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ABSTRACT

While the concept of “precision medicine” is not new, sophisticated
technologies have led to a view that the data generated will provide individuals,
physicians and public policy-makers with the information required to predict,
intervene and protect against many diseases. However, without understanding
of the underlying molecular mechanisms, such as the mutagenicity, cytotoxicity
or epigenetic alterations, induced by agents to which a human has been
exposed, and with pathogenic events, such as birth defects, cardiovascular
disease, cancer, immune responses, and reproductive or neurological diseases,
there will be no “precision”. The aim of this “Commentary” is that, while
mutations and cell death contribute to human diseases, including cancers, the
toxicity of chemicals is primarily due to epigenetic effects on human organ-
specific adult stem cells. From the perspective of biological evolution, the
transition from single- to multi-cellular organisms, along with the generation
of new genes and cellular processes, led to the evolution of Homo sapiens
and “cultural evolution”. This transition has created a “collision” of the
slow biological evolution of genes that are important for survival in various
environments, with extremely fast cultural evolution. This has occurred when
cultural evolution has provided new means of migration for both people and
foods, as well as new methods of agriculture and food production/distribution/
processing. The population explosion, ecological alterations, global climate
changes, and worldwide economic disparities all have a bearing on how the
increases in median life span and the incidence of chronic metabolic diseases
are managed in the face of globally limited healthcare resources.

“The existence of cellular communication at the local level is
of tremendous importance in connection with the understanding
of cell differentiation, the blocked ontogeny hypothesis of cancer
development, the initiation-promotion concept, and the issue of the
threshold for carcinogenic substances.

Intercellular communication results from molecular movement
or contact between like or unlike cells. Molecular movement between
cells can be categorized in simplest terms as local communication,
affecting the microenvironment of cells that are within a volume
encompassing relatively few cell diameters, and as systemic
communication, in which the substances enter the blood stream and
are widely distributed within the animal body!.”

Introduction: A  Hypothesis-Driven = Mechanistic  or
Empirically-Generated Data  Mining Approach to
Understanding the Pathogenesis of Human Diseases

Since the advent of the scientific approach to understanding
the workings of the natural world, two fundamental approaches
have been championed by various scientists and examples can be
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presented to illustrate the success of each approach. In the
case of the empirical approach, simple accumulation of
large amounts of observational data might reveal a pattern
that can be used to develop tangible practical applications,
without ever knowing the underlying mechanism. On the
other hand, hypothesizing specific mechanisms of action
associated with a certain phenomenon could lead to
solutions to practical problems.

In the general fields of the life sciences and human
diseases, we are now entering the age of precision or
personalized medicine® 3. While this is often viewed as
a new era of research, precision medicine has been in
common use since prescription glasses were designed
to correct vision, the determination of blood types
for blood transfusions and the identification of genes
responsible for disorders such as phenylketonuria,
albinism and xeroderma pigmentosum. These advances
enabled physicians to develop either specialized therapies
to prevent or to manage potential health problems.
Determining the genetic basis of hereditary diseases, such
as phenylketonuria, albinism or xeroderma pigmentosum
and identifying the environmental triggers (the amino acid
content of dietary proteins and exposure to ultraviolet
(UV) light), has facilitated the prevention of the diseases
associated with inheritance of those mutated genes.
Out of this accumulated evidence, emerged the general
concept that all human phenotypes are dependent on the
interaction of genes and environmental factors defined as
“nature and nurture”, rather than “nature versus nurture”.

Given the relatively-recent explosion of highly
sophisticated molecular technologies, the concept of
precision medicine has taken on a contemporary role
as a support to the empirical approach, in that it is
now possible to generate vast quantities of data on any
disease. Data mining using the relatively new discipline
of bioinformatics, which is based on the use of novel
algorithms, seems to be “the order of the day”. Currently,
data mining is predominantly based on the assumption
that the main drivers of highly complex human diseases,
such as cancer, autism, Alzheimer’s, and amyotrophic
lateral sclerosis (ALS), are associated with variations in
the primary genomic DNA codes. However, more recently,
variations in the epigenetic alterations of the primary
genomic information have been proposed as important
influences>®. In either case, the way forward seems to
involve examining large datasets generated by various
technologies with the aim of identifying variations or
molecular epigenetic changes in the genomic DNA that are
associated with any disease entity.

At this point in the history of the life sciences, we
have now identified the “nature and nurture concept”
as the foundation of any approach to understanding
the mechanisms involved in disease pathogenesis. In

addition, the cybernetic principle of feedback of signals
between the environment and the genome is well known
to affect health and disease®!!. Along with the additional
philosophical “hierarchical” principle by with each level
of the living system, from the atomic to the molecular,
to the biochemical/cellular to the tissue/organ, to the
physiological to the psycho-social-cultural levels, these
concepts can be applied to help explain how diseases are
influenced by all these factors.

