocytes, basal ganglia neurons could be susceptible to
excitotoxic damage. Changes in glutamic acid decarboxylase (GAD) and
GABA content can be found as a consequence of manganese exposure. > It
has been proposed that loss of GAD-positive cells in the striatum and globus
pallidus of manganese-treated rats may be caused by the loss of chemical,
electrical, or physical support because of neurite dysfunction encountered in
mesencephalic cultures exposed to manganese (resulting in profound changes in
the cytoskeleton and neurite length), or may be an independent neurotoxic
event. Long-term manganese-intoxication effects are similar to those produced
by other substances that also affect the mitochondria in the same brain
structures, for instance carbon monoxide (CO) and cyanide. Parkinsonism and
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dystonia are common sequelae of manganese, cyanide, and carbon monoxide
intoxications. Why manganese is able to produce the same effects as these
substances is not known, but there may be common mechanisms of injury; for
example, all of them are able to produce alterations in oxidative phos-
phorylation, and both manganese and CO induce mPT and ROS production.®

6.9.2 Manganese Causes Dysregulation of Cellular Iron
Homeostasis

There is compelling in vitro, in vivo, and epidemiological evidence supporting
the hypothesis that elevated manganese exposures lead to alteration of cellular
iron metabolism,3>-40:21:92.120.139.148.167.168.169 4 that polymorphisms of iron
metabolism genes are associated with blood manganese levels in humans.”® In
mammalian cells, cellular iron metabolism is controlled primarily post-
transcriptionally by the coordinated translation of proteins critical to iron
uptake (transferrin receptor, TfR and divalent metal transporter-1, DMT-1),
storage (ferritins), and utilization (m-aconitase and erythroid 5-aminolevulinate
synhetase).!*® Translation of these proteins is controlled by iron regulatory
proteins (IRPs), which interact with stem-loop structures (iron responsive
elements, IREs) located in mRNAs coding for the above proteins. Two distinct
IRPs have been identified: IRP-1 and IRP-2. IRP-1 is a bifunctional protein,
exhibiting (cytosolic) aconitase activity in its holo form (containing a [4Fe-4S]
cluster), and IRE binding activity in its apo-form (i.e., loss of the [4Fe-4S]
cluster). Because of its aconitase activity, IRP-1 in its holo from is also known
as cytosolic aconitase (c-aconitase). In contrast, IRP-2, which does not contain
an Fe-S cluster and lacks aconitase activity, regulates IRE binding activity
through changes in its intracellular abundance.

Recent evidence suggests that manganese exposure produces an iron
response akin to iron deficiency, leading to increased iron uptake, reduced
storage of cellular iron, and increased labile cellular iron
levels ?>91:92:98.138.139.169 §ipyce manganese can inhibit the enzymatic activity of
aconitase,?®3>1°1:167 it has been suggested that manganese may alter iron
homeostasis via a direct interaction with c-aconitase/IRP1. However, there is
compelling evidence that IRP-2 binding activity in cells is also strongly altered
by manganese and in fact may be the predominant IRP mediating the
manganese effect on iron dysregulation.®*!? In light of (i) laboratory data
indicating that misregulation of iron leads to increased redox cycling of
iron complexes, increased oxidative stress, reduced antioxidant capabilities,
and lipid and protein oxidation in the basal ganglia and other affected
brain regions; (ii) suggestions that these effects are likely both cell type and
brain region-specific, and also likely exacerbated with ageing; and (iii) the
growing body of evidence indicating that iron toxicity may play an important
role in many neurodegenerative diseases, including Alzheimer’s, Parkinson’s,
and Huntington’s disease,”® it is quite likely that manganese-induced
dysregulation of cellular iron homeostasis is an important mechanism of
cellular toxicity.
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6.9.3 Manganese Targets Dopaminergic and Glutamatergic
Systems

There is clear evidence that manganese exposure in animal models, at levels
below those that produce overt toxicity or neurodegeneration, alters dopamine
system function, including reduced striatal dopamine release, reduced striatal
dopamine transporter protein expression, and enhanced D2 receptor.5-87:113:140
Similarly, in one of the few studies to report D2 receptor activity/expression,
Calabresi et al.'” showed that exposure of post-weanling rats to manganese
significantly enhanced striatal D2 receptor activity compared to controls, based
on electrophysiological measurements in brain slices treated with the D2
receptor agonist quinpirole. Comparable studies in adult non-human primates
have similarly shown that elevated manganese exposure alters DA function.
Guilarte er al.** used PET imaging in adult primates exposed to weekly IV.
injections of manganese (3.3-4.9 mg kg~ ' weekly injection for ~40 weeks) to
show that manganese exposure resulted in reduced amphetamine-stimulated
dopamine release in the striatum. Eriksson er al.***° used PET imaging and
quantitative autoradiography in adult non-human primates to show that
chronic adult manganese exposure (200 mg SC injection every 2 months for
16-26 months) produced a 60-75% reduction in dopamine transporter levels in
the striatum. Earlier studies in adult primates have shown that chronic
manganese exposure also decreased tissue dopamine levels in the striatum.'®*

Changes in olfactory perception may be caused by a dopaminergic
dysregulation, possibly related to changes at the level of dopamine receptors.
Being actively transported through the olfactory tract, manganese can cause
impairment of olfactory function and motor coordination. Odor and motor
changes are interrelated and may be caused by a manganese-induced
dopaminergic dysregulation affecting both functions. The interconnection
between manganese and dopaminergic toxicity through changes in DMT]I
expression warrant further research on the possible role of manganese exposure
as a pathogenetic factor for Parkinsonism. Manganese exposure has shown to
both increase and decrease serum prolactin levels in rats'''"'* and humans,
including children,'?' as further support of changes in the dopaminergic
system.

There is similar though less complete evidence from adult animal and cellular
studies showing that manganese exposure disrupts glutamate (Glu)
function.*3%47:63126 Eor example, Erikson er al. showed that chronic
respiratory MnSO, exposure in juvenile monkeys (> 0.3 mg m for 65 days)
decreased levels of GLT-1 and GLAST protein in the caudate, globus pallidus,
olfactory cortex, and cerebellum, though total tissue Glu levels were unchanged
compared to controls.’” Centonze es al. found that manganese exposure in
post-weanling rats (20 mg mL ™" in drinking water for 10 weeks) increased the
frequency and amplitude of spontancous striatal excitatory postsynaptic
potentials, but did not change the sensitivity of striatal neurons to Glu AMPA
and NMDA receptor stimulation, suggesting that the abnormal excitation of
striatal neurons in this manganese dose range was due to hyperactivity of
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corticostriatal neurons.>* These findings in animal models are accompanied by
findings in cell model studies. Collectively, these support the theory that
manganese exposure may disrupt Glu function through altered Glu release
and/or activity, or decreased astrocytic Glu uptake, possibly potentiating the
effects of increased cortical excitatory input,!”-27-36:48:49.52.72.153

6.9.4 Glial Activation and Nitrosative Stress in Manganese
Neurotoxicity

Inducible expression of multiple inflammatory genes in glia is regulated by the
transcription factor NF-kB, which is under intense study as a therapeutic target
for blocking neuroinflammation in neurodegenerative disease.>' Multiple stress
and inflammatory signals activate NF-kB through the IxB Kinase (IKK)
complex.'® Mitogen activated protein (MAP) kinase cascades are one of the
pathways central to activation of IKK, and recent studies reported that
manganese directly stimulates cGMP-dependent activation of NF-«B in
astrocytes via MAPK signaling that potentiates the effects of inflammatory
cytokines on expression of nitric oxide synthase (NOS2).'?* These data help to
explain how low levels of manganese can potentiate inflammatory signaling in
glial cells and suggest a mechanism by which manganese may act on NF-kB in
concert with factors such as TNFao and IL-1 to promote a neuroinflammatory
phenotype in glia.

The broader functional significance of NF-kB-dependent regulation of
inflammatory genes in the basal ganglia was highlighted in recent studies
demonstrating that the orphan nuclear receptor, Nurrl normally inhibits
NF-kB-regulated neuroinflammatory genes in astrocytes, and its deficiency
causes loss of dopaminergic neurons.'* Active Nurrl, as well as selected other
nuclear receptors, stabilizes constitutively bound nuclear corepressor proteins
and prevents NF-kB-induced NOS2 expression in astrocytes and microglia.
Interestingly, deficiency in expression of Nurrl is also associated with a late-onset
form of Parkinson’s disease,’’** suggesting that nuclear regulators of NF-xB are
linked to glial inflammatory activation and neuronal injury within the basal
ganglia. Supporting the importance of these nuclear regulatory mechanisms to
neuroinflammatory injury, transgenic animals containing microglial- and
astroglial-specific gene deletion of NF-kB are protected in diverse models of
inflammatory neurodegeneration.'®*® Thus, the capacity of manganese to
stimulate a damaging inflammatory phenotype in glia may not only promote
neuronal injury during exposure, but may also render selected populations of
neurons more vulnerable to secondary neurotoxic insult later in life.

6.9.5 Neuroinflammation may Link Between Early Life
Exposure to Manganese and Susceptibility to Late Onset
Neurological Disease

The most prominent neuropathologic findings in human manganism are
neuronal loss and reactive gliosis in the globus pallidus and substantia nigra
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Figure 6.2
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Manganese potentiates NF-kB signaling in astrocytes, leading to increased
expression of neuroinflammatory genes. Until recently, it was unclear how
manganese could potentiate inflammatory signaling in astrocytes through
multiple pro-inflammatory pathways. The studies of Tjalkens and
colleagues revealed that manganese uptake into astrocytes (1) results in
rapid increases in cGMP through soluble guanylate cyclase (2), which
activates MEKK/ERK signaling (likely through Rho/Rac family kinases)
and the IKK/NF-xB signaling complex. (3) Diverse inflammatory signals
such as TNFo and LPS activate IKK/NF-xB signaling through intra-
cellular receptor-associated protein (MEK) complexes and the
NF-«kB-interacting kinase (NIK), resulting in a convergence of stimuli that
magnifies otherwise low-level inflammatory activation (4). Activated
NF-«B translocates to the nucleus, where chromatin remodeling occurs by
removal of transcriptional co-repressors such as NCoR2 and (likely) other
factors such as histone deacetylase (HDAC) proteins, permitting binding
of p65 to NF-kB enhancer elements (5). Increased expression of NOS2
elevates levels of NO, which may further increase intracellular cGMP
levels, as well as magnify neuronal protein nitration and injury.

