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Part One

Introduction: The Case for Concern about Mutation
and Cancer Susceptibility during Critical Windows
of Development and the Opportunity to Translate
Toxicology into a Therapeutic Discipline
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1.1 Introduction

Translational biomedical research seeks to move laboratory findings based on
models (in silico, in vitro, and in vivo) into human clinical trials to more
expeditiously develop specific therapeutics, and then back again to the labora-
tory to inform future discovery [1]. From the background of developmental
toxicology, it is well known that toxicant exposures may affect critical events in
reproductive development, ranging from early primordial germ cell determi-
nation to gonadal differentiation, gametogenesis, external genitalia, or signaling
events regulating sexual behavior. Translational genetic toxicology takes advan-
tage of this developmental perspective to assess potential germ line mutagenesis
or to study the potential for cancer in the fetus or offspring or the adult as the
result of environmental exposures. Translational toxicology must strive to
identify applicable therapeutics that can safely and effectively identify and
help to mitigate potential harm from natural as well as anthropogenic environ-
mental exposures.

Human exposures to chemicals, physical agents, and social factors are
inevitable, thus the human fetus and the adult are subject to exposures and
effects that can have lifelong consequences. Particularly, during dynamic
developmental intervals described as “critical windows of susceptibility,” expo-
sures may have robust and durable effects that drive long-term health out-
comes, including metabolism, functional status of organ systems, and cancer
risks [2]. These same dynamic developmental intervals should be seen as
“critical windows of responsivity” during which favorable/protective interven-
tions should also be highly impactful offering potential durable reduction in

Translational Toxicology and Therapeutics: Windows of Developmental Susceptibility in
Reproduction and Cancer, First Edition. Edited by Michael D. Waters and Claude L. Hughes.
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.
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risks of multiple adverse health outcomes, including cancers. To reduce the
lifelong occurrence of preventable cancers, timely protective interventions
during “critical windows” should include not only minimization of untoward
voluntary exposures and substances of abuse but also active use of protective
generally recognized as safe (GRAS) interventions/therapies, including nutri-
tional, dietary supplementation, or well-established/repurposed and/or gener-
ally recognized as safe and effective (GRASE) pharmaceutical drugs.

This introductory chapter will promote the elucidation of cell stage, life stage,
and lifestyle knowledge of specific cellular and molecular targets of known
developmental toxicants, develop a systematic integrated approach to the
identification of mutagenic and reproductive toxicants, and discuss sensitive,
specific, and predictive animal models, to include minimally invasive surrogate
markers, and/or in vitro tests to assess reproductive system function during
embryonic, postnatal, and adult life. It will argue that integrated testing
strategies will be required to account for the many mechanisms associated
with development that occur in vivo. A key organizing principle used through-
out this book is to consider how exposures that incur risk or other exposures/
life events that may reduce risk during particular windows of susceptibility/
developmental transitions, and thereby impact cancer occurrence.

In consideration of any cause—effect relationship, typically one thinks of the
simple questions: Who, what, where, when, and how? Admittedly, “How?”
questions are generally the most difficult because that understanding is a
synthesis of potentially causal pathways. We aim to consider that the
“Who?” and “When?” questions could be seen as people being exposed at
different intervals across their respective life spans. Thus, in addition to
information regarding what exposures occur that influence cancer occurrence,
what is and is not known about exposures to those agents during life span
intervals such as childhood, adolescence, across the broader life span, and/or
late in life? Assessment of such timing of exposure with cancer outcomes seems
to be a critical element if we aim to develop protective interventional strategies.
In other words, whether we aim to reduce exposures or advocate protective
lifestyle or therapeutic interventions, we must know when those interventions
would most effectively impact later cancer outcomes.

Although there are differences between human development and that of
laboratory animal models, developmental models have been extremely useful in
assessing risks for key human reproductive and developmental processes. Some
of these models will be discussed in Chapters 2 and 3. However, such systems
have not been fully integrated with models to assess germ line mutagenesis or to
study the potential for cancer in the fetus or offspring as the result of environ-
mental exposures. Again, Chapters 2 and 3 will address current proposals for
experimental animal test system integration.

To delve into the impact of exposures during “windows of susceptibility/
responsivity,” we must take into account the unique susceptibilities of the fetus.
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Relatively, new information suggests that some widely held notions relevant to
fetal exposures are incorrect [3]. Thus, we now know that amniotic fluid can be
reabsorbed into the fetal circulation by fetal swallowing as well as via the fetal
intramembranous pathway. The latter pathway is thought to be the most
important mechanism for the resorption of toxicants, such as ethanol, into
the fetal circulation [4]. Together with swallowing, this is a recycling system,
through which toxic substances are excreted into the amniotic fluid and
reabsorbed into the fetal circulation, thus extending the duration of each
exposure [5,6]. This and other information relevant to fetal exposure in utero
will be discussed in Chapter 8.

1.1.1 General Information about Cancer

Each year the American Cancer Society estimates the number of new cancer cases
and deaths that will occur in the United States that year. In 2016, a total of 1,685,210
new cancer cases were expected to be diagnosed and about 595,690 cancer deaths
were projected to occur in the United States [7]. Among children up to 14 years of
age, an estimated 10,380 new cancer cases were expected to occur in 2016.

Population-based cancer registration began in the United States in 1975.
Since then, childhood cancer incidence rates have increased by 0.6% per year. In
2016, 1250 cancer deaths were expected to occur among children. Cancer is the
second leading cause of death in children ages 1-14 years, exceeded only by
accidents. Childhood cancer death rates declined a total of 66% from 1969 (6.5
per 100,000) to 2012 (2.2 per 100,000). According to the American Society, this
was largely due to improvements in treatment and high rates of participation in
clinical trials. From 2003 to 2012, the rate of cancer-caused deaths in children
declined by 1.3% per year.

Siegel et al. [8] reported that during the period 2006-2010, the then most
recent 5 years for which there were data, the delay-adjusted cancer incidence
rates declined by 0.6% per year in men and were stable in women. At the same
time, cancer death rates decreased by 1.8% per year in men and by 1.4% per year
in women. The rate of combined cancer deaths per 100,000 populations has
declined continuously for two decades, from a peak of 215.1 in 1991 to 171.8 in
2010. The 20% decline during this time period equates to the avoidance of
1,340,400 cancer deaths (952,700 among men and 387,700 among women).
Siegel et al. reported that the magnitude of the decline in cancer death rates
varies substantially by age, race, and sex, with no decline among white women of
80 years of age and older to a 55% decline among black men 40—49 years of age.
Remarkably, black men experienced the largest drop within every 10-year age
group. The authors noted that progress could be accelerated by applying cancer
control knowledge across all segments of the population [8].

While the severity of cancers is often measured in number of deaths, the
number of years of life lost (YLL) may be a more appropriate indicator of impact

5
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on society [9]. These authors calculated the YLL of adult cancers in Norway for
2012 and for the prior 15-year period. Their results showed that cancer deaths
in Norway in 2012 represented 25.8% of all adult deaths (28.7% in men and
23.1% in women). Cancer deaths represented 35.2% of all YLL, with a 5.0%
higher fraction in females than in males (32.8% in men and 37.8% in women) [9].

The etiology of cancer is generally thought to be the product of gene and
environmental interactions. Environmental exposures are typically low and to
mixtures of constituents that occur indoors and outdoors. Goodson et al.
hypothesized that low-dose exposures to mixtures of chemicals in the environ-
ment may be combining to contribute to environmental carcinogenesis [10].
They reviewed 11 hallmark phenotypes of cancer, with multiple priority target
sites for disruption in each area and prototypical chemical disruptors for all
targets. Dose—response characterizations and evidence of low-dose effects and
cross-hallmark effects for all targets and chemicals were considered. In total,
85 examples of chemicals were reviewed for their actions on key pathways
and mechanisms related to carcinogenesis. Although 59% of the chemicals
caused low-dose effects, only 15% (13/85) were found to show evidence of a
dose—response threshold. No dose-response information was found for the
remaining 26% (22/85). The authors speculated that the cumulative effects of
individual noncarcinogenic chemicals acting on different pathways in related
systems, organs, tissues, and cells could synergize to produce carcinogenic
outcomes. They concluded that additional research on carcinogenesis focused
on low-dose effects of chemical mixtures needs to be rigorously pursued before
the merits of their hypothesis can be further tested [10].

In a published poster abstract, Parkin and Paul [11] estimated the percentage
of cancer in the United Kingdom in 2010 resulting from exposure to 14 major
life style, dietary, and environmental risk factors. Prevalence and relative risks of
exposure to factors, including tobacco smoking, consumption of four different
dietary components (fruit and vegetables, meat, fiber, salt) alcohol use, occu-
pation, infections, radiation, hormone use, overweight, physical exercise, and
reproductive factors were used to estimate the number of cancers occurring in
2010 attributable to suboptimal exposure levels in the past. These 14 exposures
were responsible for 42% of cancer in the United Kingdom in 2010 (males 44%,
females 40%). Tobacco smoking was the most important, accounting for about
60,000 new cancers (18.5% of all cancer; 22% in men, 15% in women), with less
than 2% being the result of exposure to environmental tobacco smoke. The four
dietary components account for 9.4% of cancer (10.7% in men, 7.1% in women).
In men, alcohol use (5.1%) and occupational exposures (4.7%) are next in
importance and in women, overweight and obesity are next (nearly 7% of
cancers). The study is cited because estimates of this kind provide a quantitative
assessment of the impact of various exposures. However, they are not synony-
mous with the fraction of cancers that might reasonably be prevented by
modification of exposures. As discussed by the authors, “this requires scenario
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modeling, with assumptions on a realistically achievable population distribution
of risk factors, and the timescale of change.” For example, although 50% of
colorectal cancer can be attributed to lifestyle (diet, alcohol, inactivity, and
overweight), only about 25% is preventable within a 20-year timescale [11].

Langley et al. [12] proposed a new research paradigm, adapted from twenty-
first century toxicology that involves the following initiatives:

1) Develop a “big picture” of human disease that integrates extrinsic and
intrinsic causes and links environmental sciences with medical research
using systems biology.

2) Introduce a disease-centric adverse outcome pathway (AOP) concept,
analogous to toxicity AOPs, with the intention of providing a unified
framework for describing relevant pathophysiology pathways and networks
across multiple biological levels.

3) Create a strong focus on advanced human-specific research (in vitro, ex vivo,
in vivo, and in silico) in lieu of empirical, animal-based studies.

Langley et al. [12] have asserted that integrating data on extrinsic and
intrinsic causes of disease using a systems biology (or systems toxicology)
approach provides a more comprehensive understanding of human illnesses.
Such an approach involves the perturbation of a biological system and the use of
molecular expression data gathered through the use of omics technologies to
understand the responses that occur at the systems level [13—15].

The AOP concept links exposure, involving chemical structures and molec-
ular initiating events, via a sequence of key events, to an adverse outcome [16].
In a genomic sense, AOPs link external influences (the exposome), including
drugs, chemicals in consumer products, food, or the environmental media,
occupational exposures, infections, behavior, stress, smoking, ageing, nutrition,
and radiation exposure to genetic effects (¢the genome), including susceptibility
genes, up- and downregulation of genes, germ line and somatic mutations
induced by drugs, chemicals and/or radiation, inherited single nucleotide
polymorphisms, gene copy number changes, insertions, deletions, exome
changes, and the accumulation of DNA damage, as well as epigenetic effects
(the epigenome), including changes in the localized or global density of DNA
methylation; posttranslational modifications of histones; changes in noncoding
microRNAs; and changes in chromatin structure, which together alter the
regulation of gene expression. Defects in the epigenome can cause disease and
may be specific to tissue or cell types. Both genetic and epigenetic effects are
then linked to adverse effects at cellular, organ, and individual levels.

According to Langley et al., cellular/organ pathways may locate in immune
function, apoptosis, calcium homeostasis, oxidative stress, growth factor sig-
naling, nerve degeneration, and so on. Individual-level effects include embry-
onic development, disease, and death [12]. We certainly concur with this
thinking and applaud the proposed new research paradigm, recognizing that
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systems biology and systems toxicology must ultimately be understood at the
network level as will be further discussed in Section 1.5.

1.1.2 Stressors and Adaptive Responses

A general reality in biology is that living systems are inevitably subject to
external stressors, and a general observation is that these complex biological
systems respond by adaptation — if those stresses do not exceed some definable
threshold. Such adaptation includes subsequent strengthening of various
endogenous responses as well as development of more diversified responses.
A semantic point may be made that there is a gradation of meaning where
stressors might be seen as positive stimuli on one end of the scale, but
potentially harmful or lethal insults on the other end of the scale. Exposures
in the early life impact cancer risk across the life span, with some increasing that
risk but others reducing it.

1.2 What Stressors Cause Cancer and When?

We must view this question at the cell level, the life stage, and from a lifestyle
perspective. We should also ask the question: Is there an adaptive response to
modest stress? Regarding development of a cancer-specific translational toxi-
cology therapeutic portfolio; we note that there are biological concepts regard-
ing adaptive responses to modest stressors (adaptive stressors) in contrast to
those stressors that exceed one or more bounds of tolerance within which an
adaptive response might range.

Our goal is to provide a general overview on windows of susceptibility/
responsivity, including maternal and fetal metabolic milieu, childhood cancers
and therapies, and transitions into adulthood.

If there is a plausible public health basis to advocate for implementation of
certain mitigative risk-reducing interventions, what are the essential ethical
considerations to be made for protective “treatments” of the young for
prevention of some remotely future disease (cancers) that the individual
may or may not otherwise experience? In Chapter 19 we have delved into
this and numerous other ethical issues facing the new field of translational
toxicology.

In addressing chemical and metabolic exposures of concern, we agree that
risks and benefits need to be considered. In this volume, we include natural and
anthropogenic substances, both carcinogenic and anticarcinogenic, in the diet
with commentary regarding both the good and the bad potential effects of
natural chemicals and the evidence supporting each. We note, particularly, the
childhood cancers and therapies for those cancers that need to be addressed.
Regarding an important window of susceptibility or responsivity, the
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peripubertal interval and the well-documented effect of early onset of menarche
or breast cancer risk serve as good illustrations that will be discussed.

We note that any number of exposures could have an impact on the risk of
cancer occurrence (as well as other diseases), and its indolent or aggressive
behavior and progression over time. Chapters 5-8 are devoted to such
exposures.

Environmental chemicals and drugs are a source of major concern in human
exposure scenarios. We are exposed daily to low levels of literally thousands of
industrial and household chemicals in our indoor and outdoor environments.
For the most part, these represent involuntary exposures; however, we volun-
tarily expose ourselves to known human carcinogens in consuming alcoholic
beverages and tobacco products. Not only do we expose ourselves, but also our
children and even our grandchildren.

We briefly consider smoking relative to transgenerational cancer and other
disorders. Thus, Dougan et al. [17] have studied grandmaternal smoking during
pregnancy and its possible association with overweight status in adolescence.
After adjusting for covariates, their findings suggest that the association
between maternal smoking and offspring obesity may not persist beyond the
first generation. However, grandpaternal smoking may affect the overweight
status of the granddaughter, likely through the association between grand-
paternal smoking and maternal smoking.

Pagani et al. [18] examined the reported behavioral habits of 2055 families by
sifting through data from the Quebec Longitudinal Study of Child Develop-
ment. The investigators looked particularly at levels of household tobacco
smoke exposure when their child was between the ages of 1 and 7. They then
attempted to ascertain any possible correlations between the level of smoking
and measurements of the child’s waist circumference and body mass index
(BMI) at age 10. Higher amounts of both are known to predict a higher risk of
gaining excess weight and developing metabolic disorders, such as diabetes,
later on in adulthood.

“By the age of 10, those children who had been intermittently or continuously
exposed to tobacco smoke were likely to have waists that were up to three-fifths
of an inch wider than their peers. And their BMI scores were likely to be
between 0.48 and 0.81 points higher,” stated lead author Dr. Linda Pagani, of the
University of Montreal, in a press release. “This prospective association is
almost as large as the influence of smoking while pregnant. The researchers
noted that only occasional smoking exposure was independently associated
with excess weight, after controlling for factors like their parent’s mental health
or income, with a 43 percent greater chance of a child becoming obese or
overweight in such a household [18].”

For certain other exposures, the case for transmission of cancer risk to future
generations, via both genetic and epigenetic mechanisms, is much stronger.
Thus, in a study by Peters et al. on parental exposure to solvents and subsequent
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brain tumors in their children, parents of 306 cases and 950 controls completed
detailed occupational histories. Odds ratios (ORs) and 95% confidence intervals
(CIs) were estimated for both maternal and paternal exposure to benzene, other
aromatics, aliphatics, and chlorinated solvents in key time periods relative to the
birth of their child. Adjustments were made for matching variables, including
child’s age, sex and state of residence, level of parental education, and occupa-
tional exposure to diesel exhaust. Their results demonstrated an increased risk
of childhood brain tumors (CBT) with maternal occupational exposures to
chlorinated solvents (OR=8.59, 95% CI 0.94-78.9) any time before birth.
Paternal exposure to solvents in the year before conception was also associated
with an increased CBT risk mainly attributable to exposure to aromatic
solvents: OR=2.72 (95% CI 0.94-7.86) for benzene and OR=1.76 (95% CI
1.10-2.82) for other aromatics [19].

The International Agency for Research on Cancer (IARC) has classified 118
agents as known human carcinogens (http://monographs.iarc.fr/ENG/
Classification/). IARC considers an additional 75 agents as probable human
carcinogens and another 288 agents as possible human carcinogens. Some of
these are actually complex mixture of agents. Typically, in order to delineate the
relative contribution of its chemical constituents, a mixture must be separated
and chemically characterized. Two of the more pervasive complex mixtures of
mutagens and carcinogens are combustion emissions and tobacco smoke
(including direct, side stream, and environmental exposures).

Combustion emissions resulting from the burning of fossil fuels, in generat-
ing electricity, in heating our homes, or in powering our vehicles, represent a
substantial contribution to the total human environmental exposure. These
emissions include both particulates and products of incomplete combustion
that represent the original starting materials (e.g., coal and crude oil). Their
combustion yields carbon, sulfur, lead, mercury, and other elements. Fossil fuels
can be refined to reduce unwanted constituents, and this has been important in
the development of cleaner industries and engine technologies. Even so,
oxidized sulfur and nitrogen, elemental products, and volatile organic carbon
products (VOCs) are mutagenic, carcinogenic, and otherwise hazardous to
human health.

Tobacco smoke (even tobacco vapor) and all tobacco products are human
carcinogens. Volatile vapors, nonvolatile compounds, and fine particles are
deposited directly into the airways and the pulmonary alveoli. The Food and
Drug Administration (FDA) has listed 93 harmful and potentially harmful
constituents (HPHCs) of tobacco products and tobacco smoke (Federal Regis-
ter/Vol. 77, No. 64/Tuesday, April 3, 2012). These constituents account for
much of the carcinogenicity and toxicity that is observed in smokers. Other risk
factors associated with smoking include hypertension, stroke, atherosclerosis,
and myocardial infarction. Smoking also affects reproductive health, causing
delay in conception, low birth weight, and advanced menopause.


http://monographs.iarc.fr/ENG/Classification/
http://monographs.iarc.fr/ENG/Classification/

1.2 What Stressors Cause Cancer and When?

In addition to xenobiotic chemicals and drugs, human exposures also include
both natural and synthetic substances as well as basic nutrition and supple-
ments. For example, the introduction of industrial farming practices in the
United States to meet consumer and processed food product requirements for
low cost food has come about with significant problems of microbial contami-
nation (from feces) and antibiotic resistance that have not been encountered
previously on such a large scale. Thus, infectious exposures and food safety
issues are important categories of concern for human exposure, particularly in
children who can be frequent consumers, especially of fast foods containing
highly processed meats.

Similarly, excessive exposures to the physical agents in the environment,
including sunlight, noise pollution, nonionizing radiation, radon gas, and
diagnostic medical radiation can be of concern with regard to cancer etiology.
Social factors must also be addressed and have been examined more frequently
with the evolution of new knowledge in the field of epigenetics, as will be
discussed in Chapter 11.

We suggest as an organizing principle, taking a pan-life span view of cancer
and to view what causes and prevents cancer in a cumulative incremental way
(see Figure 1.1).

This diagram aims to illustrate some of the various factors beginning prior to
conception and extending across the subsequent life span that may drive
lifetime risk of cancer(s) upward or downward. Some might plausibly have
more impact during key developmental windows while others may be

Pan-life span view of cancer risks and prevention

Developmental and prolonged exposures that increase or decrease the lifetime risk of cancer(s)
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Figure 1.1 A pan-life span view of cancer risks and prevention.
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cumulative and rather more subchronic or chronic in terms of either risk or
protection. Any number of factors could be important such as biological sex,
ethnicity, fitness as an adolescent or teen, assumption of tobacco smoking,
discontinuation of tobacco smoking, age at first birth, age of puberty, other
behaviors/lifestyle choices. For each cancer or group of cancers, there would be
sets of risk factors and risk modifiers (mitigation). Some of these factors are
discussed in greater detail in Chapters 9 and 10.

What are some of the considerations that relate lifestyle choices to cancer? A
meta-analysis was undertaken by Garcia-Jimenez et al. to examine the associa-
tion between diabetes, obesity, and cancer. Their results indicated that the
interplay between hyperglycemia, increase in adipose mass, and inflammation
that appears with obesity is critical in both diabetes and cancer, suggesting that
obesity may link diabetes and cancer. Indeed, epidemiological evidence posi-
tively associates obesity with many site-specific cancers. The associations are
strong for endometrial and kidney cancer but weaker for bladder, prostate, and
stomach cancers. It may be important to note that highly prevalent lung cancers
are inversely associated with obesity. According to Garcia-Jimenez et al., type 2
diabetes (T2D) associates with most cancers that are linked to obesity. T2D
represents >90% of diagnosed diabetes; studies that do not distinguish T1D
from T2D follow a pattern similar to T2D. Significantly, most site-specific
cancers that are positively associated with obesity show an even stronger
association with T2D, suggesting that for those cancers T2D exhibits additional
contributing factors [20].

What is the molecular basis of these kinds of associations? Genetically and
biochemically there are many factors; however, one common denominator is
Sirtuin 1 or SIRT1 (a member of the sirtuin family), which is a nicotinamide
adenosine dinucleotide (NAD)-dependent deacetylase involved in removing
acetyl groups from various proteins. SIRT1 performs a wide variety of additional
functions in biological systems. Hubbard and Sinclair have reported that it
deacetylates key histone residues involved in the regulation of transcription,
including H3-K9, H4-K16, and H1-K26, as well as multiple nonhistone protein
targets, including p53, forkhead box protein O1/3 (FOXO1/3), peroxisome
proliferator-activated receptor gamma coactivator la (PGC-1a), and nuclear
factor (NF)-kB. By targeting these proteins, SIRT1 is able to regulate numerous
signaling pathways, including DNA repair and apoptosis, muscle and fat differ-
entiation, neurogenesis, mitochondrial biogenesis, glucose and insulin homeosta-
sis, hormone secretion, cell stress responses, and even circadian rhythm. The
other sirtuins also play important roles in regulating mitochondrial reactions,
glucose and insulin homeostasis, hepatic lipogenesis, DNA damage, telomere
maintenance, inflammation, and the response to hypoxia [21].

Sun et al. have asserted that the dysregulation of SIRT1 can lead to ageing,
diabetes, and cancer [22]. Using a ligand-based virtual screening of 1,444, 880
active compounds from Chinese herbs, they identified 12 compounds as



1.2 What Stressors Cause Cancer and When?

inhibitors of SIRT1. Three compounds had high affinity for SIRT1 as estimated
by a molecular docking software program. Rahman and Islam have recently
reviewed the biological functions of SIRT1 in obesity-associated metabolic
diseases, adipose tissue, and cancer. In addition, they discuss the involvement of
this enzyme in aging, cellular senescence, cardiac aging and stress, prion-
mediated neurodegeneration, inflammatory signaling in response to environ-
mental stress, development, and placental cell survival [23].

Another sirtuin is Sir2 or SIRT2, and its homologs are class III histone
deacetylases. They are distinguished from class I and class II deacetylases by
their requirement for beta-nicotinamide adenine dinucleotide (NAD+) as a
cosubstrate [21]. In mammals, there are seven sirtuin homologs (SIRT1-7).
SIRT1, SIRT6, and SIRT7 localize primarily to the nucleus; SIRT3, SIRT4, and
SIRT5 localize to mitochondria; and SIRT2 localizes to the cytosol [24].
Although sirtuins were originally described as deacetylases, it is now evident
that they have broader activity [24]. In addition to deacetylation, SIRT5
possesses desuccinylase and demalonylase activities [24], SIRT4 and SIRT6
are mono-ADP ribosyltransferases [6,24], and SIRT6 can deacylate long-chain
fatty acids [25]. Indeed, it has been shown that the ability to catalyze long-chain
deacylation is a general feature of mammalian sirtuins, and that in the case of
SIRT6, long-chain fatty acids can enhance deacetylase activity [26].

1.2.1 Mutagenic MOAs

The term “mode of action” (MOA) encompasses a sequence of key events and
processes beginning with the interaction of a chemical with a cell and proceed-
ing through functional and structural changes that result in cancer. It is well
established that mutations in somatic cells play a key early role in cancer
initiation and may affect other stages of the carcinogenic process. All cancer
cells acquire multiple mutations during carcinogenesis; therefore, mutation
induction or acquisition can be key events at some stage in all cancers. Two
important considerations in assessing evidence for a mutagenic MOA are (1)
when the mutation occurs among the events that lead to cancer and (2) whether
the action of the carcinogen as a mutagen is a key event in its carcinogenic
process [27].

Mutagenicity of a chemical or its metabolite is an obligatory early event in a
mutagenic MOA for cancer. This is in contrast with other MOAs wherein
mutations are acquired subsequent to other key events (e.g., cytotoxicity
with regenerative proliferation). With a mutagenic MOA for carcinogenesis,
the chemical is expected to interact with DNA early in the process and produce
changes in the DNA that are heritable. That a chemical carcinogen can
induce mutation in one of a number of mutation assays is not sufficient to
conclude that it causes specific tumors by a mutagenic MOA or that mutation is
the only key event in the pathway to tumor induction. It should be pointed out
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that the term “genotoxic” includes all effects on genetic information, whether or
not the chemical interacts with the DNA. The term “mutagenic” implies
interaction with DNA but not all carcinogenic chemicals that are capable of
interacting with DNA will have a mutagenic MOA for cancer.

Yauk et al. reported the results of a 2013 International Working Group on
Genotoxicity Testing [28]. This report will be discussed in detail in Chapter 2.
The workshop key questions and outcomes were as follows: (1) Do genotoxicity
and mutagenicity assays in somatic cells predict germ cell effects? Limited data
suggest that somatic cell tests detect most germ cell mutagens, but there are
strong concerns that dictate caution in drawing conclusions. (2) Should germ
cell tests be done, and when? If there is evidence that a chemical or its
metabolite(s) will not reach target germ cells or gonadal tissue, it is not
necessary to conduct germ cell tests, notwithstanding somatic outcomes.
However, it was recommended that negative somatic cell mutagens with clear
evidence for gonadal exposure and evidence of toxicity in germ cells could be
considered for germ cell mutagenicity testing. (3) What new assays should be
implemented and how? There is an immediate need for research on the
application of whole genome sequencing in heritable mutation analysis in
humans and animals, and integration of germ cell assays with somatic cell
genotoxicity tests. Focus should be on environmental exposures that can cause
de novo mutations, particularly newly recognized types of genomic changes.
Mutational events, which may occur by exposure of germ cells during embry-
onic development, should also be investigated. Finally, where there are indica-
tions of germ cell toxicity in repeat dose or reproductive toxicology tests,
consideration should be given to leveraging those studies to inform of possible
germ cell genotoxicity [28]. Additional information on mutagenic MOAs may
be found in Chapter 2.

1.2.1.1 DNA Repair
DNA is subject to damage from environmental and dietary carcinogens,
endogenous metabolites, certain anti-inflammatory drugs, and genotoxic
chemo therapeutics. The prevention of mutations by DNA repair pathways
led to an early appreciation of a role for repair in cancer avoidance. However,
the broader role of the DNA damage response (DDR) emerged more slowly [29].
There are multiple DNA repair pathways, with subpathways providing lesion
specificity. Nucleotide excision repair removes bulky DNA lesions; DNA
nonhomologous end joining and homologous recombination repair DNA
double-strand breaks; mismatch repair corrects mismatched base pairs; and
base excision repair repairs damaged bases and links to single-strand break
repair. Mutations in these pathways increase cancer susceptibility [29].

Cells respond to DNA damage by the activation of complex signaling
networks that decide cell fate, promoting DNA repair and survival but also
cell death. Whether it is to be cell survival or death depends on factors involved
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in DNA damage recognition, and DNA repair and damage tolerance, as well as
on factors involved in the activation of apoptosis, necrosis, autophagy, and
senescence. The pathways that dictate the fate of the cell also have key roles in
cancer initiation and progression. Furthermore, they determine the outcome of
cancer chemotherapy with genotoxic drugs. Understanding the molecular basis
of these pathways is important not only for gaining insight into carcinogenesis,
but also in prescribing successful cancer therapy [30].

DNA damage triggers multiple cellular responses: It activates cell cycle
checkpoints that provide time for the cell to repair the damage before it
interferes with the replication machinery. Checkpoints prevent progression
from G1 to S phase and from G2 to M phase, and an intra-S phase checkpoint
regulates fork progression or origin firing. Many tumors have inactivated
checkpoint responses. If repair fails or is saturated, the remaining DNA damage
impedes replication and transcription, and the activated DDR signal cell death
via downstream pathways. Therefore, the ability of a cell to survive DNA
damage is proportional to the extent of damage, the repair capacity of the cell,
the level of cell proliferation, the status of p53 and key DDR proteins including
ataxia-telangiectasia mutated (ATM), ATR, and DNA-PK, the effectiveness of
activating DNA repair genes (which is dependent on epigenetic silencing and
cellular transcription factors), and the execution of downstream cell death
pathways.

There are two DNA damage response signaling pathways: ATM-dependent
signaling is activated by double strand breaks; and ataxia telangiectasia and
RAD3-related (ATR)-dependent signaling is activated by single-stranded
regions of DNA. DDR signaling can activate apoptosis and checkpoint arrest,
and can influence DNA repair. Mutations in ATM signaling components confer
cancer susceptibility. However, ATR-deficient mice show reduced capacity for
tumor formation [29]. Multiple processes function to maintain the accuracy of
replication and enhance recovery from replication fork stalling or collapse.
Homologous recombination has a key role, and genes involved in this process
are commonly mutated in cancers. Several mechanisms prevent DNA rerepli-
cation that can cause aneuploidy and subsequently genomic instability. Cancer
cells need to maintain telomere length to survive since shortened telomeres lead
to senescence. Activation of telomerase or an alternative pathway to maintain
telomere length is common in cancers.

DNA repair capacity differs greatly among cell types, with human embryonic
stem cells repairing most DNA lesions more effectively than differentiated cell
types [31], whereas monocytes and muscle cells are defective in base excision
repair [32,33] and some cancers show upregulation of repair, for example,
metastatic melanoma [34], or highly variable MGMT repair activity such as in
gliomas [35,36]. In simple terms, a low level of DNA damage activates DNA
repair (with upregulation of repair genes XPF, XPG, DDB2, XPC, XRCC]1, and
others), whereas with high levels of DNA damage, repair is saturated, and

15



16

1 What Stressors Cause Cancer and When?

unrepaired DNA damage activates one of the death programmes, including
apoptosis, regulated necrosis, and autophagy. Apoptosis represents a pro-
grammed cell death pathway that functions in some tissues during normal
development but also prevents proliferation of damaged cells. Apoptosis can be
p53 dependent or independent and p53 is commonly mutated in cancer [29]. It
is not well understood how the cell switches between these pathways; however,
it appears that the p53 phosphorylation status and antiapoptosis thresholds are
key nodes in determining a cell’s life or death following DNA damage. ATM and
ATR seem to be the main decision makers, informing effectors such as p53 how
to proceed. Increased drug resistance of tumors carrying mutations in
ATM [37] illustrates the importance of ATM in initiating cell death pathways.
Inactivation of p53 in cancer cells can lead to either drug sensitization or
resistance, depending on the genotoxic agent employed.

Roos et al. [30] have suggested that targeting antiapoptosis proteins and
pathways conceivably lowers the threshold for cell death for genotoxic and
biological therapies. How specific DNA lesions activate and coordinate the
complex interplay between survival and death is of fundamental importance for
cancer therapy. The ultimate goal is to protect normal tissue during therapy
with genotoxic anticancer drugs while sensitizing cancer cells to die. The
protection of normal tissue has far-reaching implications for stem cells and
for genome-compromised cells as the former have been shown to activate DNA
damage-triggered apoptosis easily, and the elimination of the latter from the
healthy cell population is a cancer prevention strategy.

1.2.2 Epigenetic MOAs

Epigenetics is the study of all mechanisms regulating gene transcription and
genomic stability maintained throughout cell division, but not including the
DNA sequence itself. Environmental epigenetics, also referred to as toxicoe-
pigenetics, investigates the molecular biological processes that potentially link
the environment to its impact on disease risk and outcome. This subject is
discussed in detail in Chapter 13.

The epigenome modulates gene expression and cellular phenotype via
chemical changes in DNA and chromatin that occur without modifying the
DNA sequence. The epigenome is highly plastic and reacts to changing external
conditions with modifications that can be inherited by daughter cells and across
generations. Although this innate plasticity allows for adaptation to a changing
environment, it also implies the potential of epigenetic derailment leading to so-
called epimutations [38].

To date, DNA methylation is the best-studied epigenetic mechanism in
which methyl groups are added to the cytosine base within cytosine—guanine
dinucleotides (CpG sites). CpGs tend to be clustered in high-density CpG
islands at the promoter of more than half of all genes. Unmethylated CpG
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islands are found there in actively transcribed genes, whereas hypermethylation
of the promoter results in gene repression. Over the last 5 years, our under-
standing is that methylation patterns across the gene (so-called intragenic or
gene body methylation) may have a role in transcriptional regulation and
efficiency. Genome-wide DNA methylation profiling studies support this
concept, but whether DNA methylation patterns are a cause or consequence
of other regulatory mechanisms is not yet clear. Shenker and Flanagan have
examined the evidence for the function of intragenic methylation in
gene transcription, its significance in carcinogenesis, and potential use in
therapies targeted against DNA methylation [39].

DNA methylation changes have been associated with cancer, infertility,
cardiovascular, respiratory, metabolic, immunologic, and neurodegenerative
diseases. Experiments in rodents demonstrate that exposure to a variety
of chemical stressors, occurring during prenatal or adult life, may induce
DNA methylation changes in germ cells, which may be transmitted across
generations with phenotypic consequences. A number of human biomoni-
toring studies show environmentally related DNA methylation changes
mainly in blood leukocytes, but there are few studies on possible epigenetic
changes induced in the germ line, even though sperm are readily accessible
for analysis.

DNA methylation is a life-essential process as it modulates gene expression
and drives cell differentiation in multicellular organisms. Synergistically with
other epigenetic mechanisms, it allows cells and organisms to adapt to external
changes, in a timely manner not matched by mutational mechanisms. Not
surprisingly, DNA methylation is sensitive to external stimuli and, in contrast to
mutations, is reversible. This duality presents a challenge in establishing
possible links between environmental exposure and epigenetic changes that
can have a long-lasting impact on cell function and ultimately health. Cancer is
a good example of a disease associated with aberrant epigenetics, possibly
triggered by environmental exposures.

Epigenetic marks are extensively altered in cancer but they may also change
in normal tissues with age, which is the primary risk factor for most cancers. Xu
and Taylor performed an epigenome-wide study to identify age-related meth-
ylation sites and examine their relationship to cancer and other underlying
epigenetic marks. They analyzed DNA in 1006 blood samples from women aged
35-76 years from the Sister Study (http://www.niehs.nih.gov/research/atniehs/
labs/epi/studies/sister/) and determined that 7694 (28%) of the 27,578 CpGs
assayed were associated with age (false discovery rate, q <0.05). Using inde-
pendent data sets, they also confirmed 749 “high confidence” age-related CpG
(arCpGs) sites in normal blood. Their findings suggest that as cells acquire
methylation at age-related sites, they have a lower threshold for malignant
transformation and this may explain in part the increase in cancer incidence
with age [40].
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Evidence exists that erroneous epigenetic marks play prominent roles in
Alzheimer’s disease, autoimmune diseases such as rheumatoid arthritis, and
cardiovascular diseases, among others [38].

It should be noted that interindividual variation in methylation may also be a
consequence of DNA sequence polymorphisms that result in methylation
quantitative trait loci. Teh et al. [41] have investigated the genotypes and
DNA methylomes of 237 neonates and found some 1500 punctuate regions of
the methylome highly variable across individuals, termed variably methylated
regions (VMRs), against a homogeneous background. Their explanation for 75%
of VMRs was the interaction of genotype with different in utero environments,
including maternal smoking, maternal depression, maternal BMI, infant birth
weight, gestational age, and birth order. A prevalence of genetic over environ-
mental determinants of interindividual variation of CpGs methylation has been
recently reported in large Scottish and Australian cohorts. Finally, age is expected
to be a major variable affecting the DNA methylation profiles in different tissues.
In fact, recent studies aimed at exploring the importance of epigenetic changes to
the ageing process and highlighting age-signatures of DNA methylation.

To fully understand the import of methylation signatures requires query of
the human haploid DNA methylome containing approximately 30 million
CpGs that exist in a methylated, hydroxymethylated, or unmethylated state.
Notwithstanding this challenge, study of environmental epigenetics may be the
best way to fully assess the impact of the exposome on human health. Indeed,
the hypothesis of prenatal origin of adult-onset diseases is supported by the idea
that mammalian tissue differentiation is mainly established during prenatal life,
and that fundamental DNA methylation changes occur in the preimplantation
embryo and during gonadal differentiation. Epidemiological mother—child
cohort studies and maternal exposure assessment are needed to advance
science in this area. Although the process of gametogenesis will only be
completed after puberty, the bases of reproductive health are founded during
prenatal life with primordial germ cell differentiation and gonad development.
This requires that multiple exposure windows be considered to assess possible
environmental effects on gamete genetic as well as epigenetic integrity [38].

The results of studies in rodents show that DNA methylation in germ cells
can be altered by many different exposures during fetal as well as adult life.
Limitations of these studies include the fact that more data are available on the
male than on the female germ line, and only a few studies were at the whole
genome scale, addressed the functional impact of epigenetic changes on gene
expression and related cell pathways, and took into consideration dose—effect
relationships. Even so, their results establish proof of principle that exogenous
stressors may alter DNA methylation at developmentally important imprinted
or metabolic genes [38].

Environmental exposure of the human germ line to mutagenic or epimuta-
genic agents may alter the reproductive capacity of the exposed individual and
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may transmit damage to the following generation. Studies in rats and mice have
shown that treatment induced not only DNA methylation changes in paternal
sperm but also phenotype alterations in offspring. These observations suggest
that DNA methylation profiles of gametes are not completely reset after
fertilization but can be partly transmitted across generations. While studies
have given conflicting results, several authors agree that direct transmission of
methylation changes is not the only mechanism through which altered sperm
methylation might affect the offspring phenotype and that sustained alterations
of transcriptional regulatory networks early in development may likely result
from a complex interplay between DNA methylation changes, chromatin
modifications, and other epigenetic mechanisms. One implication of epigenetic
inheritance systems is that they provide a potential mechanism by which
parents could transfer information to their offspring about the environment
they experienced [38,42].

From a clinical perspective, DNA methylation and other epigenetic changes
in the sperm observed in subfertile patients are also important for reproductive
environmental epigenetics because they seem to indicate a functional signifi-
cance of DNA methylation changes in the male germ line. Thus, there is a need
to conduct specific epigenetic analyses on the sperm of men exposed to
reproductive toxicants, with the awareness that their PBLs might not be reliable
surrogates for the relevant target cells [38].

On the basis of human somatic environmental epigenetics, rodent germ line
epigenetic toxicological studies, and knowledge of the most environmentally
relevant human reprotoxic agents, a priority list of environmental stressors for
future human sperm epigenetic biomonitoring studies might be proposed: (1)
dysmetabolism as a consequence of environmental and genetic factors, includ-
ing their possible interactions, (2) endocrine disrupting compounds, and major
lifestyle toxicants like tobacco smoke and alcohol with emphasis on prenatal
exposure and mother child cohorts, and (3) prospective, long term, multi-
generation follow-up surveys to take into account grandparental effects [38].

What are some of the other consequences of epigenetic inheritance? As
already discussed, there is considerable controversy regarding epigenetic inher-
itance in mammalian gametes. Using in vitro fertilization to ensure inheritance
exclusively via the gametes, Huypens et al. showed that a parental high-fat diet
renders offspring more susceptible to developing obesity and diabetes in a sex-
and parent of origin-specific mode. The “thrifty genotype” hypothesis postu-
lated that metabolic thrift, the capacity to effectively acquire, store and use
energy, is an ancient trait embedded in human genomes [43]. However, the
prevalence rates for obesity and type 2 diabetes (T2D) have increased globally
over recent decades at a pace that cannot be explained solely by genetic
drift. Therefore, Huypens et al. experimentally tested whether epigenetic
inheritance via gametes by itself could increase an offspring’s susceptibility
to develop obesity and T2D2. To this end, Huypens and colleagues fed isogenic
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C57BL/6NTac mice a calorie-dense high-fat research diet (HFD), a control
low-fat research diet, or normal standard chow for a period of 6 weeks. Parental
(FO) HFD mice developed obesity, severe glucose intolerance, and fasting
hyperinsulinemia. The authors concluded that the epigenetic inheritance of
acquired metabolic disorders might contribute to the current obesity and
diabetes pandemic [44].