Even more recently, evidence for the role of stem cells in
normal development has been bolstered by the isolation of
embryonic stem cells, induction of pluripotent stem cells,
somatic nuclear transfer of reprogrammed pluripotent stem
cells, and the isolation of organ-specific adult stem cells'?%.
These stem cells represent new technological resources
for either hypothesis-driven or empirically-generated data
mining approaches to the investigation of human disease
mechanisms!”°,

Clarification of the Pathogenesis of Any Human
Disease is Based on Understanding the Mechanism of
Toxicity

There are only three mechanisms of toxicity that will
contribute to the pathogenesis of any human disease,
namely, mutagenesis, cytotoxicity, and alteration of
nuclear genomic DNA by epigenetic changes?’. Thus,
while the pathogenesis of cancer is very different to the
mechanism responsible for a birth defect or the aging
process/age-related diseases, such as Alzheimer’s, one (or
more) of these three basic mechanisms of toxicity must be
involved.

Gene and Chromosomal Mutagenesis

It is now known that there are multiple molecular
mechanisms by a point or chromosomal mutations occur.
The errors in DNA repair that lead to conditions, such
as the skin cancers seen in patients with xeroderma
pigmentosum syndrome, are associated with the lack
of repair of UV-induced pyrimidine dimers?-?°. On the
other hand, errors in DNA replication, such as those
seen in Bloom’s syndrome, are apparent after stimulation
of replication of cells that are presumably, adult organ-
specific stem cells?®?7,

Chromosomal mutations, such as chromosomal
translocations, aberrant chromosome numbers, and
chromosomal deletions or duplications, are the result of
completely different underlying molecular mechanisms.
As an example to illustrate this point, UV light is an
effective point mutagen (as in the case of the xeroderma
pigmentosum)? 4, while ionizing radiation, a rather
poor point mutagen, is an effective chromosomal-
mutagen?®. Thus, while both UV light and ionizing
radiation are associated with human carcinogenesis,
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these factors contribute to the pathogenesis via very
different mechanisms?°.

Cytotoxicities

Cellular cytotoxicity can also occur via very different
mechanisms. In general, necrosis occurs whenever a point
or chromosomal mutation renders a critical component
of a cell non-functional. As an example, genomic DNA
damage caused by low-level UV light might be repairable;
however, exposure to high levels of UV light might result
in extensive DNA damage that swamps the repair system
which, combined with non-repairable membrane damage,
leads to necrosis.

Cell death can also be caused by non-mutagenic agents,
such as alcohol. In this case, levels of alcohol above a
particular threshold might cause disruption of the normal
function of the cell membrane, leading to necrosis®.
However, alterations in gene expression can lead to cell
deathbyapoptosis® orautophagy®?.Inotherwords,anagent
that has the ability to alter gene expression, epigenetically,
can lead to a unique kind of cell death. Cells exist in a three
dimensional environment; therefore, when cells die, the
surviving cells are stimulated to proliferate as a means
of compensatory hyperplasia through tightly controlled
feedback mechanisms involving extracellular signaling or
gap junctional intercellular communication (GJIC)33. Only
in tissues that have the capacity to perform compensatory
hyperplasia, would one observe this response to massive
cell death. Cell death-induced inflammatory responses can
be triggered by the cellular debris resulting from necrosis,
wound healing, or by cell removal during surgery3* 3, As
will be illustrated later in this commentary, cell death
contributes indirectly to the promotion of the multi-state
carcinogenic process®®.

Cell death can be brought about by the other
mechanisms of toxicity (i.e, mutagenesis and epigenetic
alteration of gene expression). The potential effects on the
pathogenesis of any particular disease depend on both the
cell type and level of exposure. The human body comprises
approximately 200 trillion cells 3%, with three basic types
in each organ, namely, the relatively few organ-specific
stem cells, their progenitor cells, and their terminally
differentiated derivatives. Therefore, depending on the
number or type of cell that is induced to die by cytotoxicity,
there might be very different consequences, from almost
no consequences to death of an embryo, to diseases in
later life®® or to the aging process itself***2, This latter
point seems to be illustrated by the inherited mutated
lamin A gene associated with Hutchison- Gilford progeria
syndrome*® 44,

Epigenetic Alteration of Gene Expression

Clearly, a number of genes are collected in the genome

during the evolution of multicellular species. However,
as is simply illustrated by the development of a butterfly,
specific sets of genes within the genome are expressed at
each stage (genes enabling chewing during the larval stage;
genes to remove the larval stage structures and functions
during the pupal stage to prepare for new structures
and functions of the butterfly wings and proboscis). The
current explosion of concepts and technologies used to
study epigenetic mechanisms focus almost entirely on
monitoring methylation/ethylation changes in DNA or
histone proteins and the enzymes that catalyze those
changes at the DNA and intracellular biochemical levels*>7,