pars reticulata (SNpr).'°® Gliosis in the striatum (caudate nucleus and
putamen) and subthalamic nucleus has also been reported and, less frequently,
the substantia nigra pars compacta (SNpc).”® A key feature of the reactive
gliosis observed in human and experimental manganism is the presence of
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Alzheimer type Il astrocytosis, although ultrastructural studies also report
reactive microglia surrounding degenerating neurons that contain increased
numbers of large secondary lysosomes, indicative of an active phagocytic
process.” 13 Additionally, it has been reported that manganese induces
astrogliosis in the pre-frontal cortex of exposed Cynomolgus macaques, with
activated astrocytes in this model occurring proximal to degenerating neurons
that express Amyloid-p precursor-like protein 1.%° Previous studies in juvenile
and adult mice indicate that adult mice pre-exposed to manganese as juveniles
have a more severe neuroinflammatory phenotype and greater neurological
dysfunction when re-exposed to manganese as adults, compared to mice
without prior exposure.'?*!?® This suggests that glial activation may represent
a type of ‘memory’ within the CNS that sensitizes affected brain regions to

Microglial Cell

Figure 6.3 Microglial-astrocyte interactions promote a neuroinflammatory
phenotype following exposure to manganese during development.
Developmental exposure to manganese stimulates intercellular signaling
between microglia and astrocytes, which results in a persistent inflam-
matory phenotype that can enhance neurological dysfunction during
aging. (1) Manganese directly affects both microglia and astrocytes,
stimulating NF-kB-dependent gene expression in microglia (2), which
enhances production of pro-inflammatory factors such as TNFa and
IL-1B, leading to inflammatory priming of astrocytes. Manganese
accumulation in astrocytesstimulates cGMP/MAPK/IKK-mediated acti-
vation of NF-kB, potentiating expression of neuroinflammatory genes (3),
which further stimulate microglial cells and cause neuronal protein
nitration and injury through release of inflammatory mediators including
NO and TNF« (4).
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neurological dysfunction from manganese and that might also promote a more
severe neuroinflammatory phenotype later in life upon exposure to manganese
or other environmental or endogenous neurotoxicants.

Less is known regarding the role of microglial activation in manganese
neurotoxicity, or about interactions between microglia and astrocytes that may
promote persistent astrogliosis. Microglia are not uniformly distributed in the
brain and are enriched in several regions, including the basal ganglia.®
Activated microglia and astrocytes produce pro-inflammatory mediators such
as nitric oxide (NO), prostaglandins, TNFa, and IL-1p, that are associated with
neuronal injury in multiple neurodegenerative disorders.”’®!"* Increased
expression of inducible NOS2 and overproduction of NO is also associated
with neuroinflammatory injury in manganism,””'>* but the relative
contributions of microglia and astrocytes to NOS2 expression in glia and
subsequent induction of nitrosative stress in neurons following exposure to
manganese in vivo are not well understood. Manganese enhances the release of
the inflammatory cytokines interleukin-6 and TNFo from microglial cells,?!
which can promote activation of astrocytes and subsequent release of pros-
taglandin E2 and NO.?>* Manganese increases neuronal protein nitration in
developing'? and adult'®" mice, and inhibition of NOS2 in astrocytes protects
co-cultured neurons from manganese toxicity.'°>!'*® This supports a causative
role for NO in manganese-induced neuronal injury, as do recent studies indi-
cating that NOS2 knockout mice are protected against manganese neur-
otoxicity during juvenile development.'® Thus a complex interplay between
microglia and astrocytes mediates the neuroinflammatory phenotype observed
in manganese toxicity, and a better understanding of the underlying signaling
pathways is necessary to identify critical interactions between glial cells that
determine neuronal injury.

6.10 Conclusion

Manganese is an essential element and also a potentially hazardous element, in
full accordance with Paracelsus’ motto “dosis facit venenum” (the dose makes
the poison). For manganese, the dose per se is not the only important factor;
the integration between dose and exposure frequency and duration can
determine different types of toxicity. ““Dosis et tempus faciunt venerum’ would
have been Paracelsus’ definition for manganese. The time variable entails
“when” and ““how long” exposure takes place, pointing out the most vulnerable
windows of pre and post-natal life. Time is also important in terms of exposure
duration. Short time exposure to high doses can cause the classical features of
manganism, whereas lifetime exposure to very low doses can result in neur-
odegenerative changes identifiable as parkinsonism.

Long term neurotoxicity of manganese has been extensively studied for the
impact on motor coordination, but cognitive functions are also impacted and
further studies are required to elucidate the mechanisms of toxicity. The elderly
may be particularly susceptible to manganese as a product of long term
exposure, impacting both motor and cognitive functionality. This suggestion
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builds upon evidence linking transitional metal dyshomeostasis and the
accumulation of transition metals like iron in brain regions most commonly
affected in neurodegenerative diseases. Manganese-induced dysregulation of
cellular iron homeostasis appears to be a key factor of neuronal damage.
Glial activation induced by pre-exposure to manganese in juvenile animals
may represent a ‘“‘memory” able to promote neuroinflammation and neur-
ological dysfunction in older age, especially upon further exposure to
manganese or other neurotoxic agents. Neuroinflammation is also based on the
interaction between microglia and astrocytes, which needs further study to
better elucidate the role of glial cells in neuronal injury. Persistent neuroin-
flammation may be one of the reasons neurological symptoms worsen over time
in individuals with high level exposure to manganese, and why damage to
multiple brain regions and cell types is triggered by long term exposure to lower
doses. Future research that integrates these diverse mechanisms of injury will be
important both for development of better therapeutic interventions and for
identifying populations that are most at risk from exposure to manganese.
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7.1 Introduction

Cardiovascular (CV) diseases are the main cause of death in high-income
countries. As previously low-income countries like China and India become
industrialized, the incidence rates of CV diseases are rising. Among CV
diseases, the major killers are myocardial infarction, stroke, and heart failure.
All of these diseases are mainly encountered in the elderly.

The incidence rate for myocardial infarction peaked in the 1970s, and
thereafter a decline has been noted in high-income countries.'** This has been
attributed to a reduction in LDL-cholesterol levels and a drop in smoking
prevalence in the last few decades. A reduction in stroke incidence has also been
seen in the high-income countries,>* although this is less than the decline seen
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for myocardial infarction. The major risk factor for stroke is hypertension,
which is more recognized today than some decades ago.

Regarding heart failure, community-based cohorts have presented
conflicting results. Data from the Framingham study suggests that the
incidence of heart failure may be declining among women, but not men.’ In
contrast, an analysis of data from Olmsted County, Minnesota, implied that
the incidence of heart failure has remained stable during the past 20 years in
both men and women and that men and patients aged 70 years or younger have
experienced disproportionate gains in survival.® More recently, even an
increase in incidence was observed in an elderly, community-based, managed-
care population followed from the early 1970s to the early 1990s.” Previous
myocardial infarction and hypertension are the major risk factors for heart
failure.

Clustering of several CV risk factors in the same individual is nowadays
generally denoted metabolic syndrome (MetS). Although described in general
terms as early as the 1930s, the MetS was described in its present form by
separate groups, including us, in 1988.%? Several definitions of the MetS exist,
but in epidemiology, the NCEP/ATP Ill-criteria are the most commonly
used.'® By this definition, a subject with the MetS should show at least three
deviations out of five in visceral obesity, blood pressure, high triglyceride levels,
low HDL, and impaired glucose tolerance. This is generally seen in 15-30% of
populations in Europe and the US."" Although the role of insulin resistance as
the underlying pathophysiological driver of metabolic syndrome was
emphasized in the past,” it is today generally believed that visceral accumu-
lation of adipose tissue is the main driver of metabolic syndrome. The
usefulness of metabolic syndrome as a separate entity has been questioned. This
is because it has been shown that the magnitude of risk of future cardiovascular
events associated with having metabolic syndrome is not greater than the sum
of the risks associated with the individual components of the syndrome.'*'?
Thus, although metabolic syndrome does not include any unique information
in terms of risk prediction, it is useful as a descriptive term for patients with
multiple risk factors.

As the prevalence of the MetS is increasing in both high and low-income
countries, it is anticipated that the incidence rates of myocardial infarction and
heart failure will start to increase again due to the higher burden of risk factors
that will accompany the obesity epidemic seen worldwide.

The number of man-made chemicals used in our environment has increased
dramatically during recent decades. More than 100 000 chemical substances are
registered in the EU (http://www.echa.europa.eu/). Although the toxicity of
certain pollutants, like lead and arsenic, has been known for years, potential
deleterious health effects of most other substances are largely unknown.

One area of major concern is that several of the high-volume produced
chemicals could interfere with the basal hormonal systems governing funda-
mental homeostatic systems in our bodies. Therefore, the term, “endocrine
disruption” has been coined to describe this general action of some environmental
contaminants. Actions of environmental contaminants on the reproductive
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system, the glucocorticoid hormones and thyroid hormones have been described,
and have resulted in the ban of dichlorodiphenyltrichloroethane (DDT) and
polychlorinated biphenyls (PCBs) in many parts of the world during the 1970s
and 1980s.

Many of the compounds regarded as endocrine disruptors are highly lipo-
philic chemicals that accumulate in adipose tissues, resulting in a long half-life.
They are collectively named persistent organic pollutants (POPs), and a
number of these chemicals have been identified as deleterious to health and
have been listed at the Stockholm convention. Amongst those listed are
organochlorine pesticides, such as hexachlorobenzene (HCB) and DDT,
various chlordanes, PCBs, dioxins, brominated flame retardants, and fluor-
inated compounds.

A group of less persistent organic chemicals that has received attention in
recent years is plastic associated compounds (PACs). Amongst these, the health
effects of bisphenol A (BPA) have been highlighted, as well as that of different
phthalates. These chemicals have a considerably shorter half-life than the
POPs, but could nevertheless act as endocrine disrupters. Since humans are
exposed to these chemicals on a daily basis, measurable circulating levels
of BPA, as well as phthalate metabolites, are seen in most individuals.'
However, since analytic capacity for large-scale measurements of PACs has
only been available for a few years, data on PACs are limited compared to data
on POPs.

The present review will focus on evidences in humans of a relationship
between POP and PAC exposure and metabolic syndrome and cardiovascular
disease. We will mainly consider data from cross-sectional and longitudinal
studies and population-based studies, but will also consider evidences from
occupational studies, geographical studies, and accidents, if appropriate.
A more extensive review on this topic has recently been published.'”

7.2 Metabolic Syndrome

The term, ‘metabolic syndrome’ is a descriptive term regarding subjects with a
clustering of cardio-metabolic risk factors. Although described by a couple of
groups in 1988,%? the first uniform definition of the syndrome came in a WHO
report in 1998.'¢ This definition of the syndrome was much governed by the
thought that insulin resistance is the driver of the syndrome. Consequently,
insulin resistance was amongst the major criteria of that definition. Since
insulin resistance is very seldom evaluated in clinical practice, this definition of
the syndrome has never been frequently used.

In 2001, the NCEP/ATPIII panel suggested a different definition of the
syndrome, based on the idea that visceral obesity is the main driver of the
syndrome'® (See Table 7.1).