1.2.3 Nongenotoxic Carcinogens, ROS, Obesity, Metabolic, Diet,
Environment, Immune, Endocrine MOAs

Nongenotoxic carcinogens are chemicals that cause cancer without directly
reacting with DNA. Despite their lack of mutagenicity, nongenotoxic carcino-
gens can influence the development and progression of cancer through a
number of indirect mechanisms that (1) may increase cell proliferation and
disrupt cell structures, (2) generate reactive oxygen species (ROS), (3) induce
receptor-mediated signaling, (4) alter gene expression or epigenetic program-
ming of cells, and (5) induce inflammation and modulation of the immune
response. These diverse and complex secondary mechanisms by which non-
genotoxic carcinogens induce neoplasia are often tissue and species specific.
They rarely follow low-dose linearity, typically ascribed to genotoxic agents, and
thereby they create difficulties for researchers and challenges in human health
risk assessment for regulatory agencies. To illustrate the diversity and the
complexity of evaluating nongenotoxic mechanisms of carcinogenesis,
Chapter 12 examines an estrogenic toxicant and putative carcinogen used
widely in a variety of consumer goods. The following introductory information
is abstracted from Chapter 12.

A common mode of action for nongenotoxic carcinogens involves receptor-
mediated effects. Steroids and xenoestrogens can cause cancer through hor-
mone receptor-mediated interactions, including perturbed hormone balance,
increased cell proliferation, and altered gene expression patterns. Estrogenic
ligands, such as 17f-estradiol, bind estrogen receptors (ERs) and induce
carcinogenicity by altering genomic and nongenomic regulation of transcrip-
tion. More specifically, binding of estrogenic ligands to estrogen receptors o and
B (ERa and ERp), members of a nuclear receptor super-family, activates these
complexes to bind estrogen responsive elements (ERE) in the promoter regions
of target genes, thereby regulating their transcription [45]. Gene expression
changes can also be induced independent of ERE elements through the
interaction of ERa and ERp with DNA-bound transcription factors [46,47].
Nongenomic signaling can also be induced by estrogenic ligand binding to
membrane estrogen receptors or other estrogen binding proteins that induce
kinase signaling cascades, such as the mitogen-activated protein kinase (MAPK)
pathway [46,47]. Collectively, these alterations induce changes in cell growth,
differentiation, motility, and DNA damage response and repair that can
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contribute to the development and progression of breast, ovarian, and endo-
metrial cancers [46,48].

Laboratory studies in a number of model systems have confirmed the
induction of ROS and DNA damage by oxidative DNA lesions such as
8-oxo-guanine [49-57]. In addition to generating ROS, bisphenol A (BPA)
has also been shown to alter the antioxidant balance of cells depleting intra-
cellular glutathione and altering the expression of catalase and superoxide
dismutase [50,51,58—60]. Additionally, exposure of mice to BPA during preg-
nancy and continued exposure of the offspring during infancy has been shown
to cause oxidative stress by decreasing antioxidant enzymes and increasing lipid
peroxidation, leading to underdevelopment of the testis, brain, and kidneys of
the offspring [50,52,61].

Two common ways nongenotoxic carcinogens induce oxidative stress are by
generating ROS during their metabolism in the cell and/or by depletion of the
antioxidant defense mechanisms in the cell that counterbalance both endog-
enous and exogenous ROS. BPA primarily induces ROS through the enzymatic
(HyO,/peroxidase and NADPH/CYP450) and nonenzymatic (peroxynitrite/
CO; and —OCI/HOCI) formation of BPA phenoxyl radicals [49]. These
phenoxyl radicals can then be further converted by NADPH or intracellular
glutathione to form superoxide, hydroxyl radicals, and H,O, [49]. Generated
ROS can then damage cellular macromolecules and induce DNA strand breaks,
purine and pyrimidine lesions, and DNA proteins cross-links.

Recent work has demonstrated that the induction of oxidative stress by BPA
induces a number of cellular changes that, when challenged by additional
oxidative stress, induce an adaptive response, promoting cell survival [51]. This
adaptive response was characterized by an initial compaction of cellular
chromatin that prevents the excision of oxidatively induced DNA lesions
followed by an up-regulation of DNA repair proteins that increases the repair
of oxidatively induced DNA lesions [51]. These results demonstrate that
induction of oxidative stress by BPA contributes significantly to its toxicity.
These mechanisms need to be evaluated more thoroughly to understand the
role they play in addition to the endocrine disrupting properties of BPA.

In addition to the induction of oxidative stress, inflammation and modulation
of the immune response are also important mechanisms of action for some
nongenotoxic carcinogens. The role that chemicals and chemical mixtures have
on the cells of the human immune system is an emerging research area in
environmental toxicology. Thompson et al. have reviewed the role that the
innate immune cells and inflammatory responses play in tumorigenesis. Their
focus is on the molecules and pathways that have been mechanistically linked
with tumor-associated inflammation in the context of chemically induced
disturbances in immune function as co-factors in carcinogenesis. Specifically,
they consider the evidence linking environmental toxicant exposures with
perturbation in the balance between pro- and anti-inflammatory responses.
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Reported effects of bisphenol A, atrazine, phthalates, and other common
toxicants on molecular and cellular targets involved in tumor-associated
inflammation (e.g., cyclooxygenase/prostaglandin E2, nuclear factor kappa B,
nitric oxide synthesis, cytokines, and chemokines) are presented as examples of
chemically mediated target molecule perturbations relevant to cancer. Com-
mentary is presented on areas of additional research required for development
and integration of systems biology approaches to the study of environmental
exposures and cancer causation [62].

The combination of inflammation and modulation of the immune response
can lead to increases in the expression of growth factors and cytokines that
ensure survival, while inducing inflammation and altering the immune
response. Prenatal exposure of mice to BPA promoted the production of
TH2 cytokines and was associated with a decrease in T regulatory CD4+
CD25+ cells [63]. Perinatal exposure to BPA also promoted the production of
proinflammatory mediators through the dysregulation of mast cells [64]. Other
links to mast cell degranulation, lymphocyte proliferation, and antibody
response have also been reported [65,66]. Whether these inflammation and
immune changes induced by BPA directly influence the progression and
development of cancer has not been examined and the effects of these changes
on allergic responses and asthma have not been conclusively verified [64,66].

Chronic inflammation is associated with an increased risk of cancer, and
impairment of immune response, whether through immunosuppression or
impaired surveillance, can contribute to tumor promotion [67,68]. Given the
association of inflammation with cancer and the importance of immune surveil-
lance in the removal of precancerous cells, more work is necessary to determine
how BPA is influencing these responses. However, the robust responses of IL-6
and TNFo observed in a number of studies indicate that it may play an important
role. Population studies support a role for BPA-induced inflammation, with an
increase in C-reactive protein (CRP) levels observed in postmenopausal
women [57], increase in IL-6 and CRP observed in premenopausal women
with polycystic ovary syndrome [69], and increased levels of IL-6 and TNF-a
observed in males [70].

Is BPA a transplacental carcinogen? Based on a recent study in mice it
appears to be. Weinhouse et al. [71] explored the effects of exposure to BPA
during gestation and lactation on adult incidence of hepatic tumors in mice.
Isogenic mice were perinatally exposed to BPA through maternal diets con-
taining one of four environmentally relevant doses (0, 50 ng, 50 pg, or 50 mg of
BPA per kg diet) and approximately one male and one female per litter were
followed until 10 months of age. Animals were tested for known risk factors for
hepatocellular carcinoma, including bacterial and viral infections. Hepatic
tumors were observed in exposed 10-month mice; 23% of offspring presented
with hepatic tumors or preneoplastic lesions. A statistically significant dose—
response relationship was observed, with an odds ratio for neoplastic and
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preneoplastic lesions of 7.23 (95% CI: 3.23, 16.17) for mice exposed to 50 mg
BPA per kg diet compared with unexposed controls. The authors concluded
that early disease onset, the absence of bacterial or viral infection, and a lack of
characteristic sexual dimorphism in tumor incidence support a nonclassical
etiology. This is the first report of a statistically significant association between
BPA exposure in utero and frank tumors in any organ. The results clearly link
early life exposure to BPA with the development of hepatic tumors in rodents,
with potential implications for human health and disease [71].

In a clinical investigation, Tarapore et al. examined the association between
urinary BPA levels and prostate cancer and assessed the effects of BPA on
induction of centrosome abnormalities as an underlying mechanism promoting
prostate carcinogenesis. Their study, involving 60 urology patients, found
higher levels of urinary BPA (creatinine-adjusted) in prostate cancer patients
(5.74mg/g [95% CI; 2.63, 12.51]) than in nonprostate cancer patients (1.43 mg/g
[95% CI; 0.70, 2.88]) (p =0.012). These findings suggest that urinary BPA level is
an independent prognostic marker in prostate cancer and that BPA exposure
may lower serum PSA levels in prostate cancer patients. Moreover, disruption
of the centrosome duplication cycle by low-dose BPA may contribute to
neoplastic cell transformation in the prostate [72].

Are there windows of susceptibility for epigenetic effects and are there
opportunities for intervention? Day et al. showed that early puberty timing is
associated with higher risks for type 2 diabetes and cardiovascular disease in
women; it therefore represents a potential target for early preventive interven-
tions. They characterized the range of diseases and other adverse health outcomes
associated with early or late puberty timing in men and women in the very large
UK Biobank study. Recalled puberty timing and past/current diseases were self-
reported by questionnaire. Analyses were limited to individuals of White ethnicity
(250,037 women; 197,714 men) and to disease outcomes with at least 500 cases
(~0-2% prevalence) with careful correction for multiple testing (corrected
threshold P < 7.48 x 107°). In models adjusted for socioeconomic position and
adiposity/body composition variables, both in women and men separately, earlier
puberty timing was associated with higher risks for angina, hypertension and
T2D. Futhermore, compared to the median/average group, earlier or later
puberty timing in women or men was associated with higher risks for 48 adverse
outcomes, across a range of cancers, cardiometabolic, gynaecological/obstetric,
gastrointestinal, musculoskeletal, and neurocognitive categories. Notably, both
early and late menarche was associated with higher risks for early natural
menopause in women. In conclusion, puberty timing in both men and women
appears to have a profound impact on later state of health [73].

Given that epigenetic transmission is across generations, what is the look-
back period and what kinds of exposures must be considered? To begin to
answer this question, Cohn et al. hypothesized that in utero exposure to DDT is
associated with an increased risk of breast cancer. What is the extent of concern
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for epigenetic effects from prior exposures? Many women were heavily exposed
in utero during widespread DDT use in the 1960s. Cohn et al. designed a case-
control study (involving # =118 breast cancer cases, diagnosed by age 52 years
and 354 controls matched on birth year) nested in a prospective 54-year follow-
up of 9300 daughters in the Child Health and Development Studies pregnancy
cohort. This study links measured DDT exposure in utero to risk of breast
cancer. The primary participants were Kaiser Foundation Health Plan mothers
who had received obstetric care in Alameda County, California, from 1959 to
1967; their adult daughters participated in the study. The daughters’ breast
cancer diagnosed by age 52 years (as of 2012) was the main outcome measured.
The results showed that maternal o,p-DDT levels predicted daughters’ breast
cancer (odds ratio fourth quartile versus first=3.7, 95% confidence interval
1.5-9.0). Lipids, weight, race, age, and breast cancer history did not explain the
findings. Additional experimental studies are essential to confirm these results
and discover causal mechanisms. The findings support classification of DDT as
an endocrine disruptor, a predictor of breast cancer, and a marker of high risk
for breast cancer [74].

Costello et al. studied the association between dietary patterns and risk of
breast cancer in Spanish women, stratifying by menopausal status and tumor
subtype, to compare the results with those of Alternate Healthy Index (AHEI)
and Alternate Mediterranean Diet score (aMED). Costello et al. recruited 1017
incident breast cancer (BC) cases and 1017 matched healthy controls of similar
age (£5 years) without a history of breast cancer. Adherence to the Western
dietary pattern was related to higher risk of breast cancer (OR for the top versus
the bottom quartile 1.46 (95% CI 1.06-2.01)), especially in premenopausal
women (OR =1.75; 95% CI 1.14-2.67). In contrast, the Mediterranean pattern
was related to a lower risk (OR for the top quartile versus the bottom quartile
0.56 (95% CI 0.40-0.79)). While the deleterious effect of the Western diet was
similarly observed in all tumor subtypes, the protective effect of the Mediter-
ranean diet was stronger for triple-negative tumors (OR=0.32; 95% CI
0.15-0.66 and P heterogeneity = 0.04). The results confirmed the harmful effect
of a Western diet on breast cancer risk and provided evidence for the overall
preventive benefits of a diet rich in fruits, vegetables, legumes, oily fish, and
vegetable oils, particularly with triple-negative breast cancer [75].

Ferris et al. first used generalized equations to estimate a population average
effect across all families (7 =389 cases, n=5643 controls) followed by condi-
tional logistic regression in order to examine within-family differences in a
subset with at least two sisters discordant on ovarian cancer status (z =109
cases, n = 149 unaffected sister controls). In the generalized estimation model,
there was a reduced risk of ovarian cancer for ever use of oral contraceptives
compared with never use (OR = 0.58, 95% CI: 0.37, 0.91), and in the conditional
logistic model there was a similar inverse association, although it was not
statistically significant (OR =0.52, 95% CI: 0.23, 1.17). Ferris et al. examined this
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association by BRCA1/2 status and observed a statistically significant reduced
risk in gene noncarriers only. They observed a decreased risk of ovarian cancer
with oral contraceptive use, supporting that this association observed in
unrelated women extends to related women at higher risk [76].

1.2.4 Tumor Microenvironment MOAs

Potentially carcinogenic compounds may cause cancer through direct DNA
damage or through multiple indirect cellular or physiological effects. As we
have seen, the identification and investigation of these varied effects involves
work in endocrinology, genetics, epigenetics, medicine, environmental health,
toxicology, pharmacology, and oncology. Disruptive chemicals may contribute
to multiple stages of tumor development via effects on the tumor micro-
environment. The tumor microenvironment consists of complex interactions
among blood vessels that feed the tumor, the extracellular matrix that provides
structural and biochemical support, signaling molecules that send messages,
and soluble factors, such as cytokines. It also consists of many types of host
effector cells, including multipotent stromal cells/mesenchymal stem cells,
fibroblasts, endothelial cell precursors, antigen presenting cells, lymphocytes,
and innate immune cells.

Carcinogens can influence the tumor microenvironment through effects on
epithelial cells, the most common origin of cancer, as well as on stromal cells,
extracellular matrix components, and immune cells. Casey et al. have reviewed
how environmental exposures can perturb the tumor microenvironment. They
suggest a role for disrupting chemicals, such as nickel chloride, bisphenol A,
butyltins, methylmercury, and paraquat, as well as more traditional carcinogens
such as radiation, and pharmaceuticals, such as diabetes medications, in the
disruption of the tumor microenvironment. Further studies interrogating the
role of chemicals and their mixtures in dose-dependent effects on the tumor
microenvironment could have important general mechanistic implications for
the etiology and prevention of tumorigenesis [77].

Are certain cell types more sensitive to toxicants or more replaceable
following damage than others? Recent work in the field of stem cell biology
suggests that there is no single adult tissue stem cell hierarchy, and that self-
renewal and repair requirements are unique to different tissues. Thus, stem cells
may be uni- or multipotent and can exist in quiescent or actively dividing states.
Activated “professional” stem cells may coexist with facultative stem cells,
which are more specialized daughter cells that revert to a stem cell state under
specific tissue damage conditions. Visvader and Clevers discuss stem cell
strategies as observed in three solid mammalian tissues: the intestine, mammary
gland, and skeletal muscle.

It is becoming increasingly clear that multiple stem cell types with different
tissue renewal capacity can reside within the same tissue. Both transplantation
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and lineage tracing assays have proved to be invaluable in dissecting stem cell
compartments. The small intestine contains multipotent stem cells that are
actively cycling to restore all cells within the crypt—villus unit. Adding an
apparent layer of complexity, both uni- and bipotent epithelial stem cells appear
to reside in the mammary epithelial tree. Functional diversity within a stem cell
compartment is presumably established through the complex interplay
between intrinsic and extrinsic signals [78]. Chapter 14 explores MOAs related
to the tumor microenvironment and Chapter 15 explores MOAs related to
dysregulated metabolism.

1.3 Relevance of Circulating Cancer Markers

Chapter 16 is devoted to the topic of this section. Developments in genomic
techniques have provided substantial insight into the genetic complexity of
malignant tumors. As will be discussed, there is increasing evidence that solid
tumors encompass subpopulations of cells with distinct genomic alterations,
that is, intratumor heterogeneity. Fisher et al. have asserted that intratumor
heterogeneity is likely to have implications for cancer therapeutics and bio-
marker discovery, particularly in the era of targeted treatment. Evidence for a
relationship between intratumoral heterogeneity and clinical outcome is
emerging. The processes that exacerbate intratumoral heterogeneity, both
iatrogenic and tumor specific, are likely to increase with the development
and implementation of advanced sequencing technologies, and adaptation of
clinical trial design to include comprehensive tissue collection protocols [79].

While there is accumulating evidence for substantial genetic diversity both
within and between many common solid tumors, less is known about how such
diversity is generated or its impact upon clinical outcomes such as response or
resistance to anticancer therapies and the natural history of the disease. Tumor
heterogeneity conceivably may impede the identification of predictive bio-
markers, and the quest for personalized, or even curative treatment, and is an
area of cancer research worthy of intensive and collaborative effort [79].

The identification of circulating tumor cells (CTC) in blood has emerged as one
of the most intense areas of cancer research. CTC detection and enumeration can
serve as a “liquid biopsy” and as an early marker of response to systemic therapy.
The clinical relevance of CTCs as a prognostic factor is well established both in
metastatic and early-stage breast cancer patients. The molecular characterization
of CTC in breast cancer patients has a convincing potential to enable individual-
ized targeted treatment and to spare these patients unnecessary and ineffective
therapies. The elimination or decrease of CTCs following treatment is associated
with improved clinical outcomes [80]. In addition, molecular characterization of
single CTC holds considerable promise for predictive biomarker assessment
enabling scientists to explore CTC heterogeneity. The application of reliable
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single CTC isolation together with CTC molecular characterization using
advanced next-generation sequencing technologies is opening new frontiers in
the management of cancer patients [81].

Peeters et al. explored potential differences in the detection and prognostic
significance of CTCs in metastatic breast cancer (MBC) based on immuno-
histochemical subtypes of breast cancer. They used the enumeration of CTCs
with the EpCAM-based CellSearch system to determine the prognostic signifi-
cance of these CTCs in patients with MBC. The EpCAM-based CTCs detected
were not associated with any of the immunohistochemical subtypes of breast
cancer in patients before first-line treatment; however, potentially clinically
relevant differences were observed at very high CTC counts. Their results
suggested a lower prognostic significance of CTC evaluation in HER2-positive
patients with MBC [82].

Nygaard et al. examined the potential prognostic value of circulating cell-free
DNA (cfDNA) in malignant disease. The level of cfDNA increases with
malignancy but the biological mechanism is not fully understood. In a pro-
spective biomarker trial in 53 patients with advanced non-small cell lung cancer
(NSCLC), Nygaard et al. used positron emission tomography (PET) to examine
the correlation between cfDNA and total tumor burden. There were no
correlations between cfDNA and MTV (r < 0.1) or TLG (r < 0.1); however,
cfDNA 475th percentile was correlated with shorter OS (P < 0.02) as confirmed
by multivariate analysis. MTV 4the median was associated with a significantly
shorter OS (P < 0.02). Nygaard et al. concluded that there was no significant
difference in OS according to TLG (P < 0.08); thus, cell-free DNA may not be a
simple measure of tumor burden, but seems to reflect more complex mecha-
nisms of tumor biology, making it attractive as an independent prognostic
marker [83].

Primarily, due to drug resistance, metastatic cancer patients face a prognosis
largely affected by treatment failure. Circulating tumor-specific microRNAs
(miRNAs) are promising biomarkers of tumor presence and recurrence, espe-
cially for diseases whose best chance of successful treatment requires early
diagnosis and timely surgery of an already malignant but not yet invasive tumor
such as colorectal cancer (CRC). Chemotherapy could miss CTCs, particularly a
subpopulation of more aggressive stem-like CTCs characterized by multidrug
resistance. Therefore, Gazzaniga et al. investigated the prognostic value of drug
resistance and stemness markers in CTCs derived from 40 metastatic colorectal
cancer patients that had been treated with oxaliplatin (L-OHP) and 5-fluoruracil
(5-FU). Their results support the idea that isolating survivin and MRP5 CTCs may
help in the selection of metastatic colorectal cancer patients resistant to standard
5-FU and L-OHP-based chemotherapy and for which alternative regimens may
be appropriate [84].

MicroRNAs (miRNAs) are small (22 nt), tissue-based regulatory RNAs that
are frequently dysregulated in cancer and have shown promise in cancer
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classification and prognosis. Mitchell et al. [85] showed that such miRNAs are
present in human plasma in a remarkably stable form that is protected from
endogenous RNase activity. miRNAs originating from human prostate cancer
xenografts enter the circulation, are readily measured in plasma, and can be
used to easily distinguish xenografted mice from controls. This concept also
applies to human cancer, where serum levels of miR-141 (a miRNA expressed in
prostate cancer) can distinguish patients with prostate cancer from healthy
controls.

Expression levels of miRNAs found to be differentially expressed in tumor
versus normal colon tissues were investigated by Zanutto et al. [86]. They
employed quantitative real-time PCR using plasma from CRC patients and from
healthy donors and confirmed their results in independent case control series.
Validated miRNAs were also measured in patients following surgery. Zanutto
et al. identified four miRNAs differentially expressed between the compared
groups. Two of these, miR-21 and miR-378, were validated and miR-378
expression was observed to decrease in nonrelapsed patients 4—6 months after
surgery. Hemolysis did not influence the ability of miR-378 to discriminate CRC
patients from healthy individuals. Zanutto et al. concluded that analysis of
miRNA expression in plasma samples represents a useful noninvasive tool to
assess the presence of CRC as well as tumor-free status at follow-up. They also
concluded that plasma levels of miR-378 could be used to discriminate CRC
patients from healthy individuals, irrespective of hemolysis [86].

Wang et al. [87] have reported that the circulating miRNAs, miR-17-5p, and
miR-20a (miR-17-5p/20a) are elevated in the plasma of gastric cancer patients.
However, the clinical significance of the circulating levels of these miRNAs,
their prognostic predictive power, and their application in monitoring the
effectiveness of chemotherapy remains unclear. To this end, Wang et al
measured plasma miR-17-5p/20a levels in unpaired preoperative (n=65),
postoperative (n=16), and relapse (n=6) groups of gastric cancer patients.
Their results suggest that the levels of circulating miR-17-5p/20a may be a
promising noninvasive molecular marker for pathological progression of gastric
cancer, as well as prognosis and monitoring of results of chemotherapy.

Lu et al. [88] reported that nasopharyngeal carcinoma (NPC) has a distinctive
geographic distribution and is characterized by its strong tendency of metasta-
sis. They examined the microarray expression profiles of miRNAs in plasma
samples of NPC patients to explore their clinical significance in disease
development and progression. Their research identified 33 differentially
expressed miRNAs between NPC patients and healthy volunteers and reported
that plasma miR-9 may serve as a useful biomarker to predict NPC metastasis
and to monitor tumor dynamics.

Shapira et al. [89] generated comprehensive miRNA profiles on presurgical
plasma samples from 42 women with confirmed serous epithelial ovarian
cancer, 36 women diagnosed with a benign neoplasm, and 23 comparable
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age-matched women with no known pelvic mass. Twenty-two miRNAs were
differentially expressed between healthy controls and the ovarian cancer group
(P <0.05) and six miRNA subset distinguished presurgical plasma from benign
and ovarian cancer patients. Significant differences in miRNA profiles in
presurgical plasma were observed in women diagnosed with ovarian cancer
who had overall short survival when compared to women with overall long
survival (P <0.05). The preliminary data supported the utility of circulating
plasma miRNAs to distinguish women with ovarian cancer from those with a
benign mass and to distinguish women likely to benefit from currently available
treatment for serous epithelial ovarian cancer from those who may not [89].

The science of using tumor molecular profiles to select clinical trial partic-
ipants or to optimize therapy for individual patients is still in its infancy.
However, the potential importance of methods that can integrate molecular,
histopathological, and clinical information into a synergistic understanding of
tumor progression cannot be overstated. While the possibilities are exciting,
significant challenges remain before they can be effectively implemented with a
strong evidence base and in a widely available and cost-effective manner [90].

1.4 Potential Cancer Translational Toxicology Therapies

Integrative medicine, as defined by Block et al. [91], is an approach to health and
healing that “makes use of all appropriate therapeutic approaches, health care
professionals, and disciplines to achieve optimal health and healing [91].” An
integrative medicine intervention for cancer patients typically includes nutri-
tional counseling, biobehavioral strategies, promotion of physical activity, and
dietary supplements (including herbs, nutraceuticals, and phytochemicals). A
comprehensive intervention of this type may contribute uniquely to improved
cancer outcomes through its impact on a variety of relevant molecular targets,
including effects on multiple cancer hallmarks [92,93]. Hallmarks that may be
particularly affected include genetic instability, tumor-promoting inflamma-
tion, deregulated metabolism, and immune system evasion. Block et al. [91]
characterize these hallmarks as metabolic since they are susceptible to manip-
ulation by diet, exercise, and supplementation. Research on such comprehen-
sive integrative approaches can contribute to the development of systems of
multitargeted treatment regimens and help clarify the combined effect of these
approaches on cancer outcomes [91].

Potential cancer translational toxicology therapies are discussed in Chapter 18.
Examples of potential components of integrated therapies include incorporation
of exercise into prenatal care that yields improvements in offspring metabolic
disorders, cancer, and cardiovascular health and disease risk [94], and use of
vitamin supplementation among middle-aged women, which is associated with
substantial reduction in risk of all invasive cancers combined [95].
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Maternal behaviors during pregnancy have been reported to impact offspring
health in adulthood. Blaize et al. [94] explored the hypothesis that exercise during
pregnancy can protect against chronic disease susceptibility in the offspring. To
date, research has demonstrated that improvements in metabolic outcomes,
cardiovascular risk, and cancer can occur in response to maternal exercise during
pregnancy, including improvements in offspring metabolic disorders, cancer, and
cardiovascular health and disease risk. Thus, overall, the current body of work
supports the recommendations for exercise during pregnancy set by the ACOG
and DHHS. Health care providers can use these data to educate pregnant mothers
on the benefits of exercise during pregnancy for their offspring and encourage
them to incorporate exercise into their prenatal care [94].

Regarding the use of vitamin supplementation among middle-aged women,
higher serum 25-hydroxyvitamin D [25(OH)D] concentrations have been
associated with a lower risk of multiple cancer types. McDonnell et al.[95]
investigated whether the inverse association between 25(OH)D and cancer risk
could be replicated, and if a 25(OH)D response region could be identified
among women aged 55 years and older across a broad range of 25(OH)D
concentrations. Age-adjusted cancer incidence was studied across a combined
cohort (N =2304) with 840 cases per 100,000 person-years (1020 per 100,000
person-years in the Lappe cohort and 722 per 100,000 person-years in the
Grassroots Health cohort). Indeed, incidence was lower at higher concentra-
tions of 25(OH)D. Women with 25(OH)D concentrations equal to or greater
than 40 ng/ml had a 67% lower risk of cancer than women with concentrations
<20 ng/ml (HR=0.33, 95% CI=0.12-0.90). In conclusion, 25(OH)D concen-
trations equal to or greater than 40 ng/ml were associated with substantial
reduction in risk of all invasive cancers combined [95].

Gynecologic cancers constitute the fourth most common cancer type in
women. Phytochemicals are a broad class of natural compounds derived from
plants, a number of which exhibit useful bioactive effects toward these path-
ways. High-throughput screening methods, rational modification, and devel-
opments in regulatory policies will accelerate the development of novel
therapeutics based on these compounds, which will likely improve overall
survival and quality of life for patients [96].

Although growing evidence from trials and population-based studies has
supported a protective role for dietary flavonoids in relation to risk of certain
chronic diseases, the underlying mechanisms remain unclear. In particular, the
impact of different dietary flavonoid subclasses on risk of epithelial ovarian
cancer is also unclear with limited previous studies that have focused on only a
few compounds. Some studies have focused on individual inflammatory bio-
markers, but because of the limited specificity of any individual marker, an
assessment of a combination of biomarkers may be more informative.

Cassidy et al. [97] prospectively examined associations between habitual
flavonoid subclass intake and risk of ovarian cancer. They followed 171,940
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Nurses’ Health Study and Nurses’ Health Study II participants to examine
associations between intakes of total flavonoids and their subclasses (flava-
nones, flavonols, anthocyanins, flavan-3-ols, flavones, and polymeric flavo-
noids) and risk of ovarian cancer. Intake was calculated from validated food
frequency questionnaires collected every 4 years. Participants in the highest
quintiles of flavonol and flavanone intakes had modestly lower risk of ovarian
cancer than that of participants in the lowest quintile, although the P-trend was
not significant (HRs: 0.76 (95% CI: 0.59, 0.98; P-trend =0.11) and 0.79 (95% CIL:
0.63, 1.00; P-trend =0.26), respectively). The authors concluded that higher
intakes of flavonols, flavanones, and black tea (polyphenol) consumption may
be associated with lower risk of ovarian cancer, but that additional prospective
studies are required to confirm their findings [97].

1.4.1 Well-Established/Repurposed Pharmaceuticals

Drug repurposing (also known as repositioning) is the application of known
drugs and compounds for new clinical indications. Colesevelam is an example
of drug repurposing. Colesevelam was developed as an adjunct to diet and
exercise to reduce elevated low-density lipoprotein cholesterol (LDL-C) in
patients with primary hyperlipidemia. It has also gained approval to improve
glycemic control in adults with type 2 diabetes mellitus. For other well-
established drugs, such as aspirin, the number of indications has expanded
based on continuing research, drug use, and experience.

Aspirin or acetylsalicylic acid (ASA) is a classic, nonsteroidal anti-inflamma-
tory drug (NSAID) that is widely used to relieve minor aches and pains and to
reduce fever. Aspirin is certainly one of the most established/repurposed
pharmaceuticals and there is a significant body of epidemiological evidence
demonstrating that regular aspirin use is associated with a decreased incidence
of developing cancer. Langley et al. [98] have reported that aspirin has several
mechanisms of action, independent of its inhibition of the enzyme cyclo-
oxygenase (Cox) that may contribute to its anticancer effect. Thus, aspirin
also influences cellular processes, such as apoptosis and angiogenesis that are
crucial for the development and growth of malignancies. Evidence suggests that
these effects can occur through Cox-independent pathways which places into
question the rationale of focusing on Cox-2 inhibition alone as an anticancer
strategy [98].

Randomized studies with aspirin primarily designed to prevent cardiovascu-
lar disease have demonstrated a reduction in cancer deaths with long-term
follow-up. Concerns about toxicity, particularly haemorrhage, have limited the
use of aspirin in cancer prevention. However, recent epidemiological evidence
demonstrating that regular aspirin use after a diagnosis of cancer improves
outcomes suggesting that it may have a role as an adjuvant, where the risk—
benefit ratio will be different [98].
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Regular aspirin use is associated with reduced risk of several malignancies.
Epidemiologic studies analyzing aspirin, nonaspirin NSAIDs, and acetaminophen
use and ovarian cancer risk have been inconclusive. Trabert et al. [99] reported
analyses of pooled data from 12 population-based case—control studies of ovarian
cancer, including 7776 case patients and 11843 control subjects accrued between
1992 and 2007. They found that aspirin use was associated with a reduced risk of
ovarian cancer (OR = 0.91; 95% confidence interval (CI) = 0.84—0.99). Similar but
not statistically significant results were obtained for nonaspirin NSAIDs, but
there was no association with acetaminophen. In seven studies with frequency
data, the reduced risk was strongest among daily aspirin users (OR = 0.80; 95%
CI=0.67-0.96). In three studies with dose information, the reduced risk was
strongest among users of low dose (<100mg) aspirin (OR=0.66; 95% CI
=0.53-0.83), whereas for nonaspirin NSAIDs, the reduced risk was strongest
for high dose (=500 mg) usage (OR=0.76; 95% CI=0.64—-0.91). In summary,
aspirin use was associated with a reduced risk of ovarian cancer, especially among
daily users of low-dose aspirin. These findings suggest that the 81 mg/day aspirin
regimen proven to protect against cardiovascular events and several cancers
could reduce the risk of ovarian cancer 20—-34% depending on frequency and dose
of use [99].

Epidemiological studies and other experimental studies suggest that ASA use
reduces the risk of different cancers, including BC, and may be used as a
chemopreventive agent against BC and other cancers. These studies have raised
the tempting possibility that ASA could serve as a preventive medicine for BC.
However, lack of in-depth knowledge of the mechanism of action of ASA
reshapes the debate of risk and benefit of using ASA in prevention of BC.
Studies by Maity et al. [100], using in vitro and in vivo tumor xenograft models,
show a strong beneficial effect of ASA in the prevention of breast carcinogene-
sis. ASA not only prevents breast tumor cell growth in vitro and tumor growth
in nude mice xenograft model through the induction of apoptosis, but also
significantly reduces the self-renewal capacity and growth of breast tumor-
initiating cells (BTICs)/breast cancer stem cells (BCSCs) and delays the
formation of a palpable tumor. Moreover, ASA regulates other pathophysio-
logical events in breast carcinogenesis, such as reprogramming the mesenchy-
mal to epithelial transition (MET) and delaying in vitro migration in BC cells.
The tumor growth inhibitory and reprogramming roles of ASA could be
mediated through inhibition of TGF-B/SMAD4 signaling pathway that is
associated with growth, motility, invasion, and metastasis in advanced BCs.
Collectively, ASA has a therapeutic or preventive potential by attacking possible
target, such as TGF-f, in breast carcinogenesis [100].

After skin cancer, prostate cancer is the most common cancer among men
and it can often be treated successfully. More than 2 million men in the United
States are prostate cancer survivors (American Cancer Society). The first
description of the benefits of surgical castration in the treatment of prostate
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cancer occurred 70 years ago. Despite advances in medical therapy (e.g.,
cabazitaxel, enzalutamide, abiraterone), androgen deprivation therapy (ADT)
remains the cornerstone of treatment for advanced prostate cancer. The costs of
ADT have risen dramatically, with uncertain survival benefits and substantial
associated risks. At the same time, increasing numbers of men are undergoing
prostate specific antigen (PSA) testing and prostate cancer is being diagnosed
earlier [101].

Clinical studies of potent novel agents have shown survival benefits even in
advanced disease, and with more aggressive treatment, men are remaining on
ADT for much longer than might have been originally anticipated. The
evidence is good that treatment of advanced prostate cancer by ADT results
in improvements in symptoms in men with end-stage disease but, there is weak
evidence for improvement in survival, except when ADT is combined with
radical local treatment, particularly radiotherapy. As new agents enter clinical
practice, a comprehensive research strategy is essential to optimize benefits
while minimizing harm. According to Bourke et al. [101], it is only a matter of
time before they will be considered in earlier disease, possibly as a new form of
maximal androgen blockade.

Breast cancer is one of the most commonly diagnosed cancers in women.
Fabian et al. [102] have reported that high intake ratios of the marine omega-3
fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) relative
to the omega-6 arachidonic acid reduced risk of breast cancer compared to those
with low ratios in some but not all case—control and cohort studies. Plausible
mechanisms include reduction in proinflammatory lipid derivatives, inhibition of
nuclear factor-kB-induced cytokine production, and decreased growth factor
receptor signaling as a result of alteration in membrane lipid rafts [102].

The research team at the Comparative Toxicogenomics Database (CTD) and a
group of safety researchers at Pfizer developed a collaboration to text mine and
manually review a collection of 88,629 articles relating over 1200 pharmaceutical
drugs to their potential involvement in cardiovascular, neurological, renal, and
hepatic toxicity. The CTD curates chemical-gene—disease interactions, and these
detailed, contextualized, high-quality annotations curated from the past 70 years
of scientific literature are now fully integrated with public CTD and phenotype
interactions can be downloaded. Importantly, this curation can be leveraged for
information about toxicity important to drug safety and enable researchers to
develop testable hypotheses for drug—disease events. The availability of these
curated chemical-gene—disease interactions will help facilitate development of
new mechanistic screening assays for pharmaceutical compounds. This partner-
ship demonstrates the value of public/private research data sharing and collabo-
ration and the complementary needs of the pharmaceutical and environmental
health science research communities (http://ctdbase.org/) [103].

With the recognition that histone deacetylases (HDACs) are a key compo-
nent of the epigenetic machinery regulating gene expression, and behave as

33


http://ctdbase.org/

34

1 What Stressors Cause Cancer and When?

oncogenes in several cancer types, there has been major interest in development
of histone deacetylase inhibitors (HDACi) as anticancer drugs. A recent review
by Ceccacci and Minucci [104] discusses results of the new research regarding
the role of HDACs in cancer and the effect of HDACi on tumor cells,
emphasizing haematological malignancies, particularly acute myeloid leukemia.
HDAC:s can have opposite roles at various stages of tumor progression and in
different subpopulations of cancer stem cells, which emphasizes the importance
of investigating these attributes in conjunction with the clinical use of HDACi in
cancer therapy.

Ceccacci and Minucci [104] reported that Pan-HDAC;i have given promising
results in a small group of patients with selected haematological diseases, but
their use individually has not been satisfactory. The difference in sensitivity to
HDACi cannot be attributed to a single cause, making it difficult to envision a
simple approach to patient stratification. This field deserves further study and
remains a promising therapeutic avenue if selective HDACi prove to be more
effective in the clinic with fewer side effects.

Studies in murine models of leukemia suggest that it is necessary to consider
not only the differences among different classes of HDACs but also how
the same molecules may act in “time” and “space.” Ceccacci and Minucci
have proposed a systematic study of the effects of HDACi and other epidrugs on
the stem cell compartment versus the rest of tumor cells to devise treatment
schemes to combine drugs targeting the different tumor cell subpopulations.
Thus, the combination of epidrugs with DNA-damaging chemotherapeutic
drugs, or proteasome inhibitors, has already shown promising results [104].

1.4.2 GRAS/GRASE, Diet, and Nutraceuticals

To reduce the occurrence of preventable cancers, we believe that timely
protective interventions during “critical windows” should include not only
minimization of hazardous voluntary exposures and substances of abuse but
also the active use of protective GRAS interventions/therapies, including
nutritional, dietary supplementation, including nutraceuticals, and/or well-
established/repurposed pharmaceutical drugs. Repurposed pharmaceutical
drugs must be safe and effective (GRASE) for the intended application. A
drug is not considered a new drug by the USFDA only when it is generally
recognized as safe and effective (GRASE). At a minimum, the general accep-
tance of a product as GRASE must be supported by the same quality and
quantity of scientific and/or clinical data necessary to support the approval of a
New Drug Application [105].

Diet clearly plays a major role in cancer risk. Lifestyle factors, including diet,
have long been recognized as potentially important determinants of both
susceptibility to and survival with many types of cancer. For details on diet
factors in cancer risk and voluntary exposures — natural herbals, supplements,
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and substances of abuse, refer to Chapters 5 and 6, respectively. Chapter 10
deals with dietary/supplemental interventions and personal dietary preferences
for cancer reduction.

In this section we will address primarily the protective role of natural
substances in the diet. For example, the association between coffee intake,
tea intake, and cancer has been extensively studied, but associations are not
established for many cancers. Certain other dietary agents, such as natural
products, have been reported to show anticancer effects or potential beneficial
effects for other diseases via a MOA that is plausibly relevant to reduction of
cancer risk(s). However, the underlying mechanisms of these substances in
human cancer often remain unclear. We have attempted to group studies
according to putative mechanisms.

1.4.2.1 Suppression of Cell Proliferation and Induction of Cell Death
Epidemiological analysis has demonstrated a negative or inverse correlation
between green tea consumption and the risk of non-Hodgkin lymphoma and
prostate cancer. Recent studies show that epigallocatechin-3-gallate (EGCG),
the major green tea polyphenol, suppresses the proliferation of cancer cells and
induces cell death without adversely affecting normal cells. Several molecular
mechanisms have been suggested to be responsible for this effect. Thus, the 67-
kDa laminin receptor (67LR) was recently identified as the sensing molecule for
EGCG [106]. This receptor overexpresses in cancer cells and plays a crucial role
in the selective toxicity of EGCG.

Kumazoe et al. [106] focused on the molecular mechanism of EGCG and
developing a novel strategy to amplify its effect. They identified 67LR as the
sensing molecule of EGCG, and also revealed the downstream mechanism of
EGCG-induced cell death and growth inhibition. Their studies demonstrated
that 67LR acts as the cancer-overexpressed death receptor that induces the
apoptotic signaling pathway. Their findings revealed that 67LR could be an
attractive target for cancer chemotherapy and provide a rationale for the clinical
value of EGCG as a 67LR-targeting drug. Based on the putative molecule
mechanisms of EGCG-induced anticancer effect, PDE5, SET, and SphK1 act as
resistant factors against EGCG, and also provided a novel strategy to amplify its
anticancer effect [106].