However, this approach does not consider the
phenomenon of intercellular communication via quorum
sensing that must exist during the transition of a single cell
into amulticellular organism 8. This transition is associated
withtheemergence ofnewgenesand phenotypes,suchas(a)
a low oxygen-micro-environment(i.e., niche**%); (b) stem
cells that divide either symmetrically or asymmetrically,
depending on environmental signals®’; (c) extracellular
and extracellular adhesion molecules®?; (d) gap junction
or connexin family of genes®?; (e) epigenetic molecular/
biochemical mechanisms that differentially regulate
specific gene sets *%; and (f) cell senescence®. Focusing only
on changes in DNA regulation at the DNA or histone levels,
without the conceptual view of the multicellular organism,
is to ignore the penultimate upstream events that must take
place prior to these downstream molecular/biochemical
events. The basic hypothesis of this “commentary” is that,
in a three-dimensional multi-cellular organism, such as a
chordate metazoan, the various cells within and between
tissues and organs must be in a homeostatic and cybernetic
relationship via both extracellular and gap junctional
intercellular signaling mechanisms®® %,

Normal Metazoan Development Requires Precise
Integration of Extracellular-, Intracellular- and
Gap Junctional- Intercellular Communication
Mechanisms

Single cell organisms evolved and survived in an anoxic
environment and generated energy for survival and
reproduction via glycolysis of glucose. Thus, during the
transition to multicellularity in an oxygenated environment,
a change in the mechanism of energy production is
required. This is achieved by the newly emerged genotypes
and phenotypes, which allow adaptation of this new
multicellular organism to generate more ATP by coupling
of the symbiotic organelle, the mitochondria, in an
oxygenated environment>®62,

The proliferation and intercellular adherence of the
cells in this early multicellular organism are due to the
ability of these cells to synthesize collagen-type molecules
in an oxygen-dependent manner®*®. As the cells start to
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proliferate symmetrically, they produce a “ball” of adhering
cells, all with equal access to the external and internal
environments. The combination of signals from nutrients,
oxygen and cell-cell contact induces the same signals from
both extracellular and intracellular molecules. Invagination
of this ball of cells creates an unequal microenvironment in
this developing multicellular organism, such that there is
differential net signaling within the various regions. This
induces differential expression of genes in the total genomic
information. In other words, cell differentiation leads to
the production of different cell types, such as muscle cells,
blood cells, heart cells, eye cells, neuronal cells, hepatic
and kidney cells, which provide the multicellular organism
with adaptive features in an ever-changing environment®®.
The highly complex development of metazoans was
possible only due to the emergence of the connexin family
of 20 highly evolutionarily-conserved genes encoding
a membrane-associated organelle, the gap junction®.
These proteins serve to integrate the extracellular and
intracellular signals to modulate the opening or closing of
channels to allow the passage of connexin-specific small
regulatory ions/molecules®®8. The most important point
that must be made here is that connexin gene expression
and gap junction functions can be modulated at the
transcriptional-, translational- and post-translational
levels.

While there seems to be some disagreement about the
idea®, there is some direct evidence that, by virtue of their
undifferentiated status, stem cells do not express their
connexin genes or have functional gap junctions'’. In other
words, in the low oxygen microenvironment, stem cells
remain undifferentiated, and are under growth control or
in a state of quiescence induced by mitotic suppression
of the niche extracellular matrix and soluble negative
anti-mitotic signals. Only when either pro-mitotic signals
or high levels of oxygen reach the stem cells in the niche,
does the cell trigger mitochondriogenesis and connexin
expression, as well as downregulation of the Oct4A577°
and drug transporter genes to induce asymmetric division
and differentiation of cells. These gap junctions have been
shown to be associated with contact-inhibition or growth
control and differentiation of stem cells”'.

Stem cells (both germinal and somatic) can divide
either symmetrically or asymmetrically, depending
on oxygen concentrations’>. During the evolution of a
multicellular organism, co-evolution of other genes is
required to protect the newly emerged stem cells against
the low oxygen microenvironment and to protect the
genomic DNA from damage caused by both external
agents and internal metabolism of glucose via oxidative
phosphorylation. Evolution of antioxidant and DNA repair
mechanisms was also required. From an evolutionary point
of view, the existence of multicellularity in an oxygenated

environment required a mechanism that allowed the
new stem cell, which had maintained many phenotypes
for symmetrical cell division and non-differentiation, to
exist in the multicellular organism as it did in the single
cell organism. The low oxygen microenvironment of the
niche within the oxygenated differentiated environment
provided the conditions to maintain stem cell quiescence.
This remarkable phenomenon involving the co-existence
of two very different microenvironments could only occur
through the precise homeostatic integration of a set of
indirect soluble and direct gap junctional communication
mechanisms.

Role of the Disrupted Integration of Extracellular-,
Intracellular-and  Gap  Junctional-Intercellular
Communication on the Toxicities of Agents and their
Pathogenic Consequences

Theoretically, every gene in the genome is potentially
mutable. Within the concept of integration of extracellular
and intracellular signaling as well as GJIC, any gene that
might alter the molecular identity of an extracellular
signaling molecule, such as a hormone, growth factor
or cytokine, or of a receptor or its intracellular signaling
pathway, could regulate connexin gene expression or gap
junction function’. Many human inherited diseases are
associated with various connexin mutations’*. While the
number of these mutations and those affected in the human
population might be considered small, the toxicological
mechanism of mutagenesis that influences cell-cell
communication remains to be elucidated.