This definition uses five criteria commonly used in clinical practice: blood
pressure, fasting blood glucose, serum triglycerides, HDL-cholesterol, and
waist circumference; metabolic syndrome is considered to be present if a subject
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Table 7.1 Definition of the metabolic syndrome using the NECP/ATP III
criteria (NECP 2001). The metabolic syndrome is considered to be
present if 3 or more of the 5 criteria presented in the table are

present.
Blood pressure >130/85 mm Hg or antihypertensive treatment
Fasting blood glucose >5.6 mmol L™
Serum triglycerides >1.7 mmol L'
Waist circumference >102 cm in men and >88 cm in women
HDL-cholesterol <1.0 mmol L™! in men and <1.3 L™! in women

shows deviations in three or more of these five criteria (see Table 7.1 for details
regarding cut-off limits). This definition of metabolic syndrome has been used
extensively in clinical research. Although other definitions have been proposed,
the so-called NCEP-definition was widely accepted following some minor
modifications.

Only a couple of studies have evaluated whetehr POPs or PACs are related to
metabolic syndrome. Both of these studies used the US-based National Health
and Nutrition Examination Survey (NHANES) study as the evaluated sample.
The NHANES is a program of studies designed to assess the health and
nutritional status of adults and children in the US. For more than a decade, the
survey has examined a nationally representative sample of about 5000 persons
each year. These persons are located in counties across the country, 15 of which
are visited each year. NHANES is a cross-sectional survey and does not include
follow-up data on future diseases.

Lee and co-workers studied the relationships between POPs and the
prevalence of metabolic syndrome in the NHANES 1999-2002 examination
cycles.!” They used data on 19 different POPs in 721 subjects who were free
from diabetes in a cross-sectional fashion. The POPs were divided into 5
classes: polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated diben-
zofurans (PCDFs), dioxin-like PCBs, non-dioxin-like PCBs, and OC pesticides.
Almost a quarter (24%) of the population showed metabolic syndrome. The
most striking association between POPs and metabolic syndrome was seen for
the OC pesticides. In this case, subjects in the fourth quartile of OC pesticide
levels showed more than a five-fold increased risk of having metabolic
syndrome compared to subjects with the lowest levels [OR 5.3 (95% CI
2.5-11.3), p<0.01] following adjustment for multiple confounding variables
(age, sex, race, poverty index, cigarette smoking, serum cotinine, alcohol
consumption, and exercise). Additional adjustment for BMI only marginally
affected the risk. Associations between metabolic syndrome and dioxin-like
PCBs and non-dioxin-like PCBs were also observed, although the increased
risk was lower for these POPs (OR 2.0-2.2). One striking finding for the PCBs
was that the maximal risk was generally not found in the highest quartile but
rather in the 3™ quartile. Especially for the non-dioxin PCBs, the risk was not
increased in those with the highest levels, suggesting non-monotonic
relationships.
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The authors also investigated how the five different components of the
syndrome were related to the POP levels. An increased waist circumference was
mainly related to non-dioxin PCBs and OC pesticides. Increased serum trig-
lyceride levels were mainly related to dioxin-like PCBs and OC pesticides, while
only OC pesticide levels were related to low HDL-cholesterol. Elevated blood
pressure was only related to PCDFs, while increased fasting glucose was mainly
related to non-dioxin PCBs and OC pesticides.

Thus this important study disclosed that POPs are related to metabolic
syndrome, that different components of metabolic syndrome might be
associated with different types of POPs, and that the relationships might not
always be linear, suggesting that low-dose effects of POPs might be present.

The same research team also conducted a case-control study of 50 subjects
with metabolic syndrome and 50 age and sex-matched healthy controls
randomly selected from a health survey conducted in South Korea.'® Eight
OC pesticides were evaluated. Significantly higher levels of beta-
hexachlorocyclohexane and heptachlor epoxide were found in the subjects with
metabolic syndrome compared to the controls (p<0.01). Also, trans-nonachlor
tended to be clevated amongst the subjects with metabolic syndrome, while no
major differences were seen for DDT, DDE or hexachlorobenzene. Beta-
hexachlorocyclohexane was mainly related to elevated blood pressure, while
heptachlor epoxide levels were related to all of the five components of
metabolic syndrome. In this case, the associations were no longer significant
when adjusted for BMI.

Originating from the same research group, a report regarding the
associations between brominated flame retardants and metabolic syndrome
using data from the NHANES 2003-2004 examination cycle has also been
published.'” They used 637 subjects in this cross-sectional analysis, and studied
six different brominated flame retardants: polybrominated biphenyl 153 (PBB
153) and the polybrominated diphenyl ethers 28 (PBDE 28), 47, 99, 100, and
153. In the sample, 37% showed metabolic syndrome and mean age was 50
years. PBB 153 levels were associated with an increased risk of having
metabolic syndrome (OR 3.1 (95% CI 1.4-6.5), p<0.01) following adjustment
for age, sex, race, poverty index, cigarette smoking, serum cotinine, alcohol
consumption, and exercise. Also, PBDE 153 levels showed a similar rela-
tionship, although not as powerful (OR 2.5). Just as observed for some of the
POPs, non-monotonic relationships were seen for both of these brominated
compounds, with increased risk already at very modest increased levels,
suggesting low-dose effects.

When PBB 153 and PBDE 153 levels were related to the different components
of metabolic syndrome, relationships were found mainly in relation to elevated
serum triglyceride levels. However, when related to prevalent diabetes, both
increased PBB 153 and PBDE 153 levels were associated with an increased risk
of prevalent diabetes with ORs in the range of 1.9-2.7.

The only other research group that has paid attention to the relationship
between metabolic syndrome and environmental contaminants is a Japanese
team.”® In a health survey conducted in different parts of Japan, 1374 subjects
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not occupationally exposed to dioxins and related compounds were inves-
tigated. It was found that 12% of the population showed metabolic syndrome
using a modified version of the NCEP criteria. The investigators calculated the
toxic equivalents (TEQs) for a total of 29 PCDDs, PCDFs, and dioxin-like
PCBs. Belonging to the upper quartile of total TEQ was associated with a 5.3
increased risk of having metabolic syndrome (95% CI 2.3-13, p<0.01),
following adjustment for age, sex, smoking, alcohol habits, regional area, and
survey year. Also, when TEQ was calculated separately for the three different
groups of compounds (PCDDs, PCDFs, and dioxin-like PCBs), the TEQs for
each of these groups were all related to the risk of metabolic syndrome (OR
3.2-4.8). Similar results were obtained if diabetics were excluded from the
analysis.

When the five components of metabolic syndrome were related to TEQ
values, all components of metabolic syndrome, except the modified obesity
criteria using BMI instead of waist circumference (p =0.07), were significantly
related to total TEQ. Only for dioxin-like PCBs was TEQ related to the obesity
criteria. In general, for all three groups of compounds (PCDDs, PCDFs, and
dioxin-like PCBs), TEQ was related to the four other components of metabolic
syndrome ( with the exception of TEQ for PCDFs and low HDL-cholesterol).
In most cases, monotonic relationships between TEQ values and prevalent
metabolic syndrome were observed.

While most of the PCDDs and PCDFs investigated were related to the risk of
having metabolic syndrome, a striking difference was seen between different
PCB congeners. PCB 126, 105, 114, 118, 123, and 167 were all significantly
related to prevalent metabolic syndrome, with ORs in the 4.1 to 9.1 range for
the highest versus lowest quartile. The PCBs 156, 157, 169, and 189 were far
from being related to metabolic syndrome. Thus, although the TEQs for the
dioxin-like PCBs were related to the risk of metabolic syndrome, it is evident
that not all PCBs are similar in this respect.

As previously discussed, metabolic syndrome is a combination of the
common cardiovascular risk factors, dyslipidemia, diabetes, hypertension, and
abdominal obesity. Of those risk factors, diabetes is the condition most
frequently studied. Five prospective studies have uniformly shown that high
levels of the OC pesticide, p p’-DDE are related to future diabetes.’' > Most,
but not all, of these studies also show that high levels of PCBs increase the risk
of incident diabetes.*'*** The five studies are very different with respect to the
age at inclusion of the samples, the duration of the follow-up, and the calendar
time when the measurements were performed. These discrepancies make them
hard to compare. In our own cohort study, the Prospective Investigation of the
Vasculature in Uppsala Seniors (PIVUS) study, we measured 19 POPs in
almost 1000 subjects, all aged 70 years, and followed the development of
diabetes in 5 years.?” During this period, 36 incident diabetes cases emerged.
Subjects in the highest quintile of a summary measure of the 16 evaluated PCBs
showed a 7.5-fold increase in the risk of future diabetes (95% CI 1.4-38.8,
p<0.01), following adjustment for sex, BMI, cigarette smoking, exercise,
alcohol consumption, triglycerides, and total cholesterol. The corresponding
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OR for those with the highest levels of a summary measure of three
OC pesticides were 3.4 (1.0-11.7, p=0.03). A point of note is that PCB levels
were a more powerful predictor of future diabetes than BMI (or waist
circumference), even following adjustment for BMI. This is quite remarkable
since obesity is regarded to be the major predictor of diabetes development in
the elderly.

Several cross-sectional or case-control studies support the view that PCBs
and OC pesticides are related to diabetes.”® *® Furthermore, other types of
studies—such as investigations of US Vietnam veterans who had been spraying
the dioxin-containing compound, “Agent Orange”,*”** victims from a PCB
accident in Taiwan,*® and a geographical study of individuals living close to
POP-contaminated waste sites in New York*—also support the view that
POPs could be involved in the development of diabetes.

Regarding hypertension, data are scarce compared to diabetes. There is
however, an investigation using NHANES-data,*> and a study from a POP
contaminated in Aniston in the US, showing relationships between POPs and
hypertension.*® Furthermore, the Vietnam veterans studies*' and the
geographical study from New York* also support the view that POP exposure
is related to hypertension.

Lipid disturbances and obesity are harder to study in terms of POP exposure
than hypertension and diabetes, since POPs are highly lipid soluble, being
transported by lipoproteins, and accumulate in the adipose tissue. Thus, if lipid
parameters or obesity measures are used as outcomes, it is not evident whether
or not the circulating levels used to determine exposure are affected by the
outcome in a major way, and how this will affect the analysis of the relationship
between the POP levels and lipids or obesity. A large fat mass will ““protect” the
circulation from POPs by binding the compounds to the adipose tissue for a
certain period in relation to the metabolism of the individual compounds. Thus,
if a population is exposed to a certain amount of a POP at a certain time-point,
a lean subject will initially have higher circulating levels of that POP than an
obese subject, due to the lipid soluble character of the POP. During this initial
phase, a negative relationship between the POP levels and BMI would be seen.
However, due to the more rapid metabolism of the POP in the lean subjects, the
circulating levels (and also the adipose tissue levels) will decline faster in the
lean subjects and at some time point, estimated to be 2-3 times half-lives of
the POP, the former negative relationship between BMI and the POP will turn
into a positive relationship, as nicely illustrated by Wolff and co-workers.**
This change in the sign of the relationship between POP levels and obesity will
take place earlier for compounds with a shorter half-life compared with
substances with a long half-life. This toxicokinetic pattern does, however,
presume no further exposure of the POP and a constant fat mass, two
prerequisites that are hard to achieve in real life.