Hashibe et al. [107] reported that previous investigations are not consistent on
whether caffeine may be the source of possible associations between coffee and
cancer risk. In the prostate, lung, colorectal, and ovarian cancer screening trial, of
the 97,334 eligible individuals, 10,399 developed cancer. Cancers observed were
145 head and neck, 99 oesophageal, 136 stomach, 1137 lung, 1703 breast, 257
endometrial, 162 ovarian, 3037 prostate, 318 kidney, 398 bladder, 103 gliomas,
and 106 thyroid. Hashibe et al. [107] reported that mean coffee intake was higher
in lower education groups, among current smokers, among heavier and longer
duration smokers, and among heavier alcohol drinkers. However, coffee intake
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was not associated with the risk of all cancers combined (RR=1.00, 95%
confidence interval (CI) = 0.96-1.05). Tea drinking was associated with a slightly
decreased risk of cancer overall (RR=0.95, 95% CI=0.94-0.96 for 1+ cups per
day versus <1 cup per day). For endometrial cancer, a definite decreased risk was
observed for coffee intake (RR=0.69, 95% CI=0.52—-0.91 for greater than or
equal to 2 cups per day). Caffeine intake from either substance was not associated
with cancer risk in a dose—response manner. Hashibe et al. concluded that they
observed a decreased risk of endometrial cancer for coffee intake, and a decreased
risk of cancer overall with tea intake [107].

Plant food-derived polyphenolic compounds as a group are low in toxicity,
and many of them have been proven to modulate key factors in cancer drug
resistance, making them good candidates for reversing cancer resistance. Wang
et al. [108] analyzed the combination effect of two chemopreventive
polyphenols, curcumin (Cur) and EGCG, in reversing resistant breast cancer.
Their results showed that EGCG significantly enhanced the growth inhibition
and apoptosis in both doxorubicin (DOX)-sensitive and doxorubicin (DOX)-
resistant MCF-7 cells induced by Cur. They believe that the mechanism may be
related to the further activation of caspase-dependent apoptotic signaling
pathways and the enhanced cellular incorporation of Cur by inhibiting the
P-glycoprotein (P-gp) pump. They also suggested that Cur and EGCG in
combination could enhance the toxicity of DOX, increasing the intracellular
level of DOX in resistant MCEF-7 cells. Their findings with the combination of
Cur and EGCG encourage the treatment of human breast cancer resistance by
combining two low-toxic chemotherapeutic agents from diet [108].

1.4.2.2 Anti-Inflammatory Effects: Insights from Various Diseases

The purpose of a study by McFarlin et al. [109] was to determine the effects of
oral Cur supplementation (Longvida® 400 mg/days) on muscle and related
activities, muscle soreness following exercise, creatine kinase, and inflammatory
cytokines (TNF-a, IL-6, IL-8, IL-10) following eccentric-only dual-leg press
exercise (EMID). Subjects (N = 28) were randomized to either Cur (400 mg/day)
or placebo (rice flour), and were given supplements two days before to four days
after EMID. The study demonstrated that Cur supplementation reduced
biological inflammation but not quadriceps muscle soreness during recovery
after EIMD. The authors suggested that observed improvements in biological
inflammation may translate to faster recovery and greater functional capacity
during subsequent exercise sessions, and that the next step would be to evaluate
further the efficacy of an inflammatory clinical disease model [109].

In a cross-sectional analysis of 2375 Framingham Heart Study Offspring Cohort
participants, Cassidy et al. [110] used an inflammation score (IS) to integrate 12
individual inflammatory biomarkers associated with intake of different flavonoid
classes. Intakes of total flavonoids and their classes (anthocyanins, flavonols,
flavanones, flavan-3-ols, polymers, and flavones) were calculated from validated
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food frequency questionnaires. Individual inflammatory biomarkers were ranked,
standardized, and summed to derive an overall IS (and subgroup scores of
functionally related biomarkers). Their results remained significant after adjust-
ment for physical activity, and vitamin C and fruit and vegetable intakes: Higher
anthocyanin intake was inversely associated with all biomarker subgroups, whereas
higher flavonol intake was associated with lower cytokine and oxidative stress
biomarker concentrations. The authors concluded that these findings suggest that
an anti-inflammatory effect may be a key component underlying the reduction in
risk of certain chronic diseases associated with higher intakes of anthocyanins and
flavonols [110].

During the past 15 years, there has been a substantial increase in interest in
triterpenes (members of phytosterol family) due to their cholesterol lowering
properties. Saleem [111] reported at least 25 clinical studies, 20 patents, and 10
major commercial triterpene-based products currently being sold worldwide.
Lupeol, also known as Fagarsterol, is a triterpene found in vegetable oils, white
cabbage, green pepper, strawberry, olive, mangoes, and grape. In the West,
humans consume an average of 250 mg of triterpenes per day. The review by
Saleem [111] provides a detailed account of preclinical studies conducted to
determine the utility of Lupeol as a therapeutic and chemopreventive agent for
the treatment of inflammation and cancer. These studies suggest that it is a
multitarget agent with major anti-inflammatory potential involving key molec-
ular pathways that include nuclear factor kappa B (NFkB), cFLIP, Fas, Kras,
phosphatidylinositol-3-kinase (PI3K)/Akt, and Wnt/p-catenin in a variety of
cells. Importantly, therapeutic effective doses of Lupenol exhibit no toxicity to
normal cells and tissues [111].

Autism spectrum disorders (ASDs) have been associated with brain inflam-
mation as indicated by microglia activation, as well as brain expression and
increased plasma levels of interleukin-6 (IL-6) and tumor necrosis factor (TNF).
Tsilioni et al. [112] reported that serum levels of IL-6 and TNF were elevated
(61.95 +94.76 pg/ml and 313.8 + 444.3 pg/ml, respectively) in the same cohort of
patients with elevated serum levels of corticotropin-releasing hormone (CRH)
and neurotensin (NT), while IL-9, IL-31, and IL-33 were not different from
controls. The elevated CRH and NT levels did not change after treatment with a
dietary formulation containing luteolin. The natural flavonoid luteolin has
antioxidant, anti-inflammatory, mast cell blocking, and neuroprotective effects.
In the study by Tsilioni et al. [112], the mean serum IL-6 and TNF levels decreased
significantly (P=0.036 and P=0.015, respectively) at the end of the treatment
period (26 weeks) as compared with levels at the beginning; these decreases were
strongly associated with children whose behavior improved the most after
luteolin formulation treatment. The results obtained indicate that there are
distinct subgroups of children within the ASDs that may be identifiable through
serum levels of IL-6 and TNF and that these cytokines may constitute distinct
prognostic markers for the beneficial effect of the luteolin formulation [112].
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The aim of a study by Dawson et al. [113] was to assess whether omega-3
polyunsaturated fatty acid supplementation alone or in combination with folic
acid and B-group vitamins is effective in lowering homocysteine. Lowering
homocysteine levels with folic acid and B-vitamins could interfere with cogni-
tive decline and Alzheimer’s. The Medline Ovid, Embase, and Cochrane
databases were searched for randomized-controlled trial studies that intervened
with omega-3 supplementation (with or without folic acid) and measured
changes in homocysteine concentration. A total of 3267 participants completed
21 trials. Across all trials, omega-3 supplementation was effective in lowering
homocysteine by an average of 1.18 pmol/l (95%CI: (—1.89, —0.48), p =0.001).
The average homocysteine lowering effect was greater when omega-3 supple-
mentation was combined with folic acid and B-group vitamins (—1.37 pmol/],
95%CI: (—2.38, —0.36), p < 0.01) compared to omega-3 supplementation alone
(—1.09 pmol/1 95%CI: (—2.04, —0.13), p = 0.03). Omega-3 polyunsaturated fatty
acid supplementation was associated with a modest reduction in homocysteine.
The authors concluded that for the purpose of reducing homocysteine, a
combination of omega-3s (0.2-6 g/day), folic acid (150-2500 pg/day), and
vitamins B6 and B12 might be more effective than omega-3 supplementation
alone [113].

1.4.2.3 Upregulation of Tumor Suppressor MicroRNAs

Hagiwara et al. [114] found that resveratrol exerts an anticancer effect by
upregulating tumor suppressor microRNAs (miRNAs). In further study, they
aimed to identify new dietary products that have the same ability to activate
tumor suppressor miRNAs and therefore may serve as novel tools for the
prevention and treatment of human cancers. They have described the genera-
tion and use of an original screening system based on a luciferase-based
reporter vector for monitoring miR-200c tumor suppressor activity.

By screening a library containing 139 natural substances, three natural
compounds — enoxolone, magnolol, and palmatine chloride — were identified
as being capable of inducing miR-200c expression in breast cancer cells at
10 pM. Moreover, these molecules suppressed the invasiveness of breast cancer
cells in vitro. Next, they identified a molecular pathway by which the increased
expression of miR-200c induced by natural substances led to ZEB1 inhibition
and E-cadherin induction. These results indicate that their method may be a
valuable tool for identification of natural molecules that exhibit tumor sup-
pressor activity in human cancer mediated through miRNA activation [114].

1.4.2.4 Regulation of Oxidative Stress

In their review paper, Gorrini et al. [115] discuss the controversial role of
reactive oxygen species (ROS) in tumor development and in response to
anticancer therapies, and the idea that targeting the antioxidant capacity of
tumor cells can have a positive therapeutic impact [115]. As has been discussed
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earlier, the regulation of oxidative stress is an important factor in both tumor
development and response to anticancer therapies. Many signaling pathways
that are linked to tumorigenesis can also regulate the metabolism of reactive
oxygen species (ROS) through direct or indirect mechanisms. High ROS levels
are generally detrimental to cells, and the redox status of cancer cells typically
differs from that of normal cells. Because of metabolic and signaling aberrations,
cancer cells exhibit elevated ROS levels. The observation that this is balanced by
increased antioxidant capacity suggests that high ROS levels may constitute a
barrier to tumorigenesis. However, ROS can also promote tumor formation by
inducing DNA mutations and prooncogenic signaling pathways. These contra-
dictory effects have important implications for potential anticancer strategies that
aim to modulate levels of ROS [115].

Antioxidants are widely used to protect cells from damage induced by ROS.
Sayin et al. [116] have asserted that the concept that antioxidants can help fight
cancer is widely held in the general population and promoted by the food
supplement industry, although clinical trials have reported inconsistent results.
The authors show that supplementing the diets of mouse models of B-RAF- and
K-RAS-induced lung cancer with the antioxidants N-acetylcysteine (NAC) and
vitamin E markedly increases tumor progression and reduces survival. Further-
more, RNA sequencing revealed that NAC and vitamin E produce highly
coordinated changes in tumor transcriptome profiles that are dominated by
reduced expression of endogenous antioxidant genes. NAC and vitamin E also
increase tumor cell proliferation by reducing ROS, DNA damage, and p53
expression in mouse and human lung tumor cells. The inactivation of p53
increases tumor growth to a similar degree as antioxidants and abolishes the
antioxidant effect. Thus, antioxidants accelerate tumor growth by disrupting the
ROS-p53 axis. Because somatic mutations in p53 occur late in tumor progression,
antioxidants may accelerate the growth of early tumors or precancerous lesions in
certain high-risk populations, such as smokers and patients with chronic obstruc-
tive pulmonary disease, who receive NAC to relieve mucus production [116].

Some trials show that antioxidants actually increase cancer risk. The study in
mice by Sayin et al. reported that antioxidants accelerate the progression of
primary lung tumors; however, little is known about the impact of antioxidant
supplementation on the progression of other types of cancer, including malig-
nant melanoma. Le Gal ef al. [117] show that administration of NAC increases
lymph node metastases in a mouse model of malignant melanoma but does not
alter the number and size of the primary tumors. These results demonstrate that
antioxidants and the glutathione system play a previously unrecognized role in
the progression of malignant melanoma [117].

1.4.2.5 Activation of Signal Transduction Pathways
Lupeol is a pharmacologically active triterpenoid found in white cabbage, green
pepper, strawberry, olive, mangoes, and grapes. Siveen et al. [118] evaluated the
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effect of lupeol on the STAT3 signaling cascade and its regulated functional
responses in HCC cells. The constitutive activation of STAT?3, a signal transducer
and activator of transcription signaling, has been linked with survival, prolifera-
tion, and angiogenesis in a wide variety of malignancies, including hepatocellular
carcinoma (HCC). Lupeol effectively suppressed constitutive activation of
STATS3 phosphorylation at the tyrosine 705 residue in a dose- and time-depen-
dent manner. The phosphorylation of Janus-activated kinases (JAKs) 1 and 2 and
the protooncogene tyrosine—protein kinase, Src, was also suppressed by lupeol.
Thus, lupeol exhibited its potential anticancer effects in HCC through the
downregulation of the STAT3-induced prosurvival signaling cascade [118].

Ascorbate, at millimolar concentrations, acts as a pro-oxidant, induces DNA
damage and depleted cellular adenosine triphosphate (ATP), activates the
ataxia-telangiectasia mutated (ATM)/adenosine monophosphate-activated
protein kinase (AMPK) pathway, and results in mTOR (mammalian target
of rapamycin) inhibition and death in ovarian cancer cells. The Akt/mammalian
target of rapamycin (mTOR) signaling pathway serves as a critical regulator of
cellular growth, proliferation, and survival. Akt aberrant activation has been
implicated in carcinogenesis and anticancer therapy resistance. The combina-
tion of parenteral ascorbate with the chemotherapeutic agents carboplatin and
paclitaxel synergistically inhibited ovarian cancer in mouse models and reduced
chemotherapy-associated toxicity in patients with ovarian cancer. On the basis
of its potential benefit and minimal toxicity, Ma et al. [119] recommended
further study of intravenous ascorbate in combination with standard chemo-
therapy in larger clinical trials [119].

Piperlongumine (PL), a natural alkaloid present in the fruit of the Long
pepper, is known to exhibit notable anticancer effects. Makhov et al. [120]
investigated the impact of PL on Akt/mTOR signaling. Makhov et al. [120]
examined Akt/mTOR signaling in cancer cells of various origins including
prostate, kidney, and breast after PL treatment. They demonstrated for the first
time that PL effectively inhibits phosphorylation of Akt target proteins in all
tested cells. Makhov et al. then investigated the efficacy of in vivo treatment
with PL and the autophagy inhibitor, chloroquine (CQ), using a mouse
xenograft tumor model. The downregulation of Akt downstream signaling
resulted in a decrease of mTORCI1 activity and autophagy stimulation. Using
the autophagy inhibitor, CQ, the level of PL-induced cellular death was
significantly increased. Combination treatment with PL and CQ demonstrated
a substantial antitumor effect in the xenograft mouse model. Their data suggest
therapeutic opportunities to mediate cancer cellular death using PL, offering a
new paradigm for both prevention and treatment of malignancy [120].

1.4.2.6 Mitigating Inherited Deleterious Mutations
Studies have shown that 3,3'-diindolylmethane (DIM) can upregulate
BRCA1 expression in breast cancer cells. Haplo-insufficiency may
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contribute to the development of breast cancer among women with a
BRCA1 mutation. Thus, interventions that enhance BRCA1l expression
may represent avenues for prevention. However, this has yet to be demon-
strated in vivo. Kotsopoulos et al. [121] performed a study to evaluate the
ability of orally administered DIM to upregulate BRCA1 mRNA expression
in white blood cells. Eighteen women were enrolled in the study. Under the
tested conditions, oral DIM was associated with an increase in BRCA1
mRNA expression in women having a BRCA1 mutation. Thus, the possibil-
ity exists of mitigating the effect of an inherited deleterious BRCA1 mutation
by increasing the physiologic expression of the gene and normalizing protein
levels. This approach represents a clinically important paradigm shift in the
prevention strategies available to these high-risk women. Kotsopoulos et al.
concluded that future studies with a larger sample size and higher doses of
DIM are warranted [121].

Nucleostemin is a GTPase residing in the nucleolus that is considered to be
an important cancer stem/progenitor cell marker protein due to its high
expression levels in breast cancer stem cells and its role in tumor initiation
of human mammary tumor cells. Tin et al. [122] proposed that nucleostemin
might represent a promising therapeutic target for breast cancer. They used a
new breast cancer cell line, 10AT-Her2, which is highly enriched in cells having
a stem/progenitor cell-like character. 10AT-Her2 cells display a CD44+/
CD24-/low phenotype with high levels of the cancer stem/progenitor cell
marker protein nucleostemin, as well as active aldehyde dehydrogenase-1
(ALDH-1). 10AT-Her2 cells are highly sensitive to the antiproliferative apo-
ptotic effects of indole-3-carbinol (I13C).

I3C is a natural anticancer indole carbinol found in cruciferous vegetables of
the Brassica genus, such as broccoli and cabbage. I3C promotes the interaction
of nucleostemin with MDM2 (murine double mutant 2), an inhibitor of the p53
tumor suppressor, and disrupts the MDM2 interaction with p53. I3C also
induces nucleostemin to sequester MDM?2 in the nucleolus compartment,
thereby freeing p53 to mediate its apoptotic activity. Small interfering RNA
knockdown studies of nucleostemin demonstrated functionally that nucleos-
temin is required for I3C to trigger its cellular antiproliferative responses, to
inhibit tumorsphere formation, and to disrupt MDM2-p53 protein—protein
interactions. In addition, expression of an I13C-resistant form of elastase, the
only known target protein for I3C, prevented I13C antiproliferative responses in
cells and in tumor xenografts in vivo, as well as disrupting the I3C-stimulated
nucleostemin—-MDM?2 interactions. The results of Tin et al [122] provide
the first evidence that a natural anticancer compound mediates its cellular and
in vivo tumor antiproliferative responses by selectively stimulating
cellular interactions of the stem/progenitor cell marker nucleostemin with
MDM2, freeing p53 to trigger its apoptotic response. Furthermore, their studies
provide a new mechanistic template that can potentially be exploited for the
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development of therapeutic strategies targeted at cancer stem/progenitor
cells [122].

1.4.2.7 Mitigating Adverse Epigenetic States

While epigenetic drugs are being studied in cancer therapeutics, potential
intentional use of epigenome modifying compounds to prevent cancers later
in life raises scientific and ethical questions, some of which are now being
openly considered in the neurosciences. Drugs that can reverse epigenetic
states and alter behavior have been discussed from an ethical perspective by
Szyf [123]. His thesis is that epigenetic drugs could be used not only in
diseases such as dementia, Alzheimer disease, schizophrenia or major depres-
sion, for which ethical issues may be easier to address, but also within the
spectrum of “normal” behaviors. In an experimental rodent model, an adult
behavioral phenotype of anxiousness and hyperstress triggered by poor
maternal care in early life was reversed with the histone deacetylase inhibitor
trichostatin A7. Szyf [123] asks, “Could we justify using epigenetic drugs to
alter phenotypes that are epigenetically controlled and might be socially
disruptive but are not a disease per se? Would we use such approaches
preventively to ‘improve’ behavioural phenotypes? Is it ethical to use epi-
genetic drugs to prevent ‘criminality’ in people or groups of people who
display epigenetic marks of aggression or people who have already committed
aggressive acts? What will be the regulatory limits for the use of epigenetic
drugs for behavioural modifications of antisocial phenotypes? The possibility
of epigenetic behavioural modifications raises the spectre of ‘social engineer-
ing’. Who should have the authority to prescribe behaviour-modifying drugs
for cases in which public security or goods are involved? What are the roles of
parents and legal courts in such decisions when children are involved? What
should the rules be for consenting adults? [123].”

It is widely accepted that performance-enhancing drugs are banned during
athletic competitions. It is also clear that competitions that require cognitive
skills affect every human and have a dramatically higher impact on human life
course than entertainment sports. Szyf asks, “If epigenetic drugs could indeed
enhance cognitive abilities in healthy people, should they be used? Would the
use of ‘epigenetic cognitive enhancement’ drugs be considered unethical during
exams and competition for jobs, grants and promotions? Do epigenetic cogni-
tive enhancement drugs introduce an unfair element to the regular competition
between humans for resources and rank?” Critically important is the possibility
that a transient treatment with an epigenetic drug could result in long-lasting
effects on cognitive skills. It would, in this case, be ineffective to police the use of
drugs at the time of the competition. Furthermore, access to epigenetic
cognitive enhancement drugs might enhance the gap that already exists
between poor and rich communities within rich countries, as well as between
rich and poor countries [123].



1.4 Potential Cancer Translational Toxicology Therapies

These and other ethical issues in translational toxicology are discussed in
Chapter 19.

1.4.2.8 Paradigm for Study of Cancer Chemoprevention

Cancer chemoprevention involves the chronic administration of a synthetic,
natural, or biological agent to reduce or delay the occurrence of malignancy.
The potential value of this approach has been demonstrated with trials in
breast, prostate, and colon cancer. The paradigm for developing new chemo-
preventive agents has changed markedly in the last decade and now involves
extensive preclinical mechanistic evaluation of agents before clinical trials are
instituted and a focus on defining biomarkers of activity that can be used as
early predictors of efficacy. A mini-review by Steward and Brown [124]
summarizes the current status of the field of chemoprevention and highlights
new developments. Table 1.1 lists some potential mechanisms of chemo-
prevention. Some potential molecular targets for chemopreventive agents are
shown in Table 1.2.

Progress in development of clinical chemopreventive agents has proceeded
using a similar model to new drug development in cancer therapy, with
sequential phase [, II, and III studies (see Figure 1.2).

Phase I studies have the primary aim of determining safety and pharmaco-
kinetics such that a dose and regimen that is well tolerated by participants can

Table 1.1 Potential mechanisms of chemoprevention.

Mechanisms of tumor-blocking agents

Scavenging of free radicals

Antioxidant activity

Induction of phase II drug-metabolizing enzymes
Inhibition of phase I drug-metabolizing enzymes
Induction of DNA repair

Blockade of carcinogen uptake

Mechanisms of tumor-suppressing agents

Alteration in gene expression

Inhibition of cell proliferation, clonal expansion
Induction of terminal differentiation, senescence
Induction of apoptosis in preneoplastic lesions

Modulation of signal transduction

Source: Reproduced from Ref. [124] with permission of Nature
Publishing Group.

43



44

1 What Stressors Cause Cancer and When?

Table 1.2 Selected molecular targets of potential chemopreventive agents (effects may
be tissue and cell specific as well as dose dependent).

Gene expression  Transcription factors  Protein kinases Enzymes Others

Chemokines NF-xB IxkBa

Kinase FTPase ICAM-1

Cyclin D1 AP-1 EGFR Xanthine oxidase ~VCAM-1

MMP9 Egr-1 HER2 Heme oxygenase =~ ELAM-1

COX2 STAT1 AKT uPA TF

5-LOX STATS3 JAK2 GST Bcl-2

iNOS STAT5 TYK2 GSH-px Bcl-x

IL-12 PPAR-y JNK P53

TNF EpRE PKC

IL-6 CBP Src MDR

IL-8 f-catenin PKA Telomerase
Cyclin D1

AP-1: activator protein 1; CBP: CREB-binding protein; COX2: cyclooxygenase 2; EGFR: epidermal growth factor
receptor; Egr-1: early growth response protein 1; ELAM-1: endothelial-leukocyte adhesion molecule 1; EpRE:
energy per resource element; GSH: glutathione; GST: glutathione-S-transferase; HER2: human epidermal growth
factor receptor 2; ICAM-1: intercellular adhesion molecule 1; IL: interleukin; iNOS: inducible nitric oxide
synthase; JAK2: janus kinase 2; JNK: c-Jun N-terminal kinases; MDR: multidrug resistance; MMP9: matrix
metallopeptidase 9; NF-kB: nuclear factor-kB; PKA: protein kinase A; PKC: protein kinase C; PPARg: peroxisome
proliferator-activated receptor-g; STAT: signal transducer and activator of transcription; TF tissue factor; TNF:
tumour necrosis factor; uPA: urokinase-type plasminogen activator; VCAM-1: vascular cell adhesion molecule 1.
Source: Reproduced from Ref. [124] with permission of Nature Publishing Group.

be defined. Some phase I studies may incorporate preliminary assessments of
potential biomarkers of effect. Exposure is usually relatively short (up to 3
months). Choosing a starting dose and schedule is extremely difficult and may
be guided by preclinical studies. Dose conversions can be used, which seek to
achieve plasma concentrations in humans that should be safe and may
approximate dose levels producing a biological effect in preclinical models.
PK data from phase I studies provide the actual levels that are achieved in
humans, and these can be refined in preclinical models that explore possible
mechanisms of effect at clinically achievable concentrations. Studies may utilize
existing drugs, such as aspirin, for which there is already extensive human data,
and rapid progress to phase III trials can be contemplated in this situation.
Phase II trials typically follow, utilizing the optimal dose determined previ-
ously, with the aim of exploring in relatively few patients the impact of exposure
on a selected biological endpoint. When potential biomarkers of effect are
available, these can also be examined in the few patients. Phase II trials may
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Figure 1.2 Stages in the preclinical and clinical development of potential
chemoprevention agents. Source: Reproduced from Ref. [124] with permission of Nature
Publishing Group.

incorporate a placebo (phase IIb) to better define subtle side effects and
tolerability, and also to more accurately measure biological effects.

Phase III trials typically involve thousands of participants over a long period
of time. Normally, there is randomization between the agent under investiga-
tion and a placebo. In chemoprevention trials, modification of a clinically
relevant value, which is usually the incidence of malignancy, is the standard
endpoint. Such trials may take many years and involve huge costs.

Given the time required for development of chemopreventive agents, recent
interest has focused on phase O trials. These employ very low doses of the
experimental agent and utilize new methodologies and technologies to study
pharmacokinetics at a dose that minimize any risk of toxicity. It is anticipated
that this approach will provide information to help determine a rational dosage
regimen for future studies and will lead to early delineation of agents that have
unfavorable bioavailability, metabolism, or distribution [124]. For detailed study
on cancer prevention, please refer to Chapter 4.

Systems pharmacology is the name that is increasingly being used for the new
systems-based approach that is being used to understand drug actions and for
drug discovery. Systems pharmacology will take into account genomic variations
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and molecular complexity in defining physiological and pathophysiological
responses at the tissue, organ, and organism levels.

Systems-level analysis can be a powerful driver for understanding drug
action. One can envisage three kinds of new knowledge coming from such
analyses [125]:

e Firstis the identification of unanticipated adverse events that each drug might
not produce on its own. Identification and prediction of such adverse effects
could prove useful to guide physicians regarding which medicines can be
coprescribed.

¢ The second kind of knowledge is the opposite of the first: identification of
unanticipated beneficial effects by drug combinations, such as mitigation of
side effects. This type of knowledge might lead to repurposing of approved
drugs if their efficacy in suppressing adverse events could be established in
rigorous clinical trials.

e The third kind of knowledge, which is the most forward-looking, is that
network biology can be used for the discovery of new drugs. Network analysis
can provide a rational basis for identifying targets, which, when modulated
together by drug combinations, might be distinctively efficacious in treating
complex diseases.

Combination therapy based on network biology could become efficacious for
the treatment of progressive diseases, such as type 2 diabetes, kidney disease,
congestive heart failure and, of course, many cancers. While the necessary
knowledge is not yet available, the path forward can be readily seen. Large
databases, such as FAERs, can provide empirical knowledge of good and bad
outcomes associated with combination therapies in humans. As large amounts
of genomic and molecular data are integrated with clinical data when electronic
medical records become more widely used and molecular characterization of
patients becomes more standardized, it will probably generate a wealth of
systems-level information to analyze and generate hypotheses. These hypothe-
ses might help with the design of studies to better understand the progression of
diseases, and design new drugs or repurpose existing drugs that, in combina-
tion, are more effective for treating complex diseases.

For breast and ovarian cancer, steps have been taken to create a risk
prediction model incorporating several of the known risk factors for computa-
tions. The Breast and Ovarian Analysis of Disease Incidence and Carrier
Estimation Algorithm (BOADICEA) is a risk prediction model that is used
to compute probabilities of carrying mutations in the high-risk breast and
ovarian cancer susceptibility genes BRCA1 and BRCA2, and to estimate the
future risks of developing breast or ovarian cancer. Lee et al [126] have
described updates to the BOADICEA model that extend its capabilities,
make it easier to use in a clinical setting, and yield more accurate predictions:
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(1) updates to the statistical model to include cancer incidences from multiple
populations; (2) updates to the distributions of tumor pathology characteristics
using new data on BRCA1 and BRCA2 mutation carriers and women with
breast cancer from the general population; (3) improvements to the computa-
tional efficiency of the algorithm so that risk calculations now run substantially
faster; and (4) updates to the model’s web interface to accommodate these new
features and to make it easier to use in a clinical setting. Lee et al. [126] present
results derived using the updated model, and demonstrate that the changes
have a significant impact on risk predictions. All updates have been imple-
mented in a new version of the BOADICEA web interface that is now available
for general use: http://ccge.medschl.cam.ac.uk/boadicea/ [126].

1.5 Modeling and the Future

The integration of transcriptomic, metabolomic, epigenomic, and proteomic
profiling technologies has helped to build the foundation of systems biol-
ogy [13,14] and systems toxicology [15].

Systems biology has been used for several years across different scientific
areas of biological research to uncover the complex interactions occurring in
living organisms. Applications of systems concepts at the mammalian genome
level are quite challenging, and new complimentary computational/experimen-
tal techniques are being introduced. Most recent work applying modern
systems biology techniques has been conducted on bacteria, yeast, mouse,
and human genomes. The systems biology view that complex networks underlie
many diseases is being increasingly recognized and demonstrated for heart
disease, kidney disease, diabetes, metabolic diseases, and cancers. To cast
systems of interacting entities as networks is useful because it allows the use
of graph theory, a branch of mathematics that analyses how complex systems
are organized and how such organization enables system-level functions.
Chapter 17 describes the omics technologies upon which translational toxicol-
ogy modeling and the future of the field will depend.

Figure 1.3 illustrates the sequence of events between initial exposure to a toxicant
and final disease outcome (left to right). Note that genetic susceptibility (red dot)
influences every level of toxicological analysis. After exposure, the ADME (absorp-
tion, distribution, metabolism, and excretion) systems of the body control local
concentrations of a chemical stressor in various body compartments. This is
affected by genetics through the involvement of specific alleles encoding various
transporters and xenobiotic-metabolizing enzymes among others.

Mathematical models, including exposure models, physiologically based
pharmacokinetic (PBPK), and biologically based dose response (BBDR) models
can be used to approximate the relevant processes. PBPK models are a set
of differential equations structured to provide a time course of a chemical’s
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Figure 1.3 Computational models on the continuum between exposure and disease.
Source: Reproduced from Ref. [15] with permission of Nature Publishing Group.

mass—balance disposition (wherein all inputs, outputs, and changes in total
mass of the chemical are accounted for) in preselected anatomical compart-
ments. BBDR models are dose—response models that are based on underlying
biological processes. Once the target tissue is exposed to a local stressor, the
cells respond and adapt, or undergo a toxic response; this process can be
modeled with systems toxicology approaches. Finally, the disease outcome itself
can be mimicked by genetic or chemically induced models of particular
diseases. The colored boxes show the type of toxicologically relevant informa-
tion that can be obtained from each set of models [15].

Figure 1.4 attempts to provide a framework for systems toxicology. This
figure indicates the paths from the initial observation (rat in upper left) to an
integrated toxicogenomics knowledgebase (blue cylinder), and so to systems
toxicology (bottom right). The -omics data stream is shown by the clockwise
path from rat to knowledgebase; and the “traditional” toxicology approach is
shown in the anticlockwise path. The knowledgebase will integrate both data
streams, along with literature-based knowledge; and by virtue of iterative
modeling, will lead to a systems toxicology understanding. The framework
involves “phenotypic anchoring” (to toxicological endpoints and study design
information) and “sequence anchoring” (to genomes) of multidomain molecu-
lar expression datasets in the context of conventional indices of toxicology, and
the iterative biological modeling of the resulting data [15].

Mathematical modeling in systems biology uses both bottom-up and top-
down approaches to assemble information from all levels of biological pathways
that coordinate physiological processes.

A top-down data driven approach integrates experimental data from various
“omics” technologies. In a top-down approach, metabolic network reconstruc-
tions are performed using “omics” data (e.g., transcriptomics, proteomics)
generated through DNA microarrays, RNA-Seq, or other modern high-
throughput genomic techniques via appropriate statistical and bioinformatics
methodologies. The top-down approach solves the problems through a large
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number of entities. This approach does not emphasize the microscopic entities
explicitly, but estimate their behavior at the macroscopic level, exemplified by
ordinary differential equations (ODE) and partial differential equations (PDE).
The ODE and PDE-based models are all population based, and the spatiality and
topology that depend on individual interactions are, in general, ignored.

A model-based bottom-up approach depends upon a given model structure
with kinetic parameters chosen such that an experimental observation can be
reproduced quantitatively or qualitatively. A bottom-up approach typically
encompasses draft reconstruction, manual curation, network reconstruction
through mathematical methods, and validation of these models through literature
analysis (i.e., bibliomics). The bottom-up approach is based on the synthesis of a
complex from the activities on a lower system level; it emphasizes the microscopic
level. This approach requires greater computational power in order to simulate a
large number of significant entities in real world. From the model built by this
approach, we can observe the interactions between entities specifically and study
how they contribute to the emergence of global property. Cellular automata and
(multi) agent-based methods are the most used bottom-up ones [127].

In order to ascertain the potential for exposures in early life to provide
cancer-protective benefits across the life span, these two modeling approached
must be unified in order to guide selection and assessment of plausible
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protective interventions [125]. Mathematical models are frequently used to
elucidate cellular design principles in order to understand complex biochemical
networks preferably by using both approaches that can lead to a consistent
description of cellular and molecular dynamics [128,129].

A third modeling theme in cancer that has its roots in developmental biology
relates to stem cell division (proliferation) and whether cellular “bad luck” is
primarily extrinsic or intrinsic in origin.

Recent research has highlighted a strong correlation between tissue-specific
cancer risk and the lifetime number of tissue-specific stem cell divisions.
Whether such correlation implies a high unavoidable intrinsic cancer risk
has become a key public health debate with the dissemination of the “bad luck”
hypothesis. Xu and Taylor [40] provide evidence that intrinsic risk factors
contribute only modestly (less than ~10-30% of lifetime risk) to cancer
development. First, they demonstrate that the correlation between stem cell
division and cancer risk does not distinguish between the effects of intrinsic and
extrinsic factors. They then show that intrinsic risk is better estimated by the
lower bound risk controlling for total stem cell divisions. Finally, they show that
the rates of endogenous mutation accumulation by intrinsic processes are not
sufficient to account for the observed cancer risks. Collectively, they conclude
that cancer risk is heavily influenced by extrinsic factors. These results are
important for strategizing cancer prevention, research, and public health [40].

In contrast, Tomasetti and Vogelstein [130] point out that some tissue types
give rise to human cancers millions of times more often than other tissue types.
Although this has been recognized for more than a century, it has never been
explained. They show that the lifetime risk of cancers of many different types is
strongly correlated (0.81) with the total number of divisions of the normal self-
renewing cells maintaining that tissue’s homeostasis. These results suggest that
only a third of the variation in cancer risk among tissues is attributable to
environmental factors or inherited predispositions. The majority is due to “bad
luck,” that is, random mutations arising during DNA replication in normal,
noncancerous stem cells. This is important not only for understanding the
disease but also for designing strategies to limit the mortality it causes [130].

Our aim for the future is to promote the following objectives for future
animal and human studies: (1) elucidate specific cellular and molecular targets
of known toxicants; (2) design a systematic approach to the identification of
mutagenic and developmental toxicants; (3) develop sensitive, specific, and
predictive animal models, to include minimally invasive surrogate markers,
and/or in vitro tests to assess function of cancer control systems during
embryonic, postnatal, and adult life. While we will not be able to accomplish
each of these objectives with our collective efforts on our previous book [131] or
on this one, perhaps we can begin to lay the necessary foundations.

As for future protective developmental interventions, integrated testing
strategies need to systematically account for the many mechanisms associated
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with developmental events that occur in vivo. In order to apply the translational
concept to mitigate environmentally induced toxicity, we are guided by the
modest number of established and accepted therapeutics used primarily for
fetal benefit and the limited number of dietary or supplemental interventions
that have proven to be beneficial to or protective of the adult. These established
or potential therapeutic interventions suggest that early steps in testing or
implementing translational toxicology therapies during the in utero and early
neonatal period will likely derive from GRAS options.

If we are to translate environmental health discoveries into safe and effective
interventions, we must assert and characterize valid, applicable therapies, such
as GRAS treatments, and eventually GRASE and other “ethical pharmaceut-
icals” for the protective care of highly vulnerable young patients. Since toxicol-
ogy has repeatedly demonstrated that the fetus and child is more susceptible to
adverse exposures than the adult, we believe we can create a safe and efficacious
environmental health portfolio of interventional options to improve human
health that include both reduction/avoidance of exposure and specific prevent-
ative/mitigative/restorative therapeutics.
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2.1 Introduction

This chapter will lay the foundation for the reader’s understanding of the
translational toxicology of cancer and genetic disease resulting from mutations
that can occur in somatic cells and in germ cells. As will be discussed later in the
chapter, there are numerous data on mutation induction in somatic cells of
rodents and humans and such mutations can lead to human cancer [1-5];
however, these data cannot readily be used to assess mutational risk of human
germ cells because of the unique biological characteristics of human germ cells
relative to those of other mammals or to somatic cells of either humans or other
mammals [6-8].

In simplest terms, human genetic disease refers to disorders caused by
mutations in one or more genes. Thousands of genetic disorders are known,
and it is rare that any family is completely free of genetic disease, much less of
cancer. In adults, 10% of hospital admissions are accounted for by genetic
disease, and it is estimated that genetic defects are present in about 10% of all
adults. Cancer is the most common genetic disease and it increases with age,
driven by the accumulation of mutations over time."

1 The online version of Encyclopaedia Britannica (https://www.britannica.com/) was an
information resource for the topic of human genetic disease as discussed in Sections 2.1 and 2.2.
The author of the 2015 Encyclopaedia Britannica section on “Human Genetic Disease” was
Arthur Robinson. Irwin Fridovich was the author of a section on “Genetics of Cancer.” The reader
is referred to this resource for more comprehensive discussion of the topic.

Translational Toxicology and Therapeutics: Windows of Developmental Susceptibility in
Reproduction and Cancer, First Edition. Edited by Michael D. Waters and Claude L. Hughes.
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.
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2.1.1 Childhood Cancer, Developmental Defects, and Adverse
Reproductive Outcomes

It is good news that childhood cancers are relatively rare and many are curable;
the risk of developing a cancer before age 20 is approximately 3 per 1000. The
International Agency for Research on Cancer (IARC) has coordinated a world-
wide study of the incidence of cancer in childhood. Contributors from over 50
countries have provided data on this topic in an IARC Technical Report [9]. A
chapter in the report by Parkin [10] presents a summary of some of the major
results. Childhood cancers are characterized according to 12 diagnostic groups,
and incidence and frequency are defined primarily by tumor morphology. In
this way it is possible to estimate risk of tumor types across different countries
and ethnic groups, which can provide important information on the relative
importance of genetic versus environmental factors in tumor etiology [11].

The bad news is that developmental defects and adverse human reproductive
outcomes are not rare. About 3% of newborns in the United States have a
clinically recognizable structural or genetic birth defect [12,13]. In developed
countries worldwide, genetic defects are the major cause of failed pregnancies
and nearly half of all miscarriages involve a fetus with an abnormal chromo-
somal complement. In tissues recovered from spontaneous abortions prior to
the 13th week of gestation, there are chromosomal abnormalities in about half
of abortions; this number declines to 5 per 1000 at term. During the first year of
life, 20% of deaths are attributed to birth defects [14].

2.1.2 Newborn Screening for Genetic Disease

At birth, in most developed countries, newborns are screened for some of the
more prevalent genetic diseases. Typically, a small blood sample is taken to test
for metabolic disorders, the consequences of which can be prevented by
appropriate interventions. However, even in the United States, the extent of
mandated newborn screening varies from state to state with some states
screening for as few as 3 conditions and others as many as 43. The federal
Advisory Committee on Heritable Disorders and Genetic Diseases in Newborns
and Children was established in 2003 with the goal of developing national
policies and recommendations that should lead to more uniform and equitable
newborn screening. In its report entitled “Newborn Screening: Toward a Uniform
Screening Panel and System,” the Health Resources and Services Administration
(HRSA) identified 29 specific conditions that merit uniform and comprehensive
screening [15]. Among the 29 conditions assigned to the core screening panel are
three hemoglobinopathies associated with an Hb/S allele, six amino acidurias, five
disorders of fatty oxidation, nine organic acidurias, and six unrelated conditions
(congenital hypothyroidism, biotinidase deficiency, congenital adrenal hyperpla-
sia, classical galactosemia, hearing loss, and cystic fibrosis).
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2.1.3 Diagnosis of Genetic Disease

Diagnosis of genetic disease can be clinical, based on sets of symptoms that are
well defined. Specific gene mutations can be diagnostic even if symptoms are
not present. Frequently, multiple family members must be studied to complete
a diagnosis and the findings may have relevance for the entire family. Treatment
options frequently exist and some are as simple as removing exposure to
constituents in the normal diet (e.g., phenylketonuria, PKU). At the other
extreme, there may be no known treatment raising ethical issues surrounding
termination of pregnancy and personal privacy. If such a situation is known to
exist in a family and a couple wishes to have children, they may wish to
participate in preconception counseling. Usually, a family history will be taken
and used to construct a pedigree that can define whether and how a genetic
disorder may be inherited; this will take place before a diagnosis is reached
based on both the pedigree and the results of appropriate tests.