However, disruption of the delicate homeostatic
regulation of this integrated signaling system seems to
be related to the mechanism of many cytotoxic agents.
Depending on the timing and number of cells killed by
non-mutagenic agents, the debris of these dying cells
induces compensatory hyperplasia in the surviving cells
via cytokines??. This has implications for the surviving
cells that receive these death-associated molecular signals.
For instance, there may be differential responses to these
death-associated signals in a tissue with adult organ-
specific stem cells, their progenitors, and differentiated
daughter cells. If the receptors, drug transporters, and
expression of antioxidant or repair genes in these cell types
are different, it can be speculated that the stem cells will
be stimulated to divide symmetrically, while the progenitor
cells will be induced to differentiate and the differentiated
cells will respond adaptively.

In the case of apoptotic cell death, there seems to be a
link to the epigenetic mechanism of cytotoxicity, in that,
apoptosis induction might be related to the prevention
of some diseases, whereas its inhibition seems to be
associated with the promotion of tumors’7¢. To date, a
similar association with autophagy has not been identified.
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From a wider perspective, an insight into the important
role of non-cytotoxic mechanisms of epigenetic toxicity
in human diseases can be gained merely through internet
searches of the association of modulation of gap junction
function by non-mutagenic or non-cytotoxic agents with
teratogenesis, tumor promotion, immune toxicology,
reproductive and neurotoxicity. From retinoid-induced
human birth defects”’, through phorbol ester-induced
tumor promotion’®, to DDT-induced reproductive and
neurological effects’, and the multi-toxic and preventive
effects of thalidomide®®84, such searches reveal many well
documented examples of how exposure to these chemicals
at levels exceeding the specific threshold can either inhibit
GJIC or prevent its inhibition by various agents®>%’.

The molecular mechanisms underlying these
epigenetic effects can occur via receptor-dependent
and receptor-independent mechanisms. The effects of
both endogenous and physiological chemicals, such as
hormones, growth factors or cytokines, and exogenous
agents, such as environmental toxins, toxicants, drugs,
or food additives, are mediated through these epigenetic
mechanisms. The receptor-dependent types seem to be
related to concentration. For example, at physiological
concentrations, estrogen inhibits the function of gap
junctions and functions as a tumor promoter®. Yet, at
receptor-independent, receptor saturation concentrations,
it can also function as an anti-tumor promoter®®®, A
possible interpretation of these observations could be that
at physiological levels, binding to an estrogen receptor
triggers a mitogenic signaling pathway, whereas, at higher
concentrations, estrogen induces a receptor-independent
signaling pathway that interferes with the mitogenic
signaling through downregulation of GJIC. To further
illustrate the potential of GJIC modulation of epigenetic
toxicity and its role in carcinogenesis should serve to
support its powerful role in human disease.

Epigenetic Mechanism of Toxicity Via the Modulation
of GJIC in Human Carcinogenesis

Early observations by Werner Loewenstein®
represented the “Rosetta Stone” in developing the
hypothesis that GJIC plays a major role in the toxicological
mechanism of many human diseases®. It was well-known
that cancer cells seemed to have lost the capacity for
growth-inhibition or growth control®, as well their ability
to terminally differentiate and gained “immortality” or lost
the capacity for senesce®?>. While the cells in a tumor are
both genotypically and phenotypically heterogeneous®, all
tumors seem to have originated from a single target cell. In
addition, while there still is no consensus on the origin of
cancer cells (the “stem cell hypothesis”®’-12 versus the “de-
differentiation or reprogrammed hypothesis”1%®), the new
cancer stem cells are more likely to originate from a normal
organ-specific adult stem cell57 104109,

Loewenstein’s observation that cancer cells lacked GJIC
was linked to loss of growth control, inability to terminally
differentiate, and the immortality of a somatic cell. While
this association did not translate directly to causation,
it paved the way for the hypothesis of its major role as
a mechanism of toxicity in the pathogenesis of a multi-
factorial disease. At that time, there were at least two major
unknowns concerning carcinogenesis. First, the concept of
carcinogenesis as a multi-stage, multi-mechanism process,
consisting of the initiation, promotion and progression
phases, was only in just being formulated!'%11%, These were
operational definitions of clearly distinct phases by which
a single, “normal” cell could be made immortal by some
agent that seemed to induce an irreversible event in that
single cell. Furthermore, that single immortal or “initiated”
cell could exist during an entire lifetime without becoming
a metastatic tumor. Alternatively, the single initiating cell
could be clonally amplified through exposure to agents or
conditions that mediated escape from suppression either
by the immune system, mitotic agents!'!3, or apoptotic
events’S; this was defined as the tumor promotion phase.
This exposure to epigenetic agents had to be sustained,
regular, above threshold levels'*!8 and in the absence of
anti-promoter or antioxidant agents®#. This promotion
process was potentially interruptible or even reversible!*.