Despite these problems with the evaluation of relationships between POP
levels and lipid disturbances and obesity, several papers have been published on
these topics. Using occupational exposure to high levels of dioxins and other
POPs, some studies have been able to show increased levels of lipids, like
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cholesterol and triglycerides, in exposed subjects.***>! Furthermore, a

geographical study comparing subjects living in contaminated areas with
matched non-contaminated areas have pointed in the same direction.>>

Also, a number of studies have investigated relationships between POP levels
and obesity in adults. Some of these studies have found positive relationships
between POP levels and various obesity measurements,”*>* but in the PIVUS
study, we found that PCBs with a short half-life showed positive relations in
relation to waist circumference or fat mass, while PCBs with a long half-life
showed negative relationships.” The same pattern was seen regardless of
whether we used a cross-sectional approach to analyze the data,”* or we
evaluated incident cases of abdominal obesity during a five year follow-up
period.> It is likely that the toxicokinetic problems discussed contributed to
these discrepancies between different PCBs. It is therefore likely that study of
environmental ““obesogens’ is better carried out in mother—child cohorts than in
adult and elderly cohorts if the compounds to be studied are highly lipid-soluble.

Amongst the POPs, the perfluorinated compounds are not highly lipid-
soluble and are therefore not subject to the same problems as the majority of
POPs. In a large US cross-sectional population-based study, an association was
found between PFOS/PFOA levels and serum cholesterol.’® Also, in a cross-
sectional study of 1025 active workers with potential exposure to PFOA,
circulating levels of this compound were associated with LDL-cholesterol.>’

No studies on the relationships between plastic associated chemicals (PACs)
and metabolic syndrome exist. However, some studies exist on the associations
in relation to different components of the syndrome. Using data on 1455
subjects included in the 2003-2004 examination cycle of the NHANES study,
Lang and co-workers showed that urinary levels of BPA were increased in
relation both to diabetes prevalence and to BMI.>® One increase in standard
deviation of measured BPA levels was associated with a 1.39 times increased
risk of prevalent diabetes, following adjustment for age, sex , race, education,
income, smoking, BMI, and waist circumference (95% CI 1.21-1.60, p<0.001).
They also showed that obese subjects excreted almost double the amount of
BPA compared to lean subjects. BPA has a half-life of only a few hours and
almost all BPA is excreted within 24h following a single dose. However, in a
similar analysis of the NHANES 2005-2006 cycle, the associations between
urinary BPA and diabetes was less evident.”

We have also recently shown that circulating levels of BPA is related to LDL-
cholesterol in the PIVUS study.®

Due to the very high abundance of phthalates in the environment, including
the laboratory, it is hardly possible to measure the parent phthalate
compounds. Instead, the mono- metabolites not present in the environment are
measured.

Urinary levels of several phthalate metabolites were determined in the
NHANES 2003-2004 examination cycle. Several of these metabolites were
significantly related to measures of obesity, such as BMI and waist circum-
ference.'"%% A similar pattern was seen in the PIVUS study, where especially
the serum levels of the phthalate metabolite mono-isobutyl phthalate (MiBP)
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was positively related to fat accumulation, measured by both dual-energy X-ray
absorptiometry (DXA)-scan and abdominal magnetic resonance imaging
(MRI), but in women only.*

In a small study carried out in Mexican women, high levels of some phthalate
metabolites in the urine were related to prevalent diabetes.®* In the PIVUS
study, we have recently shown that circulating levels of especially the phthalate
metabolites monomethyl phthalate (MMP), MiBP, and monoethyl phthalate
were related to prevalent diabetes.®> Moreover, we found that some of the
phthalate metabolites were related to measures of insulin resistance and insulin
secretion, the two cornerstones in glucose control. We have also recently shown
that the phthalate MMP is related to LDL-cholesterol levels.®

Thus a picture is starting to emerge; plastic-associated compounds are
related to different cardiovascular risk factors, although the number of studies
are small compared to the literature on POPs and prospective studies are
lacking.

7.3 Cardiovascular Disease

Some of the first evidences that POPs could be involved in cardiovascular
disease came from occupational studies. When those studies pooled their data
into the TARC international cohort, consisting of 36 cohorts from 13 countries,
including 21 863 workers followed for >20 years, it was a very consistent
finding that exposure to dioxin was related to future coronary heart disease
(RR 1.67, 95% CI 1.23-2.26).%° Also, studies in Vietnam veterans spraying the
dioxin-contaminated Agent Orange showed the same pattern with a 52%
increased risk of future cardiovascular risk during 30 years follow-up.*!

Also, a couple of accidents might also support the idea that exposure to
POPs could induce cardiovascular disease. In 1979, an industrial plant in
Seveso in northern Italy exploded and contaminated the surrounding area with
dioxins. In a follow-up some 25 years later, an increased mortality rate in
cardiovascular diseases was found in the population living in the contaminated
area compared to a non-contaminated neighborhood. It is of interest to note
that it was only during the first 10 years of follow-up that an increased
mortality rate due to cardiovascular diseases could be noted. The peak in risk
was seen in the 5-10 year follow-up interval (RR 1.84, 95% CI 1.09-3.12).%”

In an accident with PCB-contaminated rice in Yucheng, a non-significant
tendency for a higher incidence rate of cardiovascular diseases was observed
during a 24 year follow-up period (OR 1.50, 95% CI 0.8-2.7).*

Also, geographical studies support the idea of a role of environmental
contaminants in cardiovascular diseases. Individuals living close to a POP
contaminated waste site in New York showed an increased risk for both
myocardial infarction (RR 1.20, 95% CI 1.03-1.39)*” and stroke (RR 1.15,
95% CI, 1.05-1.26)°® compared to those not living close to a contaminated
waste site.

The first report using measured concentrations of POPs in a population-
based study and investigated the relationship between POP levels and
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cardiovascular diseases used the NHANES 1999-2002 examination cycle.®’
The sample consisted of 889 individuals, 108 of which reported a history of
cardiovascular disease (coronary heart disease or stroke). A total of 21 POPs
were evaluated, divided into 5 classes: PCDDs, PCDFs, dioxin-like PCBs, non-
dioxin-like PCBs and OC pesticides. When the POPs were divided into
quartiles, high levels of dioxin-like PCBs were associated with an increased risk
of cardiovascular diseases (OR 5.0, 95% CI 1.2-20.4, p<0.01 for highest versus
lowest quartile). Also, the non dioxin-like PCBs and the OC pesticides showed
similar associations, although not as strong (OR 3.8, 95%CI 1. 1-12.8, p=0.02
for non dioxin-like PCBs and OR 4.0, 95% CI 1.0-17.1, p=0.03 for the OC
pesticides). One point to note is that these significant associations between POP
exposure and prevalent cardiovascular diseases were seen in women only. In
men, the corresponding ORs were in the 1.7-2.2 range and far from significant.

When the individual contaminants were analyzed, PCB 74, PCB 118, PCB
138, PCB 153, PCB 156, PCB 170, oxychlordane, and trans-Nonachlor were all
significantly related to prevalent cardiovascular diseases in women. For PCB
138, PCB 153, and PCB 156, subjects in the highest quartile showed a more
than 10-fold increased risk for prevalent cardiovascular diseases in women
following adjustment for age, race, poverty index, BMI, cigarette smoking,
serum cotinine, alcohol consumption, exercise, HDL-cholesterol, total
cholesterol, triglycerides, hypertension, and C-reactive protein.

In an analysis of NHANES data from 1999-2004, Min and co-workers
analyzed associations between OC pesticide exposure and peripheral artery
disease, defined as an ankle-brachial index <0.9.° Amongst the 2032
participants, 143 were considered to have peripheral artery disease. Five OC
pesticides were investigated: p,p’-DDE, trans-nonachlor, oxychlordane,
dieldrin and beta-HCH. When the sum of these five OC pesticides was
evaluated, an interaction in relation to obesity was found in that the sum of
these five OC pesticides was only related to peripheral artery disease in the
obese subjects (OR 1.28, 95% CI 1.04-1.57 in the obese group and 0.95, 95%
CI 0.70-1.28 in the non-obese group) following adjustment for age, sex, race,
education, income, cigarette smoking, serum cotinine, alcohol consumption,
total cholesterol, triglycerides, and diabetes. When the five OC pesticides were
analyzed individually, p,p’-DDE, trans-nonachlor, and oxychlordane were
significantly related to prevalent peripheral artery disease in the obese only.

Thus, despite the fact that some evidence from these cross-sectional
evaluations of NHANES data points towards an association between some
POPs and cardiovascular disease prospective data on POP exposure and
cardiovascular disease are still lacking in the population-based setting.

Using data on 1455 subjects included in the 2003—2004 examination cycle of
the NHANES study, Lang and co-workers showed that urinary levels of BPA
were increased in relation to prevalent cardiovascular disease (n=79).>® One
SD increase in BPA levels was associated with a 1.39 times increased risk of
prevalent cardiovascular disease following adjustment for age, sex, race,
education, income, smoking, BMI, and waist circumference (95% CI 118-1.63,
p<0.001). A similar risk was seen when only cases with heart attack were
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considered. On the other hand, no association between BPA and stroke (n =40)
was found (OR 0.97, 95% CI 0.74-1.27, p<0.001).

When the same research group performed a similar analysis using data from
the 2005-2006 NHANES cycle, the relationships between urinary BPA levels
and cardiovascular disease were generally weaker and no longer significant for
the combined end-point cardiovascular disease (OR 1.21, 95% CI 0.92-1.59,
p=0.16).” However, heart attack was still significantly associated with urinary
BPA levels in 2005-2006 (OR 1.31, 95% CI 1.03-1.68, p=0.036), and when
pooling data from the two examination cycles, the combined end-point
cardiovascular disease was related to BPA levels in a highly significant fashion
(OR 1.26, 95% CI 1.11-1.43, p=0.001).

The same research group has recently published the first prospective study on
environmental contaminants and future coronary heart disease.”' They used a
nested case-control design to study 758 incident cases of coronary heart disease
and 861 controls from a >10 year long follow-up of the European Prospective
Investigation of Cancer, Norfolk, UK. It was found that one standard
deviation increase in urinary bisphenol levels was associated with an 11%
increased risk of coronary heart disease (95% CI 1.02-1.24, p=0.017).
Following adjustment for age, sex, education, social class, BMI, blood
pressure, lipids and exercise, the OR was not affected.