A medical geneticist can decide whether there is, in fact, a genetic component
and calculate the risk of manifestation of the disease. The geneticist will
determine whether inheritance (if any) is single gene, chromosomal, or multi-
factorial. If single-gene Mendelian inheritance is involved, the disease may be
dominant, recessive, or sex linked. If the disease is autosomal and recessive, and
a couple already has a child with the disease, they both are considered carriers
and there is a risk that one-fourth of their future children will have the disease. If
the disease is autosomal and dominant, and one parent is a carrier (whether
symptomatic or not), there is a risk that half of their future children will inherit
the mutation and may be affected. If neither parent carries an autosomal
dominant mutation, but a child has been born with an autosomal dominant
disease, the disease is presumed to have occurred via spontaneous mutation and
the risk of future offspring of the noncarrier couple having the same disease is
low. However, if a new mutation has occurred in the progenitor germ cells of
one of the parents, an unknown proportion of parental sperm or eggs may carry
the mutation. In this case, the sampling of blood is not likely to reveal what is
referred to as germ line mosaicism. Risks of inheritance of X chromosome-
linked diseases are more straightforward.

Genetic counseling for chromosomally inherited genetic disease typically
involves a couple who has had a child with a chromosomal abnormality, either
in number (e.g., monosomy, which is usually lethal, or trisomy) or in structure
(e.g., deletions, duplications, translocations, or inversions) or a couple who has
suffered multiple miscarriages. In either case, both parents are karyotyped and
risk is assessed based on gain or loss of specific genetic material within both sets
of chromosomes as well as other factors. If both parents display normal
karyotypes, the risks of having additional children with a chromosomal disorder
are typically low. However, it should be noted that karyotyping alone would not
likely reveal gains or losses, unless they are extremely large. Chromosomal
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microarray and or florescence in situ hybridization (FISH) would be needed to
reveal most “submicroscopic” damage such as small deletions or duplications or
copy number variants. Most inherited birth defects are not single gene or
chromosomal but multifactorial. Based on population studies, if a couple
already has one child with a multifactorial genetic disorder, the chance of
having a second one with that disorder is about 3 in 100. The risk goes up to
approximately 1 in 10 if they have had two affected children. Risks within
specific families will vary from such population-based risk estimates. It should
be noted that what has been described represents the simplest cases; the reality
is that parental genotyping is not straightforward. Frequently, genotypes can
only be approximated based on familial data. Prior probability based on
Mendelian law (as described earlier) is combined with conditional probability
based on family history and test results. With more complete data, the medical
geneticist can provide the couple and the family with options based on available
scientific evidence; that evidence usually comes from laboratory as well as from
population studies in the literature.

We have previously mentioned the screening of newborns that can be
mandated by law. The screening of the unborn fetus is quite another matter.
There are societal fears that such information will be misused to intervene in the
pregnancy; however, advanced knowledge of risks associated with certain genes
may help physicians and parents understand a great deal about the health status
of an unborn child. For this reason, relatively simple noninvasive prenatal tests,
for example, involving ultrasound or maternal serum screening are usually
offered to pregnant women. Maternal serum screening tests include, for
example, the Triple Screen (performed ideally at 16—18 weeks) for levels of
a-fetoprotein (AFP, produced by the fetus), f-human chorionic gonadotropin
(hCG, produced within the placenta), and unconjugated estriol (uE3, produced
by both the fetus and the placenta). High levels of AFP may indicate that the
developing fetus has a neural tube defect (e.g., spina bifida or anencephaly). A
more common reason for high levels of AFP is inaccurate dating of the
pregnancy or a multiple pregnancy. Low levels of AFP and abnormal levels
of hCG and uE3 may indicate that the developing fetus has Trisomy 21, Trisomy
18, or another chromosomal abnormality (see http://americanpregnancy.org/
prenatal-testing/triple-screen-test/).

While the Triple Screen is not diagnostic and has a substantial false positive
rate, it poses no risk to the mother or the fetus. Before invasive diagnostic tests
are considered, a positive Triple Screen result should be followed by high
definition ultrasound (particularly if a multiple pregnancy is suspected). Exam-
ples of invasive diagnostic tests include chorionic villus sampling (typically
performed at ~10-11 weeks) or amniocentesis (typically performed at ~15-17
weeks). Invasive tests should be discussed thoroughly with all parties concerned
as they entail definite risks and (as in the case of amniocentesis) may not yield
results until 19 weeks or longer into the pregnancy. It should be noted that safer
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diagnostic, but noninvasive, tests are under development, based, for example,
on next-generation sequencing (NGS) of DNA and RNA from fetal cells
isolated from the maternal circulation [16]. Next-generation sequencing is
the latest major technological breakthrough in the continual search for more
information about the human genome and DNA and RNA are rapidly becom-
ing the prime targets of research for both mutation and gene expression
analysis.

In the very near future, there will be a transition away from current methods
because of major advantages in sample size requirements and availability of
multiple sources of expendable tissues. As more genes are identified that pose a
risk to human health, it will be possible to rapidly identify mutations that alter
gene expression, which in turn can result in modification of proteins and
metabolite profiles. Predictive genetic screening is rapidly becoming a reality
and may be expected to rapidly change the practice of medicine, and especially
that of medical genetics. Thus, even for large unphenotyped populations (e.g., in
newborn screening), tests for metabolic disorders, now frequently based on
measurements of protein or metabolites in blood samples, will be replaced by
next-generation sequencing for mutations and gene expression, as well as by
proteomics and metabolomics technologies.

The diversity of DNA sequence among individuals is thought to be the
primary basis for differences in susceptibility to disease. Thus, the completion of
the sequencing of the human genome and the subsequent resequencing of
genomic segments among large numbers of individuals have led to rapid
progress in understanding DNA sequence changes that underlie the rare,
single-gene Mendelian disorders (http://www.ncbi.nlm.nih.gov/omim). How-
ever, common polygenic diseases have presented a greater challenge, and
pathway approaches have been applied to study such diseases [8].

Genome-wide studies have provided valuable insights into the genetic basis
of human disease, but they have explained relatively little of the heritability of
most complex traits, and the variants identified through these studies have
small effect sizes. This has led to the important and hotly debated issue of where
the “missing heritability” of complex diseases might be found. In a “perspective”
article, seven leading geneticists have discussed where this heritability may lie,
what it could tell us about the underlying genetic architecture of common
diseases, and how it could inform research strategies for uncovering genetic risk
factors [17].

2.1.4 Familial and Sporadic Cancer

At the present time, unless there are symptoms or family history to suggest
increased risk, adults are not tested for potential genetic disease. However,
cancer is an exception and if close family members carry mutations, for
example, associated with colorectal cancer or breast cancer, more frequent
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surveillance via colonoscopies or mammograms, respectively, is recommended.
Studies on specific cancer types have provided a great deal of our current
understanding about predisposing mutations that confer susceptibility on
individuals and subpopulations. While the popular belief is that “cancer
runs in families,” the fact is that most cancer cases are sporadic and not
familial. In fact, 90% of cancers are sporadic and only about 10% are familial.

Some tissue types give rise to human cancers orders of magnitude more often
than others. While this fact has been recognized for more than a century, it has
not been explained. Tomasetti and Vogelstein [18] showed that the lifetime risk
of cancers in various tissues is correlated with the total number of divisions of
the normal stem cells maintaining that tissue’s homeostasis. They suggested
that only a third of the variation in cancer risk among tissues is attributable to
environmental factors or inherited predispositions and that the other two thirds
is simply due to “bad luck,” that is, random mutations arising during DNA
replication in normal, noncancerous stem cells. This assertion, important not
only for understanding the disease but also for designing therapeutic strategies,
has provoked a stream of scientific controversy. Recently, Wu et al [19]
provided evidence that intrinsic risk factors contribute only modestly to cancer
development (less than ~10-30% of lifetime risk). They showed that the
correlation between stem cell division and cancer risk does not distinguish
between the effects of intrinsic and extrinsic factors and that intrinsic risk is
better estimated by the lower bound risk controlling for total stem cell divisions.
Finally, they demonstrated that the rates of endogenous mutation accumulation
by intrinsic processes are not sufficient to account for the observed cancer risks
and concluded that cancer risk is heavily influenced by extrinsic factors.

To gain an appreciation of sporadic versus familial influences on cancer, we
will examine the etiology of three well-studied cancers: retinoblastoma, breast,
and colon cancer. Retinoblastoma is a tumor of the eye that typically occurs in
childhood. This very aggressive cancer clearly reflects both inherited germ line
mutations and acquired somatic mutations. Current data suggest that 30—40%
of all cases of retinoblastoma are inherited. The RB gene encodes a protein that
normally functions as a tumor suppressor gene. If a child inherits one mutant
copy of the RB gene, there is nearly a 100% chance of developing bilateral
retinoblastoma because every retinal cell is subject to additional acquired
mutations. This represents the “two-hit” hypothesis of retinoblastoma induc-
tion as well as the foundation of the two-hit theory on the genetic origins of
familial cancer. Despite this argument, retinoblastoma is predominantly spo-
radic in nature as are our two additional examples, breast and colon cancer,
although there is a clear familial component to each of these cancer types.

The onset of familial breast cancer is often before age 40, while sporadic
breast cancer typically occurs later in life. In the case of familial breast cancer,
inherited mutations in BRCA1 or BRCA?2 are responsible for at least 50% of the
cancers observed. In the general population, a woman has a 10% lifetime breast
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cancer risk, but about half of women with mutations in BRCA1 or BRCA2 will
develop breast cancer by age 50, and nearly 90% will develop breast cancer by
age 80. BRCA1 mutations also confer a greater risk of developing ovarian
tumors. Both men and women can transmit the BRCA1 or BRCA2 mutations to
progeny, but females are much more likely to develop the disease.

Just as with breast cancer, familial colorectal cancer has been associated with
mutations in genes that predispose to the disease. There are actually two forms
of familial colorectal cancer: familial adenomatous polyposis (FAP) and heredi-
tary nonpolyposis colorectal cancer (HNPCC or Lynch Syndrome). Both are
autosomal dominant genetic disorders characterized by early onset. Individuals
with FAP carry mutations in the adenomatous polyposis coli (APC) gene that
codes for the APC tumor suppressor protein, while persons with Lynch
Syndrome have mutations in DNA repair genes. Some individuals carry
both types of mutations, and with the probability of acquiring additional
somatic mutations, they have nearly a 100% chance of developing the disease
over their lifetime.

New research indicates that there are at least three pathways involved with
colorectal cancer initiation and development: chromosomal instability, micro-
satellite instability, and CpG methylator phenotype. Each pathway is discussed
in detail in Ref. [20] as is new research indicating the importance of inflamma-
tion and microRNAs in colorectal carcinogenesis.

Perhaps more interestingly from the perspective of susceptibility, as illus-
trated in Table 2.1, multiple molecular markers have been identified that have
implications for the progression of the disease in newly diagnosed patients [20].

In summary, inherited mutations and the accumulation over time of somatic
mutations in relevant genes can act together to influence normal cell growth,
initiate tumorigenesis, modify the tumor’s blood supply, and facilitate metas-
tasis (as illustrated in Table 2.1). These topics will be discussed later in
Chapter 14.

2.2 Genetic Damage from Environmental Agents

In the modern world, we are constantly exposed to agents that may cause
genetic damage. Ultraviolet and ionizing radiation, combustion emissions,
industrial and household chemicals, drugs, and even food additives come to
mind. In addition, there are viruses, fungi, bacteria, and plants that may cause
genetic disease and/or promote cancer. Personal habits such as smoking or
chewing tobacco, drinking alcoholic beverages, and the like also cause repro-
ductive damage and cancer. Scientists and health practitioners tend to divide
these agents into avoidable and unavoidable exposures, but they also recognize
that continuously occurring endogenous DNA damage from the normal
biological processes in healthy living cells is actually greater than exogenously
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Table 2.1 Molecular markers and implications for disease behavior.

Gene Effect on disease References

CDK8 Poor prognosis [21]

overexpression

K-ras cod. 12 Metastatic disease, poor prognosis, increased [22,23]

mutation cancer-specific mortality

p-AMPK Better survival among p-ERK positive [24]

P53 expression Better survival among nonobese [25,26]

p21 loss Better survival for patients >60 years [27]

COX-2-positive  Increased cancer-specific mortality [26]

tumors

18q Loss in non-MSI — decreased survival [28,29]
No loss — 5 year survival 96%

PI3KCA Increased survival among chronic aspirin users [30]

mutations

Line-1 Young age of onset and increased cancer and overall [31,32]

hypomethylation mortality

HIFI High colorectal cancer-specific mortality [33]

Cathepsin B High colorectal cancer and overall mortality [34]

expression

MSI Better prognosis and survival than CIN/MSS [35-37]

Cyclin DI Low colon cancer and overall mortality [38]

overexpression

BRAF V600E High cancer-specific mortality [36]

CIMP-high Low colon cancer-specific mortality [36]

miR-203 Poor survival among Caucasians with stage IV and poor [39]
survival in blacks with stages I and II CRC

miR-21 Poor prognosis in patients with stage IV CRC [39]

STNFR-2 Increased risk of CRC development, lower risk among [40]

expression those taking aspirin

Interleukin-6 Increased risk of CRC development, advanced CRC stage, [41-43]
and a worse prognosis

C-reactive Association with increased risk of colorectal cancer, in [44,45]

protein particular in lean individuals

Source: Reproduced from Ref. [20] with permission of authors and publisher (http://
creativecommons.org/licenses/by/4.0/).
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induced environmental damage. Thus, most newly induced mutations arise as a
result of endogenous rather than exogenous damage and “being alive is highly
mutagenic.”

Fortunately, living organisms have evolved defenses against many of the
unavoidable exposures. Among these defenses is our ability to repair damaged
DNA. To briefly pursue this example with our pervasive exposure to sunlight,
UVB radiation penetrates and excites DNA in skin cells producing covalent
bonds between adjacent pyrimidines resulting in the formation of pyrimidine
dimers. Most of these dimers can be removed by nucleotide excision repair [46].
Those that escape this repair can cause mutations through errors in replication,
or with sufficient damage they may induce programmed cell death (apoptosis).

Melanin from melanocytes is an additional bodily defense against sunlight,
and the vehicle for tanning. Its photochemical properties dissipate the energy of
the excited DNA. Melanocytes are found between the dermis and epidermis.
When initiated, the uncontrolled growth of melanocytes can lead to melanoma,
a deadly cancer that with adequate blood supply rapidly grows and spreads.
Men are particularly susceptible to melanoma on their backs and women on
their legs. Several predisposing genes have been found in families.

In some cases, the body’s defenses are inadequate, especially if exposures are
excessive. Natural toxins that are present in our food supply are a case in point.
Aspergillus flavus is a fungus that produces aflatoxins, including aflatoxin B1, an
extremely potent liver carcinogen. Levels of aflatoxin in the western diet are well
controlled, but in Africa and parts of Asia this is not the case and liver cancer is
prevalent.

Cancer-causing viruses are a particular scourge to human health. Common
ones are hepatitis virus B and C, human papilloma virus, and herpes virus. Liver
cancer is frequently associated with hepatitis B virus infection and exposure to
aflatoxin. Viruses inject their genetic material into host cells and replicate
themselves. If viral insertion occurs within the regulatory sequence or protein
coding region of a gene that controls cell growth or division, or if the virus
replicates and kills a sufficient number of cells, the infection can lead to cancer
by enhancing replication and increasing the probability of mutation. Viruses
also often carry oncogenes that do not require a host gene to be inactivated for
cancer initiation (e.g., Rouss sarcoma in chickens).

For many of us, environmental chemicals and drugs are a source of major
concern in human exposure scenarios. Literally thousands of industrial and
household chemicals enter our indoor and outdoor environments, and we are
exposed to low levels daily. These represent involuntary exposures; however, we
voluntarily expose ourselves to known human carcinogens in consuming
alcoholic beverages, smoking. and/or chewing tobacco — even smokeless
tobacco. Some cultures in South Asia chew betel quid (areca nut wrapped
in betel leaves) — a practice that induces oral and esophageal cancer among
other maladies.
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According to the International Agency for Research on Cancer (IARC), there
are currently 118 known human carcinogens (http://monographs.iarc.fr/ENG/
Classification/). In addition, there are 75 agents that are probable human
carcinogens and 288 agents that are possible human carcinogens. Clearly,
humans are typically exposed to a complex mixture of agents, and in order
to delineate the relative contribution of the chemical components in a mixture,
they must be separated and chemically characterized. Let us examine two of the
more pervasive complex mixtures of mutagens and carcinogens, combustion
emissions (from fossil fuels) and cigarette smoke (in all its forms), and ask the
question whether these and/or other more specific agents pose a risk to human
somatic cells or human germ cells.

Combustion emissions resulting from the burning of fossil fuels, in generat-
ing electricity, in heating our homes, or in powering our vehicles, represent a
substantial contribution to human environmental exposure. These emissions
include both particulates and products of incomplete combustion that repre-
sent the original starting materials. Coal and crude oil combustion yields
carbon, sulfur, lead, mercury, and other elements. Depending on the origin
of the oil or coal, different constituents in emissions may be elevated (e.g.,
vanadium in oil or sulfur in coal). Fossil fuels can be refined to reduce unwanted
constituents, and this has been important in the development of cleaner
industries and engine technologies. Even so, oxidized sulfur and nitrogen,
elemental products, and volatile organic carbon products (VOCs) are muta-
genic, carcinogenic, and otherwise hazardous to human health.

That urban/industrial air pollution contains a plethora of animal and human
mutagens and carcinogens is well known. Thus, in 2002, Somers et al. [47]
demonstrated that in laboratory mice exposed in situ to ambient air in a
polluted industrial area near steel mills, heritable mutation frequency at tandem
repeat DNA loci was elevated 1.5-2.0-fold compared with mice at a reference
site 30 km away. This statistically significant elevation was primarily due to an
increase in mutations inherited through the paternal germ line. In 2004, Somers
et al. [48] showed that high-efficiency particulate air (HEPA) filtration of
ambient air significantly reduced the heritable mutation rates at repetitive
DNA loci in laboratory mice housed outdoors near a major highway and two
integrated steel mills. These findings implicated exposure to airborne particu-
late matter as a principal factor contributing to the elevated mutation rates
observed and added to the accumulating evidence that air pollution may pose
genetic risks to humans and wildlife. Then, in 2008, Yauk et al. [49] showed that
particulate air pollution in an urban/industrial setting caused a multiplicity of
effects, including germ line mutations, DNA damage, and global DNA hyper-
methylation in mice exposed in situ.

Tobacco smoke (even tobacco vapor) and all tobacco products are human
carcinogens. Volatile vapors, nonvolatile compounds, and fine particles are
deposited directly into the airways and the pulmonary alveoli. The Food and
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Drug Administration (FDA) has listed 93 harmful and potentially harmful
constituents (HPHCs) of tobacco products and tobacco smoke (Federal Regis-
ter, 77 (64), 2012). These constituents account for much of the carcinogenicity
and toxicity that are observed in smokers. Other risk factors associated with
smoking include hypertension, stroke, atherosclerosis, and myocardial infarc-
tion. Smoking also affects reproductive health, causing delay in conception, low
birth weight, and advanced menopause [50]. Marchetti et al. have shown that
side stream tobacco smoke induces mutations at an expanded simple repeat
locus (Ms6-hm) in mouse sperm [51]. The relationship between noncoding
tandem repeat instability and mutations in functional genes is unclear, but it is
likely associated with male reproductive dysfunction. There are approximately
50 known rodent germ cell mutagens [52]; but, as yet, there is no definitive
evidence of environmentally induced mutations in the human germ line.
However, it is simply a matter of time as technology now exists to demonstrate
such effects as will be discussed below.

2.3 Testing for Mutagenicity and Carcinogenicity

The field of science directly concerned with genetic disease and cancer is
genetic toxicology. Mutations and genetic toxicity (genotoxicity to DNA) of all
types, however caused, are within the purview of the field. Historically, the field
of environmental mutagenesis (generally considered synonymous with genetic
toxicology) was focused almost exclusively on induced mutations in the germ
line (germ cells). Protagonists in the late 1960s and early 1970s spoke of an
accumulating “mutagen burden” as a result of human exposure to environ-
mental mutagens. While both somatic and germ cell mutations were studied, it
was thought that mutations within the germ line were of far more con-
cern [8,53]. When the premise that the “carcinogens are mutagens” was
espoused by Bruce Ames and colleagues in 1973, and when somatic mutagens
could readily be detected in short-term tests in vitro, practitioners of genetic
toxicology altered their focus to develop predictive tests for carcinogenicity.

The fact that it is extremely expensive to test for carcinogens in vivo,
requiring up to 2-year (lifetime) exposures in large numbers of experimental
animals, led to a glut of newly developed short-term mutagenicity and geno-
toxicity tests in the 1970s and 1980s. The most prominent among these tests
was developed by Ames et al. [54—56]. The Ames test is based on the use of
mutant strains of the bacterium Salmonella typhimurium, with microsomes
and cofactors added for metabolic activation, and can be performed in a matter
of days.

Although the Ames test has been extremely successful, its utility has been
largely limited to the detection of point mutations and multilocus deletions.
Bacteria have circular chromosomes with a different organization than
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eukaryotic chromosomes. Thus, although they have been used to study the
formation of structural abnormalities, they cannot be used to identify complex
forms of eukaryotic chromosomal damage, including gain or loss of whole
chromosomes (aneuploidy), as will be discussed. For this reason, yeast, Caeno-
rhabditis elegans, fruit flies, mammalian cells in culture, and laboratory animals
have been used to screen for the broad range of genotoxicity, including
chromosomal damage and aneuploidy. Short-term mammalian model systems
can screen for genotoxicants, mutagens, and carcinogens within a matter of
days to weeks. They are typically used in a battery of tests that include the Ames
test. Because of the efficiency of these tests, the number of known mutagens
now exceeds the number of known carcinogens by orders of magnitude.

An axiom of carcinogenesis is that both mutation and proliferation are
required for cancer induction. In vivo testing for carcinogenicity is usually
performed using both sexes of mice and rats (the US National Toxicology
Program uses B6C3F1 mice and Fisher 344 rats). Following a 2-year exposure to
a test agent, upward of 40 tissues per animal may be examined by trained
veterinary pathologists for tumor induction. While originally considered a
screening test, because of the costs and labor involved, only about 1500
chemicals have been studied in the rodent cancer bioassay [57]. As of 2007,
the NCI/NTP Carcinogen Bioassay Program had tested 1547 chemicals,
including about 560 tested by the National Toxicology Program [58,59]. In
2015, there were 582 NTP Technical Reports available on the bioassay of
various agents [60], so the total of chemicals tested in the rodent cancer bioassay
is still fewer than 1600.

It is well known that laboratory animal tests for carcinogenicity are not
completely predictive of human carcinogenicity because animals and humans
metabolize chemicals differently and have different repair capacities, and
because chemicals are typically tested in experimental animals up to the
maximum tolerated dose (MTD). At such high doses, cytotoxicity may kill
cells directly, or may induce programmed cell death concomitant with
enhanced regenerative proliferation, thereby increasing the opportunity for
mutations in surviving cells. Fewer than 25% of known animal carcinogens are
known human carcinogens even though most human carcinogens (with the
exception of certain hormonal and immunosuppressive agents) have been
demonstrated to be mutagenic in animal or human cells in culture [61,62].

EPA’s Gene-Tox Program [63—67] defined the basic protocols and perform-
ance characteristics of the most useful short-term tests of the 1960s, 1970s, and
1980s, and began the process of gradually reducing the number of required
screening tests to the handful still in use today. As discussed above, the Ames
test was validated as a predictor of carcinogenicity [68,69]. However, it was soon
learned that the test could not be used blindly, because the standard tester
strains did not respond positively to carcinogenic inorganic metals or certain
halogenated organics, and displayed poor specificity for nitrogen- and sulfur-
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containing organics [70]. Furthermore, as carcinogenicity testing in animals
proceeded, there was a gradual recognition of nongenotoxic (Ames negative)
mechanisms of carcinogenesis [62]. This finding challenged the conventional
interpretation of rodent carcinogenicity studies as well as the results of
mutagenicity tests in terms of their role as predictors of human cancer [71].

Over the years, we have learned that of all compounds tested in rodents,
about half are carcinogenic [72], and roughly half of these are putatively
nongenotoxic [73]. Rat liver appears particularly sensitive to carcinogens
that act via nongenotoxic mechanisms and has been studied extensively for
this reason. It is clear, however, that both genotoxic and nongenotoxic
chemicals induce cancer in a variety of target sites in rodents — the eight
most frequent sites in both species being liver, lung, mammary gland, stomach,
vascular system, kidney, hematopoietic system, and urinary bladder. There are
species differences in carcinogenicity for certain chemicals in the liver, Zymbal’s
gland, and kidney [74]. However, there are no consistent differences in tissue
distribution or pharmacokinetics between genotoxic and nongenotoxic agents,
nor support for the idea that these two categories of agents induce tumors in
different target organs [74].

2.4 Predictive Toxicogenomics for Carcinogenicity

Toxicogenomics (TGx) is a term for the combined technologies of transcrip-
tomics, proteomics, metabolomics, and, more recently, epigenomics — tools
used in the field of toxicology to study the expression of genes, proteins,
metabolites, and epigenetic modifications, respectively. Gene expression pro-
filing or transcriptomics measures the relative abundance of potentially thou-
sands of RNA transcripts present in a sample. Typically performed using
microarray technology (and, more recently, next-generation sequencing),
each expression profile represents one tissue extract at one point in time for
a single dose of a chemical. These expression profiles are interpreted collect-
ively, with reference to tissue extracts from control animals, also studied as a
function of dose and time, and compared with “training set” chemicals with
similar modes of action.?

The toxicogenomics investigations in vivo carried out over a decade and
reviewed in Waters et al. [61] have identified cancer-relevant gene signatures or
biomarkers that discriminate among direct and indirect genotoxic carcinogens,
nongenotoxic carcinogens, and noncarcinogens. The preponderance of

2 For an extensive discussion of the topic, please refer to Toxicogenomics in Predictive
Carcinogenicity, Issues in Toxicology Series No. 28, ed. Michael D. Waters and Russell S. Thomas,
Royal Society of Chemistry, Cambridge, UK, 2016, ISBN: 978-1-78262-162-1, EPUB eISBN: 978-
1-78262-819-4, ISSN: 1757-7179, doi.org/10.1039/9781782624059, 503 pages.
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accumulated evidence suggests that gene expression profiles reflect underlying
modes or mechanisms of action and are therefore useful in predicting chemical
carcinogenicity in rodents, especially in conjunction with conventional short-
term tests for gene mutation and other forms of DNA damage [75].

Ellinger-Ziegelbauer et al., in a series of studies [71,76,77], showed that a
strong DNA damage response at the gene expression level suggests direct DNA
modification, whereas increased expression of genes involved in cell cycle
progression is more characteristic of indirect-acting agents.

Metabolism genes are prominently represented among gene expression sig-
natures that discriminate various nongenotoxic modes of action: cytotoxicity and
regenerative proliferation, xenobiotic receptor agonists, peroxisome-prolifera-
tor-activated receptors, or hormone-mediated processes [78,79]. Some modes of
action of nongenotoxic carcinogenicity, such as the induction of oxidative stress,
exhibit definitive signatures as early as 24 h following single dosing in ani-
mals [78-80]. But because there are multiple modes of action in the case of
nongenotoxic carcinogens, noncarcinogens cannot be distinguished from them
without time-consuming efforts to clarify what combinations of expression
profiles relate to specific pathophysiological processes of carcinogenesis.

The majority of in vivo studies reviewed in Waters et al. [61] were in liver,
with the notable exception of studies by Thomas et al. [57,81] in mouse lung. It
is important to extend these investigations to other target organs and to identify
within these organs the target cell populations from which tumors develop. For
TGx studies to be broadly predictive, in vivo studies need to be performed
simultaneously in several relevant metabolically active target organs. In such
studies, it is important to distinguish between a tissue carcinogen and a tissue
toxin since not all hepatotoxicants cause liver cancer.

Only five target tissues (liver, lung, mammary gland, kidney, and hemato-
poietic system) account for the positive responses of about 50% of the chemicals
identified by the NTP as carcinogens [57]. Developing gene expression bio-
markers for each of these tumor sites in mice and rats should provide an
efficient means to prioritize chemicals for further testing. In the longer term, it
may be useful to develop biomarkers for all 24 main cancer target tissues, as this
may facilitate eventual replacement of the rodent cancer bioassay [57]. TGx
methods may also be useful to better understand the mechanistic basis for
species differences in target organs between rats and mice [74].

Applying the TGx approach in the preclinical phase of drug and chemical
development could help discriminate compounds likely to be human carcino-
gens [57]. This could provide an assessment of product safety earlier in the
development pipeline, leading to substantial monetary savings and reduced
time to market. Indeed, the prevalence of potential nongenotoxic carcinogens
in the drug development pipeline has been one of the primary drivers for the
pharmaceutical industry to develop TGx approaches for predictive carcinoge-
nicity. The work of Fielden et al. [78] and Nie et al. [79] suggest that
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transcription profiling in appropriate target organs in vivo after short-term
treatment (up to 14 days) has the potential to predict putative non-DNA-
reactive mechanisms. Furthermore, it may be possible to use TGx methods to
exclude DNA-reactive mechanisms for compounds for which positive results
are observed only at high concentrations in in vitro gene mutation or chromo-
some damage assays. When such predictive approaches are combined with
standardized test procedures in prospective interlaboratory validation studies,
their accuracy and potential utility in carcinogenicity evaluation can be
enhanced [82,83].

Commercial and industrial chemicals typically are not required to be tested
for carcinogenicity unless evidence for adverse health effects is otherwise
obtained. For those chemicals that do require further testing, TGx approaches
would seem particularly valuable when used together with range-finding
toxicity (14-day and 90-day) studies, as currently performed in conjunction
with the rodent carcinogenicity bioassay.

As with conventional methodology, in vitro toxicogenomic approaches have
major utility. A multilaboratory project coordinated by the Health and Environ-
mental Sciences Institute (HESI) Committee on the Application of Genomics in
Mechanism-Based Risk Assessment evaluated gene expression profiles of TK6
cells treated with model genotoxic agents using a targeted high-density RT-PCR
approach [84]. The reproducibility of data across collaborating laboratories
indicated that expression analysis of a relevant gene set is capable of distinguish-
ing compounds that cause DNA adducts or double-strand breaks from those that
interfere with mitotic spindle function or that cause chromosome damage as a
consequence of cytotoxicity. This study therefore adds to the increasing body of
evidence indicating that TGx analysis of cellular stress responses provides
valuable insight into mechanisms of action of genotoxicants [71].

Relevance to human health is obviously the key issue for the future of
predictive TGx studies. Chemicals that are both rodent and human carcinogens
could be studied to identify biomarkers with more direct relevance to human
health [57]. Compounds that do not produce positive test results in conven-
tional genotoxicity assays and that do not exhibit biomarkers of genotoxicity in
TGx methods are very unlikely to pose a genotoxic carcinogenic risk to humans.
The same cannot be said for putative nongenotoxic carcinogens that are
identified through the use of TGx methods. However, it should be possible
in such cases to use TGx methods to characterize their likely modes of action by
comparison with previously well-studied chemicals, as demonstrated by Fielden
et al. [78,85] and Uehara et al. [80,86], and, with more experience, to predict
relevance to humans.

The potential of omics technologies to explore transcriptional regulation
(including epigenetics and microRNA) as well as downstream events (proteo-
mics and metabolomics) in evaluating mechanisms of genotoxicity and carci-
nogenicity must also be investigated [87,88]. No single organization has the
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resources to accomplish all of this independently. Therefore, collaborative
efforts that include scientists from academia, industry, and regulatory agencies,
such as the HESI Genomics Committee, the Critical Path Initiative in the
United States, and the Innovative Medicines Initiative in Europe, are essential
for developing standardized testing protocols and critically needed reference
data [71]. If the TGx approach proves to be more broadly applicable through
such efforts, it has the potential to become an efficient and economical
alternative to the rodent cancer bioassay, potentially reducing the use of
experimental animals while increasing the efficiency of predictive carcinoge-
nicity testing.

2.5 Germ Line Mutagenicity and Screening Tests

As we have discussed earlier, Ames’ studies indicating that “carcinogens are
mutagens” [54] caused genetic toxicologists to turn from studies on germ cells
to somatic mutation and cancer. As we shall see, even with the evolution of
molecular genetics and next-generation sequencing, the field has been slow to
return to its roots to apply these new tools to study germ line mutagenicity [8].
However, the field is clearly changing, and the critical need to refocus our
testing efforts is immediately apparent. In this regard, the reader is referred to
the International Workshops on Genotoxicity Testing (IWGT) Working Group
report on “Approaches for Identifying Germ Cell Mutagens” [89] as an
authoritative resource for further information on germ line mutagenicity
and screening tests.

There are unique features that differentiate germ cells from diploid somatic
cells: (i) Germ cells are haploid and meiosis only occurs in the germ line. (ii)
They have a distinctive chromatin structure. (iii) Development and differentia-
tion are prolonged. (iv) Eggs are arrested in meiosis prophase 1 from birth until
puberty, and complete meiosis only after fertilization. (v) Major morphological
changes occur in male germ cells, for example, as related to sperm motility. (vi)
Sperm histones are replaced first by transition proteins and later by histones.
(vii) Sperm are DNA repair deficient in the final haploid stages and egg DNA
repair machinery takes over to repair damage sustained in the late-stage non-
DNA repair proficient spermatids. (viii) There are sex-specific epigenetic
features found only in the progenitor cells and early embryo. Therefore, there
are agent- and sex-specific mechanistic effects related to embryogenesis and
development in female versus male germ cells that do not occur in somatic cells
in vivo or in cultured cells. Furthermore, evidence of chemically induced
mutations in the germ line of rodents is not supported by human studies,
raising question as to whether results of rodent studies can be extrapolated to
humans. The fact is that conventional rodent germ line tests monitor a limited
range of potential genetic damage, even in rodents. In addition, recent
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investigations applying genomic technologies have shown critical genetic
changes that cannot be observed by conventional methods [89].

While our knowledge is limited, the critical assumption has been made that
testing for mutagenicity in somatic cells is adequate to protect the germinal
tissues from similar exposures [90,91]. This assumption related to rodent model
systems needs to be more rigorously tested than it has been in the past [92],
especially since more recent test methods have demonstrated exceptions to the
assumption [7,51], and many limitations are recognized in conventional rodent
germ cell test methods. In some instances, human studies have led the way to
the future of mutagenicity testing in germ cells as will be discussed.

The International Programme on Chemical Safety (IPCS) has developed a
harmonized scheme for mutagenicity testing that states: “For substances that give
positive results for mutagenic effects in somatic cells in vivo, their potential to
affect germ cells should be considered. If there is toxicokinetic or toxicodynamic
evidence that germ cells are actually exposed to the somatic mutagen or its
bioactive metabolites, it is reasonable to assume that the substance may also pose
a mutagenic hazard to germ cells and thus a risk to future generations” [75].

In order to address the assumption directly, it is critical that appropriate
toxicokinetic or toxicodynamic data on chemical exposures as well as more
appropriate germ cell tests be developed and applied. Some progress in test
methods includes (i) transgenic rodent mutation assays (OECD guideline
TG488) with recommendations for male germ cell mutation analysis); (ii)
sperm and pedigree tandem repeat mutation analysis [93]; (iii) improved
methods to quantify sperm DNA damage and chromatin effects [94]; and
(iv) high-throughput screening (HTS) for aneuploidy in C. elegans eggs [95].

Human epidemiological studies and test results from modern assays provide
support for the concern that rodent germ cell mutagens (e.g., paternal age,
ionizing radiation, cigarette smoke, chemotherapeutic agents) are in fact human
germ cell mutagens [96—102]. Human germ line mutagens are of great concern
because of the fact that a single de novo mutation can potentially cause multiple
disease phenotypes [103-107]. A given human genome contains around 100
loss-of-function variants, with as many as 20 of these resulting in complete loss
of gene function [108].

Disease-associated de novo gene mutations occurring in the male germ line
with increasing paternal age are considered equal in importance to the
population burden of aneuploidy-related genetic disease associated with
increasing maternal age [109]. Therefore, it is critical that tests be developed
that are able to detect the full range of DNA and chromosomal events that may
occur in germ cells, and potentially be transmitted to future generations. This
includes premutational lesions transmitted by sperm to the ovum at fertilization
that, if not repaired or misrepaired, can lead to de novo mutations. Endpoints of
concern in this regard include gene mutations, chromosomal aberrations and
aneuploidy, copy number variants, tandem repeat mutations, single-nucleotide
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variants and deletions or insertions, and mutations in noncoding DNA.
Mutations in noncoding DNA have been recognized recently for their impor-
tance to normal biological function [110,111].

Although male germ cells have been the focus of conventional assays,
principally because of accessibility, female germ cell assays represent a major
gap in testing capability. There are major differences between the sexes in
competence within the various germ cell stages. This holds for both checkpoint
control of the cell cycle and DNA repair, both related to the ability of
environmental agents to induce heritable mutations. Male germ cells appear
to have a more efficient meiotic checkpoint than female cells but male cells are
repair deficient in postmeiotic stages when sperm chromatin condenses. Female
germ cells, on the other hand, use stored mRNAs to retain the capacity for DNA
repair until after fertilization [8].

The gold standard conventional germ cell assays, the heritable translocation
test (HT'T), and the specific locus test (SLT) are performed in the mouse. In the
HTT, males are treated to induce chromosomal rearrangements (transloca-
tions) that cause sterility or semisterility in the F1 generation, thus demon-
strating heritability (OECD Test Guideline 485) [112]. The SLT detects viable
null mutations (at seven specific loci) ranging from base substitutions to large
deletions [113,114]. Both tests measure genetic damage (of the types seen in
human genetic disease) that is transmitted from treated parents through the
germ line to the next generation. For practical reasons, including cost, extensive
use of animals, and human labor, neither assay is performed any longer.

While it does not measure heritability, the dominant lethal test (DLT) is a
routinely performed OECD guideline test [115,116] that measures genetic
damage in germ cells sufficient to cause embryonic death. Following exposure
of either rats or mice, usually males, a mating to virgin females is performed
sequentially (usually every week) for a total of 10 weeks (rats) or 8 weeks (mice).
An alternative protocol involves treating males throughout their spermatogenic
cycle followed by mating at the end of exposure [117]. The contents of the uteri
of pregnant females are examined after appropriate intervals to count live and
dead embryos as well as total implants. The numbers of these events are
compared (per female) between treated and control groups to determine the
dominant lethal outcome. Chromosomal damage is thought to be the cause of
preimplantation loss or embryonic death [118,119] but other causes (e.g., gene
mutation, cytotoxicity, or teratogenicity) cannot be excluded. The test has not
changed significantly since 1984 and it is still in use [120]. Chemicals that are
positive in the DLT are also positive in the HTT that does measure a heritable
effect [115,116]. Furthermore, the lowest effective doses that cause positive
responses in the two tests are quite comparable; regression analysis for 15
mutagens tested in both DLT and HTT gave the following results: r* = 0.92;
slope =0.98; Y intercept =0.05; N=15 [92].
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Another current test for chromosomal aberrations in male germ cells of mice
and rats is the cytogenetic analysis of spermatogonial metaphases OECD TG
483 [121]. With this test, chromosomal effects can only be observed at the
beginning of germ cell differentiation, so it is not known whether they are
transmitted to mature gametes or offspring. It is possible to determine
transmission by additional cytogenetic analysis of first cleavage zygote meta-
phases [122] and chromosome painting has greatly improved the analysis [123],
such that stable balanced aberrations (e.g., reciprocal translocations) and
unstable aberrations (e.g., acentric fragments, dicentric chromosomes) can
be distinguished. Evidence has been gained to support assumptions about
the fate of different types of chromosome aberrations by examining the zygote
for chemicals tested in common between the DLT and HTT [119].

The transgenic mutation assay in rodents OECD TG 488 [124] is based on the
detection of a mutation in a transgenic sequence that can be retrieved from any
tissue (somatic cells in the standard assay) and subsequently expressed in
bacteria [125,126]. When the assay is applied in the analysis of testicular cells
and epididymal sperm, it provides a method to detect gene mutations in male
germ cells. Importantly, the entire mutation spectrum (base substitutions,
insertions/deletions, frameshifts) following chemical exposure can be moni-
tored. If testicular tissues are examined as a part of the standard assay, protocol
information on mutations in germ cells and somatic cells can be collected
simultaneously reducing cost, animals, and time [127]. Recent studies have
shown the utility of the transgenic mutation assay to assess the response of male
germ cells to acute versus chronic exposures [128] and the sensitivities of the
various stages of mouse spermatogenesis to mutagenicity [129].