Finally, during the long promotion process, additional
epigenetic and genetic changes could push this initiating
cell to become invasive and metastatic, achieving the so-
called “hallmarks of cancer”®3°*, These three phases of
carcinogenesis, while being operationally-defined, have
underlying mechanisms of toxicity.

Because the initiation step in a single cell appears to be
irreversible, it has been generally assumed that this step
is due to a mutagenic process. Today, we are aware that
mutations can be induced in any gene by errors of DNA
repair, as is illustrated by the inherited skin-cancer prone
syndrome of xeroderma pigmentosum. By these cells
having the defects in DNA repair of UV-induced in the skin
cells, render individuals affected by this disorder at high
risk of mutations in their skin cells, some of which will be
associated with oncogenes??. On the other hand, mutations
can also be formed by errors of DNA replication, as is seen
in the hereditary cancer-prone Bloom’s syndrome?’. In this
example, every time a stem cell is stimulated to proliferate,
there is a finite chance of a mutation being formed during
genomic DNA replication.

It is here that a radical hypothesis can be posited.
Namely, while DNA damage induced by UV light can
explain cancers in the very rare syndromes caused
by errors in DNA repair, it is likely that chemicals
associated with all kinds of cancers (lung, breast,
prostate, liver, etc.) DO NOT INDUCE GENOMIC DNA
DAMAGE OR CAUSE GENOMIC MUTATION. Rather,
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chemicals associated with carcinogenesis must function
as tumor promoters by acting as mitogens and inhibitors
of apoptosis, in pre-existing initiating stem cells. It is
possible that these cancer-associated non-mutagenic or
“epigenetic-acting” chemicals induce a genomic mutation
in organ-specific adult stem cells simply by an error of DNA
replication occurs during the stimulated cell proliferation.

If the promotion process acts by clonal expansion of a
single initiated cell and prevention of its apoptotic death,
there has to be a mechanistic basis for these biological
cellular processes, as well as an explanation of the origin
of the three types of cells in the organ; i.e, the organ-
specific stem cell, the finite life span progenitor cells and
the terminally differentiated derivatives of that lineage.

One of the first hypotheses for the tumor promotion
process was supported by the reversible inhibition
of GJIC by phorbol esters, both in vitro’® and in vivo'?.
This observation enhanced the primary observation
of Loewenstein that cancer cells lack functional GJIC.
Furthermore, a number of endogenous chemicals, such as
hormones, growth factors, cytokines!?1%, and exogenous
chemicals, such as pollutants, pesticides, food additives,
and pharmaceuticals'?%!?’, could inhibit GJIC and apoptosis
and act as tumor promoters. In addition, various oncogenes,
such as ras, raf, and src, inhibited GJIC stably, an effect that
was reversed by a tumor suppressor gene®. When mutated
connexin or gap junction genes were expressed in normal
cells, they exhibited the characteristics of tumor cells'?,
whereas the normal phenotype was restored in unmodified
connexin gene-transformed cancer cells'?’.

This model can be illustrated and provide support for
this hypothesis by a re-interpretation of many examples,
including that of cigarette smoke-induced lung cancers
and environmental chemicals that induce oxidative stress,
but not genomic mutations (DDT, TPA, phthalates, poly-
brominated and polychlorinated biphenols, bisphenol A,
etc.)13°. In the case of cigarette smoke chemicals, we know
that the number of cigarettes smoked, the length of time
of regular smoking, secondary smoke exposure, smoking
cessation and the interaction with other exogenous
chemicals, such as green tea'!, influence the frequency
of lung cancers!®. It is generally assumed that many
cigarette smoke chemicals act by damaging genomic
DNA and inducing mutations. However, some of the most
predominant molecules in cigarette smoke include the
small molecular weight polyaromatic hydrocarbons, such
as methylanthracenes®?, which can reversibly inhibit
GJIC at concentrations above a threshold level and in the
absence of an antioxidant!33.

Using the new three-dimensional model to grow
organoids, these chemicals, plus other cigarette-associated
molecules, such as NNK and other in vivo tumor-promoting

chemicals, such as TCDD, and bisphenol A, have been
shown to cause cellular proliferation'3* 135, expression and
selection of Oct4A gene-associated cells, to inhibit GJIC, and
act as epigenetic tumor-promoting agents.

Implications of Epigenetic Agents as Potential Toxins/
Toxicants

To interpret and apply information about epigenetic
chemicals, itmustbe remembered thatboth the endogenous
chemicals, such as growth factors and hormones, and
exogenous chemicals, such as DDT, TPA, and TCDD, can
trigger signaling pathways that might, in fact, be identical,
but which, nevertheless, modulate GJIC. On the other hand,
if an epigenetic chemical interacts with stem cells, it could
either stimulate proliferation!*¢3?, or induce connexin gene
expression and cause GJIC to induce cell differentiation or
apoptosis, as in the case of genistein!®.