7.4 Atherosclerosis

The major underlying cause of cardiovascular diseases like coronary heart
disease, stroke, and peripheral artery disease is atherosclerosis. Regarding
coronary heart disease and stroke, the most likely mechanism is rupture of a
lipid-rich atherosclerotic plaque, which will trigger a thrombus formation that
will occlude the vessel and thereby create an ischemic damage. Only a couple of
studies originated from the PIVUS cohort have investigated whether POPs or
PACs are linked to atherosclerosis. We used ultrasound to quantify whether
plaques were present in the carotid arteries and examined the grey scale
intensity of the vascular wall and plaques to determine the degree of lipid
infiltration. We have previously shown that subjects with an echolucent (dark)
vascular wall have an increased risk of future cardiovascular death.””

We found that subjects with elevated levels of PCBs had an increased risk of
having carotid artery atherosclerotic plaques,’® even following adjustment for
sex, blood pressure, lipids, diabetes, smoking, and BMI (OR 1.03, 95% CI
1.01-1.05, p=0.002). Several of the PCBs evaluated were significantly related
to plaque occurrence in the carotid arteries. Some of the highly chlorinated
PCBs and PCB126 were also related to an echolucent vascular wall, suggesting
not only an effect on plaque formation, but also on the lipid infiltration in the
vascular wall, an early step in the atherosclerotic process.

In another report from the PIVUS study, we investigated the role of plastic
associated chemicals.”* We found MMP to be related to carotid plaques in
an inverted U-shaped manner. This pattern was significant after adjustment
for gender, body mass index, blood glucose, blood pressure, HDL and
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LDL-cholesterol, serum triglycerides, smoking, antihypertensive treatment,
and statin use (p=0.004). High levels of BPA, MiBP and MMP were
associated with an echogenic (white) vascular wall, while high levels of mono-
2-cthylhexylphthalat were associated with an echolucent (dark) vascular wall
(p<0.0001after adjustment).

Thus both PCBs and plastic associated chemicals are related to plaque
occurrence in the carotid artery, as well as to lipid infiltration in the vascular
wall, independently of traditional cardiovascular risk factors, suggesting the
these compounds might have a direct vascular effect.

7.5 Mechanisms of Action

For the POPs, the basic mechanism discovered for some of the compounds,
such as dioxin and dioxin-like PCBs, is an activation of the aryl hydrocarbon
(Ah)-receptor (AHR). This activation leads to up-regulation of some enzymes
known to be involved in the detoxification process (CYP1A1L, CYP 1A2, and
CYP 1B1). Activation of these P450-enzymes has also been associated with
formation of reactive oxygen spices and inflammation as two of the major
results.”>’® Also, alterations in apoptosis rate and cell cycling following acti-
vation of the AHR has been described.””

Some of the OC pesticides are known to activate the androgen receptor
(AR). The endogenous ligand testosterone is known to have an influence on
cardiovascular disease.

BPA was originally synthesized as an estrogenic compound\z and activates
the estrogen receptors. Before menopause, women are known to be protected
against atherosclerotic complications and have a more favorable risk factor
profile compared with women post-menopause. However, the value of estrogen
supplementation following menopause in terms of cardiovascular disease is
debated. How the relatively weak estrogen BPA fits into the balance between
endogenous estrogen and its receptors is largely unknown.

The phthalates are known to be PPAR-agonists.®! Activation of PPAR-
gamma promotes differentiation of adipocytes and storage of fat in adipose
tissue. Thus, phthalates are important candidates for actions on obesity and
related traits, such as metabolic syndrome and diabetes.

7.6 Conclusions

Today there is mounting evidences that both POPs and PACs could be involved
in both metabolic syndrome and its different components, such as obesity,
diabetes, dyslipidemia, and hypertension, as well as in the development of
atherosclerosis and cardiovascular disease. However, since epidemiology never
can prove causality, a combination of concordant prospective large-scale
cohort studies, together with concordant experimental data, is needed to
definitively confirm that both POPs and PACs could be involved in cardiov-
ascular disease. The data accumulated today definitely suggests that this as an
area to further explore.
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8.1 Background

The world is experiencing an alarming increase in the rate of obesity, diabetes
and metabolic syndrome. In 2008, the World Health Organization estimated
that 1.5 billion adults aged 20 and over were overweight, and nearly 500 million
shared body mass index readings are above 30 kg m 2, which is considered the
threshold of obesity. Currently, in the United States, approximately 27% of
adults and 17% of children and adolescents are obese. Moreover, one in four
adults in the United States and estimated 2.1 billion people worldwide suffer
from diseases associated with metabolic syndrome, such as glucose intolerance,
insulin resistance, and raised blood pressure, which increases the risk of
cardiovascular disease and diabetes.
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Worldwide, the number of people with diabetes increased from 153 million to
347 million between 1980 and 2008. Approximately 70% of this growth is
attributable to population growth and aging, while the remaining 30% is
attributable to a rise in age-specific prevalence.' The global health expenditure
on diabetes was expected to total $376billion USD in 2010, and rise to
490 billion USD in 2030, representing 12% of all per capita health care
expenditures.’

Among US adults, diabetes incidence increased by 41% between 1997 and
2003 in all age groups. This increase was highest (65%) in people 65-79 years of
age, and only includes those diagnosed with diabetes.®> Almost 6% of US adults
over age 65 have undiagnosed diabetes. When both diagnosed and undiagnosed
diabetes cases are included, almost 1 in 4 Americans over age 65 have diabetes,
a number expected to increase rapidly in the coming decades.* Alarmingly,
children are beginning to develop type 2 diabetes, even before age 10.° The
economic and social burdens that diabetes places on societies are already
significant, and are growing rapidly.

The incidence of type 1 diabetes is increasing in children worldwide,
especially in the youngest children, under age 5.7 Type 1 diabetes incidence
trends among adults, especially older adults, are not well documented, although
some surveys show an increasing incidence in younger adults.® In industrialized
countrgies, childhood type 1 diabetes incidence began to increase around the
1950s.

8.2 Comorbidities and Complications

Why do we care if someone is overweight or obese? There are several classifi-
cations of obesity, and indeed some obese individuals appear quite healthy.
However, the overwhelming majority of obese individuals have multiple
comorbidity factors that result in poor health. These include significant risk of
diabetes, gall bladder disease, sleep apnea, high blood pressure, insulin
resistance, inflammation, breathlessness and, when pregnant, gestational
diabetes, metabolic syndrome and nonalcoholic fatty liver disease (NAFLD).
Obese individuals also have increased risk of coronary heart disease and stroke,
osteoarthritis and gout, impaired fertility, increased risk of cancers, cataracts
and back problems.'”

The long term consequences of diabetes can also be severe. Type 2 diabetes
carries with it increased morbidity and mortality, largely due to complications.
Long-term microvascular complications include neuropathy, retinopathy, and
nephropathy. Long-term macrovascular complications include cardiovascular
disease, cerebrovascular disease, and hypertension.!" In addition to these
complications, older adults with diabetes have a higher risk for a variety of
other geriatric conditions, including falls, fractures, cognitive impairment,
physical disability, and depression.* Type 2 diabetes is also associated with
other conditions, such as NAFLD'? and cancer.'?

Chronic hyperglycemia is associated with the microvascular long-term
complications of diabetes.'' Numerous studies have also found associations
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between hemoglobin Alc (HbAlc, a long term marker of average blood
glucose levels) and cardiovascular disease incidence.'* Longer disease duration
and severity of disease (higher HbAlc or insulin-dependence) are associated
with a higher risk of most of the geriatric age-related complications.* And yet
most clinical trials have not found that intensive glucose control improves
cardiovascular outcomes'® or geriatric outcomes* in people with type 2
diabetes. Intensive glucose control in elderly patients may in fact cause more
harm than good."

When type 2 diabetes is diagnosed during childhood/adolescence, the
development and progression of micro and macrovascular diabetes compli-
cations may be especially rapid. Microvascular complications, including
nephropathy and retinopathy, are usually diagnosed at an early age and are
often already present by the time of diagnosis. Onset of type 2 diabetes during
adolescence is associated with an overall risk for complications similar to that
of adults with type 2, and a rate of progression higher than that of adolescents
with type 1 diabetes.'®

The microvascular complications associated with type 1 diabetes are similar to
those of type 2 diabetes and include retinopathy, nephropathy, and neuropathy.
Macrovascular complications are also similar and include cardiovascular disease
and stroke.'”'® Intensive glucose control reduces the development and
progression of these microvascular complications.'® Increased insulin resistance,
on the other hand, increases the subsequent risk of both micro and macro-
vascular complications in people with type 1 diabetes.>®

Additional autoimmune diseases—especially celiac disease, thyroid disease,
and Addison’s disease (hypoadrenalism)—are common in people with type 1
diabetes, and at diagnosis, one third of children with type 1 diabetes test
positive for the antibodies associated with these diseases.”! Bone mineral
density is lower in adults with type 1 diabetes, although higher in adults with
type 2. Both type 1 and type 2 patients however, have a higher risk of bone
fracture.*?

In addition to the health problems associated with obesity and diabetes, there
is a tremendous burden, in term of both time and money, placed on our health
care systems and governmental agencies. Obesity is now more costly than any
other preventive cause of death, with costs estimated to be 17% of all US
medical costs each year.? It is clear that individuals that were obese or over-
weight as adolescents are highly likely to be obese adults, and to develop
cardiovascular disease, colon cancer, and arthritis, even if they loseweight later
in life.>* Furthermore, obese children at age 12, and who remain overweight,
will have direct medical expenses of an estimated $6.24B associated with their
excess weight throughout their lives.>® Thus there are enormous health and
health care costs associated with obesity and diabetes.

8.3 Genetics and Obesity and Diabetes

Evidence for a genetic basis for obesity comes mainly from studies of resem-
blance and differences among family members, twins, and adoptees.” A few
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studies have reported that specific genes or genetic polymorphisms account for
higher rates of obesity in certain populations. For instance, linkage studies in
humans and animal models have uncovered some rare obesity causing genes,
such as leptin and its receptor, as well as mutations in the melanocortin 4
receptor gene.?® The genome-wide association studies utilizing massive popu-
lations have uncovered some 40 novel single-nucleotide polymorphisms that
while robustly associating with BMI, even together only explain less than 5% of
the observed variation.”” Numerous genetic alleles—more than 40—have been
associated with type 2 diabetes, but their overall effect remains small; the
heritability of type 2 diabetes is usually estimated to be around 25%.%* As with
obesity, the rapidly increasing diabetes incidence cannot be attributed to
genetic susceptibility. However, the relative paucity of direct genetic evidence
suggests that other factors play a major role in obesity.