Next-generation sequencing can readily be applied in conjunction with
transgenic assays in rodents. In a very recent study, male gpt delta transgenic
mice were treated with ENU in three dose groups (10, 30, and 85 mg/kg, i.p.),
were mated with untreated females 10 weeks after the last treatment, and
offspring were obtained [130]. The ENU-treated male mice showed dose-
dependent increases in gpt mutant frequencies in their sperm, testis, and liver.
Frequencies of inherited mutations increased with dosage more than 25-fold in
the highest dose group. Genomic DNA of one family (parents and four
offspring) from each dose group was used for whole exome sequencing, and
unique de novo mutations in the offspring were detected. The mutation
spectrum of the inherited mutations was characteristic of ENU-induced muta-
tions (e.g., including A:T base substitutions) and no mutations were observed in
the control group. The results, confirmed by Sanger sequencing, suggest that
direct sequencing analysis may be a useful tool to investigate inherited germ line
mutations, especially when applied in transgenic models.

Premutational and mutational changes detectable in sperm include DNA
strand breaks and abasic sites in the comet assay [131], unscheduled DNA
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synthesis (UDS) [132], chromatin packaging alterations in the Sperm Chroma-
tin Structure Assay (SCSA) [133], and chromosomal effects using Fluorescent
In Situ Hybridization (FISH) [134]. These tests can be applied in both laboratory
rodents and humans, and can serve as prescreening tools for germ cell damage,
although they do not assess heritable effects. The comet assay and the SCSA are
already being applied in the clinical diagnosis of male infertility.

2.6 Reproductive Toxicology Assays in the Assessment
of Heritable Effects

Conventional reproductive toxicology assays provide valuable information
(often not considered) on reproductive effects, including the accessibility
and toxicity of genotoxic chemicals and drugs to male and female germ cells.

2.6.1 Segmented Reproductive Toxicity Study Designs

There are two basic types of reproductive toxicity study designs, segmented
studies and continuous studies. Whereas continuous cycle designs cover all
stages from germ cell through fetal development and adulthood, segmented
studies expose and evaluate limited aspects of development.

The OECD, FDA, and ICH have described protocols for reproductive and
developmental studies according to the following nomenclature (http://www.
toxikon.com/services/specialty-reproductive-toxicology.cfm):

Organization for Economic Cooperation and Development — OECD

414 — Prenatal developmental toxicity

415 — One generation reproduction toxicity

416 — Two generation reproduction toxicity

421 — Reproduction/developmental toxicity screening

422 — Combined repeat dose toxicity with repro screening test

Food and Drug Administration — FDA

Segment I — Reproduction toxicity
Segment II — Teratology in rats
Segment II — Teratology in rabbits
Segment III — Perinatal toxicity

International Conference on Harmonization — ICH

Stage A — Premating to conception

Stage B — Conception to implantation

Stage C — Implantation to closure of hard palate

Stage D — Closure of the hard palate to the end of pregnancy

Stage E — Postnatal developing to weaning

Stage F — Postweaning development of reproduction organs to puberty


http://www.toxikon.com/services/specialty-reproductive-toxicology.cfm
http://www.toxikon.com/services/specialty-reproductive-toxicology.cfm

2.6 Reproductive Toxicology Assays in the Assessment of Heritable Effects

For example, exposure of the fetus may be examined separately from
postnatal stages and other critical developmental periods, as illustrated above,
using different exposure and assessment windows. The International Confer-
ence on Harmonization (ICH) guideline [135] for reproductive toxicity Seg-
ment I studies begins exposure 4 weeks prior to mating in males, or 2 weeks in
females, and continues from fertilization through to implantation. The OECD
prenatal developmental toxicity study (OECD TG 414 [136) involves exposure
from implantation through to parturition. Segment II involves exposure from
implantation through fetal development and assesses both organogenesis and
development [89]. In Segment III of the ICH pre- and postnatal developmental
studies, exposure occurs from implantation and through lactation until wean-
ing (Stages C to E). Segmented studies generally are not multigenerational
studies. Various sampling times are used to assess developmental outcomes, for
example, embryonic tissues can be sampled to assess skeletal damage, although
this would be considered a teratogenic effect.

Segment III study designs are sometimes carried out to examine effects on
the next generation (e.g., ICH pre/postnatal development studies). Exposed
male and female pups are raised to maturity and mated to produce an F1 litter.
Various outcomes are assessed in these unexposed F1 including survival,
growth, general morphometric measures, and behavior. These F1 males and
females are also mated to assess effects on fertility.

2.6.2 Continuous Cycle Designs

Most continuous cycle study designs evaluate multiple generations, and exposure
continues across generations. The two main protocols are the National Toxicol-
ogy Program’s Reproductive Assessment by Continuous Breeding (RACB) [137]
and the OECD multigeneration study, OECD TG 416 [138). Histopathology is
evaluated in all parts of the reproductive and endocrine systems in the FO that may
be relevant to germ cell mutagenicity. At maturity, the FO rodents are mated to
produce an F1 generation that provides information on fertility and fecundity in
the FO. Effects arising in the F1 generation, which is also exposed in utero, may be
relevant to potential germ cell effects arising in the FO.

2.6.2.1 One-Generation Toxicity Study

A number of modifications to the multigenerational protocols discussed above
have been made, including the one-generation reproduction toxicity study
(OECD TG 415 [139) and the extended one-generation study design (enhanced
pre- and postnatal studies) (OECD TG443 [140). Rodents are treated before
mating through gestation in the modified one-generation study. However, the
exposures are stopped at various intervals and the animals are either necropsied
or mated to produce an F1 generation. The F1 are handled similarly as the FO,
and mating is performed to produce F2 pups.
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2.6.2.2 Repeat Dose Toxicity Studies

Repeat dose toxicity studies can easily be modified to assess potential germ cell
effects. Acute and subacute (90-day studies) can be combined with reproduc-
tion/developmental toxicity screening tests such as OECD TG 408 and TG
422 [141,142]. Tissues examined in these studies include germ cells and sperm
count, motility and morphology, and vaginal cytology can be used to indicate
potential germ cell effects. Reduced sperm count and whole testis weight may
reflect genotoxicity. Alterations in sperm morphology do not correlate with
genetic toxicity nor do they impact male fertility[143,144].

The assays described above provide important data on toxicity to germ cells
across developmental stages in males and females that are not sampled in
conventional genetic toxicology studies. Furthermore, they can be invaluable in
future genomic investigations on germ cell mutations and de novo mutations
arising in offspring.

2.7 Assays in Need of Further Development or Validation

Some additional assays have been developed over the past decade or so and have
been used to measure the effects of germ cell mutagens but are in need of
further development and/or validation. The assays and their advantages and
disadvantages are listed in Table 2.2 and described in the following sections.

2.7.1 Transgenic Rodent Gene Mutation Reporter Assay

The transgenic rodent assay (OECD TG 488) promises to be a very useful
screening test for chemically induced male germ cell mutations [125]. Studies
suggest a good correlation between mutagens detected with the TGR assay and
the SLT [126]. Additionally, prototypical mutagens exhibit the expected dose—
response in male germ cells for transgene mutations. Thus, it appears that the
TGR loci respond appropriately and represent effects in occurring in other gene
regions. However, the assay uses a reporter gene in a transgenic rodent and is
limited to scoring mutations in a nontranscribed exogenous gene that is heavily
methylated and there are some uncertainties that relate to the integration of
somatic and germ cell testing with the TGR assay. Details regarding optimal
sampling times for detection on mutations in sampling for germ cell versus
somatic mutations are discussed in Refs [89,122].

While studies have indicated the need for care in extrapolating to other
genomic regions [145], there is strong concordance between endogenous and
reporter gene mutations [146]. The gene mutation assay may miss large
deletions/insertions and rearrangements or CNVs. Since the assay is performed
on sperm, potential inheritance is unclear. However, since it detects chemicals
that are positive in the SLT [126], there is a high probability that heritable
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Table 2.2 Summary of the advantages and disadvantages of existing assays in
development or validation stages.

Endpoint transgenic rodent mutation
Advantages

Can be performed on most tissues enabling a comparison of somatic and germ cell
sensitivity/specificity; neutral gene, scores gene mutation, OECD guideline, relatively simple
(integrated into multiple test strategies)

Disadvantages

Need transgenic rodents, scores mutations in a nontranscribed exogenous gene, performed
on germ cells not pedigrees, thus inheritance is unclear, may miss some types of mutations

Tandem repeat assays
Advantages

Endogenous loci, high spontaneous mutation rate, can be adapted to any species, some
markers linked to diseases, sensitive at low doses, should be able to be integrated into other
tests but validation has not been done

Disadvantages

Unclear indirect mechanism of mutation, noncoding markers, unclear relevance of tandem
repeat mutation to gene mutations, small dynamic range, some technical challenges

Spermatid micronucleus
Advantages

Easily integrated into transgene mutation reporter assay and other toxicity tests, any
species, can be directly compared with somatic MN to study germ cell specificity/sensitivity

Disadvantages
Currently laborious (but potential for flow cytometry), small database, not inherited
Sperm comet assays

Advantages

Can be performed in any species, relatively simple, can be compared with most somatic cell
types, can detect a variety of DNA damage

Disadvantages

Difficult to integrate with other tests, high variability across laboratories and studies,
biological relevance of endpoint unclear, technical issues, premutational damage only

Sperm chromatin structure
Advantages

Fast (flow cytometry approach), can be performed in any species, including humans, major
validation exercises underway

Disadvantages

Germ cells only, premutagenic lesion (thus implications unclear), mechanisms causing
changes in chromatin unclear, biological and technical variability results in differences
across studies/laboratories

Source: Reproduced from Ref. [89] with permission of Elsevier.
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mutations are detected and one study has demonstrated inheritance of lacZ
gene mutations by offspring [147].

2.7.2 Expanded Simple Tandem Repeat Assay

ESTRs are a class of microsatellites that are long homogeneous arrays of
relatively short repeats (4-9bp); they spontaneously exhibit a very high
replication-driven mutation rate involving length changes in germ line and
somatic cells [148—150]. The very high spontaneous mutation rate makes the
analysis of ESTR length change mutations an attractive approach for monitor-
ing germ line mutation induction in mice. ESTR loci have been used repeatedly
for analysis of germ line mutation induction in male mice exposed to ionizing
radiation, chemical mutagens, and anticancer drugs [151-157], as well as
environmental air pollutants [47-49,51,158]. ESTR mutations were originally
detected in pedigrees by profiling DNA samples extracted from all parents and
their offspring. Later, a more sensitive technique has been developed in which
multiple samples, each containing approximately one ESTR molecule, are
derived from diluted bulk sperm genomic DNA. Single-molecule PCR is
then used to amplify the sample DNA allowing the detection of an indefinitely
large number of de novo mutants in DNA sampled from sperm or other cell
types [159]. This single-molecule sperm analysis technique dramatically
reduces the numbers of mice required for the measurement of germ line
mutation rates and avoids the wait for mating and birth. More importantly, this
approach should be directly applicable in human studies [160-162].

In the offspring of mice exposed to X-rays of fission neutrons, the ESTR
mutation rate in the germ line increases linearly with radiation dose [152—-154].
An increase in ESTR mutation rate in mice is detectable at much lower doses
than can be measured by standard genetic techniques and the dose—response is
very close to that seen with conventional mutation assays including the SLT.
Using ESTRs as the endpoint, statistically significant evidence for mutation
induction is obtained by analyzing hundreds of mice; whereas other systems
require thousands or greater numbers of mice. Offspring of male mice treated
with either ethylnitrosourea (ENU) or isopropyl methane sulfonate (iPMS)
displayed a significant increase in ESTR mutation rate [157], and increased
sperm ESTR mutation frequencies were found following exposure of male mice
to four commonly used anticancer drugs [156]. For the chemotherapeutic
drugs, mutation induction was observed within a clinically relevant dose range;
thus, the assay is sensitive and holds promise for assessing potential germ cell
hazards in rodents and humans. An increasing number of repeat mutations are
either associated with, or may cause, human genetic disorders [163].

As the observed increases in ESTR mutation rate in the germ line of exposed
male mice are too high to be attributed to the total number of DNA damaged
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sites within these loci, it has been suggested that ESTRs may reflect nontargeted
events, where the initial mutagen-related DNA damage occurs elsewhere in the
genome and indirectly increases the mutation rate at these loci [159]. As the
mechanism of this nontargeted process remains unknown, ESTR loci can
currently be regarded as a useful biomarker of exposure to mutagens. All
mouse strains carry ESTR loci so that the assay can be integrated with
conventional tests in mice. Dividing cells in the relevant phase of spermato-
genesis must be sampled, which requires an additional set of mice. The ability to
score ESTR mutations in testicular cells sampled during standard genetic
toxicity testing has not yet been investigated but should be a subject of future
research. It should be mentioned that microsatellite tandem repeats offer
several advantages over ESTRs. An approach using microsatellites rather
than ESTR is more likely to be used. See Ref. [164] for more details.

2.7.3 Spermatid Micronucleus (MN) Assay

MN are the product of chromosome damage and their analysis in somatic cells
is the predominant in vivo assay used to confirm positive results in vitro. There
are OECD guidelines for in vitro (TG 487) as well as in vivo (TG 474) somatic
cell MN assays. The development of flow cytometry-based MN detection
methods interrogating thousands of cells provide high sensitivity to detect
small increases in MN in vivo [165] and in vitro [166].

An assay for detecting MN in spermatids of rats was developed by Tates [167].
A modified assay was used to detect MN in spermatids of mice originating
during meiosis. About 25 chemicals were shown to induce significant increases
in MN in exposed mice and, surprisingly, 4 chemicals (1,1,-dimethylhydrazine,
diethylnitrosoamine, dimethylnitrosoamine, and beta-propiolactone) were pos-
itive in spermatids but negative in bone marrow [168]. An earlier IWGT
workshop has addressed the utility of the MN spermatid assay and its possible
integration with the analysis in erythrocytes [169,170]. Although very little work
has been done, the MN spermatid assay could be integrated, for example, within
the transgenic rodent assay in assessing lacZ mutations in sperm and/or
seminiferous tubules.

Because of manual scoring, the spermatid MN assay is rarely used. However,
a flow cytometry-based method is being developed in which spermatids are first
isolated by flow sorting based on DNA content and then nuclear preparations
are analyzed by flow cytometry to detect MN as described for the in vitro MN
assay [89]. As with the somatic cell method, a flow cytometry approach would
permit analysis of thousands of spermatids per sample providing needed
sensitivity to detect small effects. In conclusion, the assay provides evidence
of genotoxicity in germ cells even though the fate of a sperm cell carrying a MN
is unclear, and it is unlikely that these would be inherited.
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2.74 Sperm Comet Assay

The in vivo alkaline single-cell gel electrophoresis assay, also called the comet
assay, measures DNA damage (strand breaks) in single cells [171] and is a
sensitive assay for exposure to genotoxic agents both in vivo and
in vitro [172,173]. Although it has been widely used with somatic cells, the assay
has also been performed on mature sperm and on germ cells isolated from the
seminiferous tubules [174]. The assay has been applied in multiple studies to
demonstrate DNA damage in rodent sperm induced by exposure to genotoxic
agents [175]. The assay is readily applicable to human sperm and, surprisingly, the
experimental protocol for human sperm is in a more advanced stage of validation
than in experimental animals. The OECD has developed Test No. 489 for the In
Vivo Mammalian Alkaline Comet Assay. During the development of the OECD
assay guideline, the inclusion of germ cells was discussed extensively [89,176]. It
was decided, however, that the standard alkaline comet assay as described in the
guideline is not appropriate for measuring DNA strand breaks in mature germ
cells. Three factors were considered in taking this decision: (i) The proposed
exposure regimen (three daily doses followed by sample collection 3—6 h later)
does not work because it represents fully mature sperm with DNA highly
compacted by protamines, which are extremely resistant to DNA dam-
age [177,178]. (ii) The method for the analysis of germ cells collected from
the seminiferous tubules is not fully validated and only a few studies have applied
this approach [174]. A confounding issue is that cells collected from the
seminiferous tubules contain two different germ cell populations (spermatocytes
and elongating spermatids) in which DNA double-strand breaks are part of the
normal process of development (meiotic recombination for the former, chroma-
tin compaction in the latter) and variation in the proportion of cells that are
analyzed between controls and exposed may produce a significant effect
unrelated to exposure. (iii) After a prolonged exposure (i.e., 28 days), comet
analysis in mature sperm could provide relevant information on whether a
chemical induces DNA in germ cells. The comet assay in mature sperm is
more complicated than in somatic cells because it requires an enzymatic digestion
torelax the chromatin, and sperm are extremely rich in alkali labile sites, making it
much more difficult to obtain reproducible results. To conclude, further devel-
opment and validation is required before the comet assay can be routinely
employed for regulatory purposes in the assessment of DNA damage in germ
cells. And as mentioned earlier for other assays, the assessment of DNA damage
via the comet assay in germ cells does not detect heritable effects.

2.7.5 Standardization of Sperm Chromatin Quality Assays

As with the comet assay, standardization and validation of assays for the quality
of chromatin is more advanced in humans than in experimental animals.
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Biomarkers of chromatin integrity in human sperm include chromatin template
function, chromatin structure, structural damage (breaks and cross-links), and
chromatin epigenome [94]. Three assays, the comet assay just discussed, the
sperm chromatin structure assay (SCSA), and the terminal deoxynucleotidyl
transferase-mediated (TdT) deoxyuridine triphosphate (dUTP) nick end label-
ing assay (TUNEL), are commonly used to assess sperm DNA integrity. The
SCSA was developed 30 years ago [179] and is a flow cytometry-based assay that
measures the sensitivity of sperm DNA to acid-induced denaturation. The
extent of DNA denaturation is thought to be correlated with the presence of
single-stranded DNA and is highly correlated with infertility [180]. The TUNEL
assay measures DNA breaks in situ, assessed by the incorporation of dUTP at
the break sites [181]. These assays measure different aspects of DNA integrity,
and have different sensitivities, although they tend to correlate with each other.
An international effort has begun to standardize the comet, SCSA/acridine
orange and TUNEL assays [89]. When validated in humans, the assays can be
applied to animal models to provide a rapid and sensitive approach to assess
effects of environmental exposures on the integrity of sperm DNA.

Despite significant research on human sperm DNA integrity, our under-
standing of the mechanisms and consequences of sperm chromatin damage is
limited. Itis not clear what the implications of premutagenic lesions in chromatin
are to offspring, although there are indications that sperm integrity contributes to
a healthy pregnancy and the health of newborns [182—-185]. There is no consensus
on cutoff values for clinically abnormal parameters, and substantial biological and
technical variability across species/studies/laboratories is observed.

2.8 New Technologies

Germ cell mutation research is experiencing a renaissance because of the
availability of new genomics technologies and resultant information. These
technologies bring excitement about what can now be done to answer questions
from the past about germ cell risk for future generations [49,91,186]. Combined
with new applications in the clinic genomic, next-generation sequencing
approaches have demonstrated their power in identifying de novo mutations
that cause severe human genetic disorders (106,187). Given that it is not currently
possible to carry out a full cycle of gametogenesis in vitro, alternative models are
being considered [89]. Below we also describe the potential utility of an HTS C.
elegans model for egg aneuploidy that shows promise. A summary of the
advantages and disadvantages of the new technologies is provided in Table 2.3.

2.8.1 Copy Number Variants and Human Genetic Disease

Stankiewicz and Lupski have asserted that approximately 12% of human genetic
variation can be attributed to copy number variants (CNVs) [188]; others have
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estimated up to 50 % [189]. CNVs represent structural variation that alters, and
in many cases rearranges, the number of copies of specific segments of DNA.
CNVs range in size from 50 bp to megabases [189,190] and account for a wide
range of human genomic disorders [187,188,191,192]. High locus-specific
mutation rates for genomics rearrangements are >1000-fold more frequent
than point mutations [193]. Thus, a genome-wide analysis of CNVs (>100 kbp)
in approximately 400 parent—offspring trios found a mutation rate of 1.2 x 10~>
CNVs per generation [194]. Not captured by existing test methods, de novo
CNVs represent an important source of human genetic diversity.

In fact, the extent to which DNA structural variation, including duplication
and deletion CNVs and copy number neutral inversions and translocations,
contribute to human genome variation and disease has been appreciated only
recently [195]. Because the complexity of structural variants was not envisioned,
the frequency of complex genomic rearrangements, and how they come about,
remained unknown. The concept that genomic diseases may be due to genomic
rearrangements and not sequence-based changes, delineated a new category of
conditions distinct from chromosomal syndromes and single-gene Mendelian
diseases. Thus, mechanistic understanding of CNV/SV formation has provided
new insights into the human genome and gene evolution and has increased our
understanding of human biology and disease [195].

High-resolution array comparative genomic hybridization (or aCGH) and
SNP (single-nucleotide polymorphism) microarray technologies [196,197] have
been the technologies that have really made the detection and analysis of CNVs
possible. These advanced technologies methods are now being used in the clinic
to identify CNVs as sources of idiopathic diseases [187,198—202]. Surprisingly,
little research has been performed, however, to explore the effect of mutagens
on CNV formation. It has shown in human cells in culture that replication stress
resulting from exposure to chemicals can lead to the formation of
CNVs [203-205]. Exposure to hydroxyurea, aphidicolin, and low-doses of
ionizing radiation results in the induction of CNVs via a replication-dependent
mechanism, as opposed to replication-independent repair of double-strand
breaks [205]. Increasing paternal age is also associated with increases in de novo
CNVs in offspring through replication-based mechanisms [206]. Adewoye
et al. [207] have demonstrated induction of germ line CNVs in offspring of
mice exposed to radiation. Research to explore the effects of mutagens on germ
cell CNVs is a critical avenue of research in view of their importance in human
genetic disease. The technology is expensive and the analysis of parental
genomes must be analyzed in addition to their offspring.

2.8.2 Next-Generation Whole Genome Sequencing

Next-generation sequencing is poised to revolutionize mutation analysis in all
tissues. NGS technologies and associated bioinformatics tools have been
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Table 2.3 Summary of the advantages and disadvantages of the newest technologies
available to detect germ line mutations.

Endpoint copy number variant analysis using array CGH and SNP chips
Advantages

Major phenotypic effects, inherited mutation, relevant to human genetic disease
Disadvantages

New endpoint with no data in germ cell toxicology; currently expensive to measure;
requires pedigrees; so far not suitable for measuring somatic mutation iz vivo, so no direct
comparisons can be made; needs extensive validation for work in toxicology

‘Whole genome sequencing
Advantages

Measures broad spectrum of mutations, inherited mutations, clear linkages to health can be
made for certain mutations, any species including humans

Disadvantages

Expensive, currently requires pedigrees for interpretation (i.e., sperm analysis not ready yet),
bioinformatics challenges, not applied in toxicology yet (no database), extensive validation
still required

HTS for egg aneuploidy (C. elegans)
Advantages

Inexpensive, fast, established model organism in genetics, high degree of conservation in
relevant pathways, detects effects in female germ cells

Disadvantages

Relationship to humans is unclear, limited to aneuploidy in eggs measured in embryos at
this time, not validated

Source: Reproduced from Ref. [89] with permission of Elsevier.

developed to the point that they can now be applied to study the effects of
mutagens on heritable germ cell mutations. As will be discussed in greater detail
below, whole genome sequencing has demonstrated that increased transmis-
sion of de novo mutations to offspring is associated with increasing paternal age
in humans [96]. Indeed, an increased prevalence of many diseases is observed in
the offspring of older fathers [208]. These findings on human paternal age
effects extend to microsatellite mutations [209] and CNV [206], although only
to mitotic nonrecurrent CNVs.

Conover and Argueso [210] have pointed out that while gene CNVs are
abundant in the human genome, and are often associated with disease conse-
quences, the mutagenic pathways and environmental exposures that cause
these large structural mutations are understudied relative to conventional
nucleotide substitutions in DNA. The environmental mutagenesis research
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community is seeking to remedy this deficiency, and there is a strong interest in
the development of mutagenicity assays to identify and characterize com-
pounds that may induce de novo CNVs in humans. Conover and Argueso [210]
emphasized deep contrasts that exist between the proposed pathways that lead
to nonrecurrent and recurrent CNVs: Nonrecurrent de novo CNVs originate
primarily in mitotic cells through replication-dependent DNA repair pathways
that involve microhomologies (<10 bp), and are detected at higher frequency in
children of older fathers. In contrast, recurrent de novo CNVs are most often
formed in meiotic cells through homologous recombination between nonallelic
large low-copy repeats (>10,000 bp), without an associated paternal age effect.
Given the biological differences between the two CNV classes, these authors
believe that nonrecurrent and recurrent CN mutagens will probably differ
substantially in their modes of action. Therefore, each CNV class may require
their own uniquely designed assays to enable detection of the broadest possible
spectrum of environmental CN mutagens.

Kong et al. [96] in a landmark proof-of-principle study used whole genome
sequencing of 78 Icelandic trios (mother, father, child) to show that males pass
on an average of two additional mutations to their offspring for each year of
their reproductive life, suggesting that the father’s age is a major factor in
determining the number of de novo mutations in the child. More recent studies
have investigated the maternal age effect on germ line de novo mutations [211]
as well as the timing, rates, and spectra of human germ line mutation [212].
NGS is also being used much more routinely in the clinic. Rodent genome-wide
mutation spectra and frequency should be compared with humans, and
bioinformatics tools used to determine phenotypic consequences.

A strategy to develop appropriate sequencing methodologies for genetic
toxicology applications is outlined in a manuscript from the ENvironmentally
Induced Germline Mutation Analysis (ENIGMA) working group [91]. NGS
germ cell studies currently require pedigrees for analysis, increasing the number
of samples and time required. Once NGS technologies can accurately sequence
a single-gamete genome, the situation will be improved. Further challenges
involve storing the large amounts of data and applying the appropriate
bioinformatics filters to remove sequencing artifacts without compromising
sensitivity. Full genome sequencing has had limited application in toxicology;
therefore, extensive validation and creation of a database will be required [91].

2.8.3 High-Throughput Analysis of Egg Aneuploidy in C. elegans, and
Other Alternative Assay Systems

The Environmental Protection Agency has established the ToxCast Program to
High Throughput Screening methods to identify chemicals that perturb
molecular pathways relevant to human and environmental health [213,214].
The existing HTS assays assess the ability of a toxicant to initiate a DNA damage
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response and are not effective in identifying tumorigens [215] and the detection
of mutagens and aneugens is a major gap. Mutagenic effects on germ cells are
not addressed.

A high-throughput assay has been developed in the roundworm C. elegans to
measure chromosome segregation errors in eggs [95,216]. Roundworms have
advantages including a large proportion of germ cells, a short generation time,
and are suitable for culturing in 96-well plate format. C. elegans is an established
model system in genetics and key meiotic pathways are conserved between C.
elegans and humans. Aneuploidy is examined via X chromosome missegrega-
tion during meiosis and C. elegans embryos that inherit only one X chromo-
some that is distinguished by the expression of green fluorescent protein under
the control of the X chromosome counting promoter xol-1. With robotic
methods, the assay is completed in 4 days and hundreds of chemicals can be
analyzed. This HTS assay is followed by other rapid methods such as DNA
staining of the germ line and germ line apoptosis assay to ensure that aneu-
ploidy originated from perturbation of germ line processes. Analysis of a
selection of 50 chemicals from ToxCast phase 1 and known chemicals in
the C. elegans assay revealed an accuracy of 69% in predicting the ability of
chemicals to cause reproductive toxicity in rodents [95]. Importantly, the model
can be expanded to apply whole genome sequencing or CNV analysis and it
addresses a critical gap in examining the effects of mutagens on female germ
cells. On the downside, the relationship of aneuploidy in C. elegans with the
process in humans is unclear, as are pharmacokinetic and dynamic considera-
tions, so the assay is limited to assessing aneuploidy in early embryos.

In a recent review, Ferreira and Allard have pointed out that alternative
in vitro germ cell methods in model systems such as Saccharomyces cerevisiae,
Drosophila melanogaster, and C. elegans have distinct advantages over tradi-
tional models. They discuss the benefits and limitations of each model, their
application to germ cell toxicity studies, and the need for computational
approaches to maximize their usefulness. Together, the inclusion of these
alternative germ cell toxicity models, especially in large-scale, high-throughput
applications, will be invaluable for the examination of germ cell toxicity in
stages not easily accessible in mammals [217]

2.9 Endpoints Most Relevant to Human Genetic Risk

In reviewing the status of presently available tests and some in the pipeline, we
have attempted to address the fundamental question posed in the title of this
chapter. What mutagenic events contribute to human cancer and genetic
disease? Research in the field has attempted to learn about the spectrum of
mutational events that occur in humans, and that are relevant to human health.
Modern genomic tools have presented an unprecedented opportunity to assess
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genome-wide mutation rates across species [89]. Campbell and Eichler [189]
have provided a comprehensive review of the mutational landscape of the
human germ line. Full genome sequencing in human families has enabled direct
measurement of rates of de novo mutations, showing that single-nucleotide
variants (SNVs) range from 1-1.2x107® SNVs per nucleotide per genera-
tion [96,218-220], and that 76% of SNVs originate in the paternal lineage. By
contrast, for CNVs both the per locus mutation rate and the overall number of
nucleotides affected per generation are considerably greater [189,193]. Thus, it
has been estimated that one large de novo CNV (>100 kbp) occurs per 42 births
in humans, compared to an average of 61 new SNVs per birth; however, the
average number of base pairs affected by large CNVs is 8—25kbp per gamete
versus 30.5 bp per gamete for SNVs [189]. Furthermore, CNVs are sometimes
caused by complex chromothripsis that involves multiple de novo rearrange-
ments in a single event [221,222].

In addition to SN'Vs and CNVs, which may affect coding as well as noncoding
DNA sequences, there are other types of relevant functional genomic changes
that occur in the human genome, including small insertions and deletions,
mobile element insertions, tandem repeat mutations, translocations, and aneu-
ploidies [89]. Microsatellites exhibit proportionally higher de novo mutation
rates than SNVs, providing an important source of genetic variation [209].
Campbell and Eichler [189] provide an insightful summary figure demonstrat-
ing the per generation rates of SNVs, indels, mobile element insertions (MEIs),
large CNVs, and aneuploidies contrasted against the total number of base pairs
affected per gamete (see Figure 2.1 [189). Note that an INDEL (INsertion/
DELetion) is where a single base has been deleted, or inserted into one genome
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Figure 2.1 Comparison of the frequency and scale of different forms of genetic variation.
Source: Reproduced from Ref. [189] with permission of Elsevier. (a) Average number of
mutations of each type of variant per birth. (b) Average number of mutated bases
contributed by each type of variant per birth. The Y-axis is log10 scaled in both panels.
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relative to another. It is a symmetrical relationship, as a deletion in one
corresponds to an insertion in another (thegenomefactory.blogspot.com/).

As shown in Figure 2.1, there is an inverse relationship between mutation size
and frequency [189]. Numerically, there are more SNVs per genome than CNVs
but the rate is much lower for SNVs and mutation affects only a single base pair.
In contrast, large mutations such as CNVs or chromosomal aneuploidies are
rare, and yet they affect thousands to millions of base pairs — affecting more base
pairs per birth on average than SNVs.

Overall, the analysis of the rates and spectrum of human mutation reveals a
diverse array of important genomic events that should be considered in genetic
toxicology that are not currently captured in standard genetic toxicology
batteries. Table 2.4 provides an overview of the endpoints that have been
considered and indicates the assays that may be used to assess them [89].

Finally, it should be noted that human epidemiological studies have focused
on phenotypic effects of induced dominant mutations occurring in the descend-
ants of exposed parents [89]. Using genomics technologies, recent clinical
research has shown that a large proportion of the mutations occurring in
humans are recessive and not manifest phenotypically until several generations
postorigination when mating occurs and a complementary mutation affects the

Table 2.4 Summary of the spectrum of de novo genomic changes occurring in humans
and associated tests that can be used to measure them.

Endpoint Relevant genetic toxicology test

Aneuploidy Sperm and egg FISH, spermatocyte and oocyte cytogenetics,
pedigree DNA microarray or deep sequencing, spermatid MN

Structural aberrations Early embryo cytogenetics, sperm FISH, DLT, HTT, some can be
identified by pedigree analysis using array CGH, spermatid MN,
spermatocyte cytogenetics

Copy number variants ~ Pedigree array CGH (microarray) or deep sequencing

Small molecular Array CGH (as small as 500—-5000 bp), pedigree deep sequencing
rearrangements

Small insertions/ GPT delta transgene mutation (TGR assay), pedigree sequencing
deletions

Tandem repeat gains/ ~ ESTR and microsatellite mutation analysis in sperm or pedigrees
losses

Gene mutations TGR (OECD TG 488), pedigree DNA deep sequencing
Noncoding mutations ~ Pedigree DNA deep sequencing, CNV analysis

Source: Reproduced from Ref. [89] with permission of Elsevier.
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same locus [223]. This fact should be considered in clinical study designs so that
such recessive mutations can be detected.

2.10 Worldwide Regulatory Requirements for Germ
Cell Testing

Strategies and guidelines for regulatory toxicology testing, including require-
ments for germ cell mutation assays, were reviewed by Cimino in 2006 [224],
and have not changed significantly. No jurisdiction requires germ cell testing in
an initial test battery. Across regulatory agencies, genetic toxicology testing
strategies can generally be separated into three tiers. Tier 1 contains required
in vitro and somatic in vivo tests (as described earlier); tiers 2 and 3 contain
germ cell tests (in the testes or spermatogonia) that can be requested for follow-
up studies under certain conditions in many regulatory authorities, including
the United States (EPA and (FDA), Canada (Health Canada), the United
Kingdom (Committee on Mutagenicity: COM), Europe (Registration, Evalua-
tion, Authorisation and Restriction of Chemicals: REACH), and Japan (Ministry
of Health, Labour, and Welfare). India and Australia use only tier 1 assays and
do not require any germ cell assays for regulatory purposes. Other countries
generally follow strategies similar to the US EPA guidelines for industrial
chemicals. For pharmaceuticals, the International Conference on Harmoniza-
tion (ICH) Technical Requirements for Registration of Pharmaceuticals for
Human Use does not require germ cell tests and assumes that iz vivo somatic
tests and carcinogenicity data will provide sufficient predictivity/protection for
germ cell effects.

Eastmond et al. [75] have noted that the World Health Organization (WHO)/
IPCS Harmonized Scheme says that if an agent is positive in vivo for somatic cell
mutation, that agent can be selected for testing in germ cells; however, such
testing is not required. In addition, WHO/IPCS identifies transgenic mouse
models, the ESTR assay, the spermatogonial chromosome aberration assay,
chromosome aberration analysis by FISH, the comet assay, and assays for DNA
adducts as suitable assays in germ cells. In offspring, the WHO/IPCS tests
include the ESTR assay, the DLT, the HTT, and the SLT.

The United Nations Global Harmonization Scheme (GHS) [225] identifies
mutagens according to the categories noted in Table 2.5.

To date, 67 countries have implemented this IARC-like classification scheme
(i.e., known, probable, or possible human carcinogens) and are in the process of
integrating it into their relevant regulations. Within the European REACH
strategy, an agent that is genotoxic in somatic cells based on the literature is
evaluated to see if it is a potential germ cell mutagen based on bioavailability to
the germ cells and appropriate in vivo data. If such an evaluation shows that the
literature is insufficient to determine whether the agent is or is not a potential
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Table 2.5 Categorization of mutagens by OECD/GHS/ECHA.

Category Description

1A Chemicals known to induce heritable mutations in germ cells of humans

1B Chemicals that should be regarded as if they induce heritable mutations in germ
cells of humans

2 Chemicals that cause concern for induction of heritable mutations in germ cells
of humans

Source: Reproduced from Ref. [89] with permission of Elsevier.

germ cell mutagen, then that agent can be tested in a suitable germ cell
genotoxicity assay. The number of chemicals for which testing in germ cell
mutation assays was requested and/or evaluated under the Canadian Environ-
mental Protection Act (CEPA) is similar to the number for which testing in
rodent cancer assays was requested and/or evaluated for new substance assess-
ments from 1994 to 2012 (G. Douglas, personal communication) [89].

In summary, germ cell mutation is a regulatory endpoint for many organi-
zations and germ cell mutagens are classified in a manner similar to that of
carcinogens by Health Canada, GHS, and the German regulatory agencies
(MAK). Although germ cell mutation is an established regulatory endpoint, and
more than 50 agents have been identified as germ cell mutagens in rodents, no
agent has been regulated solely as a germ cell mutagen, or classified as a human
germ cell mutagen. This situation is likely to change soon as accumulated data
shows that cigarette smoke, air pollution, and ionizing radiation are likely
human germ cell mutagens [52].

2.11 Conclusion

In this chapter, we have considered the mutagenic events that contribute to
human cancer and genetic disease. We emphasized the importance of (i)
protecting humans from heritable mutation hazards and risks through appro-
priate testing and (ii) determining the causes of de novo mutations in offspring.
In addition, we highlighted the environmental exposures that are known to
cause cancer and likely to cause genetic abnormalities and disease in humans.
Our review of the advantages and disadvantages of the conventional assays for
germ cell and heritable effects highlighted a number of gaps. We described
several new assays that show great promise to help meet these needs. Recently
recognized types of genomic changes, such as SNVs, MEIs, and, especially,
CNVs, need to be explored to understand their relevance in germ cell genetic
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toxicology. Such tests will require further development and validation, as well as
research efforts to establish the best integrated testing strategies. The current
database also needs to be improved and focused to identify the most effective
approaches. This effort should include gleaning relevant data from conven-
tional reproductive toxicology assays that historically have not been used for
these purposes. Induced mutations that do not result in a known phenotype in
the first generation must be studied for their disease-causing potential in future
generations. In addition, intergenerational mutational events that result from
exposure of germ cells during embryologic development and that can result in
genetic disease should be investigated [226]. In conclusion, the application of
new genomics technologies to evaluate animals, and particularly humans,
exposed to mutagens via germ cells as well as somatic cells should be a priority.
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3.1 Introduction

An association between prenatal exposures and later risk of cancer has been
recognized for many decades. In one of the earliest reports, the Oxford Survey
of Childhood cancer in the late 1950s showed a relationship between exposure
of pregnant mothers to diagnostic radiation and the development of leukemia
and other cancers in the offspring [1,2]. Since that time, many studies have
demonstrated increased risk of cancer later in life following in utero exposure to
ionizing radiation [3—6] and various drugs and environmental chemicals, includ-
ing the synthetic estrogen diethylstilbestrol (DES) [7,8], paternal smoking [9,10],
dichlorodiphenyltrichloroethane (DDT) [11,12], and other pesticides [13-15].
This chapter explores biological features of the prenatal period that may increase
or decrease sensitivity to carcinogens, including the ontogeny of xenobiotic
metabolizing and DNA repair systems, reprogramming of the epigenome, and
other developmental factors. Themes include issues of developmental plasticity
in the embryo/fetus and how the developmental environment can have lifelong
effects on health and disease, including risk of cancer, within the context of the
developmental origins of health and disease (DOHaD) theory. The development
of cancer after prenatal exposure to specific drugs and environmental agents will
also be discussed, including a limited review of agents related to increased cancer
risk following prenatal exposure in humans and laboratory animals. In addition,
models that have been proposed for investigating the developmental origins of
leukemia and breast cancer will be presented. Several governmental bodies
including the United States Environmental Protection Agency [16,17], the
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California Environmental Protection Agency [18], and the Washington State
Department of Ecology [19] have considered measures to account for the
potential increased risk of cancer from developmental exposures, and their
findings and approaches will be discussed briefly later in this chapter.

3.2 Current Trends in Childhood Cancer

Prenatal exposures can potentially manifest as increased risk of cancer at any
age, but their relationship to childhood cancer has received more attention, in
part due to the temporal proximity between exposure and outcome. Childhood
cancers represent less than 1% of all cancers diagnosed each year, yet cancer is
currently the second leading cause of death (next to accidents) in the United
States for children age 5—14 years. According to estimates by the American
Cancer Society, approximately 10,450 new cancer cases and 1350 cancer deaths
in children (from birth to 14 years) and an additional 5330 new cases and 610
cancer deaths in adolescents (ages 15—19 years) are expected to occur annually
in the United States [20]. Leukemia accounts for about a third of all cancers in
children, most commonly acute lymphocytic leukemia (ALL) and acute mye-
logenous leukemia (AML). Cancer of the central nervous system (CNS)
accounts for approximately a quarter of childhood cancers, often affecting
the cerebellum or brain stem. Other common forms of cancer found in children
include neuroblastoma, lymphoma, and retinoblastoma. Among cancers diag-
nosed in children <15 years of age, about 6% comprise renal cancers. Among
the renal cancers a majority (~95%) are embryonic in nature, belonging to the
category of nephroblastoma (Wilms’ tumor), which has the highest incidence
during 0-5 years of age.

Both childhood and adult cancers may have a developmental origin. The
prenatal period is a time of rapid cell division and growth, which may elevate
the risk of DNA damage and misrepair. Xenobiotic metabolizing systems have
varying developmental trajectories that affect the metabolism and distribution
of chemicals in the embryo/fetus, potentially increasing or decreasing the
carcinogenic potency of a chemical depending on the ontogeny of activating
and deactivating metabolic enzymes. The prenatal period is also a time of
dramatic reprogramming of the epigenome of the conceptus, a process that
affects patterns of gene expression throughout life. Epigenomic and other
effects of in utero exposures to environmental agents on the cellular and
molecular biology of the conceptus may have latent consequences that alter
the risk of cancer and other diseases later in life [21-23]. Because of the long
latency period between prenatal exposures and the onset of adult cancer in
humans, the contribution of in utero exposures to cancers in adulthood is an
underexplored issue.