To put this idea into perspective, from conception to
maturation, the multicellular organism has a dynamic
homeostatic system of extracellular signaling between
all the stem cells (embryonic and organ-specific adult)
and their terminally differentiated progeny, in addition to
signals from other organs. Furthermore, normal adult and
initiated organ-specific stem cells can be targeted by these
epigenetic agents. The normal stem cells might have limited
proliferative potential in response to these epigenetic
chemicals, whereas the initiated stem cells, which cannot
undergo terminal differentiation or divide asymmetrically,
would continue to proliferate by symmetrical cell division®®.

It should be apparent that altering the ability of
embryonic/early fetal or specific adult stem cells to divide
symmetrically or asymmetrically could lead to either
embryonic/fetal lethality or to teratogenesis. Moreover,
altered stem cell behavior during critical periods of
development in a certain organ, such as the brain, could
lead to the later development of conditions appearing later
in life, such as autism, schizophrenia, and bipolar disorder
or various childhood brain cancers'’.

Microbiological Agents, Stem Cell and Cell-Cell
Communication

While most of this discussion of epigenetic agents
centers on endogenous or exogenous chemicals, one must
also consider various biological entities, such as parasites,
microbial or viral agents. Many of these biological agents are
seen as infectious entities associated with acute and chronic
inflammatory diseases. Chronic inflammation has now
been linked to many metabolic diseases, such as diabetes,
cardiovascular diseases, cancer, and dementia'**™* and
there has been an explosion of linkages reported between
gut microbiota with many chronic diseases'*>'*’. Even the
classic Chagas disease, which was recognized as one of
Darwin’s maladies after his famous trip on the Beagle!*®, has
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been linked to a parasite that affects GJIC in heart cells'*.
The link between inflammation, many chronic diseases,
GJIC, microbiological organisms and various environmental
pollutants, medications, and dietary chemicals have to be
viewed in a systems fashion!>% 15,

However, identification of the link between various
viruses and human cancers, for which Dr. Harald zur
Hausen was awarded the Nobel Prize!s? still seems to
escape clear explanation as to how various viruses, such
as hepatitis, human papilloma virus (HPV), and SV40
virus, might cause cancer. However, if all cancers, with
the exception of teratomas, are caused by the “initiation,
promotion, and progression” mechanism and fit into the
stem cell hypothesis of cancer, there might be a simple
explanation. An explanation emerged only when it was
shown that radiation and various chemical carcinogens
could not transform normal human fibroblasts or epithelial
cells from the state of mortality to immortality?5315%, while
various viruses, such as SV40 and HPV, could transform a
few normal, mortal cells in human primary cultures into
immortal, but not, tumorigenic cells*>® ', Early primary
cultures of any human tissue would be expected to contain
a few organ-specific adult stem cells. Therefore, it can be
hypothesized that the viruses used to transform these
cells might infect both the major population of somatic
differentiated cells with limited proliferative capacity
(or mortal cells), as well as the few organ specific stem
cells, which are, by definition, immortal until induced to
terminally differentiate. Some might interpret the survival
of a few immortalized cells to be the result of the ability of
these viruses to reprogram the few somatic differentiated
mortal cells or mutate the genome of these cells so they
become immortal. However, an alternative explanation is
that these viruses block the differentiation or apoptosis of
the few organ-specific stem cells, but have no effect on the
somatic differentiated cells which ultimately died during
“crisis”. Only these few adult organ-specific stem cells
infected with the virus grew and remained immortal. In
other words, these so-called “immortalizing viruses” are
not really capable of immortalizing the mortal cells, but
rather they block mortalization of immortal stem cells.
Once differentiation is prevented, these adult stem cells can
live long enough to become neoplastically transformed by
radiation, other chemicals or oncogenes. This phenomenon
was first demonstrated in vitro by Land et al.**%, and later
confirmed directly in human adult breast stem cells
infected with the SV40 virus®®’.

The recent demonstration of the anti-cancer effects
of prevention of infection by cancer-associated viruses,
such as HPV and hepatitis'®*1¢!, indicates the possibility
that proactive intervention with antivirus therapies at a
young age lowers the risk of adult organ-specific stem cell
initiation. Without adult organ-specific initiated stem cells,

there cannot be a high risk that cancers could arise from
non-initiated adult stem cells.

Good News/Bad News of Chemicals that Modulate
Cell-Cell Communication

One feature associated with many epigenetic toxicants
or chemo preventive agents is the balance between
oxidative stress and antioxidant factors®%. Many of these
specific chemicals can function as an antioxidant under one
set of conditions and a pro-oxidant under another set!2,