The genes associated with type 2 diabetes act in conjunction with various
recognized environmental factors, including aging, pregnancy, physical inac-
tivity, nutrition, puberty, and weight to contribute to disease.”” More than 50
genetic susceptibility loci have been identified for type 1 diabetes to date.
Compared to childhood-onset type 1, a lower frequency of high-risk alleles are
found in people with adult-onset type 1.°° In fact, both type 1 and type 2
associated genes have been associated in adult-onset type 1.>'? A number of
analyses have confirmed that the highest risk genotype has been decreasing in
new onset type 1 diabetes cases over recent decades; those with a lower or
moderate risk of disease are now more likely to develop type 1 diabetes. This
finding suggests that some environmental change that increases disease
penetrance in those with lower risk geneotypes plays a role in the increasing
incidence of disease.®® High genetic risk is neither necessary nor sufficient for
the development of type 1 diabetes.

In summary, there is no doubt that genetics plays an important role in both
obesity and type 1 and 2 diabetes. It is clear however, that genetics is not the
only factor and that environmental factors also play an important role. Obesity
and diabetes, like all complex diseases, are the result of gene-environment
interactions. To really understand the etiology of these diseases, one must focus
not just on genetics but on the interaction of genetic background with envi-
ronmental effects. The myopic focus on genetics as the only or primary cause of
these diseases is not likely to be a fruitful endeavor, especially in light of the
significant increases in disease incidence and prevalence over the last 40 years,
during which there has been little change in genetics but drastic changes in the
environment.

8.4 Endocrine Mechanisms Controlling Weight Gain

Feeding behavior, satiety, energy metabolism, and blood glucose levels are all
controlled by a complex, interactive endocrine system that consists of the brain,
adipose tissue, GI tract, muscle, liver, pancreas, and hormones and adipokines
that circulate between these endocrine organs (Figure 8.1). There are two main
pathways controlling food intake, the homeostatic system and the brain reward
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Figure 8.1 The two main pathways controlling food intake, the homeostatic system
and brain reward (hedonic) system, both of which are centered in the
brain. Feeding behavior, satiety, energy metabolism, and blood glucose
levels are all controlled by a complex interacting endocrine system that
consists of the brain, adipose tissue, GI tract, muscle, liver, pancreas, and
also hormones and adipokines that circulate between these endocrine
organs.

(hedonic) system, both of which are centered in the brain. One of the primary
functions of the brain during periods of food scarcity or surplus is to prioritize
behavioral output to procure and consume food, thereby maintaining a
homeostatic energy balance. The hypothalamus is the brain region responsible
for controlling food intake and satiety via a series of homeostatic pathways and
mechanisms. It acts by sensing glucose, fatty acids and proteins as well as
integrating signals from leptin, cholecystokinin, ghrelin, insulin, and neur-
opeptide Y, to control food intake®* >’ (Table 8.1).

In addition to homeostatic energy systems, reward systems also have key
roles in regulating feeding behavior.®® The brain reward systems control
learning about the palatable (hedonic) properties of food and thus regulate the
incentive value of food or environmental stimuli that predict the availability of
food rewards. These areas are regulated by dopamine, cannabinoids, opiods,
and serotonin, along with input from homeostatic mechanisms.**** Hormonal
regulators of energy homeostasis can also act on brain reward circuits, most
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Table 8.1 Hormonal control of appetite and metabolism.

Hormone Site of Production Effect
Leptin Adipose tissue Reduces food intake
Ghrelin Stomach Stimulates food intake
Cholycystekinin/GLP-1 Intestine Inhibits food intake
Insulin Pancreas Inhibits food intake
Cortisol Adrenal gland Stimulates food intake
NPY/AGRP Brain Stimulates food intake
Orexin Brain Stimulates food intake
Seratonin/SHT Brain Inhibits food intake
Alpha MSH/POMC Brain Inhibits food intake/increase
Energy expenditure
Dopamine System Brain Controls food reward

“Selected examples, not a complete list.

notably on the dopamine system,*' to increase or decrease the incentive value of
food depending on energy requirements. However, stimulation of brain areas
that regulate food reward can trigger binge-like overeating, even in recently fed
animals in which homeostatic satiety signals have been engaged.**** This
suggests that obtaining the pleasurable effects of food is a powerful motivating
force that can override homeostatic satiety signals, leading individuals to
consume food with greater frequency and in greater portions.** And since a
single meal of increased portion size can trigger increased food intake over
several days, hedonic stimulated overeating is likely to be an important
contributor to weight gain and the development of obesity.*® In addition,
certain foods, for example those high in sugars and fat, stimulate the reward
pathways, leading to increased consumption even when not hungry. Thus, in
many respects, these reward pathways are similar to addiction pathways.

In summary, there is neither an independent hunger center nor pleasure
center; complex interactions among multiple tissues and organs are involved in
all aspects of food intake and metabolism. The homeostatic regulatory system
(control of hunger) is easily overturned by the reward (hedonic) system (control
of food craving), resulting in weight gain. Similarly, the homeostatic system
defends against weight loss such that weight gained is not easily lost.*

8.5 Causes of Obesity

The prevailing hypothesis for the obesity epidemic is that people simply overeat
and under-exercise. We live in a world surrounded by highly processed foods
containing a high fat and sugar content. Indeed it is clear that technological
advances in agriculture and food processing have enhanced the nature and
variety of food available to people, thus increasing the likelihood of overeating.
The ease of access to highly palatable food increases a person’s desire to eat and
thus it requires a strong physiologic system to overcome these food urges.
Interestingly, only a subset of individuals overeat and gain weight, and have
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what some researchers refer to as a ““food addiction”. This specificity raises the
question of why, when individuals are exposed to the same basic environment,
do only some overecat and become obese? In other words, does the simple
availability of highly palatable foods cause us to eat more and become obese?
Or are there other underlying differences between individuals who remain lean
and those that overeat that predisposes some to overeating and obesity? As
described, genetics clearly plays a role, but it is also clear that genetics can only
account for a small portion of obesity and diabetes and not for the increase
over past decades. Thus the environment, more specifically environmental
chemicals, must play an important role in susceptibility to obesity and diabetes.

We postulate that early life environmental events are likely to be a
contributing cause of the obesity epidemic due to disruption of perinatal and
prenatal metabolic programming events, which leads to increased risks of
obesity later in life. It is plausible that individuals at risk for weight gain may
have been subject to altered programming events early in life, which makes
them more susceptible to “food addiction” and overeating. Since obesity is
controlled by homeostatic mechanisms that regulate both hunger and satiety,
as well as reward pathways that control desire for food and conditioning to
food cues, changes at any point in this circuitry could predispose individuals to
weight gain. Perhaps we can learn more about obesity by asking the question:
What are the fundamental differences between lean and obese individuals aside
from genetics? And, why do some people become obese whilst others do not
when exposed to the same foods?

Table 8.2 illustrates that there are many different behavioral patterns
between lean individuals and obese individuals. Overweight individuals view
food differently; they have a higher preference for high fat and sugar foods,
crave foods, are emotional eaters, will work harder for food, and overeat
despite the negative consequences. Obese individuals have increased desire for
certain foods when they attempt to abstain from eating, and have withdrawal
symptoms, such as agitation or anxiety, when they stop eating certain foods.*¢
These differences are not just psychological, but in fact can be traced to actual

Table 8.2 Differences between obese and lean individuals.

Characteristics and behaviors Obese compared to lean
Food preferences and Preference for high fat and high sugar foods
behaviors
Food satiety Higher desire and anticipation for food
Delayed state of satiation (delayed satiety signals)
Emotional links to food Increased eating in response to anxiety, depression,
mood swings
Food satisfaction Greater reward from food intake
Brain activity Increased dopamine receptors in brain and pleasure
sensation
Hormones Higher insulin levels, impaired leptin signaling
Receptors Decreased striatal dopamine (DR2) receptors

Acquisition of food Work harder to obtain food
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differences in brain chemistry. On the other hand, lean individuals eat primarily
to sustain life and can stop eating mid-meal, when they perceive they are “full”.

8.6 Metabolic Programming, Epigenetics and Obesity

Metabolic programming during prenatal and perinatal development has
become an active area of research in the study of obesity. The developmental
origins of health and disease (DOHaD) hypothesis, first proposed by David
Barker in 1997, showed that poor in utero nutrition resulted in high rates of
disease—including obesity—later in life.*’ More recent studies have linked
higher maternal pre-pregnancy BMI and higher gestational weight gain with
increased birth weight and fat mass at birth. Maternal diabetes is also
associated with increased birth weight as well as childhood overweight and
obesity. Interestingly, paternal nutrition has also been traced to ill-fated health
outcomes in offspring. For instance, reports have shown that paternal obesity is
associated with a disruption in insulin secretion and glucose tolerance in
offspring. Paradoxically, children and adults born small for their gestational
age also have an increased risk of obesity, which may be mediated by rapid
compensatory postnatal growth. Thus there are significant data linking
developmental nutritional status to obesity later in life.

The concept of disruptions in developmental programming has now been
extended to include non-nutritional early life exposures that have been shown
to alter the body’s physiology. Focus on the fetus and/or neonate is of primary
concern since developing organisms are extremely sensitive to perturbation by
chemicals with hormone-like activity, e.g. endocrine disruptors. Adverse effects
may occur at concentrations of the chemical that are far below levels that
would be considered harmful in the adult.*® Some reasons for this increased
sensitivity are that the protective mechanisms available to the adult—such as
DNA repair mechanisms, a competent immune system, detoxifying enzymes,
liver metabolism, and the blood/brain barrier—are not fully functional in the
fetus or newborn. In addition, the developing organism has an increased
metabolic rate as compared to an adult which, in some cases, may result in
increased toxicity.*® Finally, prenatal exposure to environmental factors can
modify normal cellular and tissue development and function through devel-
opmental programming, such that individuals may have a higher risk of
reproductive pathologies and metabolic and hormonal disorders later in life.
Thus exposures during critical windows of perinatal development may not
manifest until much later in life. While fetal development is commonly known
to be a period of increased sensitivity to chemical insult, childhood and
adolescence are also marked by continued maturation of key endocrine
systems, and are therefore susceptible to chemical exposure.*’

Of special concern are man-made hormone mimicking chemicals capable of
evading defense mechanisms and misdirecting developmental decisions. Recent
studies document detectable quantities of a variety of endocrine disrupting
chemicals (EDCs)—such as persistent organic pesticides (POPs), phthalates,
polybrominated diphenyl ethers, polycyclic aromatic hydrocarbons, and
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bisphenol A (BPA)—in pregnant women, fetuses, newborns, young children,
and adolescents.’® > Since each organ system has a different developmental
trajectory, and the sensitive window for exposures to cause toxicity changes
during tissue development, the effects of exposures are dependent not only on
the type and dose of the chemical, but also on when the exposure occurs.>
These studies illustrate that the in utero developmental period is a critically
sensitive window of vulnerability. Disruptions during this time-frame can lead
to subtle functional changes that may not emerge until later in life.’® Evidence
now suggests that early life exposures to toxic chemicals can be directly
associated with subsequent increases in the prevalence of the most common
diseases in the last 20 years (Figure 8.2). Table 8.3 shows diseases that have
been demonstrated, in animal studies, to result from exposure to environmental
chemicals during development, e.g. due to altered programming. Note that
obesity and diabetes are among the diseases/dysfunctions that result from
altered developmental programming by environmental chemicals.