3.4 Ontogeny of Xenobiotic Metabolizing Enzymes and DNA Repair Systems
3.3 Potential Mechanisms of Prenatal Cancer Induction

Carcinogens may act in the embryo and fetus through mechanisms common to
the induction of cancer in adults; additionally, the prenatal period may exhibit
increased vulnerability to carcinogenesis for several reasons specific to the
developing organism. Some chemicals act through genotoxic mechanisms,
interacting with or altering DNA bases, while others act without direct
interaction with DNA and are termed nongenotoxic carcinogens [24]. Geno-
toxic chemicals can be either direct acting or indirect acting, the latter requiring
metabolic activation by drug metabolizing enzymes. Many, but not all, carcin-
ogens cross the placenta [25], and direct-acting carcinogens appear to be more
potent in cancer induction during early embryogenesis compared to indirect-
acting chemicals [26].

Chemicals may act as initiators and promoters of cancer, or both. For
example, some chemicals may form DNA adducts in fetal cells causing
initiation and these cells remain dormant. At any subsequent life stage,
exposure of these cells to a chemical promoter may cause cellular proliferation
and fix a mutation [27]. Risk of cancer from prenatal exposure may be increased
simply due to the longer period of time available for promotion after exposure
to an initiator. In utero susceptibility to carcinogens is influenced by rapid cell
proliferation. Occurrence of frequent and rapid cell divisions during prenatal
development can result in enhanced fixation of mutations since there is little
time available for repair of DNA lesions, while the clonal expansion of mutant
cells gives a larger population of mutations. In addition, the immature status of
the immune system in the growing fetus might compromise immune surveil-
lance for cancer cells.

Some nongenotoxic carcinogens act through hormonal mechanisms and have
been a focus of studies investigating developmental effects of endocrine disrupt-
ing chemicals [28]. There is increasing evidence that exposures to endocrine
disrupting chemicals during development play an important role in hormone-
sensitive cancers in women and cancer of the prostate gland in men [29]. For
example, developmental exposure to endocrine disrupting chemicals, such as
bisphenol A, has been linked to the development of mammary gland cancer in
experimental animals [30], and prenatal exposure to DDT has recently been
linked to increased risk of breast cancer in humans [11].

3.4 Ontogeny of Xenobiotic Metabolizing Enzymes and
DNA Repair Systems

During the prenatal period, whether indirect carcinogens are metabolically
activated or potential carcinogens are metabolically inactivated will depend in
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part on the time of exposure and the ontogeny of drug metabolizing enzymes in
the embryo and fetus. Enzymes involved in drug and chemical metabolism
exhibit varied developmental trajectories in human tissues, with some meta-
bolic capabilities emerging only after birth. Based on their developmental
activities and expression patterns determined using specific probe substances
and antibodies to the human enzymes, Hines [31] categorized the xenobiotic
metabolizing enzymes as Classes 1, 2, and 3 enzymes (Table 3.1). Class 1
enzymes are expressed at high levels during the first trimester of pregnancy, but
their expression is silenced or much reduced after birth; class 2 enzymes play an
important role during fetal development and through adulthood, while class 3
enzymes, to which the majority of the enzymes belong, show negligible or very
low levels during fetal stages, with a slight increase during second and/or third
trimesters. Mature expression occurs from a few weeks after birth (e.g.,
CYP2D6) to 1 or 2 years of age (e.g, CYP1A2) or after reaching puberty
(e.g., FMO3 and CYP2C9).

Expression of DNA repair enzymes during in utero development of the fetus
also plays an important role impacting the immediate or later health outcomes
such as cancer, malformations, or functional deficits [32]. Studies using rodent

Table 3.1 Classification of drug-metabolizing enzymes based on developmental
trajectories.

Class 1 Class 2 Class 3
ADHIA CYP2C19 ADHI1B EPHX1
CYP3A7 CYP2B6 ADHIC EPHX2
FMO1 CYP3A5 AOX1 GSTM1
GSTP GSTA1 CES1 GSTZ1
SULTI1E1 GSTA2 CES2 FMO3
SULT1A3 SULT1A1 CYP1A2 SULT2A1
CYP2C9 UGT1A1
CYP2D6 UGT1A6
CYP2E1 UGT2B7
CYP3A4

Class 1 enzymes appear during the first trimester, remain active during gestation but have little to no postnatal
expression; Class 2 enzymes are expressed consistently during gestation through adulthood; Class 3 enzymes are
low or absent in the fetus and increase during 1-2 years postnatally, some not being maximal until puberty. ADH,
alcohol dehydrogenase; CYP, cytochrome P450; FMO, flavin monooxygenase; GSTP, glutathione S-transferase pi;
SULT, sulfotransferase; EPHX, epoxide hydrolase; GSTA, glutathione S-transferase alpha; AOX, alternative
oxidase; GSTM, glutathione S-transferase Mu; GSTZ, glutathione S-transferase zeta; PON, paraoxonase; UGT,
UDP glucuronosyl transferase; CES, carboxylesterase.

Source: Reproduced from Ref. [31] with permission of Elsevier.



3.6 Epigenetic Regulation during Development

models show that the expression of DNA repair genes varies depending on
developmental stage, tissue type, and repair pathway. Although availability of
such information in humans is limited, functional studies demonstrate ability of
fetal tissues to repair DNA damage, suggesting the existence of at least some
major DNA repair pathways during fetal development [32].

3.5 The Developmental Origins of Health and Disease
(DOHaD) Theory

Studies during the late 1980s illuminated the potential effects of the early-life
environment on lifelong health. Barker and colleagues [33] reported an inverse
correlation between birth weight and the incidence of death from ischemic
heart disease in men and women in the United Kingdom. Further studies
confirmed these observations and extended them to show an association
between lower birth weight and increased risk of the metabolic syndrome,
including hypertension, stroke, and type 2 diabetes. These findings suggested
that the in utero environment of the developing conceptus could have profound
long-term implications for health and risk of disease. From these findings, a
concept evolved called the DOHaD theory [34]. The DOHaD theory considers
suboptimal developmental conditions to include over- or undernutrition,
parental exposures to drugs or environmental pollutants, maternal stress,
and maternal diabetes and obesity in the periconceptional or prenatal periods
and to an as-yet undefined early postnatal period.

The implications of the DOHaD theory for toxicology have been considered,
but research to date is limited [35—-39]. Lifelong metabolic programming can
occur through a number of mechanisms involving impacts on developmental
growth trajectories, cell proliferation and differentiation, organ maturation, and
paracrine and endocrine effects. Emerging science indicates that in utero
exposures to a variety of drugs and environmental chemicals may lead to
increased risk of adverse health effects, including cardiovascular disease, type 2
diabetes, obesity, stroke, renal disease, osteoporosis, Alzheimer’s disease, and
cancer in offspring over their life span. Evidence from experimental animals as
well as epidemiological studies shows consistent support for the DOHaD
theory [40]. Alterations to the epigenome are likely to play a central role in
the developmental programming underlying the DOHaD theory, including the
induction of cancer [22].

3.6 Epigenetic Regulation during Development

Superimposed upon the primary DNA sequence is a layer of “epigenetic”
information that exerts control over the genome. Epigenetics has been defined
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as “mitotically and/or meiotically heritable changes in gene function that
cannot be explained by changes in DNA sequence” [41]. Epigenetic mecha-
nisms at the level of chromatin include chemical modifications falling into two
main categories: (1) DNA methylation or hydroxymethylation [42,43] and (2)
posttranslational modifications of the histone proteins that package the
genome [44]. These chemical modifications influence transcription across
developmental stages, tissue types, and disease states [45-47]. Noncoding
RNAs are also considered to be epigenetic and can act during transcription,
translation, or the posttranslational period [48].

Different subsets of genes exhibit different trajectories of expression across
time, tissue type, and organs in the conceptus. Pluripotent cells of the cleavage
stage embryo progressively differentiate along specific lineages to give rise to the
tissues of the embryo and fetus. While regulation of differential gene expression
by transcription factors is a key feature of development, it is now understood
that gene expression patterns during development (as well as in the adult) can
be defined by epigenetic modifications [49,50]. These epigenetic “marks” may
be transient, such as histone modifications that, during cleavage, repress genes
needed for later development, or long-lived, such as the DNA methylation and
other chromatin modifications that result in X chromosome inactivation or the
silencing of imprinted genes and transposons.

3.6.1 Critical Periods for Epigenetic Regulation

Epigenetic marks can be erased and reestablished at specific stages of the life
cycle. There are two periods during which large-scale demethylations of
genomic DNA are known to occur (Figure 3.1) [51]. One is during migration
and proliferation of the primordial germ cells (PGCs); in the mouse embryo this
takes place between gestation day 10.5 and 12.5. Imprinted genes are deme-
thylated at this time [49,52], primarily at CpG islands in differentially methy-
lated regions. Methylation is subsequently reestablished in a parent-of-origin
manner during gametogenesis. Demethylation of DNA in the PGCs also serves
to reactivate pluripotency-related genes needed in the early conceptus. It may
be that a combination of passive and active demethylation processes is involved.
Genomic demethylation is almost complete in PGCs, but some transposons
remain highly methylated [53]. Tet demethylases are enzymes that can convert
5-methylcytosine to 5-hydroxymethylcytosine and other oxidation products
that can result in demethylation by base excision repair.

The second period of widespread epigenetic reprogramming occurs shortly
after fertilization. The sperm genome is highly methylated, yet after fertilization
and removal of protamines (sperm proteins) from the paternal genome, many
paternal alleles become demethylated. Demethylation of the paternal genome
before the onset of DNA replication is followed by demethylation of both
parental genomes by dilution once rapid DNA synthesis and cleavage begins.
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Figure 3.1 DNA methylation changes during developmental epigenetic reprogramming.
There are two major periods of DNA demethylation, one during the proliferation and
migration of primordial germ cells (PGCs) to the germinal ridge of the embryo, and
another in the conceptus during early cleavage stages. Parentally imprinted genes escape
this latter demethylation. E, embryo; gDMR, germ line differentially methylated regions;
GV, germinal vesicles; MIl, second meiotic division. Source: Reproduced from [51] with
permission of Elsevier.

Despite maintenance of methylation in imprinted genes, total genomic meth-
ylation in the early embryo decreases, reaching a nadir at the blastocyst stage.
General demethylation in the embryo at this stage may play a role in returning
cells to pluripotency [54].

It is likely that the patterns and extent of epigenetic marks on the genome
may be specified or altered, in part, by the prenatal environment. As these
epigenetic marks can last a lifetime, it is plausible that epigenetic programming
during development results in permanent changes in the physiology and
response to later toxic exposures, and therefore, adult disease risk, including
risk of cancer.

3.7 Mechanisms of Cancer in Offspring from Paternal
Exposures

It is well known that genetic mutations can contribute to risk of cancer and that
these mutations can be inherited from either parent or originate de novo in the
conceptus. Damage to male gamete DNA resulting from radiation, chemical
exposure, infection, or aging may be passed on to progeny if not repaired, and
may increase cancer risk. More recently, it is becoming clear that epigenetic
marks can also be inherited from either parent, and that histone modifications,
DNA methylation, and noncoding RNAs in sperm play essential roles in
successful fertilization and development of the conceptus [55,56]. Sperm

117



118

3 Developmental Origins of Cancer

DNA is known to be sensitive to reactive oxygen species, and oxidative DNA
damage can lead to mutations and epimutations [57]. Diverse chemicals and
mixtures, including the fungicide vinclozolin, dioxin, some pesticides, and jet
fuel, have been shown to induce heritable sperm epimutations in experimental
animals [58]. As discussed further, cancer in offspring of smoking parents is
related to paternal preconception smoking but less so to maternal smoking. In
rodent models, paternal high-fat diet and overweight have been associated with
increased incidence of breast cancer in female offspring [59,60]. The basis for
this association is not understood, but an adverse effect on the sperm epi-
genome is plausible.

3.8 Parental Exposures Associated with Cancer in
Offspring

Maternal and paternal exposures during the preconception or prenatal period
have been associated with childhood or adult cancers in offspring. Selected case
studies presented here are intended to highlight the diverse types of prenatal
exposures that increase cancer risk later in life. For interested readers, there are
additional parental exposures that have been associated with offspring cancer in
humans that will not be discussed further here, including benzene (See [61,62]
for meta-analyses of extant epidemiology studies), air toxics [63—65], and
alcohol [66,67].

3.8.1 Radiation

The Oxford Survey of Childhood Cancers (OSCC) study was the earliest
evidence of a statistical association between abdominal X-ray of pregnant
women and childhood leukemia [1,2]. Further support comes from studies
of Japanese atomic bomb survivors exposed in utero and in early childhood,
who suffered an increased risk of diverse types of solid cancers in adulthood [68].
Risks appeared to be similar whether the exposures were in utero or during early
childhood for most cancers, except Wilms’ tumor diagnosed at 14 years of age.
In several case—control studies, but not in cohort studies, a modest and
consistent increase in cancer cases was reported with in utero exposure to
diagnostic X-rays [69]. Several other studies have shown strong associations
between maternal exposures to radiation and increases in solid tumors in
offspring later in life. The International Agency for Research on Cancer (IARC)
has concluded that “there is substantial evidence that suggests a causal
association between exposure to diagnostic radiation in utero and childhood
cancers” [69].
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3.8.2 Diethylstilbestrol

Estrogen receptors are found on many cell types, and signaling through the
estrogen receptor is involved in multiple developmental and physiological
pathways. Estrogenic chemicals include naturally occurring steroids (e.g., 17
beta-estradiol), oral contraceptives such as ethinyl estradiol (EE), fungal prod-
ucts (e.g., zearalenone), environmental pollutants such as DDT, polychlorinated
biphenyls (PCBs), bisphenol A (BPA), nonylphenol, kepone, plant products
such as genistein (isoflavone), luteolin (flavone), resveratrol (stilbene) and
coumestrol (coumarin), and the synthetic estrogen DES [70]. One of the earliest
studies reported the use of DES as a drug of choice for preventing miscarriage
and other pregnancy-related complications [71]. Often, miscarriage is preceded
by a drop in estrogen levels in pregnant mothers, and supplementing these
women with DES was thought to sustain pregnancy. It is estimated that from
the 1940s until the mid-1970s, several million pregnant women were prescribed
DES in the United States. In 1971, Herbst et al. [72] reported that the daughters
of mothers who were treated with DES during pregnancy had higher risk of
developing clear cell adenocarcinoma (CCA) of the cervix and vagina, a rare
cancer in women. This seminal study revealing transplacental carcinogenesis by
a widely prescribed drug has spawned decades of research on long-term effects
in offspring following in utero exposure to chemical substances.

In addition to CCA of the cervix and vagina, several cohort studies conducted
in the United States have shown increased risk of breast cancer in the daughters
of DES-treated mothers compared to matched nonexposed control sub-
jects [7,73-76]. In particular, these studies have shown that breast cancer
incidence is twofold higher in daughters of DES mothers after 40 years of age.
However, in a study involving DES daughters from The Netherlands, the risk of
CCA of the vagina and cervix was significantly higher beyond 40 years of age,
but no increase in breast cancer risk was observed [77]. See Section 3.9 for
further discussion of prenatal DES exposure and breast cancer.

Studies using in utero exposure of experimental animals to DES at doses
comparable to those received by humans showed similar tumor risk values
between rodents and humans, supporting the utility of rodents as models for
evaluating transplacental effects of DES (reviewed in Ref. [78]). This is in
agreement with transgenerational transmission of risk for at least two genera-
tions, increase in risk at low DES doses, and altered risk of tumor initiation
following in utero exposure to chemical carcinogens. It has been reported that
prenatal exposure to DES in mice results in several genital tract alterations,
including vaginal adenocarcinomas, adenosis, and uterine tumors [79,80].

Developmental exposure to DES has also been shown in mice to result in
reduced Tet1 expression (Tet enzymes are involved with hydroxymethylation of
cytosine bases) and reduced global 5-hydroxymethylcytosine levels in the adult
uterus, and specific epigenetic modifications (DNA hypermethylation, DNA
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hypomethylation, histone modifications) of genes related to developmental and
cancer, including Hoxa 10, Ltf, Six1, c-fos, Nsbp1 and Svs4 (reviewed in Ref. [81]).

3.8.3 Tobacco Smoke

Tobacco smoke is a human carcinogen that contains thousands of chemicals
including >50 known individual carcinogenic chemicals, including aldehydes,
hydrocarbons, aromatic amines, nitrosamines, and polycyclic aromatic hydro-
carbons, most of which can cross the placenta [10]. Thus, it has been of great
interest to determine whether maternal or paternal smoking or exposure to
secondhand smoke is associated with increased cancer risk in offspring. There
have been numerous epidemiological studies and meta-analyses conducted
over the past two decades examining this question, and while the findings are
not wholly consistent, the pattern that has emerged is one of a majority of
studies finding a small or no significant increase in risk of cancer in offspring
from maternal smoking during pregnancy, and a higher proportion of studies
finding a positive association between paternal preconceptional smoking and
offspring cancer. Interestingly, a few studies have reported a significant associ-
ation of maternal exposure to secondhand smoke and increased offspring
cancer incidence. The IARC has determined that paternal and maternal
preconceptional tobacco smoke exposure and exposure during pregnancy
are linked to increased risk of childhood cancer, based in part on studies
showing a doubling of risk of hepatoblastomas in offspring when both parents
smoke [82,83].

Leukemia is the most common cancer in children. Human and experimental
animal studies indicate that childhood leukemia develops in a two-step process,
including prenatal and postnatal events (see further). There are a number of
epidemiological studies and meta-analyses in the literature, and they are in
general agreement on linkages between parental smoking and childhood
leukemias. As a whole, these studies elucidate significant relationships between
paternal preconceptional smoking and childhood leukemia, while consistently
showing weak or absent associations with maternal smoking.

Farioli et al. [9] found no significant association between paternal smoking in
the periconceptional period or maternal smoking during pregnancy and the
incidence of acute lymphoblastic leukemia in offspring. A study of parental
smoking, CYP1A1 polymorphisms, and childhood leukemia found no signifi-
cant association with smoking, and evidence for small differences between
CYP1A1 genotypes [84]. Mattioli et al. [85] found no association of maternal
smoking with childhood acute nonlymphocytic leukemia, but weak statistical
evidence of an association with maternal secondhand smoke exposure and a
significant association with paternal smoke exposure in the periconceptional
period. In a study of maternal coffee and alcohol consumption during preg-
nancy and parental smoking, Menegaux et al. [86] reported no significant
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association of ALL and parental smoking. Metayer et al. [87] examined the risk
of childhood ALL by cytogenetic subtype, and found that paternal prenatal
smoking combined with postnatal exposure to secondhand smoke was associ-
ated with a 1.5-fold increased risk of ALL. The effect was observed for B-cell
precursor ALL with t(12;21) translocations, but not hyperdiploid B-cell ALL.
Risk of ALL was increased with paternal periconceptional smoking in a meta-
analysis by Milne et al. [88], and a dose—response was observed. Preconcep-
tional paternal smoking but not maternal smoking was also associated with
childhood ALL in a study by Orsi et al. [89].

Brain cancer is the second-most common cancer of childhood, and the
leading cause of childhood cancer death. Studies of associations between
parental smoking and childhood brain tumors (CBT) are largely negative. A
large population-based case—control study found no effect of parental smoking
on CBTs [90]. Norman et al. [91] reviewed case—control and cohort studies
published during 1971-1995. The majority of the studies did not show
increased risk of CBT with maternal smoking or secondhand smoke exposure.
Likewise, no significant association between parental smoking and CBTs was
found in the United States West Coast childhood brain tumor case—control
study [92]. In the Surveillance of Environmental Aspects Related to Cancer in
Humans (SEARCH) international (nine centers in seven countries) case—
control study, odds ratios were calculated for all types of CBTs combined,
four CBT histotypes in five age groups at each center [93]. There was no
association between parental smoking prior to pregnancy, maternal smoking
during pregnancy, or maternal secondhand smoke exposure and risk of CBT.
Parental smoking before or during pregnancy showed no association with risk
of CBT in a case—control study in Australia [94]. Interestingly, with small group
sizes, odds ratios of CBT's in children under 24 months of age were 5.06 (95% CI
1.35-19.00) and 4.61 (95% CI 1.08—-19.63). Further studies of risk of CBT by age
of the child at diagnosis are needed to confirm this preliminary finding.
Contrary to the fairly consistent negative findings of retrospective studies of
parental smoking and CBT, a prospective study of 1.4 million Swedish births
found that children of mothers who smoked during pregnancy had an increased
incidence of brain tumors (hazard ratio 1.24; 95% CI 1.01-1.53), with the
strongest relationship being observed in children 2—4 years of age at time of
diagnosis [95].

A meta-analysis of studies on the association between exposure to maternal
tobacco smoke during pregnancy and any childhood cancer [96] found a small
increase in risk of all neoplasms (relative risk 1.04; 95% CI 1.03—1.19), but not of
any individual tumor type, and no dose—response relationship was evident. The
association of childhood cancers with paternal exposure was stronger, and
significant for brain tumors (RR 1.22; CI 1.05-1.40) and lymphomas (RR 2.08;
CI 1.08-3.98). In a study of 642 childhood cancer cases and matched controls,
paternal preconception smoking was associated with a significant increase in
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cancer risk, particularly for acute leukemia (two thirds ALL, one third acute
myelocytic leukemia) and lymphoma. A dose response was evident, with
paternal smoking of five pack-years prior to conception conveying odds ratios
of 3.8 (CI 1.3-12.3) for ALL, 4.5 (CI 1.2-16.8) for lymphoma, and 1.7 (CI
1.2-2.5) for all cancers. In agreement with other studies, childhood brain cancer
was not significantly associated with paternal preconception smoking [97]. Pang
et al. [82] reported that the United Kingdom Childhood Cancer Study did not
find an elevated risk of childhood cancer associated with paternal smoking. A
meta-analysis of 18 published studies reporting both paternal smoking and
childhood ALL risk found that paternal smoking was positively associated with
childhood ALL for the preconception, pregnancy, and after birth periods, with a
dose—response relationship evident for the preconception and after birth
periods.

In a study that examined the relationship between parental smoking and
cancer risk in adult offspring, Sandler et al. [98] included cancer cases between
ages 15 and 59 at the time of diagnosis. All sites except basal cell carcinoma
were included. Cancer risk in offspring of men who smoked was increased by
50%, while there was only a slight increase in risk of cancer in offspring of
mothers who smoked. The relative risk for hematopoietic cancers was 1.7 when
one parent smoked and 4.6 when both parents smoked. This study provides an
interesting glimpse of the potential long latency between prenatal exposure and
adult cancer.

3.8.4 Pesticides

Since the 1970s, pesticides have been implicated in the etiology of childhood
leukemia, especially in rural areas where pesticides are used in agriculture.
Parental occupational exposure to pesticides in agricultural operations or their
use in the home has been associated with childhood leukemia, brain cancer,
Wilms’ tumor, Ewing’s sarcoma, and testicular germ cell tumors [99,100]. In
addition to these cancers, pesticide exposure has been associated with neuro-
blastoma, non-Hodgkin’s lymphoma, soft tissue sarcomas, and cancers of the
brain, colorectum, and testis [101]. Although many of the same kinds of cancers
are detected in adults, the risks are greater in children. In children born to
parents involved in farming, an association has been demonstrated with CNS
tumors and leukemia [102]. Turner et al. [103] reported an association between
residential exposures to pesticides, in particular insecticides, in utero or during
childhood, and childhood leukemia. Other studies also reported positive
associations of exposure to pesticides in households and childhood brain
tumors [104] and lymphoma but not leukemia or solid tumors [105], astrocy-
toma and neuroblastoma [106], and childhood leukemia [107,108]. However,
hematological malignancies have shown the strongest epidemiological associa-
tion with pesticide exposure [109,110].
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Several pesticides have been shown to induce epigenetic mechanisms in both
in vitro and in vivo systems, as reviewed by Ref. [111]. These include endocrine
disruptors (e.g., methoxychlor, vinclozolin), persistent organic pesticides (e.g.,
DDT, mirex), and metals (e.g., arsenic), which have been shown to alter DNA
methylation, herbicides, such as paraquat and dieldrin, which are involved in
histone modifications in vitro, and insecticides (e.g., dichlorvos) and some
fungicides which are involved in altered microRNA expression in vivo [111].

3.8.5 Arsenic

Inorganic arsenic (iAs) is a known human carcinogen, exposure to which has been
related to increased risk of skin, lung, bladder, and liver cancer [112], as well as other
health effects. The World Health Organization (WHO) recommends that iAs in
drinking water be at concentrations below 10 ppm [113], but this level is exceeded
in many places worldwide, including parts of the United States. Inorganic arsenic
crosses the placenta and has been shown to cause in utero growth retardation and
neonatal mortality in laboratory animals [114]. In a systematic review and meta-
analysis of the relationship between levels of iAs in groundwater and adverse
pregnancy outcomes and infant mortality, groundwater iAs concentrations of
>50 ppm were associated with increased risk of spontaneous abortion, stillbirth,
and neonatal and infant mortality. There was also a significantly lower birth weight
associated with iAs in drinking water [115]. Relationship of in utero iAs exposure to
later development of cancer was not considered in this study.

Elevated exposure to iAs occurred in the northern Chilean city of Antofagasta
when the water supply was changed to rivers that contained high concentra-
tions of arsenic (up to 1000 pg/l). More than 250,000 people were exposed to
high iAs concentrations in drinking water from 1959-1970 [116]. Studies
involving evaluated iAs exposure of pregnant mothers or children during their
early life found significant increases in lung, kidney, and bladder cancer as well
as bronchiectasis and myocardial infarction [117,118] and fetal or infant
mortality [119]. Exposure to moderate levels of iAs (<50 pg/L) was associated
with lower birth weight in infants born between 1998 and 2000 [120]. Ongoing
studies seek to elucidate the link between in utero or early-life exposure to iAs
and later life risk of cancer.

Waalkes et al. [121] carried out prenatal exposures to arsenic in two strains of
mice and examined the incidence and types of cancers in the offspring at
adulthood. In one set, they treated pregnant C3H mice with up to 85ppm
sodium arsenite in drinking water from days 8 to 18 of gestation, and offspring
were observed for up to 2 years. In utero exposure to arsenic produced a dose-
dependent increase in liver carcinoma and adrenal cortical adenoma in male
offspring and ovarian tumors and lung carcinomas and tumors together with
preneoplastic hyperplasia of the uterus and oviduct in female offspring during
adulthood. Further, prenatal arsenic exposure followed by postnatal exposure
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to the tumor promoter, 12-O-tetradecanoyl phorbol-13-acetate (TPA) in C3H
mice induced excess lung tumors in both sexes and liver tumors in females. In a
different experiment, male CD1 mice treated with iAs in utero developed
tumors of the liver and adrenal glands and renal hyperplasia, while females
developed tumors of the urogenital tract, ovary, uterus, and adrenal gland and
hyperplasia of the oviduct. Prenatal exposure of CD1 mice to iAs followed by
postnatal exposure to DES or tamoxifen induced carcinomas and papillomas of
the urinary bladder and increased the liver tumor response in both sexes [121].
Thus, in both strains of mice, iAs has been shown to be a tumor initiator and
complete carcinogen acting transplacentally.

While the mechanism underlying the induction of later life cancer by
prenatal exposure to iAs remains to be elucidated, accruing evidence suggests
arole for epigenetic developmental reprogramming. In a study of newborn cord
blood samples, prenatal iAs exposure (drinking water levels) was compared
with patterns of methylation of 424,935 CpG sites in 18,761 genes [122]. A total
of 2919 genes exhibited iAs-related changes in CpG methylation. Gene
expression was correlated with CpG methylation for a subset of the affected
genes, and DNA methylation was associated with birth outcome metrics for
seven genes. Laine and Fry [123] surveyed 12 studies of the relationship between
prenatal iAs exposure and alterations to the fetal epigenome, transcriptome,
and proteome. Across these human cohort studies, they identified a common
set of affected genes, many of which are under putative regulation by tumor
necrosis factor. There were 61 genes identified with differential CpG methyla-
tion by iAs, many known to play a role in cell cycle regulation or apoptosis.

3.9 Models for the Developmental Origins of Selected
Cancers

Studies of the development of normal tissues and aberrant development leading
to increased risk of cancer have led to the construction of conceptual models of
the series of biological events and environmental exposures that can lead to
carcinogenesis. Recent models published for breast cancer and leukemia
demonstrate plausible pathways to cancer involving aberrant developmental
processes and/or environmental insults. While there are certainly other plau-
sible models for the developmental origins of cancer, these models are exem-
plary of the current thinking and research approaches surrounding the
elucidation of developmental mechanisms of cancer.

3.9.1 Breast Cancer

The number of women diagnosed with breast cancer has been trending upward
in the United States as well as Europe, and breast cancer is the leading cause of
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cancer mortality in women worldwide [124—126]. The idea that breast cancer
risk may be increased due to environmental exposures stems from the trend in
rising incidence of the disease, the observation that the large majority of breast
cancer patients have no family history of breast cancer, and the ubiquity of
exposures to endocrine disrupting chemicals, including environmental estro-
gens. Furthermore, the increasing realization over the past several decades that
the developmental environment can have profound influence on the risk of
disease later in life has focused attention of the role of early-life exposures in the
etiology of breast cancer. A congressional report entitled “Breast Cancer and the
Environment: Prioritizing Prevention” (https://www.niehs.nih.gov/about/assets/
docs/breast_cancer_and_the_environment_prioritizing_prevention_508.pdf) set
as one of its two premises about breast cancer and the environment that “timing
matters;” thatis, there are periods of sensitivity to environmental exposures during
which key events in normal breast development are occurring, and perturbation
of these events may contribute to increased risk of cancer later in life.

Early-life exposures to DDT or DES have been linked to breast cancer in adult
women, and serve as examples of early windows of sensitivity to chemicals that
can perturb breast development and increase risk of breast cancer in adulthood.
Conceptual models for the adverse outcome pathway between exposure to
these and other endocrine disrupting chemicals and adult breast cancer have
been proposed. DDT was a widely used pesticide during the 1960s in the United
States and around the world, remains in use for malaria control in Africa and Asia,
and is highly persistent in the environment. Most studies examining the rela-
tionship between DDT exposure and breast cancer have been negative. However,
these studies for the most part did not consider life stage at the time of exposure to
DDT. Cohn et al. [127], studying the Child Health and Development Studies
(CHDS) pregnancy cohort, used age in 1945, when DDT was in wide use in the
United States, as a proxy for earliest age at exposure to DDT. Exposure prior to 4
years of age was associated with the greatest risk of cancer diagnosed before age
50, and risk of breast cancer was only associated with DDT exposure prior to age
14. In a 54-year prospective follow-up of 9300 daughters in the CHDS cohort,
maternal serum DDT concentrations 1-3 days after birth was predictive of breast
cancer in daughters by 52 years of age (odds ratio 3.7, 95% CI 1.5-9.0 comparing
4th quartile versus 1st quartile maternal serum DDT) [11].

In vitro studies have demonstrated that nanomolar o,p'-DDT enhanced the
HER?2 tyrosine kinase activity in human MCF-7 breast cancer cells and led to
increased MCEF-7 proliferative foci; both effects were blocked by a HER2
antibody [128], suggesting that DDT carcinogenicity may require activation
of HER2. Exposure of mice to the DDT metabolite, DDE, beginning at weaning,
led to shortening of the latency to HER2-positive mammary tumors [129].

DES was prescribed to several million pregnant women worldwide to prevent
miscarriage between 1947 and 1971 [130]. As already described, the critical
discovery that led to DES being the seminal example of transplacental
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carcinogenesis was the link to cervical/vaginal clear-cell adenocarcinoma in
young women exposed to DES in utero (see Ref. [131] for review). A number
of cohort studies have been conducted in the United States investigating the
association of prenatal DES exposure and breast cancer, and these studies point to
atleast a doubling of breast cancer risk in DES daughters after the age of 40 [8,73].
A similar trend found in a recent European study [77] was not statistically
significant, possibly because of the younger age of the European DES daughters
in this study. After the discovery that DES was a transplacental carcinogen and a
teratogen, animal models were developed that established causal links and
expanded the range of health effects of DES. Estrogens are linked to increased
breast cancer risk, leading to studies in animals of the effects of DES on mammary
gland development and mammary gland tumorigenesis. Across a broad range of
experimental designs (species, dosage, timing of dosage, route of administration,
spontaneous versus carcinogen-induced tumors), animal studies showed that
maternal exposure to DES at doses relevant to those taken by pregnant women
increased the incidence of mammary tumors in offspring later in life [8]. Female
offspring of pregnant rats dosed during the second and third week of gestation
exhibited increased incidence of mammary tumors. In contrast, postnatal expo-
sure prior to puberty reduced mammary tumorigenesis, similar to other estrogens.

Mammary gland bud development begins in humans at about 6 weeks of
gestation, with budding and branching continuing to 20 weeks of gestation.
Most mammary gland development is postnatal, with a rapid acceleration in
female offspring at puberty, characterized by the development of terminal end
buds into more differentiated structures, including terminal ductal lobular units
and lobular alveoli. These various processes and transitions may represent
sensitive targets for environmental insults. Rudel et al. [30] have presented a
model of the pathogenesis of breast cancer following exposure to endocrine
disrupting chemicals at different stages of the life cycle (Figure 3.2). The
processes under way during succeeding life stages present different targets
for disruption that in turn affect breast cancer risk late in life. In general,
susceptibility to tumorigenesis is highest when exposure occurs while less
differentiated terminal end buds are abundant, during adolescence [30].

Hilakivi-Clarke [8] proposed a model for the development of breast cancer
following prenatal exposure to DES. This conceptual model posits that epigenetic
changes underlie the increased risk of breast cancer in female offspring of mothers
exposed during pregnancy, and also suggests that increased risk could be trans-
mitted to future generations through epigenetic inheritance (Figure 3.3). In utero
exposure to DES is known to alter the expression of DNA methyltransferases,
promoter methylation, histone modifications, and microRNAs. Epigenetic
changes have been associated with increased risk of breast cancer in women,
including hypermethylation of tumor suppressor genes and changes in miRNA
profiles in breast tumors compared to normal breast tissue.
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Figure 3.2 Stages of normal rat mammary gland (MG) development and effects of the
environment on subsequent events. Early life EDC exposures can alter developmental
programming at multiple stages of development and into adulthood, when effects on
lactation or tumorigenesis occur. Effects on MG morphogenesis can be observed using MG
whole-mount preparations. Mechanisms of adverse effects may act through altered gene
imprinting or gene expression, disrupted endogenous MG signaling, or hormonal changes.
Plausible (filled gray arrows) or more certain mechanisms (open white arrows) are
indicated. (Photomicrographs for early life and puberty are from Refs [30] and [132],
respectively. Photomicrographs of pregnancy/lactation and adulthood are courtesy of

Dr. Suzanne Fenton.) Bars =2 mm.

3.9.2 Leukemia

There has been a trend toward increasing incidence of childhood leukemia in
recent decades, although few causes have been identified. As already discussed
in this chapter, exposure to diagnostic X-irradiation in utero and parental
smoking have been associated with increased risk of childhood leukemia, and
substantial evidence for transplacental leukemogenesis also exists for in utero
benzene and pesticide exposures. Because acute leukemias are the most
common cancer of childhood, and the etiology is still poorly understood,
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Figure 3.3 Schematic model showing prenatal exposure to diethylstilbestrol in pregnancy
and cancer risk in daughters and granddaughters. Source: Hilakivi-Clarke, https://breast-
cancer-research.biomedcentral.com/articles/10.1186/bcr3649. Licensed under CC BY 2.0.

efforts have been made to develop conceptual models of leukemogenesis, based
on both clinical observations and animal studies.

Many childhood leukemias are thought to originate prenatally, with the first
leukemogenic hit being genetic mutations or chromosomal abnormalities.
Translocations (e.g., 11q23 translocations) and hyperdiploidy are observed
in neonatal blood spots from children with acute lymphocytic leukemia [133].
Subsequent hits may be either prenatal or postnatal. One model of prenatal
development of leukemia is seen in Down syndrome infants, who are at 10-20-
fold increased risk of leukemia, with a 500-fold increased risk of megakaryocytic
leukemia [134]. This model features two prenatal “hits” that give rise to a
preleukemogenic state. The trisomy 21 condition that is the cause of Down
syndrome is thought to be the first hit, present from conception, and the second
hit is a GATA1 mutation in the fetal liver. A block in megakaryoblast
differentiation and mutant cell clones can produce transient abnormal mye-
lopoiesis, which may resolve, or with additional hits yet to be identified, progress
to acute megakaryocytic leukemia (Figure 3.4). Another model, which has been
proposed for non-Down syndrome childhood leukemia, includes an in utero
first hit by exposure to an environmental agent, like benzene [135] or
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Figure 3.4 Stochastic model showing development of leukemia in Down syndrome (DS)
patients. Megaloblasts from DS patients with constitutional trisomy with an acquired
mutation in the transcription factor GATA1 with additional hits are likely to contribute to
leukemogenesis. TAM, transient abnormal myelopoiesis; AMKL, acute megakaryocytic
leukemia. Source: Reproduced from Ref. [134] with permission of Elsevier.

pesticides [136], causing oxidative stress, fragile site breakage or additional
mutations, DNA double strand breaks and misrepair, and chromosomal trans-
locations. Resulting chimeric proteins produce dysregulated gene expression
and cell signaling. Secondary insults may be postnatal, including genetic or
epigenetic alterations or aberrant immunomodulation. Enhanced proliferation
and blocks to differentiation followed by clonal expansion then lead to overt
leukemia (Figure 3.5).

3.10 Public Health Agencies’ Views on Prenatal
Exposures and Cancer Risk

3.10.1 The United States Environmental Protection Agency (US EPA)

In 1994, the National Research Council (NRC) recommended that “EPA should
assess risks to infants and children whenever it appears that their risks might be
greater than those of adults” [137]. In response to these NRC recommendations,
the EPA developed the “Supplemental Guidance for Assessing Susceptibility
from Early-Life Exposure to Carcinogens” [17]. The Supplementary Guidelines
for risk assessment take into account the sensitivity of postnatal exposure to
chemical carcinogens. They also examine the differential susceptibility for
mutagenic carcinogens and recommend adjustments to the adult cancer slope
factor when estimating cancer risk from early life exposure. In order to account
for postnatal exposure to carcinogens during these vulnerable life stages,
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Figure 3.5 Chain of pathogenic events linking pesticide exposure to the development of
childhood leukemia. Blue arrows indicate events related to the “first hit” and red arrows
events relate to the “second hit.” TEL, translocation-Ets-leukemia; AML, acute myeloid
leukemia; PBX1, pre-B cell transcription factor 1; CNS, central nervous system; RAG,
recombination-activating gene. Source: Hernandez, http://www.mdpi.com/1422-0067/17/4/
461/htm. Used under license CC-By 4.0.

USEPA applies additional Age-Dependent Adjustment Factors (ADAFs) when
calculating human cancer risk. These ADAFs, which are comparable to
uncertainty factors, are applied to account for the particular vulnerabilities
of the early postnatal period, childhood, and adolescence [17,138]. This EPA
guidance does not explicitly address prenatal exposures, but allows for
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additional consideration of life stage susceptibility as relevant scientific infor-
mation on mechanisms of action during early life stages emerge: “Although the
available studies (discussed previously) indicates that higher or lower cancer
risks may result from early-life exposure, there is insufficient information or
analyses currently available to determine a general adjustment at this time. As
other modes of action become better understood, this information may include
data on quantitative differences between children and adults” [17].

3.10.2 The California Environmental Protection Agency (CalEPA)

In 2009, the NRC released one of its reports entitled Science and Decisions:
Advancing Risk Assessment (also called the Silver Book), wherein it was
recommended that “EPA needs methods for explicitly considering in cancer
risk assessment in utero exposure and chemicals that do not meet the threshold
of evidence that EPA is considering for judging whether a chemical has a
mutagenic mode of action” [139]. In 2009, the California Office of Environ-
mental Health Hazard Assessment published a report entitled “In Utero and
Early Life Susceptibility to Carcinogenesis: The Derivation of Age-at-Exposure
Sensitivity Measures” [18]. This report considered and documented informa-
tion on early-life susceptibility to carcinogens from human as well as exper-
imental animal studies. In referring to early-life cancer susceptibility in humans,
the CalEPA report documented studies with prenatal exposure to synthetic
hormones such as diethylstilbestrol (DES) [72,140], X-irradiation [141], radio-
active iodine [142], and immunosuppressive agents [143] (Table 3.2).
CalEPA [18] compiled early life exposure data for different chemicals initially
from multilife stage exposure studies that had at least two groups of animals of
which one group was exposed to chemicals during any of the different life
stages, prenatal (conception to birth), postnatal (birth to weaning), juvenile
(weaning to sexual maturity), while the second dose group is exposed preferably
as adults (sexual maturity/breeding age). Experimental species included rats,
mice, gerbils, and hamsters (Table 3.3). In studies where adult animals were not
exposed, animals exposed as juveniles served as the referent group for com-
parison to the prenatal group. From the multilife stage exposure studies, 23
carcinogens were identified, of which 20 were genotoxic and the rest were
nongenotoxic carcinogens. Of the 23 carcinogens, only 14 chemicals had
prenatal exposure studies, which comprised 8 genotoxic and 6 nongenotoxic
carcinogens. Cancer potency was estimated as an increase in risk with increas-
ing cumulative dose. A life stage potency ratio (LP), which represents the
inherent susceptibility of early life stages to carcinogen exposure, was calculated
by dividing the early life stage exposure dose by that from an exposure
conducted in adult animals. The results from these studies indicated that
the prenatal, postnatal, or juvenile stage is sometimes, but not always, more
sensitive to carcinogen exposure compared to the adults. This also suggests that
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Table 3.2 Early life cancer susceptibility in humans.