The retinoids and thalidomide are classic examples
of epigenetic toxicants that can have either beneficial or
detrimental consequences on health. Retinoids have been
shown to function as either tumor promoters or anti-
tumor promoters!®31%*, Thalidomide, which was produced
as a sedative, was shown to be a human teratogen®! but has
also been used as to treat leprosy® and more recently, is
being used as an anti-angiogenic cancer treatment®’. The
underlying mechanismin each case appearstobeassociated
with the ability for GJIC®. Therefore, while highly complex
in their use, the particular physiological circumstances of
the use of such agents in terms of the stage of development,
when the chemical could lead to teratogenesis or during the
onset of a disease, when it might provide some protection
against the pathogenesis of a condition, such as anxiety,
leprosy or cancer must be understood. This, then, poses a
major dilemma to regulators who must assign a causation
or risk factor to the use or non-use of such agents, or to
the specific conditions of their use. In effect, the task of
governmental regulatory agencies is to protect the public
from potential harm caused by the use of agents that
might have some practical benefit. This is made extremely
difficult by the wide spectrum of values and the need for
a basic scientific understanding. Every human decision is
based on a combination of established information and
personal values'®® rendering it impossible to arrive at a
generally-accepted or universal conclusion on use or non-
use in the highly complex multi-cultural societies of today.
At best, “facts” are always based on incomplete information
and at worst, they can be wrong. However, scientific “facts”
can be “upgraded” on the basis of new findings. Personal
values are not absolute, but experientially accepted, and
especially influenced by cultural factors. Consequently,
human decision making both at the level of the individual
and regulatory agencies is extremely complicated. The
risk/benefit concept is not based on two equally weighted
absolutes, but on two equally fluid variables. Should [ have
a “right” to take thalidomide to treat my cancer, since I will
not be pregnant (I'm a male) or should a female, who has an
anxiety-related condition and may or may not be pregnant,
be allowed to take the drug? Clearly, a more informed
decision can be made with the availability of scientific
evidence for the mechanism by which thalidomide works.
This has to be weighed against the various values of
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the individual concerning, in this case, the possibility
of disrupted fetal development during pregnancy and
therefore, creating the need to make a decision based on
attitudes to having a child with a serious birth defect or
having an abortion.

In making these kinds of decisions, it is important to
determine the potential toxicity of any agent that enters the
body and its interaction with other exogenous agents (other
drugs, food components, pollutants, their concentrations,
microbiome influence, etc.) and episodic endogenous
agents (hormones, growth factors, cytokines, etc.) that vary
(during the day, stage of development, exercise, genetics,
sex, etc.). In other words, elucidation of the mechanism
of action of an agent ex-vivo (mutagenicity, cytotoxicity
or epigenetic alteration of gene expression) reveals
only one small aspect of that role of the agent in disease
pathogenesis. Knowing that DDT is not mutagenic or not
even cytotoxic at the concentrations to which most humans
are exposed, and even knowing the average concentrations
and frequencies of exposure that might alter gene
expression, cannot be translated into an understanding of
how the other exogenous and endogenous agents might
interact in an additive, antagonistic or synergistic manner
on some of the cells leading to pathology. Two individuals,
even identical twins, might experience very different
physiological and biological/pathological consequences to
the exact same exposure to DDT. While the simple answer
to this complex situation is merely to eliminate the agent
from human exposure that solution might not yield the
best health effect if there is no less harmful solution to the
problem for which the agent is used and if its elimination
might lead to much more human suffering.

Decision-making is an inherent problem of this complex
human situation. The human body responds to immediate
positive and negative feedback signals stimulated by
exposure to the consequences of our decision. In many
cases, the possible short-term reaction to our decision
might be that we are either unaware of the negative effects
of that feedback or even, with our ability to predict long-
term consequences of this action, we make the decision
based on some short-term positive effects.

Today, we are now experiencing a global metabolic
disease crisis. On a larger global scale, the median life span
is generally increasing, due in part to decreasing infant
mortality, better sanitation, and decreasing incidence of
infectious diseases. The flip-side to this “good news”, is the
increased chance of experiencing chronic diseases, such as
diabetes, cardiovascular diseases, cancers and dementia.
Is this the result of “effluence of our affluence”? Of course,
few would eliminate the knowledge that led to the better
sanitation, nutrition, agricultural practices, medicines
and public health policies resulting in improved infant
mortality and a reduction in the threat of infectious agents

and famine. As a consequence, we now have to deal with
major global chronic disease problems, such as diabetes
and the depletion of the limited healthcare resources that
are required to manage the multiple disease sequelae of
this condition. Moreover, there are the tragic effects of the
increasing prevalence of various forms of dementia, such
as Alzheimer’s disease, on the affected individual, their
family, and the limited global healthcare resources.

The contribution of early life influences on the risk of
these chronic diseases remains to be determined.

The validity of the Barker hypothesis that early life
exposure can lead to disease pathologies later in life!¢¢
seems to be a legitimate question to pose to the scientific
community, as well as to the political and religious leaders
of the world. In spite of the rather optimistic prediction of
a few'®’, the scientific mechanisms underlying the current
collision of biological and cultural evolutionary forces must
be acknowledged, in terms of the fundamental fact of the
human condition that we are all going to die. However, with
the aid of improved healthcare, we do have now have the
choice of an acceptable, less painful death over a miserable
survival until death in its absence!¢®1¢,

Conclusions: Broad Implications of a Complex
Integrative View of how Toxic Agents Affect Human
Health

It must be acknowledged that there is no universal
acceptance of all the concepts and interpretation of
experimental data. Nevertheless, without an attempt to
formulate a view of how toxicological mechanisms could
affect the pathogenesis of human disorders, including, birth
defects, cardiovascular diseases, diabetes, and cancers, as
well as aberrant immunological reactions and reproductive
and neurological dysfunction, little progress will be made.
This commentary provides a cautious, but well documented,
interpretation of how radiation, chemicals, and biological
entities might contribute to these disorders.