There are several important principles that demonstrate how early life
environmental exposures contribute to increased risks of adult disease. Firstly,
chemical exposures can have both tissue-specific and time-specific consequences
on growth and development. As long as tissue is developing, it is susceptible to
disruptions from environmental exposures. These disruptions can result from

Disruptions \\ tered Increased
Environmental - Windows of in hormone S susceptibility
Chemicals susceptibility slgnafing to obesity

pathways

Figure 8.2 Model illustrating early life exposures may cause functional changes at
cellular levels that lead to changes in physiological status, and ultimately
increased susceptibility to obesity later in life.

Table 8.3 Diseases/dysfunctions in animals that can be traced to alterations in
developmental programming caused by exposure to environmental

chemicals.
Disease/dysfunction References
Learning and behavioral problems [58-61]
Early puberty [62—64]
Infertility [65, 66]
Breast and prostate cancer [67, 68]
Parkinson’s disease [69, 70]
Obesity and diabetes [71-73]
Asthma [74, 75]
Heart disease/hypertension [76, 77]

Neurodegenerative diseases [78]
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changes in gene expression, protein activity, cell communication, or other
mechanisms. Secondly, the initiating in utero exposure may act alone or in
concert with other environmental stressors. That is, the risk of developing
disease in adulthood can be due to the combined insults over a lifetime. Thirdly,
the pathophysiology may be manifested in a disease that otherwise might not
have occurred, and disease progression may have variable latent periods.
Fourthly, there is a latent period between exposure and disease which could
range from months to decades. Finally, the effects of environmental chemical
exposures can be transgenerational, thus affecting future generations
(Figure 8.3).”’

It seems likely that at least of part of the developmental programming of
disease/dysfunction is the result of alterations in the epigenetic control of gene
expression during development. Epigenetic mechanisms of gene regulation,
such as DNA methylation and histone modifications (e.g. methylation, acety-
lation, ubiquitination) regulate gene expression during development and are
thus responsible for normal tissue and organ development.””*" During this
critical time period, the epigenome cycles through a series of precisely timed
methylation changes, designed to ensure proper development. The appropriate
timing and extraordinary accuracy of methylation in the gametes and following
fertilization makes this system particularly vulnerable to interference from
environmental exposures.®! The highly orchestrated processes that occur

Obesity

Figure 8.3 Illustration of the complex interactions between environmental factors,
epigenetic regulatory events, and genomic variations that can lead to
increased risk of obesity.
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during these critical developmental periods give rise to concerns about
vulnerability during the early stages of life. Indeed it is now clear that the
epigenetic system is responsive to environmental stimuli, such as drugs of
abuse, diet, or chemical exposures. Recent reports have identified epigenetic
modifications in the central nervous system in response to altered diet,
particularly in the prenatal or early postnatal time period, when brain devel-
opment is particularly vulnerable to perturbations.** For example,
consumption of a palatable high-fat diet increases DNA and histone
methylation and decreases histone acetylation status in the promoter region of
the opioid receptor mu 1 (MORI1) gene, which correlates with decreased MOR
expression.®” Thus changes in DNA methylation patterns and chromatin
remodeling in response to nutritional status in utero or during early postnatal
development can affect dietary preference and metabolism.’

8.7 The Obesogen Hypothesis
5 82

Chemicals that give rise to obesity have been referred to as “obesogens”.
These chemicals are found in a wide variety of products, and most are
categorized as endocrine disruptors due to their hormone mimicking abilities.
Like hormones, these chemicals exert their effects at very low concentrations
and often operate in a non-linear dose response manner. Moreover, if these
hormonal disruptions occur during critical developmental periods, life-long
functional changes can occur. These properties—low concentrations, tissue
specificity, non-linear dose responses, and disruptions at precise time periods—
make it difficult to assess the role of environmental chemicals in causing obesity
and diabetes. Nonetheless, there are now close to 20 chemicals, including
organophosphate pesticides, carbamates, and antithyroid drugs, that have been
linked to obesity or diabetes in animals. In addition, there are chemicals , such
as anabolic steroids and the estrogenic drug diethylstilbestrol (DES), that have
been used for decades to promote fattening and growth of farm animals.?*%
Here, we review selected examples associating chemical exposure to the
development of obesity.

8.8 Animal Studies
8.8.1 Bisphenol A

Recently, there has been a great deal of interest in BPA because of its high
production volume and its potential for widespread commercial use. Numerous
studies have shown a link between BPA exposure and increased body weight
and adiposity in animal models.*>*® BPA exposure during gestation and
lactation accelerated adipogenesis or increased fat pad weights at the time of, or
soon after, weaning.”’ °*> A recent study in rats confirmed an increase in the
expression of adipogenic genes in adipose tissue at the time of weaning in BPA
exposed animals.”’ Some evidence suggests that the increases in body weight
are sex specific, but timing and dose may contribute to the complexity of these
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findings.®?"*? Thus far changes in body weight have been reported in animals
exposed to BPA during gestation, during the gestation and throughout
lactation, and in one study, BPA exposure continued through PND 30 when
animals were sacrificed.”® To date, no studies have continued BPA exposure
throughout life, and few have followed measurements of body weight and
adiposity through adulthood and to later ages. Far more investigation is needed
in order to understand the effects of BPA exposure on body weight and
adiposity prepubertally later in life, and the mechanisms through which BPA
may be acting.”

8.8.2 Organotins

Organotins are used in plasticizers, slimicides, fungicides, antifoulants,
catalysts, and stabilizers. Tributyl tin (TBT) and triphenyl tinare retinoid X
receptor and PPARy agonists.””® Peripubertal exposure to TBT increases
both body and fat mass. Neonatal male and female mice exposed to TBT
in utero had greater Oil Red O staining (indicative of lipid droplets) in their
livers, testis, and adipose tissues at birth and 20% increased adipose mass over
controls in adulthood.”® In utero exposure of mice to TBT caused multipotent
stem cells to differentiate into adipocytes when collected from adult mice,
compared with similarly collected ex vivo cells from vehicle-treated mice.”” This
resulted in a greater lipid accumulation within stem cells-turned-adipocytes
from mice prenatally exposed to TBT, compared with vehicle-treated mice.”’
Further, the stem cells from mice exposed to TBT in utero had a greater
propensity to become lipid-filled adipocytes when exposed to more TBT or the
diabetes drug rosiglitizone, another PPARY agonist. This increased adipogenic
capacity may have resulted in a TBT-induced shift in cell population.””*® Male
mice exposed to TBT during puberty had increased body mass, associated with
increased relative fat mass.”®”? In rats exposed to TBT beginning in utero and
continuing throughout adulthood, the trend of body mass and fat is less
consistent than that observed for other TBT developmental exposure studies;
male rats had a small decrease in body mass, whereas 2 other studies found
opposite effects of TBT exposure on the body weights of female rats.”®!'*° Thus
the animal data are conclusive for the role of TBT and other tin analogs as
obesogens. Unfortunately there are no human data on developmental
exposures to TBT and weight gain and few data on human exposures.

8.8.3 Cigarette Smoke/Nicotine

When mice were exposed to cigarette smoke while pregnant, the influence of the
cigarette smoke on the body weights of their offspring was gender-dependent
and diet-dependent.'®’ Adult female offspring fed a normal diet had
significantly increased body weights if exposed to cigarette smoke in utero,
compared with unexposed females, but cigarette smoke did not impact body
weights of females fed a high fat diet for 2 weeks.'®> Adult male offspring exposed
to cigarette smoke in utero had a higher body weight than control-treated
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males if fed a high fat diet, but there was no cigarette smoking effect on male
body weight if males ate a normal diet.'*> Male rats exposed to nicotine in utero
had significantly increased body mass and white adipose tissue mass at weaning
and throughout adulthood.'®" There was also evidence of adipocyte hyper-
trophy in the white adipose tissue mass at weaning. In utero nicotine exposure
did not change food intake or energy expenditure. However, nicotine exposure
was associated with higher food efficiency (food intake relative to body weight
increase), decreased physical activity, decreased brown adipose tissue mass, and
decreased thermogenesis.'®! None of these in utero nicotine effects were evident
in female offspring.'®" Adult male mice (females were not tested) exposed to the
cigarette smoke and diesel exhaust constituent, benzo[a]pyrene had increased
body weights and weight gain compared with unexposed mice.'”" In another
study, the longer that adult male rats were exposed to diesel exhaust, the greater
the increase in their body weights.'%* These effects have not been reproduced in
cell culture, where differentiation of 3T3-L1 preadipocytes, as well as their lipid
accumulation, was decreased dose-dependently up to exposure equivalent to
1 pack of cigarettes.”>1%4

8.8.4 Polyfluoroalkynes (PFOAs)

Perfluorooctanoic acid (PFOA), also known as C8 or perfluorooctanoate, is a
synthetic, stable, perfluorinated carboxylic acid and fluorosurfactant. PFOAs
are used as surfactants in the emulsion polymerization of fluoropolymers, such
as in the manufacture of prominent consumer goods like Teflon and Gore-Tex.
PFOA has been manufactured in industrial quantities since the 1940s. It is also
formed by the degradation of precursors such as some fluorotelomers. PFOAs
are persist indefinitely in the environment. It is a toxicant and carcinogen in
animals. PFOAs have been detected in the blood of more than 98% of the
general US population in the low and sub-parts per billion range, and levels are
higher in chemical plant employees and surrounding subpopulations.'*’

Mice exposed to low levels of PFOAs in utero had significantly increased
body mass by 10 weeks old, which persisted through to midlife.'°® Interestingly,
when these mice reached 18 months of age, there was an inverse and direct
dose—response relationship between in utero PFOA doses and abdominal white
and brown adipose tissue masses respectively.'’® However, mice exposed to
high doses of PFOAs during gestation had decreased body mass.' % In line
with observations of adult human exposure to PFOAs, mice exposed to PFOAs
as adults experienced no change in body mass or fat mass across PFOA doses
and ages.'%®

8.9 Human Studies
8.9.1 Maternal Smoking

The epidemiological data strongly support a positive and likely causal
association between maternal smoking and increased risk of obesity or
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overweight in offspring. This conclusion was based on the very consistent
pattern of overweight/obesity observed in the children of mothers’ who smoked
during pregnancy, along with findings from laboratory animals exposed to
nicotine during development.”' Approximately 20 epidemiological studies have
examined the impact of maternal smoking during pregnancy and body weight
on offspring during childhood or adulthood. These studies show a consistent
association between maternal smoking during pregnancy and increased risk of
overweight/obesity in the offspring (Figure 8.4). This literature was evaluated in
two recent meta-analyses.'”''* The pooled OR estimate in Oken ez al.'” for
elevated risk of overweight was 1.50 (95% CI: 1.35-1.65) based on 14 studies.
The pooled OR in Ino''® for obesity (BMI>95™ percentile) was 1.64
(1.42-1.90) based on 16 studies.