Agent (reference)

Susceptible group  Case

References

Diethylstilbestrol
(DES)

X-irradiation
treatment for
Hodgkin’s lymphoma

Radioactive iodine
fallout from the 1986
Chernobyl accident

Immunosuppressive
drug treatment
associated with organ
allograft

Fetus

Girls with
developing breast
tissue (10-16
years old)

Fetus/children

Children ages 18
years or less

In utero exposure arising from
administration of DES during
pregnancy resulted in an
increased risk of cervical/
vaginal adenocarcinoma in
daughters, but not in mothers
taking the drug

10-16-year-old girls
considerably more likely to
develop breast cancer than
those under age 10 similarly
treated. Risk of cancer by age
40: 35%

Increased risk of thyroid
carcinoma was observed in
children from Ukraine and
Belarus exposed to radioactive
iodine fallout. The greatest risk
of thyroid carcinoma was
observed in children aged five
and under at the time of the
accident.

Children are more prone to
develop posttransplant
lymphomas and
lymphoproliferative disorders
than adults (53% versus 15%)

[72,140]

[141)

[142]

[143]

Source: Adapted from Ref. [18].

factors in addition to metabolic maturity may be contributing to prenatal
susceptibility. For example, although safrole and benzidine require metabolic

activation, they display greater susceptibility to in utero exposure.

CalEPA then conducted case studies with two genotoxic chemicals, dieth-
ylnitrosamine (DEN), which requires metabolic activation and ethylnitrosourea
(ENU), which is a direct-acting carcinogen. The prenatal period was less
sensitive to DEN exposure than the adult life stage, while ENU showed the
opposite effect. This may be explained by the fact that DEN requires metabolic
activation and cannot be metabolized by the embryo/fetus to the same extent as

in adults.
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Table 3.3 Multilife stage studies in experimental animals.

Chemical Species Exposure life stages References

Prenatal Postnatal Juvenile Adult

Genotoxic carcinogens

Benzidine Mouse +9 + + [144]
Butylnitrosourea Rat + + + [145]
Diethylnitrosamine (DEN) Hamster +% + (14619
+9 + [146]
Ethylnitrosourea (ENU) Rat +9 + + [147]
+9 [148]
3-Methylcholanthrene Mouse +9 + [149]
(3-MC) +9 + [150]
Safrole Mouse +9 + + [144]
+9 + + [151]
Urethane Rat +9 + + +9 [152]
Vinyl chloride Rat +9 + + [153]
Nongenotoxic carcinogens
Diethylstilbestrol (DES) Mouse +9 + [154]
Dimethylnitrosamine (DMN)  Hamster + + [155]
Di-n-propylnitrosamine Hamster + + [155]
(DPN)
+9 + [156]
1-Ethylnitrosobiuret Rat +9 + + [157]
2-Hydroxypropylnitrosamine ~ Hamster +° + [156]
4-(Methylnitrosamino)-1-(3- Mouse +9 + [158]

pyridyl)-1-butanone (NNK)

a) Prenatal period more sensitive than adult in multilife stage studies.

b) Dosing initiated in later part of the juvenile period, from day 46 to 61.
¢) Prenatal period less sensitive than adult in multilife stage studies.

Source: Adapted from Ref. [18].

3.10.3 Washington State Department of Ecology (WA DoE)

Consistent with the new scientific information and regulatory guidance pro-
vided by USEPA’s Guidelines for Carcinogenic Risk Assessment [16] and
Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure
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to Carcinogens [17] and CalEPA’s methods and policies for making early-life
stage adjustments to carcinogens with other modes of action [18], the State of
Washington’s Department of Ecology (WA DoE) has also evaluated the rele-
vance of increased susceptibility of children from environmental exposures to
carcinogens. The WA DoE explored sources of scientific uncertainty and
variability that should be considered while updating and revising its Model
Toxics Control Act (MTCA) cleanup regulation [19]. They determined that
sufficient information exists based on physiological, behavioral, and anatomical
differences between different life stages to indicate differences in exposure
patterns and cancer potencies [19].

3.11 Conclusions

It is clear from the examples and discussions that exposures limited to the
prenatal period are sufficient to induce cancer later in life in offspring in both
humans and in animal studies. Human transplacental carcinogens identified by
IARC include DES, ionizing radiation, and tobacco smoking. There are many
more chemicals identified in laboratory animal studies. In an analysis of rodent
studies on 15 chemical carcinogens, Hattis et al. [159] estimated a 5-60-fold
increased carcinogenicity in the birth-to-weaning stage compared to adult
exposure for mutagenic carcinogens, and an approximately fivefold increased
risk from radiation exposure or direct-acting nitrosoureas during the fetal
period, but not to mutagenic carcinogens requiring metabolic activation. Hattis
et al. [160] conducted a quantitative likelihood analysis of life stage sensitivity of
rodents to mutagenic carcinogens and estimated that for a “generic mutagenic
carcinogen,” mean lifetime exposure risk (including all life stages) was 2.8-fold
higher (5-95% confidence interval 1.5-6-fold) than risk from adult-only
exposure.

The prenatal period may be more, similarly, or less sensitive to the induction of
cancer by chemical exposure than the adult, and the biological differences
underlying life stage differences in susceptibility almost certainly include both
pharmacokinetic and pharmacodynamic differences. The rapidly dividing cells of
the embryo may be more sensitive to genotoxic carcinogens, and the presence of
large numbers of stem cells and precursor cells at different stages of differentia-
tion may also contribute to increased sensitivity [161]. Our growing under-
standing of the reprogramming of the epigenome during gametogenesis and early
embryogenesis, and the elucidation of epigenetic changes occurring in carcino-
genesis, has opened a fertile field for new understanding of the biological basis for
sensitivity of the preconceptional and prenatal periods to carcinogen exposure.
Such an understanding could also open the door for development of diagnostic/
predictive biomarkers of later-life risk of cancer from prenatal exposures,
allowing prospective identification of at-risk populations.
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The Mechanistic Basis of Cancer Prevention
Bernard W. Stewart
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4.1 Introduction

Cancer prevention is central to cancer control. Cancer control refers to all
measures calculated to lessen the burden of malignant disease on the commu-
nity by reducing the incidence of, or morbidity or mortality due to, cancer. All
aspects of the clinical management of malignant disease, including improving
the quality of life for those living with cancer and their carers, represent the
immediate response to cancer diagnosis and a singular focus for community
awareness. However, even as therapeutic intervention is revolutionized by the
application of precision medicine [1], recognition of the likely burden of disease
worldwide means, as summarized by the Director of International Agency for
Research on Cancer (IARC), that we cannot treat our way out of the cancer
problem [2].

4.2 A Mechanistic Approach

Prevention, in the present context, can be seen as encompassing all initiatives
calculated to reduce cancer incidence. Traditionally, cancer prevention has
been categorized as primary or secondary: the former referring to reduced
exposure to carcinogens and the latter involving all other matters including, for
example, the detection of premalignant disease through screening [3]. This
approach is challenged by current insights regarding cancer etiology, specifi-
cally our recognition that only a subset of tumor types and perhaps an even
smaller proportion of cancer cases are attributable to the impact of known
carcinogens [4]. There are, however, cancer risk factors such as overweight/
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obesity that are considered to identify opportunities for cancer prevention.
Accordingly, the opportunity is taken in this chapter to address cancer
prevention with reference to current understanding of cancer etiology, includ-
ing but by no means limited to the role of carcinogens.

4.2.1 Specifying Carcinogens

Accordingly, this discussion of cancer prevention is predicated, at least in the
first instance, on etiology. Options to prevent cancer may be addressed on the
basis of what is known about cancer causation, beginning with the conventional
understanding of carcinogens. Carcinogens are particular chemicals or complex
mixtures of chemicals, certain infectious organisms, and some types of electro-
magnetic radiation that increase the incidence of cancer in populations of
humans and/or animals exposed to them [5]. Unless otherwise specified, the
terms cancer, carcinogen, and carcinogenic as used in this chapter refer to
humans.

Eliminating or reducing human exposure to particular carcinogens varies
markedly in relation to whether exposure is involuntary and occurs in the
absence of any direct decision to bring about such exposure [6]. Relevant
circumstances include those at work, as a consequence of using a particular
drug, being subject to pollution, and contact with carcinogenic contaminants in
food or consumer products. Circumstances of exposure to carcinogens
primarily as a consequence of individual decision-making are often identified
as being determined by lifestyle. Exposure to carcinogens may occur as a
consequence of active smoking, drinking alcohol, or deliberate sun exposure —
relevant circumstances of exposure being largely, if not wholly, the responsi-
bility of individuals.

Occasionally, separation of circumstances of exposure to carcinogens into
those that are nominally unavoidable and those in which an individual acqui-
esces to a lesser or great extent can apparently lead to reliance upon semantics.
Thus, active smoking is the prerogative of individuals, but exposure to second-
hand smoke in many circumstances is unavoidable, and to that extent, not a
matter of personal choice. Contact with hair dyes is an occupational exposure,
and therefore unavoidable for hair dressers, but exposure to these products also
involves consumer choice in relation to individuals who decide to dye their hair.
A consequence of different circumstances of exposure to the same carcinogen is
that preventive options in respect of a particular agent may likewise involve
multiple specifications depending on the context.

4.2.2 Cancer Risk Factors Without Carcinogen Specification

Options for cancer prevention are not restricted to circumstances involving a
specified carcinogen. Increased risk of cancer may be causally associated with
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undertaking certain work in the context of which relevant carcinogens are
implicated but not identified [7]. Increased risk of cancer consequent upon shift
work or sedentary work does not implicate the role of an exogenous carcinogen
(s). For the community at large, increased risk of cancer may be a consequence
of overweight/obesity [8] or lack of physical exercise [9]. Despite prevention
predicated on reduced exposure to a particular carcinogen(s), the scenarios
mentioned in this paragraph prompt almost immediate recognition of preven-
tive options not involving reduced carcinogen exposure.

There are multiple aspects of cancer etiology that are not immediately
identified with the impact of exogenous agents. Hormonal and/or reproductive
history mediate risk of certain cancers, primarily breast cancer [10]. Nonethe-
less, when populations are compared, variables such as age at menarche are
shown to be influenced by nutritional status. Such considerations may implicate
certain preventive options.

Heritable risk of cancer, including that mediated by highly penetrant single-
gene defects such as mutation of BRCA1, implicates a particular approach to
prevention — namely, the recognition of high risk individuals, and for those so
identified, the provision of relevant services. Precision medicine, along with the
prospect of an increasing proportion of the community being subject to
genomic or comparable analysis, taken together with characterization of
susceptibility by genome-wide association studies, offers new prospects for
cancer prevention [11].

Finally, cancer may occur independent of any category of causative agent,
with sex, age, race, and the like being the only evident risk factors. Sometimes
identified as spontaneous disease, incidence rates for any tumor type being
equated with the lowest recorded among diverse communities worldwide.
Causation of such disease has been addressed as inherent to fundamental
biological processes and the operation of chance [12]. By definition, primary
prevention is excluded. To the extent that cancer prevention includes all
measures calculated to reduce incidence and, particularly, mortality, cancer
screening for either premalignancy or early-stage malignancy is the primary
option for prevention of spontaneous disease.

4.3 Preventing Cancer Attributable to Known Carcinogens

4.3.1 Involuntary Exposure

4.3.1.1 Infectious Agents

The burden of cancer caused by infectious agents varies markedly between
communities, accounting for a third of all cases in sub-Saharan Africa to about
3% in Australia and New Zealand [13]. Despite diversity, vaccination against
HPV infection is as relevant to the prevention of cervical and related cancers in
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the Australian community as it is to those in low- and middle-income countries
where cervical cancer mortality is toward the top, if not the major cancer
afflicting women. The efficacy of vaccination is successively being established,
while new formulations are effective against an increasing broad spectrum of
HPV subtypes [14].

The effectiveness of vaccination against hepatitis B virus is best illustrated in
Taiwan and Singapore where in less than two decades hepatitis B antigen
carriers dropped from 9.1 to 2.7% and the incidence of hepatocellular carci-
noma dropped from 27 to 17% [15]. Introduction of HBV vaccination nationally
in Gambia, following an IARC-supported intervention trial, has resulted in a fall
in HBV infection from 15 to 20% when the project was initiated to less than
1% [16].

Infectious disease predisposing to cancer may be responsive to drug treatment.
This year, several direct-acting antiviral agents to treat hepatitis C are anticipated
to complete successful phase II1 trials and be commercially available [17]. Limited
progress has been made in therapy for eradication of Helicobacter pylori infection
because of resistant species. Data from randomized control trials suggest that
searching for and eradicating H. pylori reduces the incidence of gastric cancer in
healthy asymptomatic infected Asian individuals, but these data cannot neces-
sarily be extrapolated to other populations [18].

4.3.1.2 Occupation

More single chemical substances have been recognized, and subsequently
established as causes of cancer in humans, in an occupational context than
in any other circumstance of exposure [5]. Thus, in respect of agents identified
by IARC as carcinogenic to humans (group 1) until 2009, and therefore
evaluated in the six Monographs volumes 100A-F, two volumes entitled
“Chemical agents and related occupations” and “Arsenic, metals, fibres and
dusts” concern occupational exposure, while, apart from chemicals, the volume
addressing “Radiation” is largely concerned with occupational situations.
Occupational carcinogens continue to be identified, particularly by singular
circumstances of exposure giving rise to particular tumors as exemplified by
1,2-dichloropropane causing cholangiocarcinoma [19]. Most exposure to car-
cinogens in the workplace involves inhalational exposure, with dermal exposure
also being relevant in some instances and ingestion and other routes of
exposure being recognized in particular instances [20].

A range of measures are recognized as means to prevent occupational
cancer [21], beginning with the abandonment of particular industrial processes
or the replacement of carcinogenic chemicals with less hazardous substances.
Failing that, closed systems may be adopted to prevent exposure, and this end
may be achieved at least, in part, by the adoption of improved ventilation
systems. Provision of personal protective equipment is considered the option of
last resort. All such equipment must be properly maintained, specifically
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including replacement of filters where appropriate. Exposure may also be
reduced by the adoption of good hygiene practices, as facilitated by provision
of clean work clothing and appropriate washing facilities.

Occupational cancer is wholly preventable by regulation that may be adopted
in relation to any of the scenarios outlined above. In particular, statutory
limitations on exposure, with reference, for example, to threshold limit values,
provide for reduced exposure [22]. However, primary reliance on such regula-
tory determinations is not justified [23].

4.3.1.3 Drugs

While exposure to chemicals in the workplace is incidental, and in some cases,
at least, involves minimal levels, drugs are, by definition, administered at levels
known to have a physiological impact in some context. Safety of drugs,
specifically with reference to avoiding of iatrogenic cancer, principally involves
a focus on side effects and toxicity at the preclinical and phase 1 trial level of
drug development, together with vigilance in relation to drugs in use [24]. Key
considerations involve attention to functional groups as evidenced by molecular
structural considerations and attention to appropriate testing for mutagenic
activity arising in the course of metabolism [25].

Development of cancer consequent upon the use of particular drugs is rare,
and discontinued use is the obvious preventive option, as has been the case with
diethylstilbestrol and phenacetin. Pharmaceutical steroids as encountered in
oral contraceptives and hormone replacement therapy have been variously
demonstrated to increase and, in some instances, decrease risk of particular
cancers [26,27]. The benefits accruing from such agents have warranted
changes in formulation and constraints on usage as preventive measures.
Likewise, with reference to the continued use of some hazardous pharmaceut-
icals, the largest category of cancer-causing drugs involve anticancer agents,
ranging from alkylating agents to receptor-mediated agents, the carcinogenicity
of which may primarily involve certain drug combinations. These agents
identify the rare situation where monitoring of persons exposed in the context
of pediatric cancer patients developing second malignancy is considered an
acceptable option for cancer prevention [28].

Some natural products in traditional medicines, exemplified by plants
containing aristolochic acids [29], are now recognized as carcinogenic. Other-
wise, the scope of drugs for which some evidence of carcinogenicity exists is
broad as exemplified by digoxin, hydrochlorothiazide, triamterene, primidone,
and methylene blue [30]. No single formula may be endorsed as a preventive
option. Rather, statutory authorities in all countries must strike a balance
between particular risk data and the benefit accrued to relevant communities
through using the drug concerned. In the present context, licensing and
marketing of pharmaceuticals is properly recognized as a means through which
cancer prevention can be achieved.
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4.3.1.4 Pollution

The clearest burden of cancer attributable to pollution involves contamination of
water by arsenic from natural and industrial sources in many countries, including
Taiwan, Bangladesh, China, and some countries of Central and South America,
with a level of concern being concentrations of greater than 10 pg/l [31,32].
Practicable means of reducing arsenic contamination of drinking water in
southeast Asia center on well-switching, particularly to deep wells, rather than
water treatment [33]. In Bangladesh where the problem is acute, both the means
and the limitations on reducing arsenic levels are recognized [34]. Obviously,
industrial pollution of water by arsenic is, at least in some instances, amenable to
prevention by environmental protection legislation [35].

Although outdoor air pollution may be specified as causing lung cancer [36],
prevention of this disease burden is most readily addressed with reference to
specific pollutants. Diesel engine emissions are known to cause lung cancer, and
are implicated as a cause of bladder cancer. Improved technology, characterized
as low-emission, advanced-technology on-road heavy-duty diesel engines, is
seen as contributing to reduced risk of cancer [37]. Technology is also
recognized as fundamental to emission controls as addressing cancer in
communities near polluting industry. Obviously, a range of respiratory diseases,
and not cancer alone, are addressed by regulatory controls [38].

The need to reduce outdoor air pollution is preeminent in relation to
pollutants apart from those specifically recognized as carcinogenic, and is
achievable by statutory means to the betterment of health [39]. Reducing levels
of industrial and vehicular air pollutants is a priority for countries with
emerging economies [40]. Demonstrable improvement in prospects for indus-
trial emissions can be achieved if appropriate control measures are adopted [41].
In 2012, the Chinese government launched a National Plan on Air Pollution
Control in Key Regions setting out for the first time strict targets. To further
improve air quality, the Chinese government adopted the first National Action
Plan on Air Pollution Prevention and Control, which requires that, by 2017,
specified particulate matter levels in cities above the prefecture level must be
reduced by over 10% compared with 2012 levels [42].

4.3.1.5 Dietary Carcinogens
Carcinogen-contaminated food is exemplified by exposure to aflatoxins. Cancer
causation by aflatoxins is related to the prevalence of hepatitis in the population
exposed [43]. Food policy reforms in China resulted in a dramatic decrease in
aflatoxin exposure, which, independent of hepatitis B virus vaccination, has
reduced liver cancer risk [44]. Reduced exposure to aflatoxins in Africa is being
achieved by improved grain storage and biocontrols [45].

Apart from aflatoxins, a range of fungal metabolites are implicated as possible
causes of cancer and other toxic injury [46]. Fumonisins have been associated
with liver and kidney cancer; ochratoxin A has been associated with kidney and
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liver cancer, and sterigmatocystin is associated with liver and lung cancer.
Preventive action in relation to such dietary contaminants primarily involves
establishment of storage and other conditions that minimize growth of the
respective fungi [47].

4.3.2 Tobacco Smoking

Tobacco smoke includes both a gaseous and particulate phase, and is a complex
mixture of several thousand compounds that include, as the principal carcino-
gens, various polycyclic aromatic hydrocarbons and the nitroso derivatives of
nicotine and nornicotine [48]. These chemicals are genotoxic carcinogens, and
their impact on respiratory epithelium and other tissue is augmented, in respect
of mediating malignant transformation, by substances causing inflammation
and cellular proliferation following toxic injury. Tobacco smoke also contains
nicotine that is addictive.

Tobacco smoking, specifically the smoking of cigarettes, is the major known
cause of cancer. In 1981, Doll and Peto [49] ascribed approximately 30% of
preventable cancer in the United States as caused by tobacco smoking; an
estimate that has changed only marginally in the following 35 years [50]. Lung
cancer has long been recognized in many developed countries as the major
malignancy caused by smoking, but at least 14 other anatomical sites are
involved including various organs of the aerodigestive and urinary tracts,
together with one form of leukemia and also cervical cancer [51]. Tobacco
smoking is established as a cause of lung and other cancer to the point of
scientific certainty.

In virtually all communities worldwide, specifically among males, 75% or
more lung cancer cases are attributable to tobacco smoking. This consideration,
taken together with a 5 year survival rate for lung cancer of 15% or less, means
that lung cancer mortality is a de facto indicator of tobacco usage occurring
some 20-30 years before [52].

In many discussions of cancer prevention, tobacco smoking is the first and
major topic considered as justified by both the burden of attributable malig-
nancy and the scope of preventive initiatives [3]. Preventive measures evolved in
relation to tobacco are now reckoned to encompass most, if not all, options that
may contribute to changed behavior in relation to hazardous substances
exposure, which is largely governed by personal choice. Reduced lung cancer
rates have been attributed to tobacco control [53].

A further singular dimension to tobacco control involves the WHO
Framework Convention on Tobacco Control — the first such international
agreement adopted under the auspices of WHO [54]. The measures addressed
in this international agreement have been enacted to varying degrees in
different countries, each covering timeframes that also often vary between
nations.
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4.3.2.1 Measures to Limit Availability and Promotion
There is no general recognition of prohibition as a means to prevent cancer
caused by smoking. Instead of banning tobacco products outright, in most
jurisdictions their sale is restricted to adult customers; sale of the product to
minors is illegal [55]. In many countries, tobacco products are often only
available through a restricted category of outlets that may be subject to
restricted opening times. The use of vending machines may be controlled.

Bans on the advertising of tobacco products, originally restricted to print and
electronic media, and now involving electronic communications, are among the
earliest measures recognized as contributing to tobacco control [56]. While
promotion was initially recognized as involving sales promotion through
advertising, the tobacco industry progressively resorted to other forms of
promotion encompassing, for example, logo display in relation to sport,
cultural, or other activity and promotion exemplified by the apparently inci-
dental occurrence of smoking in the course of films and television pro-
grams [57]. Promotion overtly directed to youth has seen the marketing of
flavored cigarettes [58]. Typically, litigation and specific legislation have seen
these various initiatives at least subject to challenge, and prohibited in various
jurisdictions.

The application of taxation policy as a means of raising the price of cigarettes
is widely recognized as among the most effective tobacco control measures
available [59].

4.3.2.2 Product Labeling, Health Warnings, and Usage Restrictions

Community awareness of the disease consequences of smoking has been
achieved, in part, by warning labels mandated to be displayed on cigarette
packs and the like [60]. The area of the pack and the graphic nature of such
warnings have progressively increased over decades in most high-income
countries. Most recently, in Australia, legislation to enforce plain packaging
of cigarettes has been adopted [61] and other countries have indicated a
commitment to this end [62]. The legislation has been challenged as an
infringement of intellectual property rights and a restriction on international
trade, thus far without effect.

Youth awareness of tobacco smoking as addictive and as causing respiratory
disease, cardiovascular disease, and cancer is now a fundamental aspect of
health education [63]. Community awareness of harm from tobacco smoking,
including cancer causation, may be increased by media-based advertising
supported by health authorities [64].

Inhalation of tobacco smoke by nonsmokers, sometimes specified by refer-
ence to environmental tobacco smoke or secondhand smoke, is recognized as
causing a range of respiratory disease particularly in children [65]. A minor
fraction of disease attributable to secondhand smoke is due to lung cancer [66].
Restrictions on tobacco smoking have progressively included, to a lesser or
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greater extent in different countries, most workplaces [67], health care centers,
public places, restaurants, bars, and other hospitality businesses [68] and some
outdoor spaces, specifically where food is served [69].

4.3.2.3 Smoking Cessation

The tobacco control measures outlined thus far may be viewed as being
effective by reducing the number of people who may otherwise have taken
up smoking, though many of these measures may encourage present smokers to
quit. The fact that tobacco smoking causes cancer critically includes reduced
incidence of disease after smoking cessation. The benefit is age related, being
most clear for people aged under 30, but still evident at any age that has proved
amenable to investigation [70].

Since the matter was first subject to study, the limited success of individuals
wishing to quit has provided clear evidence of the addictive impact of tobacco
smoking. The situation has been markedly improved with the availability of
nicotine replacement therapy [71]. Moreover, there are now a range of
pharmaceutical products available to support smoking cessation [72]. Apart
from smokers otherwise apparently in good health, the preventive benefit of
smoking cessation specifically includes increased survival of persons diagnosed
with almost all tumor types [73].

4.3.3 Alcohol Drinking

Approximately 3—5% of all cancer in high-income countries is attributable to
the consumption of alcoholic beverages [6]. Drinking alcohol causes cancers of
the oral cavity, pharynx, larynx, esophagus, liver, colorectum, and female breast.
Cancer causation is mediated by ethanol, which, in addition to alcoholic
beverages, is categorized as an IARC group 1 carcinogen [51].

In light of such causative information, it may be supposed that reduced
consumption of alcohol is specifically identified as a central approach to cancer
prevention. Quite obviously, this is not the case. The acute harm done by
reckless and excessive consumption of alcohol is the focus of concern, begin-
ning with the deaths and injury caused by drink driving and alcohol-fuelled
violence [74]. A further immediate effect of alcohol consumption involves fetal
injury, while chronic affects include addiction and cirrhosis. Initiatives to
discourage high-level consumption of alcohol can be identified as contributing
to cancer prevention, but are rarely framed in that context specifically.

In theory, nearly all of the measures developed in relation to tobacco control
are applicable to the availability and use of alcohol. In practice, only a few
matters have been actively pursued. Price, as subject to modification by taxation
policy, influences alcohol availability [75]. Warning labels are an option, but
unlike tobacco, where adopted, warning labels on alcohol typically do not refer
to cancer causation as a reason for limiting intake [76].
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4.3.4 Solar and Ultraviolet Radiation

Ultraviolet (UV) radiation causes all types of skin cancer, squamous cell
carcinoma, basal cell carcinoma, and malignant melanoma. Risk is related to
the circumstances of radiation, and varies in relation to a range of genetic
factors [77]. Exposure to carcinogenic UV irradiation predominantly involves
exposure to sunlight that may be incidental, specifically including occupational
exposure, or deliberate. Other hazardous sources include UV-emitting tanning
devices [78] and radiation emitted in the course of welding [79]. Skin cancer is
subject to variation according to race, with Celtic heritage as indicated by fair
skin, red hair, and blue eyes indicating marked susceptibility. Beyond that, risk
of these cancers overwhelmingly involves white-skinned people [80].

Occupational exposure to sunlight is virtually unavoidable for a range of job
descriptions that encompass, but obviously are not limited to, all categories of
agricultural and forestry work; work maintaining road, electricity, and other
services; many circumstances of construction and building work; on-foot
supervision of pedestrian and vehicular traffic; and much employment centered
on physical activity and recreation. Preventive measures may most immediately
include employer provision of protective clothing (including eye protection)
and sunscreen usage, all used in the context of a recognized hazard awareness
and prevention program [81]. Beyond ensuring adoption by employees of “sun
smart” practices, management initiatives may include adoption of work hours
to exclude peak intensity exposure around midday.

Recreational exposure to sunlight is particularly challenging in communities
in which a tan is recognized as a mark of good health. Behavioral change,
predicated on the betterment of health-based education, may serve to underpin
increased use of protective clothing and sunscreens [82]. Confirmation of the
status of sunscreens as reducing risk of sunlight-induced cancer has been
challenging in light of clear experimental evidence [83]. Simplistically based
studies indicated that crudely assessed sunscreen use may serve as a de facto
indicator of sun exposure and be positively associated with risk. In rigorously
controlled circumstances, the protective effect is evident [84].

Means of sun avoidance are now established [85]. Prevention of unnecessary
and harmful exposure of children to sunlight warrants particular mention as the
one aspect of solar exposure [86] that may be viewed as appropriately addressed
by regulation [87]. In Australia, for example, provision of shaded areas for child
play is a statutory requirement, and there is similar enforcement of children’s
school clothing, specifically involving the wearing of hats [88].

The use of tanning devices is known to cause skin cancer independent of any
requirement to extrapolate from findings involving solar radiation [77]. Pre-
vention of cancer from tanning devices is in large part by statutory limits on the
commercial provision of relevant services, at least to persons under 18, and in
some jurisdictions involving an absolute prohibition [89,90].



4.4 Prevention Involving Complex Risk Factors
4.4 Prevention Involving Complex Risk Factors

The term complex risk factors is used here to identify modifiable risk factors
associated with cancer to the point of causation or to some lesser degree and
that cannot be readily characterized as involving exposure to a known or
immediately implicated carcinogen(s). Such circumstances of increased cancer
risk are inherently challenging in relation to cancer prevention by comparison
with cancer risks already discussed.

4.4.1 Workplace Exposures

Increased risk can sometimes be unequivocally identified with reference to
particular job descriptions, most readily illustrated by reference to lung and
bladder cancer being caused by work as a painter [91,92]. The relevant risk may
be mediated by solvents, pigments, and/or some other components of paint or
some exposure common to painters but not involving paint per se. Initiatives
that may be rationalized in terms of some likely preventive effect are broad,
extending from personal protective equipment through to monitoring the
impact of altered technology and formulations [93]. Monitoring relevant
workers in relation to indicators of exposure through to the early detection
of disease may be considered [94].

4.4.2 Diet and Overweight/Obesity

As described more than 35 years ago in the assessment of attributable risk by
Doll and Peto [49], the major role accorded to diet did not involve carcinogen-
contaminated food but dietary composition, including, for example, fat intake.
Estimates since that time have generally involved reducing the proportion of
cancer cases attributable to diet and attributing cancer to overweight/obesity,
particularly as this risk factor has become increasingly prevalent not only in
high-income countries but also in other communities worldwide [6,8].

Independent of the impact of food contamination by dietary carcinogens
such as aflatoxins, relatively few foods have been specifically identified as
contributing to increased risk of cancer. Primary among these are red meat
and processed meat [95]. For colorectal cancer, risk is incrementally related to
intake. Sustained high intake of processed meat (over 100 g/day) and red meat
(over 200 g/day) leads to the highest risk. By implication, reducing such intake
would be preventive and dietary guidelines may be envisaged as contributing to
this end. Immediate confirmation of a preventive intervention through ran-
domized control trial is extremely challenging [96].

A critical factor in evaluating consumption of red and processed meat as
presenting a carcinogenic risk to humans was that relevant epidemiological
studies were designed to control for the impact of alcohol drinking, smoking,
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and various parameters related to overweight obesity, sometimes addressed
through BMI determinations or information regarding caloric intake. From a
biological and epidemiological perspective, the requirement to distinguish
between increased risk of cancer being directly associated with consumption
of meat and any such risk being a consequence of overweight/obesity that
occurs as a result of poor diet including high meat intake is imperative.
Arguably, from a public health perspective, this distinction is a minor consid-
eration, particularly if it can be established that avoidance of high meat intake
results in decreased cancer risk [97].

The chronic disease is most markedly caused by overweight/obesity is type 11
diabetes [98]. By comparison, risk of certain cancers is almost an order of less
magnitude. Behavioral change is fundamental to reducing the proportion of the
population categorized as overweight/obese, and may be recognized as pre-
venting cancer. In the United States, sugar-sweetened beverages, as a major
dietary factor in the present context, have been subject to specific policies [99].
A recognized focus is the prevention of childhood obesity [100].

The extent to which dietary interventions may alter overweight/obesity in the
first instance, and risk of malignant disease in the second instance, is being
explored in a variety of clinical trials, many involving anticipated changes in the
survival of cancer patients [101]. There is increasing and consistent evidence
that adherence to cancer prevention guidelines is associated with the decreased
risk of cancer [102].

4.5 Prevention Independent of Causative
Agents or Risk Factors

4.5.1 Screening

Theoretically, population-based screening for premalignant or early-stage
disease is a goal in respect of all common tumor types. In practice, the criterion
of establishing reduced mortality through implementation of a screening
program, together with the absence of harm consequent upon “false positive”
notifications and overdiagnosis consequent upon detection of nonlethal dis-
ease, represents what may be insurmountable standards for most proposed
screening protocols.

Screening for cervical cancer using the Papanicolaou smear is definitively
established to reduce mortality [103]. The test detects premalignant cells
rather than early-stage malignancy and therefore reduces incidence of cervi-
cal cancer. In high-income countries, the Pap test is rapidly being displaced by
protocols based on detection of HPV [104]. Meanwhile, increasing evidence
of the efficacy of vaccination against HPV infection offers the prospect of
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primary prevention and decreased reliance on population-based screening for
cervical cancer [105].

Setting aside any further consideration of cervical cancer, the two most
widely adopted population-based screening procedures — mammography for
breast cancer and fecal occult blood testing for bowel cancer — involve detection
of early-stage malignancy. Upon their adoption, an increase in cancer incidence
is anticipated preceding a decrease in mortality. The efficacy of mammography
in reducing breast cancer mortality is related to the age range over which
women are screened. In light of strong evidence of benefit from mammography
from randomized control trial data, there is the immediate prospect of
evaluations being based on current screening programs [106]. However, the
prospect of overdiagnosis is increasingly recognized and may ultimately alter
perspectives in relation to population-based programs [107].

Screening for colorectal cancer is evolving, a principal challenge being to
engage a large proportion of the community identified as being at risk. Thus, in
the United States, screening participation has been assessed as suboptimal,
particularly among underserved populations such as the uninsured, recent
immigrants, and racial/ethnic minority groups. Even so, a decrease of 30% in the
US incidence of colorectal cancer between 2000 and 2010 among adults aged 50
and older has been attributed primarily to screening [108].

The prospect of population-based screening for prostate [109] and lung [110]
cancers continues to be assessed. However, with the possible exception of the
Pap smear, cancer screening tests continue to be mired [111].

4.5.2 Chemoprevention

Two decades ago, chemoprevention was seen as a dynamic and potentially central
aspect of cancer prevention [112]. A primary focus involved the possibility that
supplements containing f-carotene, a-tocopherol, selenium, and/or retinol may
reduce incidence of many tumor types [113], an understanding largely predicated
on case—control studies indicating the consumption of fresh fruit and vegetables
markedly decreases risk of multiple cancer types [114]. This understanding has
been set aside as results from prospective studies are accrued, while the negative
results of supplement trials are exemplified by unequivocal evidence that
B-carotene causes lung cancer [115].

The worth of cancer chemoprevention has been vigorously challenged [116].
Arguably, chemoprevention is most clearly demonstrable using pharmaceutical
drugs such as tamoxifen and related agents to prevent second breast cancers.
Thus, clinical trial results demonstrate anastrozole reduces breast cancer
incidence by 53% in postmenopausal women [117]. Dauntingly, however, while
tamoxifen may delay contralateral breast cancer, its use in this context does not
reduce mortality [118].
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The cancer chemopreventive role of aspirin has long been recognized [119].
Aspirin and other nonsteroidal anti-inflammatory agents prevent colon cancer
specifically among those at familial risk [120]. Taking a broader perspective, the
scope of the chemopreventive effects of aspirin is yet to be fully appreci-
ated [121]. Moreover, new possibilities for chemoprevention in a range of
contexts continue to arise and warrant investigation [122].

4.6 Conclusion

As noted earlier, this discussion of cancer prevention was developed on the
basis of knowledge concerning cancer causation rather than, for example,
current potential for most markedly reducing cancer incidence or a discussion
predicated on particular methods of cancer prevention. No specific outcome
was anticipated, but the completed review readily indicates an overall conclu-
sion, namely, the more definitively an agent or risk factor is known to cause
cancer, the easier is the task of envisaging preventive options. Conversely,
the so-called spontaneous cancer presents the greatest challenge when preven-
tive options are considered. Accordingly, the current state of cancer prevention
encourages research directed toward the identification of circumstances upon
which exposure to specified carcinogens accounts for the distribution of cancer
in one or more communities. Such knowledge provides the best possible basis
for the adoption of preventive measures.
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5.1 Introduction

There is no doubt that diet plays a significant role in cancer risk. Lifestyle
factors, including diet and exercise, have long been recognized as potentially
important determinants of both susceptibility to, and survival with, many types
of cancer. In addition to the significant role that diet plays in affecting adiposity,
experimental and observational studies have indicated that diet may influence
the cancer process in several different ways [1-4]. Most recommendations on
cancer prevention and control that are endorsed by influential international
groups such as the International Agency for Research on Cancer (IARC) focus
on both diet and lifestyle factors, especially exercise [5]. Body fatness appears as
a risk factor for several cancers [6]. While this has a genetic component [7], it is
largely determined by poor diet and inadequate exercise. It is also affected by
sex and geographic variables. Diets rich in high-calorie foods, such as fatty and
sugary foods, may lead to increased calorie intake, thereby promoting obesity,
while a high intake of sugary drinks has been specifically related to an increased
risk of pancreatic cancer [8]. There is evidence that high intakes of fruit and
vegetables may be especially effective in reducing the risk of cancers of the
aerodigestive tract, and the evidence that dietary fiber (DF) protects against
colorectal cancer (CRC) is convincing [9,10]. High intakes of red and processed
meats have also been shown to associate with elevated risks of CRC.

Taking a range of evidence into account, the 4th edition of the European Code
against Cancer recommends that, to reduce the risk of cancer, people’s diets
should be largely focused on whole grains, pulses, vegetables, and fruits, limiting
high-calorie foods that contain high levels of sugar and/or fat, avoiding processed
meat, and limiting red meat, foods high in salt, and alcohol consumption. This
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same diet pattern is also associated with improved overall survival after cancer
diagnosis, especially for breast cancer (BC) and CRC patients [5].

5.2 Obesity

Excess adiposity or excess body fatness is generally considered to cover a
spectrum of body mass indices (BMIs), whereby overweight is defined by BMI
levels between 25 and 29 kg/m?, while obesity is defined by BMI levels of 30 kg/m>
and greater. There are differences in the associated risks depending upon both
sex and hormonal status. Overweight or obese women after menopause have a
higher risk of both breast cancer and endometrial cancer [11]. Excess body fatness
itself induces a hyperestrogenic state, which is the likely cause of these elevated
risks. Convincing associations have also been shown relating obesity to elevated
risks of cancers of the ovary, endometrium, colon, oesophagus, gallbladder,
pancreas, kidney, liver, and prostate [11].

In a study of 10,226 CRC cases and 10,286 controls of European ancestry,
high BMI was associated with an increased colorectal cancer risk for women,
but not for men [12]. However, the authors did not rule out whether abdominal
obesity, rather than overall obesity, may be a more important risk factor for men
than for women. For both sexes, high BMI, a year before diagnosis, was also
associated with increased mortality for those individuals who had been diag-
nosed with invasive CRC [13]. This was true for two different molecular
phenotypes of CRC.

Chronic local inflammation induced by acid reflux and gallstones is the likely
cause of the increased risks of esophageal cancer and gallbladder post-
menopausal cancer, while an increased risk of liver cancer appears to be
associated with local inflammation induced by hepatic fatty infiltration [11].
Mechanistic hypotheses include elevated systemic or local tissue inflammation
induced by adiposity, and effects of the associated elevated levels of leptin,
insulin, and insulin-like growth factors, in association with depressed immune
function, that are seen with excess body fatness.

Excess adiposity leads to increased circulating concentrations of a range of
compounds that have been associated with increased cancer risk, including
compounds affecting hormonal status, cellular proliferation, immune response,
and inflammation [11,14]. This is especially important after menopause in
women, where aromatase activity within adipose tissues has been shown to
constitute the predominant source of endogenous estrogens. In such women,
excess BMI increases the levels of circulating estrogens, while decreasing levels of
sex hormone-binding globulin. These changes can be at least partly reversed by
weight loss [11].

Murphy et al. reported differential relationships among men and women
between specific adipose depots and obesity-associated cancer risk [15]. It is of
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interest that the important mechanisms associated with obesity, and probably
related to the consequent cancer risk, include effects on the gut microbiota and
metabolic markers [16,17]. Fecal DNA was analyzed from a series of obese
women, using quantitative metagenomic sequencing and analysis. The study
also included a systematic search for bacterial genes associated with estimates of
insulin resistance, inflammation, and lipid metabolism [16]. A number of
bacterial species showed a relationship (either positive or negative), and
some of these relationships were significantly modified by the intake of dietary
carbohydrates and lipids.