First, the list of basic assumptions includes the concept
that gene and environmental interactions (“nature
and nurture”, not “nature versus nurture”) must be the
predominant framework that can be used to explain
all diseases. Second, mutations, either inherited or
somatically-acquired, at the gene or chromosomal level, can
occur via errors of DNA repair or errors of DNA replication.
Third, while UV radiation is a highly efficient point
mutagen causing errors of DNA repair, ionizing radiation
is a rather poor point mutagen, although chromosomal
mutations are introduced at high doses. Point mutations
can be caused by errors of DNA replication whenever cells
replicate. Fourth, these mutations caused by errors of DNA
replication in stem cells are associated with a greater risk
of leading to some pathologies, such as cancers, while those
mutations that occur in limited replicating, non-stem cells,
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or terminally differentiated cells will not lead to diseases
such as cancer. Fifth, agents that can cause cytotoxicity
can have multiple consequences in the pathogenesis of
diseases depending on the dose/concentration of the
agent, the stage of development, sex, and cell type affected
(stem versus terminally differentiated). Sixth, agents that
induce epigenetic alteration of gene expression can be
of endogenous or exogenous origin and their biological
consequences depend on exceeding the threshold exposure
level, the cell type affected, (e.g, normal or initiated stem
cells versus non-stem cells), the stage of development, and
sex, in addition to the timing and duration of uninterrupted
exposure in the absence of agents that inhibit the action of
these epigenetic agents. Seventh, these epigenetic agents,
both endogenous and exogenous, can induce receptor-
dependent and receptor-independent intracellular signaling
pathways, which might be identical. Eighth, these epigenetic
mechanisms can occur at either non-cytotoxic or cytotoxic
levels to influence both inflammatory cells and the stromal/
epithelial cells, within and between human tissues. Ninth,
importantly, when an agent enters the body, it targets
multiple organ systems and immune and non-immune cells,
which in turn, induce the production of secreted chemicals
that can interact with the other affected cells.

Probably, the major assumption to be made concerning
the toxicities of chemicals is that, while many can induce
oxidative stress and reactive species, those chemicals
associated with some pathologies (birth defects, cancer,
atherosclerosis, Parkinson’s disease. etc.) are most likely
to induce cytotoxicity at very high concentrations or
epigenetic alteration of gene expression at non-cytotoxic
levels, primarily in organ specific adult stem cells. In
addition, some chemicals, such as thalidomide, can have
either beneficial or detrimental effects depending on the
specific conditions of exposure and use.

Because of the “Queen Bee” characteristics of embryonic
and organ-specific adult stem cells, alterations in their
numbers (increased or decreased) induced by toxic agents
(mutagenic, cytotoxic, or epigenetic), particularly during early
development, could have major consequences later in life
(the Barker hypothesis). Thus, in the case of any disease that
depends on stem cell origin or stem cell homeostasis, genes
that affect stemness, such as Oct4A'%173, should be monitored
to improve our understanding of the mechanism by which
any toxic agent might contribute to the pathogenesis.

Lastly, if one accepts that toxic chemicals can act
via epigenetic mechanisms, it must be considered that
in vivo, cells exist in a three-dimensional milieu and
are influenced by extracellular communication via
extracellular matrices, cell-cell adherent molecules, and
extracellular soluble molecules together with either a
low oxygen microenvironment provided for the stem
cells by a niche or by GJIC and hemichannels. Modulation

of these two mitotically-suppressing systems can trigger
mitogenic effects, differentiation or apoptotic/autophagic
consequences. While the current efforts to study epigenetic
toxicities have focused on the late downstream effects
on DNA and protein methylation in the nucleus, it is
actually the upstream effects of these epigenetic agents on
extracellular and GJIC that should be monitored. Therefore,
cells can exist, with or without expression of their connexin
or gap junction genes, although their non-function can be
mitigated either by mutations or by the rendering them
non-functional due to oncogene modification.

In summary, it was the evolutionary emergence of the
stem cell and mechanisms underlying the homeostatic
regulation of cell proliferation, cell differentiation,
apoptosis, and senescence by the family of the connexin
or gap junction genes that led to multicellularity of the
humans. These evolutionary factors should form the main
conceptual framework that helps to clarify the mechanisms
of toxicity influencing the pathologies of many, if not, most
human diseases. In addition, while mutations and various
forms of cell death can and do play arole in human diseases,
endogenous and exogenous chemicals, associated with the
onset of diseases, act via mechanisms of non-mutagenic
and non-cytotoxic epigenetic alteration of gene expression,
particularly in adult organ-specific stem cells.
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