Both meta-analyses used funnel plot methods to ascertain publication bias
and concluded that there was some evidence for publication bias, but not
enough to negate the overall conclusion of increased risk. Adjusted pooled ORs
that considered publication bias were still significant: OR (95% CI)=1.40
(1.26-1.55)"% and 1.52 (1.36-1.70)."°

8.9.2 Persistent Organic Pollutants

As mentioned earlier, the prevalence of obesity is reaching epidemic
proportions worldwide and the increasing prevalence of obesity in young
children is alarming. Early environmental influences may be a large contributor
to this problem as children may be especially sensitive to the effects of
endocrine-disrupting chemicals, such as POPs, when exposed prenatally and/or
postnatally. Unfortunately, the human literature on POPs and childhood
obesity is very limited and results are not consistent. Some studies have
reported that exposure to pesticides (e.g. DDE) and organochlorines (e.g.
PCBs) are associated with increased BMI during childhood''""!"? and in
adulthood.'"® One study found that children with higher levels of hexachloro-
benzene (HCB) have an elevated risk of 1.69 (95% CI: 1.05, 2.72) and 2.02
(95% CI: 1.06, 3.85) of being overweight and obese.''* However, there is also

Figure 8.4 Human studies on maternal smoking during pregnancy and risk for
childhood overweight and obesity. Abbreviations: Amer. Ind — American
Indian; ALSPAC — Avon Longitudinal Study of Parents and Children;
adjOR — adjusted odds ratio; BBC — British Birth Cohort; BMI — body mass
index; CESAR — Central European Study on Air Pollution and Respiratory
Health; CLASS — Children’s Lifestyle and School Performance study; CPP
— Collaborative Perinatal Project; GDM — gestational diabetes mellitus;
Gen R — Generation R study; NCDS — National Child Development Study;
NLSY - National Longitudinal Survey of Youth; PedNSS — Pediatric
Nutrition Surveillance System; WIC — Women, Infants, and Children
program; RR- relative risk; wt. — weight; ref. — referent group. Risk
estimates for bracketed statistics, i.e., [crudeRR] calculated based on data
presented in the paper using an open source epidemiology statistics
programs, OpenEpi (http://www.openepi.com/menu/openEpiMenu.htm)
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evidence of inverse associations between some POPs and childhood growth,''”
meaning there is still much research needed before any causal inferences can be
made (Figures 8.5 and 8.6).

8.10 Type 2 diabetes
8.10.1 Background

Type 1 diabetes (formerly known as juvenile, or insulin-dependent diabetes) is
caused by autoimmune destruction of the pancreatic beta cells, resulting in
deficient or absent insulin production, and can occur at any age. Type 2
diabetes (formerly known as adult-onset, or non-insulin-dependent diabetes),
accounts for 90-95% of diabetes cases, and is characterized by increased insulin
resistance, as well as pancreatic beta cell dysfunction. The third most common
type of diabetes, gestational diabetes, appears during pregnancy and resolves
afterwards. Gestational diabetes complicates about 7% of all pregnancies, and
increases the mother’s later risk of type 2 diabetes. Pre-diabetes is an inter-
mediate step (in all types of diabetes), defined by impaired glucose tolerance
(post-meal) or impaired fasting blood glucose levels that are above normal but
not high enough to qualify as diabetes."!

Increased insulin resistance (equivalent to decreased insulin sensitivity)
occurs when the body’s cells fail to respond effectively to circulating insulin. In
an insulin resistant state, the ability of insulin to promote glucose uptake in the
fat, muscle, and liver cells is reduced, and/or the ability of insulin to inhibit the
liver’s production of glucose is reduced.'” In type 2 diabetes, insulin resistance
may occur many years before diabetes develops, in conjunction with hyper-
insulinemia (excess circulating insulin).?’ It is not known whether hyper-
insulinemia preceeds insulin resistance in the progression of type 2 diabetes, or
vice versa.'® It is thought however, that during pre-diabetes, the beta cells
hypersecrete insulin in an attempt to maintain normal blood glucose levels
during a state of high insulin resistance. This hyperinsulinemia produces excess
insulin signaling and can lead to hypertension and high triglyceride levels.''”
Eventually, when the pancreatic beta cells are no longer able to secrete
adequate insulin to compensate for the increased demands of insulin resistance,
impaired glucose tolerance results, finally progressing to type 2 diabetes.” In
addition to its association with insulin resistance, type 2 diabetes is also char-
acterized by beta cell failure, which involves both a deterioration in beta cell
function and a loss of beta cell mass.'"!

Figure 8.5 Human studies on POPs exposure and risk for childhood overweight and
obesity. Abbreviations: NHANES — National Health and Nutrition
Examination Survey; HCB — Hexachlorobenzene; PFOS — perfluorooctane
sulfonate; PFOA — perfluorooctanoic acid; PFNA — perfluorononanoic
acid; PFHxXS — perfluorohexane sulfonate; adjOR — adjusted odds ratio;
avg — average; mat. cord — maternal cord.
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Whether this reduction in beta cell mass is a cause or consequence of disease
is debated. Pancreatic beta cells originate from ductal cell precursors in utero
and expand during early infancy. Around 97% of human beta cells are
established by age 20.''% In rodents, beta cells can adapt to an increased insulin
requirement (due to pregnancy, obesity, etc.) by increasing beta cell mass. In
humans, beta cell mass is somewhat increased during pregnancy and obesity,
although not to the extent seen in rodents. Human beta cells can also
significantly increase their secretory capacity to compensate for insulin
resistance. During their first year of life, rodents can respond to beta cell
damage with beta cell proliferation. In humans, beta cell replication is also
highest in early life, and may not occur at all over age 30.""?

Type 2 diabetes incidence and prevalence increases with age.*!''* Whether or
not insulin resistance increases and/or beta cell function declines simply due to
age is not clear. Beta cell proliferation does decline with age, as apoptosis
increases.'? Glucose tolerance also declines with age, although the mechanisms
vary by sex. In elderly men, defects in insulin secretion and insulin action, with
increased glucose uptake by the liver, leads to this impaired glucose tolerance.
In elderly women however, insulin secretion and insulin action do not differ
from that of younger women.''*

Obesity alone is not necessary or even sufficient to cause type 2 diabetes. In a
US-wide survey, while obesity was clearly associated with type 2 diabetes, 20% of
adults with diabetes were neither overweight nor obese, and 57% of obese indi-
viduals did not have type 2 diabetes.!'> Overweight and obesity can, however,
contribute to insulin resistance via several pathways, including an imbalance in
hormones (leptin, adiponectin, glucagon) and inflammatory signals [29].

8.10.2 Control of Blood Glucose Levels

Diabetes is a disease of high blood glucose (hyperglycemia). Like control of
weight and metabolism, the control of blood glucose is controlled by a complex
endocrine system. The body control of blood glucose is simpler than control of
food intake and metabolism. The main regulators are insulin and glucagon,
with involvement of sex hormones, thyroid hormones, glucocorticoids, and
numerous other hormonal systems. Blood glucose levels are controlled
primarily with two hormones, insulin and glucagon. Insulin signals fat, muscle,

Figure 8.6 Human studies on POPs exposure and risk for childhood overweight and
obesity (beta estimates). Beta estimates are adjusted B’s except for
studies by Verhulst ez al. Abbreviations: PCB — polychlorinated biphenyls;
DDT- dichlorodiphenyltrichloroethane; DDE — dichlorodiphenyldichloro-
ethylene; HCB — Hexachlorobenzene; PFCs- perfluorinated compounds;
PFOS - perfluorooctane sulfonate; PFOA — perfluorooctanoic acid;
PCDD - polychlorinated dibenzodioxins; PCDF - polychlorinated
dibenzofurans; adjp — adjusted Beta Coefficient; nat’l — national; BMI —
body mass index; SDS— standard deviation score; mat. — maternal; TEQ —
toxic equivalent; avg. — average; MI — Michigan; Q1 — 1 quartile; Q2 — 2'!
quartile.
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and liver cells to take up and store glucose from the blood, reducing blood
glucose levels. Glucagon raises blood glucose levels by signaling to the liver to
synthesize and release glucose into the blood. Insulin is produced and secreted
by the beta cells of the pancreas, stimulated directly by high glucose levels in the
blood. Glucagon is produced and secreted by the alpha cells of the pancreas, in
response to low glucose levels in the blood. Insulin secretion by beta cells
depends primarily on glucose levels, but is complemented by various other
hormonal signals, as well as fatty acids and amino acids.'"!

Estrogens are involved in blood glucose regulation. At normal, physiological
levels, estrogens help maintain proper glucose control, and protect beta cell
function. At high or low levels however, estrogens may promote type 2 diabetes
and insulin resistance. Low estrogen levels, due to menopause or ovariectomy,
are associated with impaired glucose tolerance and insulin resistance, which are
counteracted by hormone replacement therapy. High estrogen levels, due to
pregnancy, are also associated with impaired glucose tolerance and increased
insulin resistance. During pregnancy, beta cells increase insulin secretion
to adapt to this insulin resistance, and estrogen probably plays a role in this
adaptation, by promoting insulin secretion. (If the beta cells fail to adequately
adapt, gestational diabetes results). When adult male mice are given estradiol,
their beta cells increase insulin production and secretion, and they develop
insulin resistance, as if they are pregnant. This artificially-induced high insulin
secretion overstimulates beta cells and, over time, may contribute to their
failure. Excessive insulin signaling can lead to glucose intolerance in fat cells
and promote insulin resistance in the liver and muscle. In combination, the
effects of estradiol in male mice could contribute to the development of type 2
diabetes.'"’

8.10.3 Developmental Programming, Environmental Exposures
and Type 2 Diabetes

Many of the chemicals discussed affect the beta cells, disrupting beta cell
function and mechanisms of insulin production and secretion (Table 8.4).''*!!®
Many of the chemicals discussed can also cause insulin resistance in animals, or
are associated with insulin resistance in humans. Many are also linked to
hyperglycemia, impaired glucose intolerance, or gestational diabetes. These
chemicals are not all estrogenic, but most are EDCs. Aside from estrogen, other
hormones also play a role in glucose metabolism. Androgens can affect insulin
sensitivity and glucose tolerance; various chemicals can act as androgen
agonists or antagonists, and may thus disrupt glucose homeostasis. Chemicals
that disrupt the thyroid, glucocorticoid, or AhR hormone receptors may also
have diabetogenic effects.'"”

In addition to endocrine disruption, other mechanisms may play a role in the
diabetogenic effect of chemicals. For example, metals, including mercury,
cadmium, and nickel, may affect beta cells or glucose regulation via oxidative
stress. Beta cells are susceptible to oxidative stress, and reactive oxygen species
have been shown to promote the progression of beta cell dysfunction.''®