5.3 Macronutrients

A preference for different foods and food groups has been associated with
increased cancer risk. Lipids and carbohydrates come up strongly in many of
these relationships. For example, in their studies on stomach cancer risk in a
Northern American population [18], Hu et al. associated total macronutrient
intake, and specifically intakes of total fat, saturated fat, and cholesterol with
increased risk with the disease, while total DF showed an inverse association.
The positive associations with intake of total fat and saturated fat appeared
strongest in women, overweight or obese subjects, and ever smokers. In their
studies associating macronutrient intake with the risk of urothelial cell carci-
noma in the European Prospective Investigation into Cancer and Nutrition
(EPIC) trial, an increase in energy intake from animal protein has been found to
be associated with increased cancer risk, while an increase in energy from plant
protein lowers the risk. For thyroid cancer, obesity and excess protein and
carbohydrate consumption have been found to be key risk factors, especially in
women [19]. In a Canadian study, high energy intake appeared to increase the
CRC risk, while diets high in protein, DF, and carbohydrates more generally
appeared to reduce the risk [9].

The 4-Corners Breast Cancer Study considered the influence of macro-
nutrient composition on BC risk, in a comparison between Hispanic and non-
Hispanic white women in parts of the United States [14]. For both of these
groups, fat intake, especially saturated and monounsaturated fat, decreased risk,
while total carbohydrate intake increased the risk. The Italian population
studies by Franceschi ez al. [20] also showed the risk of BC decreasing with
increasing total fat intake but increasing with a higher intake of available
carbohydrates. However, with these and many other studies, the nature of the
carbohydrate source is critical. Such findings have been used to suggest a
substantial risk, especially in southern European populations, of reliance on a
diet largely based on starch. The data may also be complicated by body weight,
since obesity has come across as a significant factor in cancer risk in a number of
studies [6,19,21-25]. However, it is often difficult to pull apart the relative roles
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of overnutrition in general, diet patterns associated with obesity, and/or
physical inactivity [23,26,27].

5.3.1 Protein

Data relating protein consumption to cancer risk have shown mixed results.
While a number of studies have related high protein intake to increased risk of
cancers such as BC and CRC [19,28,29], others have suggested that higher
protein intake may reduce the incidence of certain cancers, including hormone-
related cancers of the breast and prostate, and also CRC [9,30]. Clearly, the
results obtained depend upon the exact population studied, including their
genotype and other elements of their normal diet. However, the nature of the
protein also affects the results.

High intake of animal protein, especially protein from red meats, has been
related to an increased risk of cancer. Indeed, the IARC has evaluated processed
meats as human carcinogens, and red meats as probable carcinogens [31].
However, many of the reported effects may associate with cooking processes,
rather than animal protein [29]. For example, in a New Zealand population, we
showed evidence for a link between increased prostate cancer (PCa) risk and
high temperature cooking, especially barbequing, likely to be associated with
the formation of DNA-reactive carcinogens, including heterocyclic amines and
polycyclic aromatic hydrocarbons [32]. Joshi et al. analyzed meat consumption,
including portion size data and cooking methods for 3364 CRC cases, 1806
unaffected siblings, 136 unaffected spouses, and 1620 unaffected population-
based controls, recruited into the CRC Family Registry [33]. They found an
increased risk with cooking methods for certain cuts of meat, but not meat per
se. This effect was strongest in those deficient in mismatch repair proficiency.
Similar observations have also been made for BC and PCa [32]. Smoking of
salmon was also shown to lead to the formation of various types of polycyclic
aromatic hydrocarbons [34]. In a study from Taiyuan, China, DNA-reactive
metabolites were also shown to be formed during the cooking of vegetables,
wheat flour, and fruits [35].

Advanced glycation end products such as N(e)-(carboxymethyl)lysine also
occur in both cooked and uncooked foods, and have been associated with an
increased risk of at least one type of cancer [36]. These are reactive metabolites,
produced as a by-product of sugar metabolism [37]. Although they are present
atlow levels in unprocessed red meats, they increase significantly upon cooking,
although this formation is reduced by marinating the meat [36,37].

The recent IARC evaluation concluded that the evidence for carcinogenesis
by processed meat was significantly stronger than for unprocessed meats, and
the former should be considered as human carcinogens [31,38]. Processed
meats are those that have been modified by salting, curing, fermentation, or
other processes to enhance flavor or preservation. N-Nitroso-compounds in
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particular are DNA-reactive, and are often formed during processing of red
meats [39,40].

Although high animal protein consumption does not appear beneficial to
cancer prevention, a moderately increased intake of plant protein, especially from
soy, has been suggested to be beneficial for PCa in some studies [41]. A
community-based cohort in Japan asked whether soy or soy product intake
was associated with all-cause mortality [42]. This value was found to be signifi-
cantly higher in men with infrequent soy intake or with almost daily intake as
compared with intake one to two times per week. Cancer mortality was higher
among men who reported rarely eating soy. Gastric cancer risk was inversely
associated with the high intake of soy foods in a Korean population, while BC risk
was reduced by high intakes of total soy products, soybean curd, and soymilk [43].
Although many of the studies available provide only limited information on soy
protein, because they consider soy products as a group, it is of interest that
mechanistic studies support soy protein as having a plausible role in its own right.
For example, Burris et al. showed convincing anti-inflammatory effects of a soy
protein concentrate in apolipoprotein E-deficient mice [44].

The situation regarding soy is confused in relation to cancers that relate to
hormones, especially PCa and BC, because it is not always clear whether soy
protein or soy phytoestrogens are causing the effects seen (see Section 6.4). Lin
et al. concluded that soy protein showed promise in reducing both PCa risk and
progression [41]. However, a prospective randomized trial that studied men at
high risk for PCa recurrence following radical prostatectomy randomized these
to receive a soy protein supplement or placebo daily for up to 20 months.
Although no decrease in the rate of recurrence was observed among men
receiving soy protein, it has been commented that interpretation of trials such
as this is difficult owing to a lack of dosing studies, and a wide variety of available
soy products with differing composition and protein concentrations [45]. For
BC, alternative protein sources suggested are from poultry or from legumes,
with soy protein again appearing beneficial in some but not all studies [29,46].

5.3.2 Lipids

The available data on lipids appear mixed, partly because different studies have
been inconsistent in the amount of information provided on the nature of the
dietary fats consumed. A number of authors have reported that a high overall
dietary fat consumption associates with higher risk of a number of cancers, and
suggested that a reduction of overall fat intake could be beneficial [47,48]. For
example, a recent meta-analysis of gastric cancer risk showed an overall
increased risk associated with high total fat intake [49]. However, this study
also provided evidence that specific subtypes of fats accounted for different
effects. The increased risk was especially strong for high saturated fat intake,
while inverse relationships were shown for certain types of polyunsaturated
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fatty acids (PUFA) and also vegetable oils. High saturated fat intake has also
been associated with an increased risk for breast cancer [47].

There is some evidence that elevated low-density lipoprotein (LDL), trigly-
cerides (T'G), and total cholesterol (TC) relate to high risk of CRC, although
data have been inconsistent [50]. A meta-analysis of prospective cohort studies
showed that BC risk among postmenopausal women, but not premenopausal
women, was significantly reduced by elevated HDL cholesterol. The evidence
suggested that serum levels of TG, but not TC and LDL-C, may be inversely
associated with BC risk [51]. It is possible that genetic stratification might
resolve apparent inconsistencies.

A key group of lipids associated with cancer risk are the omega-3 and omega-
6 polyunsaturated fatty acids (-3 and n-6 PUFA). The two long-chain #n-3
PUFA, eicosapentanoic acid (EPA), and decosahexanoic acid (DHA) are at high
levels in fish, especially oily fish. In their Japanese population that generally had
a high dietary fish intake, Hidaka et al. found an inverse association of marine
n-3 PUFA with pancreatic cancer risk [52]. However, while epidemiologic
studies have shown that high #-3 PUFA intake is associated with reduced BC
incidence among Asian populations, this relationship did not appear true for
Western populations [53]. Inconsistencies also appear in different studies with
different populations in relation to lung, CRC, and other cancers [52,54—57].
Part of the reason for these apparently conflicting data may be the ratio between
n-3 and n-6 PUFA consumption. That is, there would seem to be benefits
associated with not only increasing long-chain #-3 but also simultaneously
decreasing n-6 PUFA, especially in Western civilizations. Such a rationale
makes biological sense, given that #-3 PUFAs inhibit the inflammatory eico-
sanoids generated by n-6 PUFAs [58].

Since oily fish is the main dietary source of long-chain #-3 PUFA, their intake is
usually measured in terms of fish and/or fish oil consumption. It is important to
recognize that some of the apparent inconsistencies or negative effects may not
necessarily relate to the fish or fish oil per se, but rather to other environmental
factors such as pollution of the fishing area or oxidation of the isolated fish oils [59].

While apparently inconsistent data on associations between fat intake and
cancer risk have been used as justifications for more and bigger studies, or lead
to the conclusion that there is no association [57,60], another factor that might
be justified in many studies is genetic stratification [61]. For example, an
analysis of data from the CHARGE consortium showed that a variant in the
fatty acid desaturase 1 (FADS1) gene modified the effects of dietary intake of
long-chain #-3 PUFA on circulating fatty acid levels [61].

5.3.3 Carbohydrates

Carbohydrates comprise a large group of organic compounds occurring in
foods and living tissues, containing hydrogen and oxygen in the same ratio as
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water (2:1) [62]. These are generally divided into three main groups depending
upon the complexity: sugars (mono- and disaccharides), oligosaccharides
(short-chain carbohydrates), and polysaccharides. Since many of these can
be broken down to release energy in the animal body, they are sometimes
vilified in dietary recommendations to reduce the risk of chronic disease [63].
However, such recommendations do not recognize the complexity of the group
and the range of different properties encompassed [62]. Spreadbury has
suggested that dense acellular carbohydrates promote an inflammatory micro-
biota, and that these may be the primary dietary cause of leptin resistance and
obesity [64]. He considered nutrition transition patterns and the health of those
still eating diverse ancestral diets with abundant food to endorse the evidence
suggesting that glycemic index or altered fat or carbohydrate intake does not
appear to be the main cause of obesity. Instead, he proposed that refined flour,
sugar, and certain types of fat are key attributors to obesity and other Western
diseases. He extrapolated these data to suggest that whole foods containing
carbohydrates primarily from root vegetables, leaves, and fruits will lead to
more desirable endpoints.

The evidence for carbohydrate consumption in relation to cancer is variable,
and it is recognized that there are some particular difficulties in available
evidence for this group of compounds. As for many nutrients, there are
difficulties in obtaining valid measures of long-term dietary intake. Particular
problems relate to certain carbohydrates, especially sugars, in many manufac-
tured foods, which can be hard to quantify in epidemiological studies [64]. Food
composition tables do not generally distinguish the sugars occurring naturally
in foods, such as fruits, from sugars added during manufacturing processes.
Englyst et al. have suggested that some of the apparently contradictory data for
carbohydrates in relation to the risk of diseases such as cancer should be
addressed by grouping them into “available carbohydrates,” which are digested
and absorbed in the small intestine, and “resistant carbohydrates,” which resist
digestion in the small intestine and/or are poorly absorbed/metabolized [62].
They endorse the accumulating evidence suggesting that dietary restrictions on
free or added sugars would be beneficial in protection against diseases such as
cancer. However, they also highlight the evidence that resistant carbohydrates,
especially the unrefined nonstarch polysaccharides (NSP) from plant cell walls,
have a range of beneficial effects in protection against cancer [65].

We have highlighted the apparently contradictory evidence, suggesting that
DF may either protect or enhance the risk of cancer development, especially
CRC [66-68]. In its original definition, DF consisted only of plant cell walls, and
these still comprise a major part of this group. However, they vary in their
composition and properties. Some of the available evidence on DF and cancer is
obscured by an ongoing lack of complete international agreement on the
definition of DF [69]. The current definition lists three categories of carbohy-
drate polymers that are not hydrolyzed by endogenous enzymes in the small
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intestine of humans. Although there has not been international consensus, the
inclusion of carbohydrates with degrees of polymerization (DP) is in the range
of 3 and 9. However, there appears to be a degree of agreement, suggesting that
nondigestible carbohydrates with >DP3 should be considered as DF [69].

It is not only the chemical composition but also the processing of DF sources
that affects their properties in relation to chronic disease [70-72]. Whole cereal
grains contain three layers: the bran (outer layer), endosperm (middle layer),
and germ (inner layer). The bran and germ contain concentrated amounts of
DF, in association with various vitamins, minerals, and phytochemicals. During
the refining process, the bran and germ are removed from the whole grain,
leaving the endosperm that is primarily composed of starchy carbohydrates and
low in nutrients. Although some nutrients, including certain B vitamins and
iron, are added back to refined grains and flours during manufacturing, these
represent only a fraction of what is initially removed from the grain. Refined
grains are rapidly digested into simple sugars and absorbed into the blood-
stream, whereas whole grains or less processed grains in the form of wheat bran
have a range of properties that relate to cancer protection [72].

Available data suggest that DF containing suberin or lignin may be especially
beneficial, although they are present in only small amounts in food plants [66].
DFs added to food include components of plant cell walls, such as pectins,
resistant starches, and nondigestible oligosaccharides. Although these have
been tested in animal carcinogenesis experiments, they do not always protect,
and some may enhance carcinogenesis [65,66]. Few human intervention studies
have been done on DF or sources of DF, with the exception of wheat bran, a
good source of DF, which has been shown to protect in both animal models and
human studies [72-74]. One of the ways in which this may be acting is by
reducing the production and excretion of mutagens in stools [72]. Furthermore,
phenolic components of intact wheat bran may have antioxidant and other
beneficial effects [75-77].

The inclusion of oligosaccharides as DF is largely based on their physiological
effects. At least in the United States, inulin, fructooligosaccharides, and other
oligosaccharides are included as DF on food labels. This group includes several
types of nutrient that may affect the composition of the colonic microbiota. It
has been estimated that approximately 10'* bacteria of many different species
colonize the human colon [17,78—-80]. Bacteria have both positive and negative
effects on carcinogenesis. They may enhance carcinogenesis by deconjugating
and reducing bile acids, which are converted to active substances that promote
cell proliferation and growth of adenomas [18,80,81]. Bile acids are associated
with the digestion of fat, and the presence of bile acids in feces correlates with
fat consumption [79]. Secondary bile acids (deoxycholic acid, lithocholic acid,
12-ketolithocholic acid), along with other fecal substances, are responsible for
the initiation of colorectal carcinogenesis. Fecapentaenes are also highly potent
mutagens and carcinogens originating from intestinal bacterial production [82].
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Two geometric isomers, fecapentaene-12 and fecapentaene-14, are present in
significant concentrations in the feces, with reported levels ranging from 5 pg to
6 mg/kg.

Although early studies implicated colonic bacteria such as Helicobacter
pylorum as risk factors, especially for gastrointestinal cancers [83,84], it is
increasingly clear that altering the composition or metabolic activity of the
bowel microbiota through the use of DF might be important in reducing the
prevalence of colorectal cancer [85]. Oligosaccharides are among the best
characterized prebiotics, defined as “a selectively fermented ingredient that
allows specific changes, both in the composition and/or activity in the gastro-
intestinal microflora that confers benefits upon host well-bring and
health” [77,86]. Inulin, oligofructose, lactulose, and resistant starch fulfill the
definition. These properties are also shown by other carbohydrate-containing
foods, including whole grain wheat and corn. While nondigestible oligosac-
charides, such as oligofructose, have prebiotic effects, fermentable dietary fibers
also have effects on the composition of the bowel microbiota [77,86].

5.4 Micronutrients

There are acknowledged difficulties in estimating dietary intakes of micro-
nutrients in observational studies of cancer. Besides being part of the overall
diet, they may be consumed as supplements, many of which have been found to
show “U”- or “]”-shaped curves in which too much is as damaging to health as
too little [41,76,87]. There are ethical dilemmas in simply allowing a population
group to eat specific levels of a certain nutrient and waiting for cancer to
develop. The best example of this may be the SELECT trial for cancer
prevention, which considered a selenium (Se) supplement for cancer preven-
tion, but found a result contrary to expectations [88], that is, the incidence of
certain cancers was increased rather than showing the desired decrease. Such
observations suggest there may be value in short-term biomarker studies,
looking at the association between a specific dietary component and cancer
risk, since these do not involve observation of diet and waiting for cancer to
develop. Given the central importance of DNA, these may involve surrogate
biomarkers such as DNA adducts or DNA damage [89,90] or changes in gene
expression [91]. A range of various methods will be discussed in the following
sections.

5.4.1 Vitamins

Vitamin A comprises a group of organic compounds that includes retinol,
retinal, retinoic acid, several provitamin A carotenoids, and p-carotene. Results
of a number of cross-sectional or case control studies originally led Peto
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et al. [92] to suggest a cancer-preventive role for f-carotene. Most such studies
showed a negative correlation between blood carotenoid levels and various
biomarkers of DNA damage. However, some placebo-controlled carotenoid
intervention trials using disease and mortality as outcomes have suggested a
significant increase rather than decrease in mortality associated with vitamin A,
f-carotene, or vitamin E supplements [93]. It is possible that this depends upon
the concentration used in the supplement and also the population tested. Tissue
culture studies have been used in order to shed light on the mechanisms,
involving cotreatment with a DNA-damaging agent and various carotenoids.
While the nonvitamin A carotenoids usually decreased the DNA damage,
thereby promoting genomic stability that would lead to cancer protection,
the provitamin A carotenoids had little or no effect at low concentrations, but
increased DNA damage at higher concentrations [94].

B vitamins include niacin (vitamin B3), folate (vitamin B9), and vitamin B12.
Choline is also included in this group, although it is not an essential nutrient
unless the diet is also devoid of methionine and folate [95]. Folate is a key
component of a number of root vegetables, including pulses such as red kidney
beans, chickpeas, and lentils. It is essential in one-carbon metabolism, acting to
supply the methyl units for DNA methylation [96]. There has been considerable
variability in reports relating folate intake and the risk of various cancers
including breast, prostate, bladder, lung, and CRC. For example, an elevated
plasma folate, vitamin B12, and homocysteine have been associated with an
increased risk of upper gastrointestinal (GI) cancers in a Chinese population. A
dose—response meta-analysis of studies in BC used 14 prospective studies that
reported data on 677,858 individuals [97]. Folate intake appeared to show little
effect on the overall BC risk, but this analysis obscured the nonlinear relation-
ship between folate intake and the risk of BC, whereby folate intake of
200-320 pg/day was associated with a lower BC risk, while the risk increased
significantly with a daily folate intake of >400 pg [97]. The same relationship
may not be true for all types of BC, since the European Prospective Investigation
into Cancer and Nutrition (EPIC) study suggested that higher dietary folate
intake was associated with a lower risk of sex hormone receptor-negative BC in
premenopausal women [98].

In Chinese women, Kweon et al. found no statistically significant association
of gastric cancer with dietary intake of folate, methionine, or B vitamins.
However, among premenopausal women, the highest intake of folate was
associated with increased gastric cancer risk, although there were no statistically
significant associations observed among postmenopausal women [99]. Part of
the variability seen across studies may be caused by different frequencies of
certain genetic polymorphisms. For example, Jiang-Hua ez al. found an associ-
ation of methylenetetrahydrofolate reductase and methionine synthase poly-
morphisms with breast cancer risk, and this risk was modified according to the
intakes of folate, vitamin B6, and vitamin B 12 [100]. Vitamins B also appear to
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interact with alcohol consumption. Excess alcohol consumption has been
associated with increased risks of several cancers, and this seems at least partly
to act through its action as a methyl-group antagonist [101].

Vitamin C has been considered to be an antioxidant, which not only protects
against the development of various cancers but may be considered in cancer
treatment [102,103]. In human studies, the effects of vitamin C supplementa-
tion on various markers of genome stability depend on individual responses to
vitamin C levels in the diet, and on concomitant exposure to oxidative
stresses [104]. Vitamin C also protects against DNA damage, DNA strand
breakage, and chromosomal aberrations [103,105].

The group of fat-soluble secosteroid hormones referred to as vitamin D are
responsible for enhancing intestinal absorption of calcium, iron, magnesium,
phosphate, and zinc. In humans, the most important compounds in this group
are vitamin Dj (also known as cholecalciferol) and vitamin D, (ergocalci-
ferol) [106,107]. Very few foods contain vitamin D, and the synthesis of vitamin
D (specifically cholecalciferol) in the skin is the major natural source of the
vitamin. The dermal synthesis of vitamin D from cholesterol is dependent on
sun exposure (specifically UVB radiation) [87,106].

The first study linking low vitamin D status to an increased risk of cancer was
an ecological study linking colon cancer occurrence to annual mean daily solar
radiation in the United States [108]. Ecological studies have provided important
evidence for the role of vitamin D in cancer, as with many other diseases [87].
This type of study typically considers a large number of cases, and since people
generally live in the same region for many years, UVB doses provide a
reasonable proxy for vitamin D concentrations. There are over 15 types of
cancer for which high UVB exposure and/or serum 25-hydroxyvitamin D
[25(OH)D] concentrations have been found associated with reduced risk of
cancer development. These are bladder cancer, BC, CRC, endometrial, oeso-
phageal, gallbladder, gastric, lung, oral/pharyngeal, ovarian, pancreatic, prostate,
rectal, renal, thyroid, and vulvar cancer, Hodgkin’s lymphoma, non-Hodgkin’s
lymphoma, and leukemia [109,110]. The evidence is stronger for more common
cancers.

There is also increasing evidence that individuals with a higher circulating 25
(OH)D concentration at the time of cancer diagnosis have better cancer-specific
and overall survival rates, suggesting that individuals with cancer should raise
their 25(OH)D concentrations [87,111]. Vitamin D is critical in the prevention
of oxidative stress, chromosomal aberrations, and telomere shorten-
ing [112-116]. All these factors would be predicted to reduce genomic
instability, tumor metastasis, and progression. Because 25(OH)D concentra-
tions are higher in summer than in winter [117], differential survival between
those diagnosed with cancer in summer compared with people diagnosed in
winter would indicate a causal role for vitamin D in survival after cancer
diagnosis. Evidence for this effect was initially reported for BC, CRC, PCa, and
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Hodgkin’s lymphoma in Norway [118,119]. Studies from the United Kingdom
confirmed the data for BC while also adding lung cancer [120]. Similar results
were reported for ovarian cancer in China and for brain tumors in
Finland [121,122].

A number of studies on vitamin E have suggested that increasing vitamin E
intake reduces the risk of pancreatic cancer, but this conclusion has not been
supported by all the published studies. Peng et al. conducted a meta-analysis to
assess the relationship between vitamin E intake and the risk of pancreatic
cancer by combining the results from 10 observational studies (6 case-control
studies and 4 cohort studies) [123]. They found a statistically significant inverse
association between vitamin E intake and pancreatic cancer risk in both the
case—control and cohort studies.

Other vitamins such as biotin (or vitamin H) and the vitamin-like coenzyme
Q10 are also important in the maintenance of genomic stability and protection
against cancer [124,125]. Vitamin K has been linked to prostate health in
general, and showed a protective role with respect to advanced PCa in the
Heidelberg cohort of the EPIC study [126]. It is important to recognize that
there are considerable interindividual differences in the ability to absorb and
metabolize all these vitamins [114,127]. Recognizing the optimal amount for an
individual is of considerable importance.

5.4.2 Minerals

While a number of minerals are typically considered as toxicants, some of these
are essential micronutrients, albeit usually with a narrow window of efficacy as
compared with toxicity. These include iron [128], Se [19], and zinc [129]. Se
provides a useful illustration of these complexities, since the population
generally shows a “U”-shaped response curve, with both low and high selenium
levels increasing genomic instability and cancer risk. The optimal form of Se, at
the optimal level, may protect against DNA or chromosome breakage, chro-
mosome gain or loss, damage to mitochondrial DNA, and detrimental effects on
telomere length and function [130]. However, the optimal level of Se differs
among individuals, and also with the form incorporated into the diet [19,131].
Various genetic polymorphisms may affect both the uptake and utilization of
selenium among individuals [132]. The appropriate form of Se, at the appro-
priate concentration, has been shown to protect against PCa [89,132,133],
gastric cancer [134], and CRC [135].

5.5 Phytochemicals

Phytochemicals, sometimes referred to as bioactives or non-nutrients, have
been defined as “constituents in plant foods or dietary supplements, other than
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those needed to meet human nutritional needs, which are responsible for
changes in health status” [136]. A range of phytochemicals have been promoted
as cancer preventive, including Korean red ginseng, curcumin from the Indian
spice, turmeric, epigallocatechin gallate from green tea, genistein from tofu,
diallylsulfide or S-allylcysteine from garlic, and capsaicin. This group includes
various polyphenols, defined as having several hydroxyl groups on one or more
aromatic rings, and divided into various groups according to chemical struc-
ture [137]. By far the best characterized of these are the flavonoids that are
the dominant coloring pigment in plants, and itself divided into 13 different
classes. Lignans are one of these classes, and are considered as phytoestrogens
because of their estrogen-mimetic properties. Because they have distinctive
properties, phytoestrogens will be considered separately from the other
phytochemicals.

5.5.1 Phytoestrogens

Phytoestrogens are hormonally active compounds of which the main classes are
lignans, isoflavones, and coumestans. Rye bread contains high amounts of DF
and lignans, and other foods containing lignans in relatively high amounts are
seeds (especially linseed), whole cereals, berries, tea, and some vegetables [138].
Only two lignans are considered to be of ultimate significance to human health:
enterodiol and enterolactone. These biologically active lignans are formed in
the human digestive tract through the interaction of intestinal microbes with
dietary lignans [139]. Besides lignans, the other main classes of phytoestrogens
are isoflavones and coumestans. Soy is an important dietary source in Asian
countries, and soy products and legumes are the main source of isoflavonoid
phytoestrogens, including genistein and daidzein. These are also metabolized by
human intestinal microbes to the more potent estrogenic metabolite, equol,
which has a greater affinity for estrogen receptors, antiandrogenic properties,
and also antioxidant properties [140]. As previously identified, excess adiposity
also affects hormonal status, and thus it is not surprising that the effects of
phytoestogens depend in part upon BMI [11].

One well-studied phytoestrogen, genistein, shows both beneficial and adverse
effects in various cancers, including breast, prostate, colon, liver, ovarian, bladder,
gastric, brain cancers, neuroblastoma, and chronic lymphocytic leukemia [141]. It
is apparent that while genistein may be beneficial in protecting against the
development of a number of tumors, it can also favor cancer cell proliferation
in a number of situations. By binding to estrogen receptors, genistein shows both
weak estrogenic and weak antiestrogenic effects [142—144]. Genistein has also
been shown to have antioxidant effects and may act in concert with other
nutrients such as beta-carotene in beneficially affecting genomic stability [142].
Genistein also showed beneficial effects in combination with the DNA-damaging
agent, bisphenol A [145]. However, in common with other estrogenic compounds
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such as diethylstilbestrol, genistein has also been found to have adverse effects on
cancer risk and survival after diagnosis [146].

Data on the effects of phytochemicals such as genistein on cancer risk in humans
have been largely anecdotal for many years. However, in 2015, the EPIC study
related prediagnostic polyphenol intake to BC survival in a European population.
Specifically, this analysis considered flavonoids, lignans, phenolic acids, stilbenes,
and other polyphenols in relation to all-cause and breast cancer-specific mortality.
Among postmenopausal women, an intake of lignans in the highest versus lowest
quartile was related to a 28% lower risk of dying from BC. However, the opposite
trend was found in premenopausal women. There were no associations found for
other polyphenol classes. Cotterchio ez al. also related lignan intake to BC risk in a
Canadian population, but emphasized that associations were strongly linked to
BML. In overweight, but not normal weight, premenopausal women, high lignan
intake was associated with a lower BC risk [147].

5.5.2 Other Phytochemicals

Many polyphenols have been described as antinutrients because they may
reduce the digestibility of proteins, not only through binding and precipitation
but also through inhibition of digestive enzymes. Other polyphenols may form
complexes with metal ions, reducing the intestinal absorption of minerals
including iron and calcium. Thus, food processing measures are sometimes
developed to reduce the polyphenol content of certain foods such as cereal
grains [148]. However, except in extreme cases, there is reason to believe that
undernutrition may actually lead to beneficial effects in terms of enhancing
genomic stability and cancer prevention [137]. While some phytochemicals
have been shown to have mutagenic effects, implying potential cancer risk,
others have antioxidant and other potentially beneficial effects.

Curcumin is a polyphenol that is also the active ingredient in the spice,
turmeric. In a rodent model of colorectal cancer, curcumin treatment led to
downregulation of telomerase activity, cell cycle arrest, and induction of
apoptosis [149]. Protection against DNA damage has also been shown by
curcumin in combination with certain genotoxic agents. For example, in human
hepatocyte LO2 cells, curcumin was able to protect against the adverse effects of
Quinocetone (QCT), a compound that has been used as an antimicrobial feed
additive in China. Pretreatment with curcumin significantly reduced the
formation of reactive oxygen species, DNA fragmentation, and micronucleus
formation [150]. However, in a different tissue culture model using Raji cells,
curcumin increased reactive oxygen species (ROS) and cell cycle arrest, leading
to structural chromosome abnormalities [151].

In vitro and in vivo studies coupled with clinical trials in recent years have
supported the effects of curcumin in cancer prevention, as well as suggesting its
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potential as an anticancer and anti-inflammatory agent [17]. Curcumin has
been formulated into nanoparticles, liposomes, micelles, or phospholipid
complexes in order to enhance its bioavailability and efficacy, but proof of
its efficacy is currently weak.

Resveratrol (RSV) is another polyphenol that has been considered to be the
beneficial component in red wine. High intakes of resveratrol have usually been
considered beneficial to human health, including cancer-protective and anti-
aging effects. For example, it is generally considered to be an antioxidant, and
has shown a chemopreventive effect in different mouse cancer mod-
els [143,152,153]. In mammalian cells, RSV has effects on gene expression
leading to the induction of telomere maintenance factors, without effects on cell
proliferation [154]. However, in the HeLa colon cancer cell model, resveratrol
has also induced DNA damage through prooxidant effects and DNA damage,
leading to apoptosis [153].

Indole-3-carbinol and (—)-epigallocatechin-3-gallate (EGCG) from green tea
are both examples of polyphenols that show strong evidence of protection
against DNA damage through various epigenetic mechanisms [136,155].
Although EGCG has been shown to have anticancer effects, much of the
data rely heavily on in vitro and animal studies [102]. However, EGCG is mostly
metabolized if it is directly orally ingested. Thus, drug delivery systems have
been developed in order to stabilize EGCG and enhance its anticancer effects.
A 10-year prospective cohort study revealed that drinking ten 120 ml cups
of green tea per day delayed cancer onset in humans by 7.3 years among
females and by 3.2 years among males [5]. Subsequent studies by the same
group showed that a similar regime, supplemented with tablets of green tea
extract, significantly reduced the recurrence of colorectal adenomas in
polypectomy patients [156]. ECGC has also been combined with the anti-
cancer drug, paclitaxel in a coloaded liposome: a synergistic delivery that
controls the invasiveness of MDA-MB-231 breast cancer cells, at least
in vitro [157].

Some phytochemicals may have complementary activities in protection
against DNA damage and carcinogenesis. For example, in broccoli, the isothio-
cyanate, sulforophane, and the polyphenol, quercetin, may complement one
another in their epigenetic actions [158]. Daily administration of free sulfo-
raphane showed beneficial effects in managing biochemical recurrences in
prostate cancer after radical prostatectomy [159].

Duthie [160] suggested that the evidence for beneficial effects in cancer is
particularly strong for berry phytochemicals, specifically anthocyanins,
that modulate various biomarkers of DNA damage and carcinogenesis,
in both in vitro and in vivo animal studies. However, again, evidence for
cancer-preventive effects of these phytochemicals in human studies is cur-
rently weak.
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5.6 Conclusions

There is no question that diet, especially dietary imbalance, is an important
cause of cancer. While saturated fats and high caloric intake play important
roles, other dietary components interact in various ways. Macronutrients often
play an effect in the modulation of satiety, as well as other mechanisms that may
promote or enhance carcinogenesis. Micronutrients often show a threshold
intake level, and levels either below or above may be detrimental. Phytochem-
icals may also act as double-edged swords. A popular science journalist
summed up dietary advice as “Eat food. Not too much. Mostly plants.” [161].
In terms of cancer prevention, this may be a wise advice.
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6.1 Introduction

Worldwide 50—80 million women [1] and 7.3 million American women alone
are infertile [2,3]. Despite advances in assisted reproductive therapy (ART),
pregnancy rates remain suboptimal [4,5]. Sadly, for almost half of all infertile
women, the cause remains unknown. It has been suggested that development of
the male reproductive tract, age of pubertal onset, semen quality, and fertility
have all been adversely affected by exposure to environmental contaminants
leading to the suggestion that human reproductive health is under siege [6—12].
While considerable attention has been focused on the impact of exposure to
environmental contaminants, comparably less attention has been devoted to
other potentially important chemical exposures. Specifically, voluntary expo-
sure to chemicals such as alcohol and tobacco as well as the use of herbals and
supplements promoted for their health benefits have, in general, received far
less research attention. Moreover, potential beneficial effects of herbals and
supplements are unclear and the clinical relevance of these exposures on human
reproductive health is poorly defined.

Herbals and supplements are frequently sold over the counter without the
requirement of a prescription. While the beneficial effects are widely promoted
in the lay press, the impact of these compounds on health may be positive,
negative, or neutral. Therefore, the focus of this chapter is the effects of
exogenous chemicals on the reproductive system across the life span. In
addition, where data permit, the relationship between exposure to these
chemicals and adverse effects on the reproductive tract will also be explored.

Translational Toxicology and Therapeutics: Windows of Developmental Susceptibility in
Reproduction and Cancer, First Edition. Edited by Michael D. Waters and Claude L. Hughes.
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.
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Experiments on animals and studies from tissue culture will be included where
epidemiological studies provide evidence of a significant association to address
issues of biological plausibility, dose—response, modes and mechanisms of
action, and relevance to human health. We critically reviewed the epidemio-
logical literature using PubMed and relevant search terms to evaluate the
impact of natural chemicals in the diet, herbals, and supplements on human
reproductive tract development and physiology over the life span and critical
periods of development. We will focus on recent literature that has been
published in the last 10 years since our previous authoritative review [13].

6.1.1 Alcohol

The adverse effects of maternal consumption of alcohol during pregnancy are
well established. Since there has been an abundance of research reporting the
assorted harms associated with alcohol use during pregnancy, linking maternal
alcohol consumption with but not limited to spontaneous abortions, diseases,
congenital anomalies, and infertility, this will not be described here. However,
the pattern of alcohol consumption varies and includes moderate or occasional
drinking of one to two drinks, whereas others engage in binge drinking. The
consequences of different patterns of alcohol consumption are less clear and
need to be considered separately as underling reasons and effects are likely to be
different.

While previous research has acknowledged the relationship existing between
maternal alcohol intake and various reproductive consequences, controversies
still exist surrounding safe or moderate levels of alcohol intake during preg-
nancy. Of the various harmful interactions between alcohol and the reproduc-
tive system, spontaneous abortions have received the most research attention,
with studies examining both moderate and excessive alcohol consumption
during pregnancy. Results indicated that even moderate maternal alcohol intake
during pregnancy was found to have increased risk of spontaneous abor-
tions [14,15]. A dose-related increase in risk with adjusted hazard ratios
demonstrating a large increase from 0.5 to 1.5 drinks/week (1.30, 95% confi-
dence interval (CI) 1.02-1.65) to 2—3.5 drinks/week (1.55, 95% CI 1.09-2.22)
was found during pregnancy, up to week 16, using Cox regression models [14].
There was no association found between moderate intake and spontaneous
abortions beyond 16 weeks of pregnancy, which may reveal a less-sensitive
time period of fetal development but necessitates further research to examine
possible mechanisms. While no such dose-response relationship was
observed by others, moderate maternal alcohol intake was associated with
a two to three times higher adjusted risk of spontaneous abortions with 95%
CIs [15]. In addition, paternal alcohol intake was associated with a two to five
times increase in the adjusted risk of spontaneous abortions [15], contrary to
historical research that showed no association between male alcohol intake
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and spontaneous abortions. The reasons underlying these divergent findings
are unclear.

As the number of maternal drinks consumed increased and examination of
consumption on a per day basis, this pattern of increased risk continues with an
increasing amount of alcohol. Not only was there a significant positive rela-
tionship between alcohol intake per day and spontaneous abortions [16] but
also between increased binge drinking episodes during pregnancy and sponta-
neous abortions [17,18]. A significant positive relationship was found between
spontaneous abortion and average absolute alcohol use per day across preg-
nancy (odds ratio (OR) 1.08; 95% CI 0.92—-1.27) and was predicted by drinking
frequency, for example, those mothers who drank 1 day per week were 2.59
times more likely to have a spontaneous abortion than those abstaining from
alcohol [16]. In addition, they found that spontaneous abortions risk increased
within this sample with increasing daily alcohol consumption, but this rela-
tionship may be due to the limiting sample of 302 high-risk, urban African
American mothers [16].

The relationship concerning binge drinking proves to be slightly more
complicated than regular consumption of alcohol concerning spontaneous
abortions. The authors found that neither frequency nor timing of binge
drinking to be associated with an increased risk of spontaneous abortions,
but those women experiencing three or more binge drinking episodes during
pregnancy showed an increased hazard ratio of 1.56 (95% CI 1.01-2.40) for
stillbirth relative to their nonbinge drinking counterparts [17].

In summary, even occasional alcohol consumption before 16 weeks of
pregnancy is associated with an increased risk of adverse outcome. Similarly,
although the data are scant, and the relationship with binge drinking limited to
adverse effects in those who binge drink more than three times, the data support
the recommendation to avoid alcohol consumption when attempting to achieve
pregnancy or when known to be pregnant.

6.1.2 Cigarette Smoking

Of the many environmental toxicants and lifestyle factors known to affect
fertility and ovarian function, cigarette smoking is potentially the most clinically
relevant and preventable toxic exposure in women [13,19], is a global health
issue [20,21], and it targets for infertility prevention [22]. The health care costs
in the United States associated with tobacco have been estimated to be
approximately 193 billion dollars (Wall Street Journal). A well-documented
health hazard, cigarette smoke also has serious consequences for reproductive
health in women. The number of young women commencing smoking is
increasing [23], suggesting that current smoking prevention strategies are
ineffective in this population. Hence, we are faced with a growing population
who are exposed to the single most preventable health risk in Canadians. The
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increase in the number of young women who smoke coupled with the trend
toward delayed childbearing [24] and the well-documented decrease in fertility
with advancing age [25-27] highlight cigarette smoking as a serious public
health issue. In the United States, the proportion of first births to women aged
30 years or greater has increased from 5% in 1975 to 24% in 2006 [22]. Hence,
we predict that the young women who are smoking today will place even greater
demands on fertility clinics in the future. This creates a major concern owing to
the decreased number of ova retrieved in women who smoke [28] and the
decreased success of ART in smokers [29,30]. The problem is compounded by
the fact that most women are unaware of the risks to reproductive health
attributable to cigarette smoking [31].

6.1.3 Herbals and Supplements

Several herbal supplements are recommended for the treatment of infertility
and are available as over the counter medications. However, the literature
supporting their use and their safety is surprisingly sparse. In the following
sections, we review the available literature supporting the use of the most
popular compounds and where available toxicity data are presented.

6.1.3.1 Melatonin

The effects of melatonin on infertility were described in 64 studies. After
excluding review articles, foreign language articles, articles on nonmammalian
species, and other irrelevant articles, seven remained for further investigation.
Of these seven studies, results from human studies are provided in five, while
the remaining studies were conducted using animal models.

Several recent clinical trials have shown that melatonin treatment of healthy
infertile women increased fertilization and pregnancy rates [32—34]. One study
has shown differences in serum concentrations of melatonin, malondialdehyde
(MDA), and total antioxidant capacity (TAC) in fertile and infertile woman [35].
While serum melatonin levels were slightly higher in fertile women, the
difference was insignificant (p = 0.46). However, there was a significant increase
in MDA, a marker of oxidative stress, and a significant decrease in TAC in
infertile women, indicating that oxidative stress may indeed play a role.
Furthermore, they found a significant correlation between melatonin and
TAC in fertile and infertile women and a significant but reverse correlation
between melatonin and MDA in infertile and fertile women. While melatonin
itself was not significantly different between fertile and infertile women, the
correlation with markers of oxidative stress suggests a potential beneficial effect
of melatonin treatment.

Five studies described the effects of melatonin in human models and its role
in in vitro fertilization. Four of these studies looked at oral melatonin supple-
mentation and its effects on oocyte quality and fertilization. In one study [36],
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the beneficial effects of melatonin treatment on oxidative stress and oocyte
quality were investigated. Follicular fluid of women undergoing IVF-ET was
sampled, and the concentrations of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a
measure of oxidative stress, was found to be significantly higher in women with
high rates of degenerating oocytes. There was also a significant and negative
correlation between intrafollicular 8-OHdG and melatonin. Therefore, 18 study
participants were then given melatonin (3 mg/day), vitamin E (600 mg/day), or
both melatonin and vitamin E, all of which significantly reduced 8-OHdG and
hexanoyl-lysine concentrations. These authors subsequently recruited 115
patients with low fertilization rates (<50%) in their previous IVF-ET cycle
and divided them to received either melatonin (3 mg/day) or no treatment.
While melatonin treatment improved fertilization rates compared with the
previous IVF-ET (participants used as their own control), there was no
significant difference between those treated with melatonin and controls.
Tamura et al. further investigated the effects of melatonin treatment on mouse
follicles. They incubated preovulatory follicles with hydrogen peroxide for 12 h
to induce oxidative stress, a treatment that significantly reduced the percentage
of mature oocytes that developed